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Nanoparticle-Mediated Targeting
of Cyclosporine A Enhances
Cardioprotection Against Ischemia-
Reperfusion Injury Through
Inhibition of Mitochondrial
Permeability Transition Pore
Opening

Gentaro lkeda?, Tetsuya Matoba?, Yasuhiro Nakano?, Kazuhiro Nagaoka?, Ayako Ishikita?,
Kaku Nakano'?, Daiki Funamoto?, Kenji Sunagawa® & Kensuke Egashira’2

Myocardial ischemia-reperfusion (IR) injury limits the therapeutic effects of early reperfusion therapy
for acute myocardial infarction (MI), in which mitochondrial permeability transition pore (mMPTP)
opening plays a critical role. Our aim was to determine whether poly-lactic/glycolic acid (PLGA)
nanoparticle-mediated mitochondrial targeting of a molecule that inhibits mPTP opening, cyclosporine
A (CsA), enhances CsA-induced cardioprotection. In an in vivo murine IR model, intravenously injected
PLGA nanoparticles were located at the IR myocardium mitochondria. Treatment with nanoparticles
incorporated with CsA (CsA-NP) at the onset of reperfusion enhanced cardioprotection against IR injury
by CsA alone (as indicated by the reduced Ml size at a lower CsA concentration) through the inhibition
of mPTP opening. Left ventricular remodeling was ameliorated 28 days after IR, but the treatment did
not affect inflammatory monocyte recruitment to the IR heart. In cultured rat cardiomyocytes in vitro,
mitochondrial PLGA nanoparticle-targeting was observed after the addition of hydrogen peroxide,
which represents oxidative stress during IR, and was prevented by CsA. CsA-NP can be developed as an
effective mPTP opening inhibitor and may protect organs from IR injury.

Innovative therapeutic strategies for protecting the heart from ischemia-reperfusion (IR) injury are necessary to
adequately reduce infarct size and improve clinical outcomes in acute myocardial infarction (MI) patients who
undergo reperfusion therapy'~. Accumulating evidence suggests that the opening of the mitochondrial permea-
bility transition pore (mPTP), which is a non-selective, high-conductance channel located in the inner mitochon-
drial membrane, mediates necrosis/apoptosis in the early phase of IR injury. The mPTP remains closed during
ischemia and only opens in the first few minutes after myocardial reperfusion in response to mitochondrial oxida-
tive stress’. mPTP opening induces mitochondrial membrane potential collapse, cytochrome c efflux, ATP break-
down, and ultimately, cardiomyocyte death. Therefore, mPTP is a critical mediator of cardiomyocyte death in the
early phase of IR injury. Genetic ablation of cyclophilin D, which is a key regulatory molecule for mPTP opening,
markedly reduces IR injury in mice*°. In addition, intravenous administration of an mPTP-opening inhibitor,
cyclosporine A (CsA), at the time of reperfusion can reduce myocardial IR injury in animals and patients with
acute MIS. However, not all studies have reported cardioprotective effects from CsA (Supplemental Table 1). Piot
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Figure 1. Mitochondria-targeting properties of PLGA nanoparticles in myocardial IR injury in vivo.

(A) Representative light (left) and fluorescence (right) photographs of the heart cross-sections (the number of
cross-sections are indicated from the apex to the base) 3 h after an intravenous injection of saline, FITC alone,
or FITC-NP. In the light images, the hearts were stained with Evans blue and TTC to determine the area at risk.
Scale bar: 1 mm. The right bar graph indicates the mean fluorescence intensity in the area at risk and the non-
ischemic myocardium of the 3' axial cross section from the apex. The data represent the mean & SEM (N = 3
per bar). *P < 0.05 versus ischemic myocardium in the area at risk, and *P < 0.05 versus saline according to a
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two-way ANOVA followed by Bonferroni’s multiple comparison test. (B) Fluorescence microscopy images for
the cross-sections in the infarct border area obtained from FITC-NP-treated animals. The nuclei are identified
by DAPI staining (blue). Scale bar: 20 pm. (C) The levels of FITC in the mitochondrial and cytosolic fractions
from the excised ischemic myocardium 5 min after reperfusion in animals that were treated with FITC alone

or FITC-NP. The data represent the mean + SEM (N = 4 each) and were analyzed with using unpaired ¢-tests.
(D) The CsA concentrations in IR myocardial and non-ischemic myocardial tssue after an intravenous injection
of 2.5 mg/kg CsA or CsA-NP that contained 2.5 mg/kg CsA. The data represent the mean + SEM (N = 6 each).
*P < 0.05 versus non-ischemic myocardial tissues according to unpaired t-tests. (E) CsA concentrations in

the mitochondrial fractions 5 and 30 min after treatment. The data represent the mean + SEM (N =4 each).

*P < 0.05 versus CsA treated groups according to unpaired t-tests.

et al.® conducted an important clinical trial in 58 patients who had an ST-elevation acute MI and reported that
an intravenous bolus administration of 2.5 mg/kg CsA at the time of reperfusion therapy reduced the MI size by
20%, which was assessed by creatinine kinase and troponin I release; however, the benefit from CsA was insuf-
ficient to prevent cardiac remodeling’. In a phase 3 CIRCUS (Dos Cyclosporine Improve Clinical Outcome in
STEMI Patients) study conducted by the same group, in patients with anterior ST-elevation acute MI who had
been referred for primary percutaneous coronary intervention, intravenous cyclosporine at a dose of 2.5 mg/kg
(395 patients) did not result in better clinical outcomes than those with placebo (396 patients) and did not prevent
adverse left ventricular remodeling at 1 year®. The inconclusive efficacy of intravenous CsA in experimental and
clinical studies raises the possibility of an insufficient local drug concentration at the therapeutic CsA target when
it is administered at the time of reperfusion. Therefore, from a clinical perspective, it is essential to develop a drug
delivery system that facilitates CsA delivery to the target IR injury sites (mitochondrion) during reperfusion.

