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総括研究報告書 急性心筋梗塞治療薬に対する新規治療薬の

開発 

（H25-医療技術-一般-002） 

主任研究者 南野  哲男 大阪大学医学系研究科循環器内科学講師 
 
 

研究要旨  急性心筋梗塞発症数は過去 20 年間に 2 倍に増加している。繰り返して入院加 

療が必要な 梗塞後心不全患者が増加しており、国民医療費増大の一因となっている。 

そのため、梗塞後心不全進展を抑制する治療法の開発は重要なアンメットニーズである。 

心筋梗塞による細胞死はミトコンドリア Permeability Transition Pore（mPTP）が開口 

し，チトクロム C の遊離により誘導される。動物実験・探索的臨床試験において、mPTP 

開口阻害薬であるサイクロスポリンＡ（CsA）による心筋梗塞サイズ縮小効果が報告さ 

れたが、CsA は免疫抑制などの副作用を誘発するため、その臨床投与量に制限がある。 

申請者は代表研究者として、厚生労働科研医療機器開発推進研究事業＜ナノサイズリポ 

ソームを用いた急性心筋梗塞治療法の開発＞で、ナノサイズリポソームが障害心筋へ特 

異的に集積し、リポソームに封入された心保護薬の薬効増強と副作用軽減を世界に先駆 

けて見出した。本技術を用い、既に、ラット心筋梗塞モデルにおいて、低用量リポソー 

ム化 CsＡ（Lipo-CsA）による心筋梗塞サイズ縮小増強効果を確認した。さらに、平成 25 

年度末までに、薬効薬理試験、薬物動態試験、製剤最適化を終了した。平成 26 年度には 

阪大病院薬剤部で試験薬 GMP リポソーム製造装置を稼働し、平成 27 年度には、早期探索 

的臨床試験を医師主導型治験として実施する。Lipo-CsA を新規心筋梗塞治療薬としてア 

カデミア創薬を目指す。 
 
 
A.  研究目的 

高齢化や糖尿病・脂質代謝異常患者の増 

加により、急性心筋梗塞発症数は過去 30 年 

間に３倍に増加している(Takii T, et al. Circ J 

2010)。再灌流療法の普及により、急性期死亡 

率は低下する一方、繰り返す入院が必要な梗 

塞後心不全患者が著明に増加しており、医療 

費増大の一因になっている。そのため、慢性 

期心不全発症を抑制する治療法の開発は重 

要なアンメットニーズである。梗塞後心不全発 

症を抑制する方法として、心筋梗塞急性期に 

おける薬物補充療法による心筋虚血再灌流障 

害抑制が期待されるが、未だ確立された治療 

法はない。近年、動物実験において、サイクロ 

スポリンＡ(CsA)が虚血再灌流障害を抑制する 

ことが報告され、探索的臨床試験においても 

心 筋 梗 塞 サ イ ズ の 縮 小 効 果 が 報 告 さ れ た 

（Piot C et al. N Engl J Med 2008）。しかし 

ながら、CsA の副作用により、臨床投与量に大 

きな制約がある。 

一方、がんや炎症部位では血管透過性が 

亢進し、ナノサイズの粒子が血管より流出し、 

集積する。薬剤をナノリポソームに内包し、炎 

症部位特異的に薬剤を特異的に送達すること 

により、薬効の増強と副作用の軽減が期待で 

きる。心筋梗塞部位では激烈な炎症が生じる 

ため、同部位での血管透過性亢進を利用した 

リポソーム製剤の高い有効性が期待できる。申 

請者は研究代表者として、厚生労働科研医療 

機器開発推進研究事業＜ナノサイズリポソー 
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ムを用いた急性心筋梗塞治療法の開発＞を 