Recently, we developed a nanoparticle-mediated drug delivery system that uses bioabsorbable poly-lactic/gly-
colic acid (PLGA) nanoparticles’ '>. Nano-size materials accumulate in injured tissues, including the IR myocar-
dium, where vascular permeability is enhanced'®'’; the materials were rapidly taken up by circulating monocytes
and reticuloendothelial phagocytic organs after intravenous administration!®!°. Thus, PLGA nanoparticles are
a clinically feasible drug delivery system for an IR injury. However, it is unknown whether the use of nanopar-
ticles to target mitochondria-acting drugs, such as CsA, protects the heart from IR injury. In the present study,
we engineered PLGA nanoparticles that incorporate CsA (CsA-NP). We traced PLGA nanoparticles that were
intravenously injected at the time of reperfusion and demonstrated CsA delivery to the IR myocardium, as well as
its mitochondria. We then tested the hypothesis that nanoparticle-mediated CsA targeting to the IR myocardium
mitochondria enhances CsA-induced cardioprotection through the inhibition of mPTP opening.

Results

In vivo mitochondria-targeting PLGA nanoparticle properties in the IR myocardium. We exam-
ined the distribution of FITC in the heart 3 h after an intravenous injection of FITC-NP at the time of reperfu-
sion. FITC-NP was distributed in the infarct area and the area at risk; however, no FITC signals were observed
after treatment with the same quantity of FITC alone or with the saline (Fig. 1A). The fluorescence microscopy
images were magnified and exhibited FITC signals from cardiomyocytes with striations in the infarct border
zone (Fig. 1B). Transmission electron microscopy analysis in mouse hearts 30 min after IR revealed PLGA nano-
particles localized in the small vessel lumen and the immediate vicinity of the mitochondria in IR-injured myo-
cardium cardiomyocytes (Supplemental Fig. 1). In contrast, no nanoparticle-like structure was observed in the
non-ischemic myocardium.

We subsequently isolated mitochondria and cytosolic fractions from the ischemic myocardium 5min after
IR, measured the quantity of FITC per protein. FITC-NP was delivered to the IR myocardium mitochondria and
cytosol (Fig. 1C). The Mitochondria/Cytosol Ratio was greater in FITC-NP group than in FITC solution group.

We examined CsA pharmacokinetics in the IR mouse model that was intravenously treated with a CsA solu-
tion (2.5mg/kg) or CsA-NP (contained 2.5 mg/kg CsA) at the time of reperfusion. CsA-NP increased the IR myo-
cardium CsA concentration (the area at risk) only during the early phase (5min) after reperfusion, but not at later
time points; however, we did not observe selective CsA delivery in the non-ischemic myocardium (Fig. 1D). In con-
trast, the CsA-NP yielded an approximately 5-fold higher CsA concentration in the mitochondrial fractions from
the IR myocardium 5 and 30 min after reperfusion (Fig. 1E). CsA-NP yielded higher CsA concentrations com-
pared with a CsA solution in the reticuloendothelial phagocytic organs (i.e., spleen, liver, lung and whole blood)
(Supplemental Table 2). An in vitro analysis of cyclosporine release kinetics showed an early burst of cyclosporine
release, in which approximately 50% of the total amount was released within 6 hours (Supplementary Fig. 2).
These findings suggest CsA-NP was preferentially delivered to the IR myocardium mitochondria and cytosol in
the area at risk in this model.

CsA-NP conferred superior cardioprotection against myocardial IR injury from CsA alone
through the blockage of mMPTP opening. Intravenous CsA treatment at the onset of reperfusion
reduced IR injury (MI size) in a dose-dependent manner (Fig. 2A), and higher doses of CsA (10 and 25 mg/kg)
yielded therapeutic effects. In contrast, CsA-NP, which contained 1.0 mg/kg CsA, reduced the MI size; however,
we did not observe a further reduction in the MI size following treatment with CsA-NP that contained higher
doses of CsA (2.5 and 10 mg/kg; Fig. 2B). FITC-NP was used as a control and did not exhibit therapeutic effects.
Treatment with CsA-NP was at least 25-fold more effective at reducing IR injury compared with CsA treatment
alone (Fig. 2C). Additionally, the percentage of area at risk (AAR) in the left ventricle was comparable between
all study groups (Fig. 2D).
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Figure 2. The effects of CsA and CsA-NP on IR injury (MI Size) in mice. (A) CsA effects on MI size. The data
represent the mean + SEM (N = 8 each). (B) CsA-NP effects on MI size. The data represent the mean + SEM

(N =8 each) and were compared using a one-way ANOVA followed by Bonferroni’s multiple comparison

test. (C) A comparison of the effects of CsA and CsA-NP on MI size. (D) The area at risk as a percentage

of the left ventricle (LV). Each bar represents the mean + SEM (N = 8 each), and the data were compared

using a one-way ANOVA followed by Bonferroni’s multiple comparison test. (E) The effects of CsA-NP and
erythropoietin (EPO) administration on the MI size in wild-type and cyclophilin D=/~ mice. The data represent
the mean + SEM (N = 8). (F) The area at risk as a percentage of the left ventricle. Each bar represents the

mean &+ SEM (N = 8 each). The data were compared using a one-way ANOVA followed by Bonferroni’s multiple
comparison test.
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Figure 3. Effects of CsA and CsA-NP on cytochrome cleakage in the IR myocardium. (A) Mitochondrial
and cytosolic fractions from ischemic myocardia were analyzed via immunoblotting for mitochondrial Bax
recruitment and cytochrome c release into the cytosol in the sham, saline, FITC-NP, CsA at 1 mg/kg, CsA

at 10 mg/kg, or CsA-NP that contained 10 mg/kg CsA groups. (B-E) Bar graphs indicating the normalized
fold changes for cytochrome c leakage into the cytosol and Bax translocation to the mitochondria. The data
represent the mean + SEM (N = 8 each). *P < 0.001 versus the sham group based on a one-way ANOVA
followed by Bonferroni’s multiple comparison test.

We subsequently examined the role of mPTP opening in the CsA-NP-mediated cardioprotection mechanisms
against IR injury. CsA inhibits mPTP opening through its action on a critical mPTP regulator, cyclophilin D.
Therefore, we examined the therapeutic effects of CsA-NP that contained CsA at 1.0 mg/kg in cyclophilin D=/~
mice, which exhibited reduced myocardial IR injury to a similar extent as CsA-NP in WT mice (Fig. 2E,F). In the
cyclophilin D=/~ mice, we did not observe the CsA-NP-mediated reduction in myocardial IR injury. In contrast,
intravenous treatment with erythropoietin (2500 U/kg x 2) 24h and 30 min prior to the induction of myocardial
ischemia, which promotes cardioprotection from IR injury through cyclophlhn D-independent mechanisms?,
reduced IR injury in the cyclophilin D=/~ mice. Cardioprotection against IR injury by CsA-NP may be mediated,
in part, through the inhibition of the calcium-activated protein phosphatase calcineurin because CsA inhibits
calcineurin?®!. We measured calcineurin activity in the IR myocardium 3 h after an intravenous injection of saline,
1.0mg/kg CsA, 10 mg/kg CsA, or CsA-NP that contained 1.0 mg/kg CsA and did not observed a difference in
calcineurin activity between the study groups (Supplemental Table 3). These results suggest that the primary
mechanism that underlies CsA-NP-induced cardioprotection against IR injury was mediated through the inhi-
bition of mPTP opening.

We examined cytochrome c leakage from the mitochondria into the cytosol 30 min after IR as a result of mPTP
opening using western blotting of the cytosolic and mitochondrial fractions of the IR myocardium. Cytochrome
c leakage was observed in the mice treated with saline, FITC-NP and 1.0 mg/kg CsA. In contrast, treatment with
10mg/kg CsA or CsA-NP that contained 1.0 mg/kg CsA inhibited cytochrome c leakage (Fig. 3A,B). Bax is a
critical pro-apoptotic protein, and Bax translocation from the cytosol to the mitochondria triggers apoptosis via
mitochondrial outer membrane permeabilization, which induces cytochrome c leakage*°. Bax translocation was
not observed in the study groups, which suggests the observed cytochrome c leakage primarily depends on mPTP
opening. Furthermore, cytochrome c leakage and Bax translocation were not observed in the non-ischemic myo-
cardium (Supplemental Fig. 3).

These results suggested that the primary mechanism that underlies CsA-NP induced cardioprotection against
IR injury was mediated through the inhibition of mPTP opening.

CsA-NP ameliorated cardiac dysfunction and remodeling 4 weeks after IR.  Echocardiography
demonstrated CsA-NP that contained 1.0 mg/kg CsA, but not saline or 1.0 mg/kg CsA, ameliorated an enlarge-
ment of the left ventricular dimension, a decrease in the left ventricular ejection fraction (LVEF) and LV fractional
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Figure 4. CsA-NP effects on inflammatory cells. (A) Histograms illustrate FITC-NP uptake in inflammatory
cells. Scatter plot graphs illustrate FITC MFI quantification in inflammatory cells. The data represent the

mean + SEM (N = 4 per group). (B) The percentage of Ly6C"¢" monocytes in the peripheral blood and

heart. (C) Coronal FMT image acquired after co-administration of Prosense-680 and Annexin-Vivo 750.
Quantification of Prosense-680 and Annexin-Vivo 750 activation 24h after IR. The data represent the

mean + SEM (N = 8 per group). The data were compared using a one-way ANOVA followed by Bonferroni’s
multiple comparison test. Scale bar: 10 mm. FMT: fluorescence molecular tomography. (D) TTC stain and FRI
imaging of the heart sections 24 h after IR. Scale bar: 1 mm. FRI: fluorescence reflectance imaging. (E,F) The
effects of a CsA-NP or cyclophilin D deficiency on MCP-1-induced monocyte chemotaxis in BMDM. The bar
graphs show the normalized fold changes. The data represent the mean & SEM (N = 6 per group). The data were
compared using a one-way ANOVA followed by Bonferroni’s multiple comparison test.
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shortening (LVES) 4 weeks after IR (Supplemental Table 4). We did not observe differences in the blood pressure
or heart rate between the study groups (Supplemental Table 5).

CsA-NP ameliorated IR injury without impacting recruitment of inflammatory monocytes
to the IR heart. At 24 hours of reperfusion, flow cytometry analysis was performed to examine impact of
recruitment of inflammatory monocytes to the IR heart. FITC-NP was taken up by leukocytes (CD11b */Lin*
neutrophil or CD11b* /Lin~ monocytes) in the blood and myocardium from the mice treated with FITC-NP
at the time of reperfusion (Fig. 4A). We next examined the role of Ly6CM¢" inflammatory monocytes 24 h after
treatment with a saline solution or CsA-NP at the time of reperfusion through a flow cytometry analysis. We did
not observe differences in the numbers of total monocytes or Ly6C"¢" inflammatory monocytes for the periph-
eral blood between the two groups (Fig. 4B). These data suggest CsA-NP do not affect inflammatory monocyte
recruitment to the IR heart from the peripheral blood.

We also performed in vivo dual channel fluorescence molecular tomography (FMT) imaging and ex vivo fluo-
rescence reflectance imaging (FRI) to visualize and simultaneously measure protease activity (inflammation) and
cellular death in the IR heart after co-administration of sensors for pan-cathepsin protease (Prosense-680) and
phosphatidylserine exposure (AnnexinVivo-750). Consistent with the flow cytometry analysis, CsA-NP did not
exhibit effects on inflammatory protease activity. In contrast, CsA-NP reduced the level of cell death (Fig. 4C).
FRI revealed AnnexinVivo signals localized in the infarct area demarcated by TTC staining, and prosense-680
signals located peri-infarct area (Fig. 4D).