実施し、ナノリポソームの心筋梗塞部位へ高い 

集積による、心保護薬の作用増強と副作用軽 

減を示した（上図）（Takahama H, et al. J 

Am  Coll  Cardiol.  2009;  特  願  ： 

PCT/JP2008/00652）。本技術を用い、既にラ 

ット心筋梗塞モデルにおいて、低用量リポソー 

ム化 CsA の心筋梗塞サイズ縮小増強効果を 

確認した(特願 2012-117077)。そこで、本研究 

では、リポソーム化 CsA をアカデミア創薬とし 

て開発を進める。 
 
 
B.  研究成果 

 
（1）  薬効薬理試験 ラット心筋梗塞モデルを用い、

再灌流時にリ 

ポソーム化サイクロスポリン（Lipo-CsA）、また 

はサイクロスポリン（CsA）の静脈内単回投与を 

行った。低用量・高用量いずれの CsA でも心 

筋梗塞サイズ縮小効果を認めなかったが、低 

用量 Lipo-CsA で著明な心筋梗塞サイズ縮小 

効果を認めた。 
 
（2）  薬物動態試験 

3H 標識 CsA を封入した Lipo-CsA の体 

内分布を定量オートラジオグラフィー法で解析 

し、既知の CsA 体内分布と比較する。リポソー 

ム化による心筋梗塞部位への CsA の集積効 

果も検討した。 
 
（3）  製剤最適化 

GMP リポソーム製剤の組成・製造について 

は、PMDA 薬事戦略相談（対面助言）を反映 

し、ロット間の均一性を担保しつつ製造する。 
 
（4）  安全性薬理試験・一般毒性試験 

PMDA 薬事戦略相談（対面助言）を反映し、 

Lipo-CsA を用いた安全性薬理コアバッテリー 

試験ならびに拡張型単回投与毒性試験を実 

施中である。 

（5）  PMDA 相談 前臨床試験ならびに製剤の品質

について、薬事 戦略相談（対面助言）を実施した（平

成 25 年 11 月、 平成 26 年 2 月） 
 
 
C.  まとめ 

本事業では、心筋梗塞部位を標的とした新規 

リポソーム製剤の開発により、世界に類をみな 

い独創的な心筋梗塞治療薬の創出が期待され、 

日本での知的財産蓄積・産業創出に貢献する。 

さらに、急性心筋梗塞や心不全患者の死亡率低 

下、また、＜生活の質の低下＞の改善、繰り返 

す入院の減少により医療費増大抑制に寄与し、 

アンメットニーズに応えるアカデミア創薬と 

して期待できる。欧米のみならず、経済発展が 

著しい新興国でも心筋梗塞は激増することが 

予測される。薬物補充療法による梗塞後心不全 

抑制療法開発のニーズは極めて大きく、マーケ 

ットもグローバルである。 

平成 25 年度末までに、薬効薬理試験、薬物 

動態試験、製剤最適化を終了した。平成 26 年 

度に、阪大病院薬剤部で GMP リポソーム製造装 

置を稼働する。平成 25 年以降、安全性薬理試 

験、毒性試験が開始可能であり、本事業終了時 

には速やかに医師主導型治験に移行する。心筋 

梗塞部位での血管透過性亢進に着目し、ナノサ 

イズリポソームを治療に応用するアイディア 

は画期的であり、PMDA 薬事戦略相談（対面助言） 

を活用し、特許戦略にも基づいている。 
 
 
D．健康危険情報 

特記事項なし 
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厚生労働科学研究費補助金（医療技術実用化総合研究事業） 

総括研究報告書 急性心筋梗塞治療薬に対する新規治療薬の

開発 

（H25-医療技術-一般-002） 

分担研究者 松崎高志 大阪大学医学系研究科循環器内科学特任助教 
 
 

研究要旨  急性心筋梗塞発症数は過去 20 年間に 2 倍に増加している。繰り返して入院加 

療が必要な 梗塞後心不全患者が増加しており、国民医療費増大の一因となっている。 

そのため、梗塞後心不全進展を抑制する治療法の開発は重要なアンメットニーズである。 

心筋梗塞による細胞死はミトコンドリア Permeability Transition Pore（mPTP）が開口 

し，チトクロム C の遊離により誘導される。動物実験・探索的臨床試験において、mPTP 

開口阻害薬であるサイクロスポリンＡ（CsA）による心筋梗塞サイズ縮小効果が報告さ 

れたが、CsA は免疫抑制などの副作用を誘発するため、その臨床投与量に制限がある。 

申請者は代表研究者として、厚生労働科研医療機器開発推進研究事業＜ナノサイズリポ 

ソームを用いた急性心筋梗塞治療法の開発＞で、ナノサイズリポソームが障害心筋へ特 

異的に集積し、リポソームに封入された心保護薬の薬効増強と副作用軽減を世界に先駆 

けて見出した。本技術を用い、既に、ラット心筋梗塞モデルにおいて、低用量リポソー 

ム化 CsＡ（Lipo-CsA）による心筋梗塞サイズ縮小増強効果を確認した。さらに、平成 25 

年度末までに、薬効薬理試験、薬物動態試験、製剤最適化を終了した。平成 26 年度には 

阪大病院薬剤部で試験薬 GMP リポソーム製造装置を稼働し、平成 27 年度には、早期探索 

的臨床試験を医師主導型治験として実施する。Lipo-CsA を新規心筋梗塞治療薬としてア 

カデミア創薬を目指す。 
 
 
A.  研究目的 

高齢化や糖尿病・脂質代謝異常患者の増加に 

より、急性心筋梗塞発症数は過去 30 年間に３倍 

に増加している(Takii T, et al. Circ J 2010)。再 

灌流療法の普及により、急性期死亡率は低下する 

一方、繰り返す入院が必要な梗塞後心不全患者 

が著明に増加しており、医療費増大の一因になっ 

ている。そのため、慢性期心不全発症を抑制する 

治療法の開発は重要なアンメットニーズである。梗 

塞後心不全発症を抑制する方法として、心筋梗塞 

急性期における薬物補充療法による心筋虚血再 

灌流障害抑制が期待されるが、未だ確立された治 

療法はない。近年、動物実験において、サイクロス 

ポリンＡ(CsA)が虚血再灌流障害を抑制することが 

報告され、探索的臨床試験においても心筋梗塞サ 

イズの縮小効果が報告された（Piot C et al. N 

Engl J Med 2008）。しかしながら、CsA の副作用 

により、臨床投与量に大きな制約がある。 

B.  一方、がんや炎症部位では血管透過性が亢 

進し、ナノサイズの粒子が血管より流出し、集 

積する。薬剤をナノリポソームに内包し、炎症 

部位特異的に薬剤を特異的に送達することに 

より、薬効の増強と副作用の軽減が期待できる。 

心筋梗塞部位では激烈な炎症が生じるため、 

同部位での血管透過性亢進を利用したリポソ 

ーム製剤の高い有効性が期待できる。申請者 

は研究代表者として、厚生労働科研医療機器 

開発推進研究事業＜ナノサイズリポソームを 

用いた急性心筋梗塞治療法の開発＞を実施 し、

ナノリポソームの心筋梗塞部位へ高い集積 
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による、心保護薬の作用増強と副作用軽減を 