We used bone marrow-derived macrophages (BMDMs) to examine chemotactic activity in response to MCP-1.
CsA and CsA-NP did not exhibit inhibitory effects against chemotaxis in the BMDMs from the WT mice
(Fig. 4E). In addition, the chemotactic activity did not differ between the BMDM:s from the WT or cyclophilin
D/~ mice (Fig. 4F).

Mitochondria-targeting PLGA nanoparticle properties were associated with mPTP open-
ing in vitro. Neonatal rat ventricular cardiomyocytes rarely internalize FITC-NP spontaneously under
normal culture conditions (Fig. 5A). When the cardiomyocytes were treated with FITC-NP and ionomycin
(a calcium-selective ionophore that depolarizes the plasma membrane potential), FITC signals were noted in
intracellular cytosolic areas, but not in the mitochondria (Supplemental Fig. 4). To represents oxidative stress dur-
ing IR, the cardiomyocytes were stimulated with hydrogen peroxide (H,0,); the addition of H,0, and FITC-NP
increased the intracellular FITC signal in cardiomyocytes, and the FITC signal co-localized with mitochondria,
which was inhibited by pretreatment with CsA (Fig. 5A,C).

Because pretreatment with CsA inhibited PLGA nanoparticle delivery to the mitochondria, we investigated
the relationship between mPTP opening and the mitochondrial distribution of FITC-NP in H,O,-treated car-
diomyocytes. mPTP opening induced a loss of mitochondrial membrane potential, which preceded irreversible
mitochondrial injury.

Tetramethylrhodamine methyl ester (TMRM) is readily sequestered by healthy mitochondria, but its fluo-
rescence is rapidly lost when the mitochondrial membrane potential dissipates. As previously reported**, we
detected a transient loss and recovery followed by an irreversible collapse of the mitochondrial membrane poten-
tial after H,O, treatment. Importantly, under these conditions, we demonstrated a loss of mitochondrial mem-
brane potential was associated with the delivery of FITC-NP to the mitochondrion. However, restoration of the
mitochondrial membrane potential separated the FITC-NP from the mitochondrion (Fig. 6 and Supplemental
movie), which suggests delivery of PLGA nanoparticles to the mitochondria is associated with mPTP opening.

To determine whether nanoparticle-mediated CsA targeting to the mitochondria exhibits greater cardiopro-
tection than CsA alone, the effects of CsA-NP and CsA on H,0,-induced cardiomyocyte cell death were exam-
ined 3 h after H,0, was added to cardiomyocytes (Supplemental Fig. 5). As previously reported®, treatment with
200nM CsA inhibited H,0,-induced cell death. Importantly, CsA-NP inhibited cell death at lower concentrations
(20nM) than CsA alone.

Discussion

The novel findings herein are as follows. (1) PLGA nanoparticles were localized to the IR myocardium mitochon-
dria after an intravenous injection at the time of reperfusion in mice; (2) intravenous treatment with CsA-NP
at the time of reperfusion enhanced cardioprotection against IR injury by CsA alone through the inhibition of
mPTP opening and ameliorated left ventricular remodeling in mice; and (3) PLGA nanoparticle delivery to the
mitochondria was associated with mPTP opening under oxidative stress in vitro.

Although several nano-size carriers have been generated for drug delivery in cancer cell lines and adipocytes
in vitro*»*, no prior studies have shown nanoparticle-mediated drug delivery to the IR myocardium mitochon-
drion in vivo. In the present study, we demonstrated, for the first time, that intravenously injected CsA-NP at the
time of reperfusion is a clinically feasible drug delivery system for targeting IR myocardium mitochondria in vivo.
Nanoparticulation yielded more than an approximately 5-fold greater CsA in the IR myocardium mitochondrial
fractions, enhanced the cardioprotective effects of CsA (as indicated by the reduced MI size at a lower CsA con-
centration) and ameliorated left ventricular dysfunction, as well as remodeling in a mouse IR model. From in
vitro drug release study, approximately 50% of cyclosporine was released to physiological solution within 6 hours
(Supplementary Fig. 2). In translational medicine, PLGA nanoparticles have been used as drug carriers with
biosafety approval for human use by the US Food and Drug Administration'®?, the European Medicine Agency
(EMA) and the Japanese regulatory agency (PMDA). We have initiated a phase I/IIa clinical trial at Kyushu
University Hospital (UMIN000008011) to investigate the safety and efficacy of intramuscular injections of PLGA
nanoparticles incorporated with pitavastatin in ischemic limbs of patients with critical limb ischemia. We have
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NPs. The cells were stained with the mitochondrial membrane potential marker TMRM (red), FITC (green), or
Hoechst (blue). (B) Expanded confocal microscopy images of a representative cell from the boxed area in (A).
Time-dependent changes in TMRM fluorescence (red) and FITC fluorescence (green) from two mitochondria
in the selected cell are shown here and in a supplemental movie. A reverse relationship was observed between
the TMRM and FITC fluorescence findings in the individual mitochondria. The addition of the protonophore
carbonylcyanide p-trifluoromethoxyphenyl-hydrazone (FCCP) induced full dissipation of the mitochondrial
membrane potential.

also completed a phase I clinical trial at Kyushu University Hospital (UMIN 000014940) to investigate the safety
of a single intravenous infusion of PLGA nanoparticles incorporated with pitavastatin in healthy volunteers. CsA
has been clinically approved and widely used for the treatment of immune diseases. Therefore, CsA-NP can be
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developed as a new therapeutic agent for myocardial IR injury with high efficacy and safety that is readily trans-
lated into clinical trials.

Herein, we demonstrated that cardioprotection by CsA-NP was associated with the inhibition of mPTP
opening-dependent cytochrome c leakage from mitochondria to the cytosol 30 min after IR and was attenuated
in cyclophilin D=/~ mice, which indicates the prevention of mPTP opening inhibition is a primary mechanism
that underlies cardioprotection by CsA-NP. As we and other groups have previously reported!*!8, nanoparticles
are also taken up by mononuclear phagocytic systems, including circulating neutrophils and monocytes, and
are recruited to IR myocardia. In the present study, CsA-NP did not reduce leukocyte or Ly6Ch&" inflammatory
monocyte recruitment to IR myocardia or the chemotaxis activity of bone marrow-derived macrophages. In addi-
tion, in vivo FMT and ex vivo FRI imaging analyses revealed that CsA-NP did not inhibit inflammatory protease
activity but did limit IR injury. These data suggest the observed therapeutic effects induced by CsA-NP are not
mediated by inflammation-related cardiomyocyte death.