示した（上図）（Takahama H, et al. J Am 

Coll  Cardiol.  2009;  特  願  ： 

PCT/JP2008/00652）。本技術を用い、既にラ 

ット心筋梗塞モデルにおいて、低用量リポソー 

ム化 CsA の心筋梗塞サイズ縮小増強効果を 

確認した(特願 2012-117077)。そこで、本研究 

では、リポソーム化 CsA をアカデミア創薬とし 

て開発を進める。研究成果 
 
（1）  薬効薬理試験 ラット心筋梗塞モデルを用い、

再灌流時にリポソ 

ーム化サイクロスポリン（Lipo-CsA）、またはサイク 

ロスポリン（CsA）の静脈内単回投与を行った。低 

用量・高用量いずれの CsA でも心筋梗塞サイズ縮 

小効果を認めなかったが、低用量 Lipo-CsA で著 

明な心筋梗塞サイズ縮小効果を認めた。 
 
（2）  薬物動態試験 

3H 標識 CsA を封入した Lipo-CsA の体内分布 

を定量オートラジオグラフィー法で解析し、既知の 

CsA 体内分布と比較する。リポソーム化による心筋 

梗塞部位への CsA の集積効果も検討した。 
 

（3）  製剤最適化 

GMP リポソーム製剤の組成・製造については、 

PMDA 薬事戦略相談（対面助言）を反映し、ロット 

間の均一性を担保しつつ製造する。 
 
（4）  安全性薬理試験・一般毒性試験 

PMDA 薬事戦略相談（対面助言）を反映し、 

Lipo-CsA を用いた安全性薬理コアバッテリー試 

験ならびに拡張型単回投与毒性試験を実施中で 

ある。 
 
C.  まとめ 

本事業では、心筋梗塞部位を標的とした新規 

リポソーム製剤の開発により、世界に類をみな 

い独創的な心筋梗塞治療薬の創出が期待され、 

日本での知的財産蓄積・産業創出に貢献する。 

さらに、急性心筋梗塞や心不全患者の死亡率低 

下、また、＜生活の質の低下＞の改善、繰り返 

す入院の減少により医療費増大抑制に寄与し、 

アンメットニーズに応えるアカデミア創薬と 

して期待できる。欧米のみならず、経済発展が 

著しい新興国でも心筋梗塞は激増することが 

予測される。薬物補充療法による梗塞後心不全 

抑制療法開発のニーズは極めて大きく、マーケ 

ットもグローバルである。 

D．健康危険情報 

特記事項なし 
 
 
E．研究発表 

1.  論文発表 
 
1. Matsuoka    K,    Asano    Y,    Higo    S, 

Tsukamoto O, Yan Y, Yamazaki S, 

Matsuzaki T, Kioka H, Kato H, Uno Y, 

Asakura M, Asanuma H, Minamino T, 

Aburatani H, Kitakaze M, Komuro I, 

Takashima S.Noninvasive and 

quantitative live imaging reveals a 

potential stress-responsive enhancer in 

the failing heart. FASEB J. 2014 Jan 3. 

[Epub ahead of print] 

2. Kioka    H,    Kato    H,    Fujikawa    M, 

Tsukamoto O, Suzuki T, Imamura H, 

Nakano A, Higo S, Yamazaki S, 

Matsuzaki T, Takafuji K, Asanuma H, 

Asakura M, Minamino T, Shintani Y, 

Yoshida M, Noji H, Kitakaze M, Komuro 

I, Asano Y, Takashima S. Evaluation of 

intramitochondrial atp levels identifies 

g0/g1 switch gene 2 as a positive 

regulator of oxidative phosphorylation. 

Proc  Natl  Acad  Sci  USA.  2014  Jan 

7;111(1):273-8. 
 

3. Takahama  H,  Shigematsu  H,  Asai  T, 

Matsuzaki T, Sanada S, Fu HY, Okuda 

K,  Yamato  M,  Asanuma  H,  Asano  Y, 
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Asakura M, Oku N, Komuro I, Kitakaze 

M, Minamino T.Liposomal amiodarone 

augments anti-arrhythmic effects and 

reduces hemodynamic adverse effects in 

an ischemia/reperfusion rat model. 

Cardiovasc       Drugs       Ther.       2013 

Apr;27(2):125-32 
 
 
F．知的財産権の出願・登録状況 発明の名称：炎

症性疾患治療用医薬組成物 出願番号：国際出

願番号：PCT/JP2013/64384 出願日  ：平成 25 

年（2013 年）5 月 23 日 
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厚生労働科学研究費補助金（医療技術実用化総合研究事業） 

総括研究報告書 急性心筋梗塞治療薬に対する新規治療薬の

開発 

（H25-医療技術-一般-002） 

分担研究者 真田昌爾 大阪大学医学系研究科循環器内科学 
 
 