We?101213:27 and other groups®® have reported that many types of cells, including endothelial and smooth
muscle cells, spontaneously internalize PLGA nanoparticles under normal culture conditions via endocytosis.
However, in the present in vitro experiments, primary cultured rat cardiomyocytes rarely internalize the nano-
particle spontaneously, which suggests a substantial contribution from electrostatic repulsion between the ani-
onic nanoparticles and cardiomyocyte anionic plasma membranes. This repulsion may interrupt spontaneous
internalization of anionic PLGA nanoparticles via ordinary endocytotic processes. Interestingly, we observed
increased intracellular PLGA nanoparticle delivery to the cardiomyocyte cytosol and mitochondria following the
addition of H,0, in vitro, which was inhibited by the pretreatment with CsA in vitro. Confocal microscopic anal-
yses (Figs 5-6 and Supplemental movie) revealed that H,0,-induced dynamic loss/recovery of the mitochondrial
membrane potential was closely associated with PLGA nanoparticle delivery/detachment to the mitochondria. It
has been reported in cardiomyocytes that (1) oxidative stress in the early phase of IR mediates mPTP opening"?,
and (2) transient mPTP opening initiates extensive, unconventional endocytic responses during IR in vivo and
hypoxia/reoxygenation in vitro’**!. In addition, pharmacokinetic studies suggest PLGA nanoparticles modulate
the in vivo kinetics of FITC or CsA through selective delivery to the IR cardiomyocyte cytosol and mitochondria
in the area at risk. Electron microscopic analyses identified PLGA nanoparticles in the vicinity of the IR cardio-
myocyte mitochondria. Overall, these data suggest the importance of the dynamic mPTP opening and the result-
ing loss of mitochondrial membrane potential that underlies the mitochondrial delivery mechanism for drugs to
the IR myocardium using PLGA nanoparticles.

In conclusion, PLGA nanoparticle-mediated CsA targeting to the IR myocardium mitochondria enhanced
cardioprotection against IR injury. Targeting mPTP opening with the use of CsA-NP may offer a new, more effec-
tive therapeutic mechanism for protecting organs from IR injury in patients with AMI and other clinical settings,
such as cardiac surgery or recovery from cardiac arrest after an IR injury in multiple organs.

Methods

Additional details of the experimental procedures are included in the online-only Data Supplement.

PLGA Nanoparticle Preparation. PLGA, which has an average molecular weight of 20,000 and a copol-
ymer ratio 75:25 lactide to glycolide (Wako Pure Chemical Industries Ltd., Osaka, Japan), was used as a matrix
for the nanoparticles; polyvinyl alcohol (PVA-403; Kuraray, Osaka, Japan) was used as a dispersing agent. We
prepared PLGA nanoparticles that incorporated the fluorescent marker fluorescein-isothiocyanate (FITC; Dojin
Chemical, Tokyo, Japan) (FITC-NP) or CsA (Sigma Aldrich, MO) (CsA-NP) using an emulsion solvent diffu-
sion method as previously described®'>!>. The FITC-NP contained 4.06% (wt/vol) and FITC, and the CsA-NP
contained 2.67% (wt/vol) CsA. The surface charges (zeta potential) were also analyzed using a Zetasizer Nano
(Sysmex, Hyogo, Japan) and were —20.3mV (FITC-NP) and —20.2mV (CsA-NP). The physical properties (mon-
odispersity) of CsA-NP and FITC-NP are shown in Supplemental Fig. 6 and Supplemental Table 6.

Mouse myocardial IR model. The study protocol was reviewed and approved by the committee on the
Ethics of Animal Experiments, Kyushu University Faculty of Medicine and was conducted in accordance with
the American Physiological Society guidelines. Male C57BL/6] and cyclophilin D=/~ mice were purchased from
Jackson Laboratories (Stock#: 009071, Bar Harbor, ME). The animals were maintained on a 12-h light-dark cycle
with free access to normal chow and water. The murine model for myocardial IR injury was based on previously
described methods®?. Adult male mice (Age: 10-12 weeks, BW: 20-30 g) were anesthetized via an intraperito-
neal injection of pentobarbital sodium (60 mg/kg) and maintained using 1% isoflurane with a ventilator after
intubation. The heart was exposed via a left thoracotomy on a heated board. Transient myocardial ischemia was
produced through ligation of the anterior descending branch of the left coronary artery (LAD) using an 8-0 silk
suture with a silicon tube placed alongside the LAD. Regional ischemia was confirmed through ECG changes (ST
elevation). After reperfusion, the chest was closed, and animals were allowed to recover from the surgery.

Experimental protocols.  Experimental protocol 1. At the time of reperfusion, the animals were divided
into three groups, which received intravenous injections of the following drugs: 1) vehicle (5.0 mL/kg saline),
2) FITC alone (FITC 0.06 mg in 5.0 mL/kg saline), or 3) FITC-NP (PLGA 1.48 mg that contained 0.06 mg FITC
in 5.0 mL/kg saline). Certain animals were euthanized 5 min after reperfusion to examine the FITC signals in the
subcellular mitochondrial and cytosolic fractions and 3 h after reperfusion to examine the FITC fluorescence in
the myocardium.