研究要旨  急性心筋梗塞発症数は過去 20 年間に 2 倍に増加している。繰り返して入院加 

療が必要な 梗塞後心不全患者が増加しており、国民医療費増大の一因となっている。 

そのため、梗塞後心不全進展を抑制する治療法の開発は重要なアンメットニーズである。 

心筋梗塞による細胞死はミトコンドリア Permeability Transition Pore（mPTP）が開口 

し，チトクロム C の遊離により誘導される。動物実験・探索的臨床試験において、mPTP 

開口阻害薬であるサイクロスポリンＡ（CsA）による心筋梗塞サイズ縮小効果が報告さ 

れたが、CsA は免疫抑制などの副作用を誘発するため、その臨床投与量に制限がある。 

申請者は代表研究者と協力して、ナノサイズリポソームが障害心筋へ特異的に集積し、 

係るリポソームに封入された心保護薬の薬効増強と副作用軽減をもたらすことを世界に 

先駆けて見出した。本技術をドラッグデリバリーシステムに応用し、我々はラット心筋 

梗塞モデルにおいて、低用量リポソーム化 CsＡ（Lipo-CsA）による心筋梗塞サイズ縮小 

増強効果を初めて確認した。また平成 25 年度末までに、前臨床に係る薬効薬理試験、薬 

物動態試験、製剤最適化を終了した。よって、医薬品承認取得に至る次のステップとし 

て、平成 26 年度には阪大病院薬剤部で試験薬 GMP リポソーム製造装置を稼働し、平成 

27 年度には、早期探索的臨床試験を医師主導型治験として実施する。Lipo-CsA を新規心 

筋梗塞治療薬とし、大学発の基礎研究成果から臨床医薬としての上市まで、国内で前例 

を見ないアカデミアによる一気通貫型の創薬を目指す。 
 
 
A.  研究目的 

高齢化や糖尿病・脂質代謝異常患者の増 

加により、急性心筋梗塞発症数は過去 30 年 

間に３倍に増加している(Takii T, et al. Circ J 

2010)。再灌流療法の普及により、急性期死亡 

率は低下する一方、繰り返す入院が必要な梗 

塞後心不全患者が著明に増加しており、医療 

費増大の一因になっている。そのため、慢性 

期心不全発症を抑制する治療法の開発は重 

要なアンメットニーズである。梗塞後心不全発 

症を抑制する方法として、心筋梗塞急性期に 

おける薬物補充療法による心筋虚血再灌流障 

害抑制が期待されるが、未だ確立された治療 

法はない。近年、動物実験において、サイクロ 

スポリンＡ(CsA)が虚血再灌流障害を抑制する 

ことが報告され、探索的臨床試験においても 

心 筋 梗 塞 サ イ ズ の 縮 小 効 果 が 報 告 さ れ た 

（Piot C et al. N Engl J Med 2008）。しかし 

ながら、CsA の副作用により、臨床投与量に大 

きな制約がある。 

一方、がんや炎症部位では血管透過性が 

亢進し、ナノサイズの粒子が血管より流出し、 

集積する。薬剤をナノリポソームに内包し、炎 

症部位特異的に薬剤を特異的に送達すること 

により、薬効の増強と副作用の軽減が期待で 

きる。心筋梗塞部位では激烈な炎症が生じる 

ため、同部位での血管透過性亢進を利用した 

リポソーム製剤の高い有効性が期待できる。申 
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請者は研究代表者と協力して、厚生労働科研 

医療機器開発推進研究事業＜ナノサイズリポ 

ソームを用いた急性心筋梗塞治療法の開発＞ 

を実施し、ナノリポソームの心筋梗塞部位へ高 

い集積による、心保護薬の作用増強と副作用 

軽減を示した（Takahama H, et al. J Am 

Coll  Cardiol.  2009;  特  願  ： 

PCT/JP2008/00652）。本技術を用い、既にラ 

ット心筋梗塞モデルにおいて、低用量リポソー 

ム化 CsA の心筋梗塞サイズ縮小増強効果を 

確認した(特願 2012-117077)。そこで、本研究 

では、リポソーム化 CsA をアカデミア創薬とし 

て開発を進める。 
 
 
D.  研究成果 

 
（1）  薬効薬理試験 ラット心筋梗塞モデルを用い、

再灌流時にリ 

ポソーム化サイクロスポリン（Lipo-CsA）、また 

はサイクロスポリン（CsA）の静脈内単回投与を 

行った。低用量・高用量いずれの CsA でも心 

筋梗塞サイズ縮小効果を認めなかったが、低 

用量 Lipo-CsA で著明な心筋梗塞サイズ縮小 

効果を認めた。 
 
（2）  薬物動態試験 

3H 標識 CsA を封入した Lipo-CsA の体 

内分布を定量オートラジオグラフィー法で解析 

し、既知の CsA 体内分布と比較する。リポソー 

ム化による心筋梗塞部位への CsA の集積効 

果も検討した。 
 
（3）  製剤最適化 

GMP リポソーム製剤の組成・製造について 

は、PMDA 薬事戦略相談（対面助言）を反映 

し、ロット間の均一性を担保しつつ製造する。 
 
（4）  安全性薬理試験・一般毒性試験 

PMDA 薬事戦略相談（対面助言）を反映し、 

Lipo-CsA を用いた安全性薬理コアバッテリー 

試験ならびに拡張型単回投与毒性試験を実 

施中である。 
 
（5）  PMDA 相談 前臨床試験ならびに製剤の品質

について、薬事 戦略相談（対面助言）を実施した（平

成 25 年 11 月、 平成 26 年 2 月）。前臨床試験の評

価では FIH 試 験申請に先駆けたデータの集積状

況はほぼ妥当 との見解を得た。 
 
 
E.  まとめ 

本事業では、心筋梗塞部位を標的とした新規 

リポソーム製剤の開発により、世界に類をみな 

い独創的な心筋梗塞治療薬の創出が期待され、 

日本での知的財産蓄積・産業創出及び日本発の 

医薬品及びその基礎技術のシェア拡大に貢献 

する。さらに、急性心筋梗塞や心不全患者の死 

亡率低下、また、＜生活の質の低下＞の改善、 

繰り返す入院の減少により医療費増大抑制に 

寄与し、アンメットニーズに応えるアカデミア 

創薬として期待できる。欧米のみならず、経済 

発展が著しい新興国でも心筋梗塞は激増する 

ことが予測される。薬物補充療法による梗塞後 

心不全抑制療法開発のニーズは極めて大きく、 

マーケットもグローバルである。 

平成 25 年度末までに、薬効薬理試験、薬物 

動態試験、製剤最適化を終了した。平成 26 年 

度に、阪大病院薬剤部で GMP リポソーム製造装 

置を稼働する。平成 25 年以降、安全性薬理試 

験、毒性試験が開始可能であり、GMP リポソー 

ムを用いた再評価後には PMDA 薬事戦略相談（対 

面助言）を経て速やかに医師主導型治験に移行 

する。心筋梗塞部位での血管透過性亢進に着目 

し、ナノサイズリポソームを治療に応用するア 

イデアは非常に画期的といえる。平成 26 年度 

以降は、医師主導治験による臨床データの蓄積 

をめざし、大阪大学医学部付属病院未来医療開 

発部と連携しながら、プロトコール作成、デー 

タベース構築等につき準備を進めている。 
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D．健康危険情報 

特記事項なし 
 
 
E．研究発表 

1.  論文発表 
 

1. Takahama  H,  Shigematsu  H,  Asai  T, 

Matsuzaki T, Sanada S, Hai-Ying Fu, 

Okuda K, Yamato M, Asanuma H, Asano 

Y, Asakura M, Oku N, Komuro I, 

Kitakaze M, Minamino T. Liposomal 

Amiodarone Augments Anti-arrhythmic 

Effects and Reduces Hemodynamic 

Adverse Effects in an 

Ischemia/Reperfusion Rat Model. 

Cardiovasc Drugs Ther. 2013;27:125-32. 

2. Takahashi A, Asakura M, Ito S, Min KD, 

Shindo K, Yan Y, Liao Y, Yamazaki S, 

Sanada S, Asano Y, Ishibashi-Ueda H, 

Takashima S, Minamino T, Asanuma H, 

Mochizuki   N,   Kitakaza  M. 