Experimental protocol 2. At the onset of reperfusion, the mice were divided into four groups; each group
received an intravenous injection of the following drugs: 1) vehicle (5.0 mL/kg saline), 2) FITC-NP (1.4 mg PLGA
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in 5.0 mL/kg saline), 3) CsA alone (1.0, 2.5, 10, or 25 mg/kg in 5.0 mL/kg saline), or 4) CsA-NP (PLGA that con-
tained 1.0, 2.5, 10, or 25 mg/kg cyclosporine in 5.0 mL/kg saline). The animals were euthanized, the myocardial
tissue samples were collected for immunoblotting 30 min after reperfusion, and the infarct size was measured
24h after reperfusion. The CsA concentrations in the whole blood and tissue homogenates from various organs
were measured 5min, 30 min, 3 h, and 24 h after the intravenous administration of 2.5 mg/kg CsA or CsA-NP
that contained 2.5 mg/kg CsA. Additionally, the CsA concentrations of mitochondrial fractions from the myo-
cardium were examined 5 min and 30 min after the intravenous administration of 2.5 mg/kg CsA or CsA-NP that
contained 2.5 mg/kg CsA.

Experimental protocol 3.  Cyclophilin D=/~ mice and control wild-type mice were subjected to 45 min of
ischemia followed by reperfusion. The mice were divided into the following three groups, which received an
intravenous injection of the following drugs: 1) vehicle (5.0 mL/kg saline) at the time of reperfusion, 2) CsA-NP
(PLGA that contained 1.0 mg/kg cyclosporine in 5.0 mL/kg saline) at the onset of reperfusion, or 3) erythropoie-
tin at 2500 U/kg 24 h and 30 min prior to the induction of myocardial ischemia®. Twenty-four h after reperfusion,
the animals were euthanized, and the MI was measured.

Mouse Heart Mitochondria Isolation. The mouse heart mitochondria were isolated in accordance
with the manufacturer’s protocol (Abcam, MA). The purity of the subcellular preparation was assessed through
immunoblotting®.

Cyclosporine concentration measurements. The mice were subjected to 30 min of ischemia followed
by reperfusion and were intravenously injected with 2.5 mg CsA or CsA-NP that contained 2.5 mg/kg CsA at
the onset of reperfusion. Blood samples were collected in tubes with EDTA-2K (Sigma-Aldrich), and the organs
(brain, heart, liver, kidney, spleen, and lung) were collected from individual mice at predetermined time points.
The mitochondria were isolated from ischemic and non-ischemic myocardia in separate experiments. All samples
were weighed and homogenized. The CsA concentrations in whole-blood and tissue homogenates of collected
samples were measured by a previously established and validated radioimmunoassay**, which correlates highly
with a validated HPLC method.

Western Blot Analysis. Homogenates of ischemic and non-ischemic myocardium were analyzed by immu-
noblotting. At 30 min after IR, protein was extracted from the subcellular mitochondrial or cytosolic fractions
from the ischemic and non-ischemic heart samples. The samples were solubilized in lysis buffer, and proteins
(mitochondria: 2.0 pg, cytosol: 5.0 ug) were separated on 4-20% SDS-polyacrylamide gels and then blotted to
PVDF membranes.

Cardiomyocyte preparation and culture. A primary neonatal rat ventricular myocyte culture was pre-
pared using neonatal Sprague-Dawley rat ventricles as previously described>.

Cell treatment. The cells were washed with HBSS and loaded with 250 nM MitoTracker Orange CMTMRos
(Invitrogen, CA) in a culture medium for 30 min. In certain groups, the cells were pretreated with 2 M CsA
for 30 min. The culture medium was changed and treated with a vehicle or 100 M H,0O, for 10 or 30 min. The
cells were washed with phosphate-buffered saline, and fresh medium with FITC-NP that contained 10pM FITC
was added for 30 min; the cells were washed again, fixed with methanol at —20°C for 20 min, mounted with the
medium that contained DAPI (Vectashield, Vector Laboratories, CA).

Time-lapse imaging. Neonatal rat ventricular myocytes were loaded with 200nM TMRM
(ImmunoChemistry Technologies, MN) and 10 uM Hoechst 33342 (Dojin Chemical) for 15 min. To minimize
cell contraction, time-lapse imaging was performed in a Ca?*-free medium. The experiments were performed
using a stage-top incubator (Tokai Hit, Shizuoka, Japan) at 37 °C in humidified air with 5% CO,. FITC-NP that
contained 10 pM FITC and 300 uM H,O, were added, and images were collected every 15s.

Cell viability. The CTB assays (Promega, WI) were performed in accordance with the supplier’s protocol.

Chemotaxis assay. We obtained bone marrow-derived macrophages (BMDM:s) and measured the chemo-
tactic activity of BMDMs as previously described?®.

Statistical Analysis. The data are expressed as the mean = SEM. We analyzed the differences between the
two groups using unpaired ¢-tests; the differences among 3 groups or more were assessed using an ANOVA and
post-hoc Bonferroni’s multiple comparison tests with Prism Software version 4.0 (Graph Pad Software, CA).
P values < 0.05 were considered statistically significant.

References

1. Yellon, D. M. & Hausenloy, D. J. Myocardial reperfusion injury. N Engl ] Med 357, 1121-1135, doi: 10.1056/NEJMra071667 (2007).

2. Downey, J. M. & Cohen, M. V. Why do we still not have cardioprotective drugs? Circ ] 73, 1171-1177 (2009).

3. Miura, T. & Miki, T. Limitation of myocardial infarct size in the clinical setting: current status and challenges in translating animal
experiments into clinical therapy. Basic Res Cardiol 103, 501-513, doi: 10.1007/s00395-008-0743-y (2008).

4. Nakagawa, T. et al. Cyclophilin D-dependent mitochondrial permeability transition regulates some necrotic but not apoptotic cell
death. Nature 434, 652-658, doi: 10.1038/nature03317 (2005).

5. Baines, C. P. et al. Loss of cyclophilin D reveals a critical role for mitochondrial permeability transition in cell death. Nature 434,
658-662, doi: 10.1038/nature03434 (2005).