Dipeptidyl-Peptidase IV Inhibition 

Improves Pathophysiology of Heart 

Failure and Increases Survival Rate in 

Pressure-Overloaded Mice. Am J Physiol 

Heart Circ Physiol. 2013;304:H1361-9. 

3.  Asanuma  H,  Sanada  S,  Asakura  M, 

Asano Y, Kim J, Shinozaki Y, Mori H, 

Minamino T, Takashima S,  Kitakaze M. 

Carperitide  induces coronary 

vasodilation and limits infarct size in 

canine ischemic hearts: role of NO. 

Hypertens Res. (In press) 

4. Sanada  S,  Asanuma  H,  Minamino  T, 

Tsukamoto O, Okada K, Kitakaze M, 

Komuro I. Repetitive transient 

phosphodiesterase-3 inhibition 

eliminates       non-ischemic       cardiac 

remodeling and failure. Immunol 

Endocr Metab Agents Med Chem. (In 

press) 
 

 
2. 学会発表 

1) 南野哲男、松崎高志、 真田昌爾 、姚  香景、 

澤  芳樹 . 日本 循 環器学 会 学術 集 会総 会 

（2014 年 3 月、東京）プレナリーセッション＜循 

環器病学のトランスレーショナルリサーチ＞ 

｢Academic Drug Development for Treatment 

of    Acute    Myocardial    Infarction    Using 

Nano-sized Liposomes｣ 
 
 
F．知的財産権の出願・登録状況 

無し 
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厚生労働科学研究費補助金（医療技術実用化総合研究事業） 

総括研究報告書 急性心筋梗塞治療薬に対する新

規治療薬の開発 

（H25-医療技術-一般-002） 

分担研究者 姚 香景 大阪大学医学部附属病院・早期探索的臨床試験 
 
 