SCIENTIFICREPORTS | 6:20467 | DOI: 10.1038/srep20467 11



www.nature.com/scientificreports/

6. Piot, C. et al. Effect of cyclosporine on reperfusion injury in acute myocardial infarction. N Engl ] Med 359, 473-481, doi: 10.1056/
NEJMoa071142 (2008).

7. Mewton, N. et al. Effect of cyclosporine on left ventricular remodeling after reperfused myocardial infarction. ] Am Coll Cardiol 55,
1200-1205, doi: 10.1016/j.jacc.2009.10.052 (2010).

8. Cung, T. T. et al. Cyclosporine before PCI in Patients with Acute Myocardial Infarction. The N Engl ] Med 373, 1021-1031, doi:
10.1056/NEJMoal505489 (2015).

9. Kimura, S. et al. Local delivery of imatinib mesylate (STI571)-incorporated nanoparticle ex vivo suppresses vein graft neointima
formation. Circulation 118, S65-70, doi: 10.1161/CIRCULATIONAHA.107.740613 (2008).

10. Kubo, M. et al. Therapeutic neovascularization by nanotechnology-mediated cell-selective delivery of pitavastatin into the vascular
endothelium. Arterioscler Thromb Vasc Biol 29, 796-801, doi: 10.1161/ATVBAHA.108.182584 (2009).

11. Oda, S. et al. Nanoparticle-mediated endothelial cell-selective delivery of pitavastatin induces functional collateral arteries (therapeutic
arteriogenesis) in a rabbit model of chronic hind limb ischemia. J Vasc Surg 52, 412-420, doi: 10.1016/j.jvs.2010.03.020 (2010).

12. Chen, L. et al. Nanoparticle-mediated delivery of pitavastatin into lungs ameliorates the development and induces regression of
monocrotaline-induced pulmonary artery hypertension. Hypertension 57, 343-350, doi: 10.1161/HYPERTENSIONAHA.110.157032
(2011).

13. Tsukie, N. et al. Pitavastatin-incorporated nanoparticle-eluting stents attenuate in-stent stenosis without delayed endothelial healing
effects in a porcine coronary artery model. ] Atheroscler Thromb 20, 32-45 (2013).

14. Katsuki, S. et al. Nanoparticle-mediated delivery of pitavastatin inhibits atherosclerotic plaque destabilization/rupture in mice by
regulating the recruitment of inflammatory monocytes. Circulation 129, 896-906, doi: 10.1161/CIRCULATIONAHA.113.002870
(2014).

15. Ohtani, K. et al. Stent-based local delivery of nuclear factor-kappaB decoy attenuates in-stent restenosis in hypercholesterolemic
rabbits. Circulation 114, 27732779, doi: 10.1161/CIRCULATIONAHA.105.582254 (2006).

16. Dauber, I. M. et al. Functional coronary microvascular injury evident as increased permeability due to brief ischemia and
reperfusion. Circ Res 66, 986-998 (1990).

17. Jin, B. Y., Lin, A. ], Golan, D. E. & Michel, T. MARCKS protein mediates hydrogen peroxide regulation of endothelial permeability.
Proc Natl Acad Sci USA 109, 14864-14869, doi: 10.1073/pnas.1204974109 (2012).

18. Leuschner, . et al. Therapeutic siRNA silencing in inflammatory monocytes in mice. Nat Biotechnol 29, 1005-1010, doi: 10.1038/
nbt.1989 (2011).

19. Acharya, S. & Sahoo, S. K. PLGA nanoparticles containing various anticancer agents and tumour delivery by EPR effect. Adv Drug
Deliv Rev 63, 170-183, doi: 10.1016/j.addr.2010.10.008 (2011).

20. Burger, D. et al. Erythropoietin protects cardiomyocytes from apoptosis via up-regulation of endothelial nitric oxide synthase.
Cardiovasc Res 72, 51-59, doi: doi: 10.1016/j.cardiores.2006.06.026 (2006).

21. Oie, E., Bjornerheim, R., Clausen, O. P. & Attramadal, H. Cyclosporin A inhibits cardiac hypertrophy and enhances cardiac
dysfunction during postinfarction failure in rats. Am J Physiol Heart Circ Physiol 278, H2115-2123 (2000).

22. Zorov, D. B,, Filburn, C. R, Klotz, L. O., Zweier, J. L. & Sollott, S. J. Reactive oxygen species (ROS)-induced ROS release: a new
phenomenon accompanying induction of the mitochondrial permeability transition in cardiac myocytes. ] Exp Med 192, 1001-1014
(2000).

23. Juhaszova, M. et al. Glycogen synthase kinase-3beta mediates convergence of protection signaling to inhibit the mitochondrial
permeability transition pore. ] Clin Invest 113, 1535-1549, doi: 10.1172/JCI19906 (2004).

24. Durazo, S. A. & Kompella, U. B. Functionalized nanosystems for targeted mitochondrial delivery. Mitochondrion 12, 190-201, doi:
10.1016/j.mit0.2011.11.001 (2012).

25. Marrache, S. & Dhar, S. Engineering of blended nanoparticle platform for delivery of mitochondria-acting therapeutics. Proc Natl
Acad Sci USA 109, 16288-16293, doi: 10.1073/pnas.1210096109 (2012).

26. Vasir, J. K. & Labhasetwar, V. Biodegradable nanoparticles for cytosolic delivery of therapeutics. Adv Drug Deliv Rev 59, 718-728,
doi: 10.1016/j.addr.2007.06.003 (2007).

27. Nagahama, R. et al. Nanoparticle-mediated delivery of pioglitazone enhances therapeutic neovascularization in a murine model of
hindlimb ischemia. Arterioscler Thromb Vasc Biol 32, 2427-2434, doi: 10.1161/ATVBAHA.112.253823 (2012).

28. Danbhier, F et al. PLGA-based nanoparticles: an overview of biomedical applications. ] Control Release 161, 505-522, doi: 10.1016/j.
jeonrel.2012.01.043 (2012).

29. Gateau-Roesch, O., Argaud, L. & Ovize, M. Mitochondrial permeability transition pore and postconditioning. Cardiovasc Res 70,
264-273, doi: 10.1016/j.cardiores.2006.02.024 (2006).