研究要旨  急性心筋梗塞発症数は過去 20 年間に 2 倍に増加している。繰り返して入院加 

療が必要な 梗塞後心不全患者が増加しており、国民医療費増大の一因となっている。 

そのため、梗塞後心不全進展を抑制する治療法の開発は重要なアンメットニーズである。 

心筋梗塞による細胞死はミトコンドリア Permeability Transition Pore（mPTP）が開口 

し，チトクロム C の遊離により誘導される。動物実験・探索的臨床試験において、mPTP 

開口阻害薬であるサイクロスポリンＡ（CsA）による心筋梗塞サイズ縮小効果が報告さ 

れたが、CsA は免疫抑制などの副作用を有するため、その臨床投与量に制限がある。申 

請者は代表研究者として、厚生労働科研医療機器開発推進研究事業＜ナノサイズリポソ 

ームを用いた急性心筋梗塞治療法の開発＞で、ナノサイズリポソームが障害心筋へ特異 

的に集積し、リポソームに封入された心保護薬の薬効増強と副作用軽減を世界に先駆け 

て見出した。本技術を用い、既に、ラット心筋梗塞モデルにおいて、低用量リポソーム 

化 CsＡ（Lipo-CsA）による心筋梗塞サイズ縮小増強効果を確認した。さらに、平成 25 

年度末までに、薬効薬理試験、薬物動態試験、製剤最適化を終了した。平成 26 年度には 

阪大病院薬剤部で試験薬 GMP リポソーム製造装置を稼働し、平成 27 年度には、早期探索 

的臨床試験を医師主導型治験として実施する。Lipo-CsA を新規心筋梗塞治療薬としてア 

カデミア創薬を目指す。 
 
 
A.  研究目的 

高齢化や糖尿病・脂質代謝異常患者の増加に 

より、急性心筋梗塞発症数は過去 30 年間に３倍 

に増加している(Takii T, et al. Circ J 2010)。再 

灌流療法の普及により、急性期死亡率は低下する 

一方、繰り返す入院が必要な梗塞後心不全患者 

が著明に増加しており、医療費増大の一因になっ 

ている。そのため、慢性期心不全発症を抑制する 

治療法の開発は重要なアンメットニーズである。梗 

塞後心不全発症を抑制する方法として、心筋梗塞 

急性期における薬物補充療法による心筋虚血再 

灌流障害抑制が期待されるが、未だ確立された治 

療法はない。近年、動物実験において、サイクロス 

ポリンＡ(CsA)が虚血再灌流障害を抑制することが 

報告され、探索的臨床試験においても心筋梗塞サ 

イズの縮小効果が報告された（Piot C et al. N 

Engl J Med 2008）。しかしながら、CsA の副作用 

により、臨床投与量に大きな制約がある。 

一方、がんや炎症部位では血管透過性が亢進 

し、ナノサイズの粒子が血管より流出し、集積する。 

薬剤をナノリポソームに内包し、炎症部位特異的 

に薬剤を特異的に送達することにより、薬効の増 

強と副作用の軽減が期待できる。心筋梗塞部位で 

は激烈な炎症が生じるため、同部位での血管透過 

性亢進を利用したリポソーム製剤の高い有効性が 

期待できる。申請者は研究代表者として、厚生労 

働科研医療機器開発推進研究事業＜ナノサイズリ 

ポソームを用いた急性心筋梗塞治療法の開発＞ 



10 
 

を実施し、ナノリポソームの心筋梗塞部位へ高い 

集積による、心保護薬の作用増強と副作用軽減を 

示した（上図）（Takahama H, et al. J Am Coll 

Cardiol. 2009; 特願：PCT/JP2008/00652）。本 

技術を用い、既にラット心筋梗塞モデルにおいて、 
 
 
B.  研究成果 

 
（1）  薬効薬理試験 ラット心筋梗塞モデルを用い、

再灌流時にリポソ 

ーム化サイクロスポリン（Lipo-CsA）、またはサイク 

ロスポリン（CsA）の静脈内単回投与を行った。低 

用量・高用量いずれの CsA でも心筋梗塞サイズ縮 

小効果を認めなかったが、低用量 Lipo-CsA で著 

明な心筋梗塞サイズ縮小効果を認めた。 

（2）  薬物動態試験 

3H 標識 CsA を封入した Lipo-CsA の体内分布 

を定量オートラジオグラフィー法で解析し、既知の 

CsA 体内分布と比較する。リポソーム化による心筋 

梗塞部位への CsA の集積効果も検討した。 
 

（3）  製剤最適化 

GMP リポソーム製剤の組成・製造については、 

PMDA 薬事戦略相談（対面助言）を反映し、ロット 

間の均一性を担保しつつ製造する。 
 
（4）  安全性薬理試験・一般毒性試験 

PMDA 薬事戦略相談（対面助言）を反映し、 

Lipo-CsA を用いた安全性薬理コアバッテリー試 

験ならびに拡張型単回投与毒性試験を実施中で 

ある。 
 
C.  まとめ 

本事業では、心筋梗塞部位を標的とした新規 

リポソーム製剤の開発により、世界に類をみな 

い独創的な心筋梗塞治療薬の創出が期待され、 

日本での知的財産蓄積・産業創出に貢献する。 

さらに、急性心筋梗塞や心不全患者の死亡率低 

下、また、＜生活の質の低下＞の改善、繰り返 

す入院の減少により医療費増大抑制に寄与し、 

アンメットニーズに応えるアカデミア創薬と 

して期待できる。欧米のみならず、経済発展が 

著しい新興国でも心筋梗塞は激増することが 

予測される。薬物補充療法による梗塞後心不全 

抑制療法開発のニーズは極めて大きく、マーケ 

ットもグローバルである。 

D. 平成 25 年度末までに、薬効薬理試験、薬物 

動態試験、製剤最適化を終了した。平成 26 

年度に、阪大病院薬剤部で GMP リポソーム 

製造装置を稼働する。平成 25 年以降、安全 

性薬理試験、毒性試験を開始しており、速 

やかに医師主導型治験に移行する。心筋梗 

塞部位での血管透過性亢進に着目し、ナノ 

サイズリポソームを治療に応用するアイデ 

ィアは画期的であり、特許取得に関しても 

産学連携先企業の獲得のための活動をして 

いる。開発にあたり PMDA 薬事戦略相談（対 

面助言）を活用している。 
 
 
D．健康危険情報 

特記事項なし 
 
 
E．研究発表 

1.  論文発表 

無し 

2. 学会発表 

無し 
 
 
F．知的財産権の出願・登録状況 

無し 
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厚生労働科学研究費補助金（医療技術実用化総合研究事業） 

総括研究報告書 急性心筋梗塞治療薬に対する新規治療薬の

開発 

（H25-医療技術-一般-002） 

分担研究者 岩出 卓 東レエンジニアリング株式会社 
 
 

研究要旨  急性心筋梗塞発症数は過去 20 年間に 2 倍に増加している。繰り返して入院加 

療が必要な 梗塞後心不全患者が増加しており、国民医療費増大の一因となっている。 

そのため、梗塞後心不全進展を抑制する治療法の開発は重要なアンメットニーズである。 

心筋梗塞による細胞死はミトコンドリア Permeability Transition Pore（mPTP）が開口 

し，チトクロム C の遊離により誘導される。動物実験・探索的臨床試験において、mPTP 

開口阻害薬であるサイクロスポリンＡ（CsA）による心筋梗塞サイズ縮小効果が報告さ 

れたが、CsA は免疫抑制などの副作用を誘発するため、その臨床投与量に制限がある。 

申請者は代表研究者として、厚生労働科研医療機器開発推進研究事業＜ナノサイズリポ 

ソームを用いた急性心筋梗塞治療法の開発＞で、ナノサイズリポソームが障害心筋へ特 

異的に集積し、リポソームに封入された心保護薬の薬効増強と副作用軽減を世界に先駆 

けて見出した。本技術を用い、既に、ラット心筋梗塞モデルにおいて、低用量リポソー 

ム化 CsＡ（Lipo-CsA）による心筋梗塞サイズ縮小増強効果を確認した。さらに、平成 25 

年度末までに、薬効薬理試験、薬物動態試験、製剤最適化を終了した。平成 26 年度には 

阪大病院薬剤部で試験薬 GMP リポソーム製造装置を稼働し、平成 27 年度には、早期探索 

的臨床試験を医師主導型治験として実施する。Lipo-CsA を新規心筋梗塞治療薬としてア 

カデミア創薬を目指す。 
 
 
A. 研究目的 

高齢化や糖尿病・脂質代謝異常患者の増 

加により、急性心筋梗塞発症数は過去 30 年 

間に３倍に増加している(Takii T, et al. Circ J 

2010)。再灌流療法の普及により、急性期死亡 

率は低下する一方、繰り返す入院が必要な梗 

塞後心不全患者が著明に増加しており、医療 

費増大の一因になっている。そのため、慢性 

期心不全発症を抑制する治療法の開発は重 

要なアンメットニーズである。梗塞後心不全発 

症を抑制する方法として、心筋梗塞急性期に 

おける薬物補充療法による心筋虚血再灌流障 

害抑制が期待されるが、未だ確立された治療 

法はない。近年、動物実験において、サイクロ 

スポリンＡ(CsA)が虚血再灌流障害を抑制する 

ことが報告され、探索的臨床試験においても 

心 筋 梗 塞 サ イ ズ の 縮 小 効 果 が 報 告 さ れ た 

（Piot C et al. N Engl J Med 2008）。しかし 

ながら、CsA の副作用により、臨床投与量に大 

きな制約がある。 

一方、がんや炎症部位では血管透過性が 

亢進し、ナノサイズの粒子が血管より流出し、 

集積する。薬剤をナノリポソームに内包し、炎 

症部位特異的に薬剤を特異的に送達すること 

により、薬効の増強と副作用の軽減が期待で 

きる。心筋梗塞部位では激烈な炎症が生じる 

ため、同部位での血管透過性亢進を利用した 

リポソーム製剤の高い有効性が期待できる。申 

請者は研究代表者として、厚生労働科研医療 

機器開発推進研究事業＜ナノサイズリポソー 
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ムを用いた急性心筋梗塞治療法の開発＞を 

実施し、ナノリポソームの心筋梗塞部位へ高い 

集積による、心保護薬の作用増強と副作用軽 

減を示した（上図）（Takahama H, et al. J 

Am  Coll  Cardiol.  2009;  特  願  ： 

PCT/JP2008/00652）。本技術を用い、既にラ 

ット心筋梗塞モデルにおいて、低用量リポソー 

ム化 CsA の心筋梗塞サイズ縮小増強効果を 

確認した(特願 2012-117077)。そこで、本研究 

では、リポソーム化 CsA をアカデミア創薬とし 

て開発を進める。 
 
 
B. 研究成果 

 
（1）  薬効薬理試験 ラット心筋梗塞モデルを用い、

再灌流時にリ 

ポソーム化サイクロスポリン（Lipo-CsA）、また 

はサイクロスポリン（CsA）の静脈内単回投与を 

行った。低用量・高用量いずれの CsA でも心 

筋梗塞サイズ縮小効果を認めなかったが、低 

用量 Lipo-CsA で著明な心筋梗塞サイズ縮小 

効果を認めた。 
 
（2）  薬物動態試験 

3H 標識 CsA を封入した Lipo-CsA の体 

内分布を定量オートラジオグラフィー法で解析 

し、既知の CsA 体内分布と比較する。リポソー 

ム化による心筋梗塞部位への CsA の集積効 

果も検討した。 
 
（3）  製剤最適化 

GMP リポソーム製剤の組成・製造について 

は、PMDA 薬事戦略相談（対面助言）を反映 

し、ロット間の均一性を担保しつつ製造する。 

本 GMP リポソーム製造装置は、同じ構成の装 

置を複数台並列することで量産に対応でき、ス 

ケールアップのための技術的な課題がないこ 

とが特徴である。 
 
（4）  安全性薬理試験・一般毒性試験 

PMDA 薬事戦略相談（対面助言）を反映し、 

Lipo-CsA を用いた安全性薬理コアバッテリー 

試験ならびに拡張型単回投与毒性試験を実 

施中である。 
 
（5）  PMDA 相談 前臨床試験ならびに製剤の品質

について、薬事 戦略相談（対面助言）を実施した（平

成 25 年 11 月、 平成 26 年 2 月） 
 
 
F.  まとめ 

本事業では、心筋梗塞部位を標的とした新規 

リポソーム製剤の開発により、世界に類をみな 

い独創的な心筋梗塞治療薬の創出が期待され、 

日本での知的財産蓄積・産業創出に貢献する。 

さらに、急性心筋梗塞や心不全患者の死亡率低 

下、また、＜生活の質の低下＞の改善、繰り返 

す入院の減少により医療費増大抑制に寄与し、 

アンメットニーズに応えるアカデミア創薬と 

して期待できる。欧米のみならず、経済発展が 

著しい新興国でも心筋梗塞は激増することが 

予測される。薬物補充療法による梗塞後心不全 

抑制療法開発のニーズは極めて大きく、マーケ 

ットもグローバルである。 

平成 25 年度末までに、薬効薬理試験、薬物 

動態試験、製剤最適化を終了した。平成 26 年 

度に、阪大病院薬剤部で GMP リポソーム製造装 

置を稼働する。平成 25 年以降、安全性薬理試 

験、毒性試験が開始可能であり、本事業終了時 

には速やかに医師主導型治験に移行する。心筋 

梗塞部位での血管透過性亢進に着目し、ナノサ 

イズリポソームを治療に応用するアイディア 

は画期的であり、PMDA 薬事戦略相談（対面助言） 

を活用し、特許戦略にも基づいている。 
 
 
D．健康危険情報 

特記事項なし 



13 
 

E．研究発表 

1.  論文発表 

無し 

2. 学会発表 

無し 
 
 
F．知的財産権の出願・登録状況 

無し 
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厚生労働科学研究費補助金（医療技術実用化総合研究事業） 

総括研究報告書 急性心筋梗塞治療薬に対する新

規治療薬の開発 

（H25-医療技術-一般-002） 

分担研究者 佐藤雄一郎 株式会社バイオメッドコア 
 
 