30. Lin, M. J. et al. Massive palmitoylation-dependent endocytosis during reoxygenation of anoxic cardiac muscle. eLife 2, €01295, doi:
10.7554/eLife.01295 (2013).

31. Pierre, S. V., Belliard, A. & Sottejeau, Y. Modulation of Na(+)-K(+)-ATPase cell surface abundance through structural determinants
on the alphal-subunit. Am J Physiol Cell Physiol 300, C42-48, doi: 10.1152/ajpcell.00386.2010 (2011).

32. Hsu, C. P. et al. Silent information regulator 1 protects the heart from ischemia/reperfusion. Circulation 122, 2170-2182, doi:
10.1161/CIRCULATIONAHA.110.958033 (2010).

33. Foster, D. B. et al. Mitochondrial ROMK Channel Is a Molecular Component of MitoK(ATP). Circ Res 111, 446-454, doi: Doi
10.1161/Circresaha.112.266445 (2012).

34. Tanaka, C., Kawai, R. & Rowland, M. Dose-dependent pharmacokinetics of cyclosporin A in rats: events in tissues. Drug Metab
Dispos 28, 582-589 (2000).

35. Fujino, T. et al. Recombinant mitochondrial transcription factor A protein inhibits nuclear factor of activated T cells signaling and
attenuates pathological hypertrophy of cardiac myocytes. Mitochondrion 12, 449-458, doi: 10.1016/j.mito.2012.06.002 (2012).

36. Molica, E et al. Cannabinoid receptor CB2 protects against balloon-induced neointima formation. Am ] Physiol Heart Circ Physiol
302, H1064-1074, doi: 10.1152/ajpheart.00444.2011 (2012).

Acknowledgements

This study was supported by Grants-in-Aid for Scientific Research (22390160, 25293185) from the Ministry
of Education, Science, and Culture, Tokyo, Japan; the Translational Research Network Program from the
Ministry of Education, Science, and Culture, Tokyo, Japan; and Health Science Research Grants (Research on
Translational Research and Nanomedicine, Research on Nanomedicine and on Intractable Diseases) from the
Ministry of Health, Labor, and Welfare, Tokyo, Japan.

Author Contributions

G.I, T.M.,, K.N. and K.E. conceived and designed the work. G.I., T.M. and K.E. wrote the manuscript. G.I. Y.N.
and K.N. performed the mice experiments. G.I. and A.I performed the cell experiments. G.I., T.M., K.N. and
K.E. performed data analysis. D.F. and K.S. gave valuable suggestions. All authors discussed the data. All authors
reviewed the manuscript.

SCIENTIFIC REPORTS | 6:20467 | DOI: 10.1038/srep20467 12



www.nature.com/scientificreports/

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests The authors declare no competing financial interests.

How to cite this article: Ikeda, G. et al. Nanoparticle-Mediated Targeting of Cyclosporine A Enhances
Cardioprotection Against Ischemia-Reperfusion InjuryThrough Inhibition of Mitochondrial Permeability
Transition Pore Opening. Sci. Rep. 6, 20467; doi: 10.1038/srep20467 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

CEEE o1 other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFICREPORTS | 6:20467 | DOI: 10.1038/srep20467 13


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Nanoparticle-Mediated Targeting of Cyclosporine A Enhances Cardioprotection Against Ischemia-Reperfusion Injury Through Inh ...
	Results

	In vivo mitochondria-targeting PLGA nanoparticle properties in the IR myocardium. 
	CsA-NP conferred superior cardioprotection against myocardial IR injury from CsA alone through the blockage of mPTP opening ...
	CsA-NP ameliorated cardiac dysfunction and remodeling 4 weeks after IR. 
	CsA-NP ameliorated IR injury without impacting recruitment of inflammatory monocytes to the IR heart. 
	Mitochondria-targeting PLGA nanoparticle properties were associated with mPTP opening in vitro. 

	Discussion

	Methods

	PLGA Nanoparticle Preparation. 
	Mouse myocardial IR model. 
	Experimental protocols. 
	Experimental protocol 1. 
	Experimental protocol 2. 
	Experimental protocol 3. 

	Mouse Heart Mitochondria Isolation. 
	Cyclosporine concentration measurements. 
	Western Blot Analysis. 
	Cardiomyocyte preparation and culture. 
	Cell treatment. 
	Time-lapse imaging. 
	Cell viability. 
	Chemotaxis assay. 
	Statistical Analysis. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Mitochondria-targeting properties of PLGA nanoparticles in myocardial IR injury in vivo.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ The effects of CsA and CsA-NP on IR injury (MI Size) in mice.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Effects of CsA and CsA-NP on cytochrome c leakage in the IR myocardium.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ CsA-NP effects on inflammatory cells.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ Mitochondria-targeting properties of FITC-NP in neonatal rat ventricular myocytes treated with hydrogen peroxide (H2O2).
	﻿Figure 6﻿﻿.﻿﻿ ﻿ Time-dependent uptake study in neonatal rat ventricular myocytes.



 
    
       
          application/pdf
          
             
                Nanoparticle-Mediated Targeting of Cyclosporine A Enhances Cardioprotection Against Ischemia-Reperfusion Injury Through Inhibition of Mitochondrial Permeability Transition Pore Opening
            
         
          
             
                srep ,  (2016). doi:10.1038/srep20467
            
         
          
             
                Gentaro Ikeda
                Tetsuya Matoba
                Yasuhiro Nakano
                Kazuhiro Nagaoka
                Ayako Ishikita
                Kaku Nakano
                Daiki Funamoto
                Kenji Sunagawa
                Kensuke Egashira
            
         
          doi:10.1038/srep20467
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep20467
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep20467
            
         
      
       
          
          
          
             
                doi:10.1038/srep20467
            
         
          
             
                srep ,  (2016). doi:10.1038/srep20467
            
         
          
          
      
       
       
          True
      
   