研究要旨  急性心筋梗塞発症数は過去 20 年間に 2 倍に増加している。繰り返して入院加 

療が必要な 梗塞後心不全患者が増加しており、国民医療費増大の一因となっている。 

そのため、梗塞後心不全進展を抑制する治療法の開発は重要なアンメットニーズである。 

心筋梗塞による細胞死はミトコンドリア Permeability Transition Pore（mPTP）が開口 

し，チトクロム C の遊離により誘導される。動物実験・探索的臨床試験において、mPTP 

開口阻害薬であるサイクロスポリンＡ（CsA）による心筋梗塞サイズ縮小効果が報告さ 

れたが、CsA は免疫抑制などの副作用を誘発するため、その臨床投与量に制限がある。 

申請者は代表研究者として、厚生労働科研医療機器開発推進研究事業＜ナノサイズリポ 

ソームを用いた急性心筋梗塞治療法の開発＞で、ナノサイズリポソームが障害心筋へ特 

異的に集積し、リポソームに封入された心保護薬の薬効増強と副作用軽減を世界に先駆 

けて見出した。本技術を用い、既に、ラット心筋梗塞モデルにおいて、低用量リポソー 

ム化 CsＡ（Lipo-CsA）による心筋梗塞サイズ縮小増強効果を確認した。さらに、平成 25 

年度末までに、薬効薬理試験、薬物動態試験、製剤最適化を終了した。平成 26 年度には 

阪大病院薬剤部で試験薬 GMP リポソーム製造装置を稼働し、平成 27 年度には、早期探索 

的臨床試験を医師主導型治験として実施する。Lipo-CsA を新規心筋梗塞治療薬としてア 

カデミア創薬を目指す。 
 
 
A.  研究目的 

高齢化や糖尿病・脂質代謝異常患者の増 

加により、急性心筋梗塞発症数は過去 30 年 

間に３倍に増加している(Takii T, et al. Circ J 

2010)。再灌流療法の普及により、急性期死亡 

率は低下する一方、繰り返す入院が必要な梗 

塞後心不全患者が著明に増加しており、医療 

費増大の一因になっている。そのため、慢性 

期心不全発症を抑制する治療法の開発は重 

要なアンメットニーズである。梗塞後心不全発 

症を抑制する方法として、心筋梗塞急性期に 

おける薬物補充療法による心筋虚血再灌流障 

害抑制が期待されるが、未だ確立された治療 

法はない。近年、動物実験において、サイクロ 

スポリンＡ(CsA)が虚血再灌流障害を抑制する 

ことが報告され、探索的臨床試験においても 

心 筋 梗 塞 サ イ ズ の 縮 小 効 果 が 報 告 さ れ た 

（Piot C et al. N Engl J Med 2008）。しかし 

ながら、CsA の副作用により、臨床投与量に大 

きな制約がある。 

一方、がんや炎症部位では血管透過性が 

亢進し、ナノサイズの粒子が血管より流出し、 

集積する。薬剤をナノリポソームに内包し、炎 

症部位特異的に薬剤を特異的に送達すること 

により、薬効の増強と副作用の軽減が期待で 

きる。心筋梗塞部位では激烈な炎症が生じる 

ため、同部位での血管透過性亢進を利用した 

リポソーム製剤の高い有効性が期待できる。申 
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請者は研究代表者として、厚生労働科研医療 

機器開発推進研究事業＜ナノサイズリポソー 

ムを用いた急性心筋梗塞治療法の開発＞を 

実施し、ナノリポソームの心筋梗塞部位へ高い 

集積による、心保護薬の作用増強と副作用軽 

減を示した（上図）（Takahama H, et al. J 

Am  Coll  Cardiol.  2009;  特  願  ： 

PCT/JP2008/00652）。本技術を用い、既にラ 

ット心筋梗塞モデルにおいて、低用量リポソー 

ム化 CsA の心筋梗塞サイズ縮小増強効果を 

確認した(特願 2012-117077)。そこで、本研究 

では、リポソーム化 CsA をアカデミア創薬とし 

て開発を進める。 
 
 
B.  研究成果 

 
（1）  薬効薬理試験 ラット心筋梗塞モデルを用い、

再灌流時にリ 

ポソーム化サイクロスポリン（Lipo-CsA）、また 

はサイクロスポリン（CsA）の静脈内単回投与を 

行った。低用量・高用量いずれの CsA でも心 

筋梗塞サイズ縮小効果を認めなかったが、低 

用量 Lipo-CsA で著明な心筋梗塞サイズ縮小 

効果を認めた。 
 
（2）  薬物動態試験 

3H 標識 CsA を封入した Lipo-CsA の体 

内分布を定量オートラジオグラフィー法で解析 

し、既知の CsA 体内分布と比較する。リポソー 

ム化による心筋梗塞部位への CsA の集積効 

果も検討した。 
 
（3）  製剤最適化 

GMP リポソーム製剤の組成・製造について 

は、PMDA 薬事戦略相談（対面助言）を反映 

し、ロット間の均一性を担保しつつ製造する。 

また、将来的なコマーシャルベースでの製 

造を視野に入れた製造装置の最適化検討も 

行った。 

（4）  安全性薬理試験・一般毒性試験 

PMDA 薬事戦略相談（対面助言）を反映し、 

Lipo-CsA を用いた安全性薬理コアバッテリー 

試験ならびに拡張型単回投与毒性試験を実 

施中である。 
 
（5）  PMDA 相談 前臨床試験ならびに製剤の品質

について、薬事 戦略相談（対面助言）を実施した（平

成 25 年 11 月、 平成 26 年 2 月） 
 
 
C.まとめ 

本事業では、心筋梗塞部位を標的とした新規 

リポソーム製剤の開発により、世界に類をみな 

い独創的な心筋梗塞治療薬の創出が期待され、 

日本での知的財産蓄積・産業創出に貢献する。 

さらに、急性心筋梗塞や心不全患者の死亡率低 

下、また、＜生活の質の低下＞の改善、繰り返 

す入院の減少により医療費増大抑制に寄与し、 

アンメットニーズに応えるアカデミア創薬と 

して期待できる。欧米のみならず、経済発展が 

著しい新興国でも心筋梗塞は激増することが 

予測される。薬物補充療法による梗塞後心不全 

抑制療法開発のニーズは極めて大きく、マーケ 

ットもグローバルである。 

平成 25 年度末までに、薬効薬理試験、薬物 

動態試験、製剤最適化を終了した。平成 26 年 

度に、阪大病院薬剤部で GMP リポソーム製造装 

置を稼働する。平成 25 年以降、安全性薬理試 

験、毒性試験が開始可能であり、本事業終了時 

には速やかに医師主導型治験に移行する。心筋 

梗塞部位での血管透過性亢進に着目し、ナノサ 

イズリポソームを治療に応用するアイディア 

は画期的であり、PMDA 薬事戦略相談（対面助言） 

を活用し、特許戦略にも基づいている。 
 
 
D．健康危険情報 

特記事項なし 
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E．研究発表 

1.  論文発表 

無し 

2. 学会発表 

無し 

F．知的財産権の出願・登録状況 

無し 
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厚生労働科学研究費補助金（医療技術実用化総合研究事業） 

総括研究報告書 急性心筋梗塞治療薬に対する新

規治療薬の開発 

（H25-医療技術-一般-002） 

分担研究者 清水 佳隆 株式会社バイオメッドコア 
 
 

研究要旨  急性心筋梗塞発症数は過去 20 年間に 2 倍に増加している。繰り返して入院加 

療が必要な 梗塞後心不全患者が増加しており、国民医療費増大の一因となっている。 

そのため、梗塞後心不全進展を抑制する治療法の開発は重要なアンメットニーズである。 

心筋梗塞による細胞死はミトコンドリア Permeability Transition Pore（mPTP）が開口 

し，チトクロム C の遊離により誘導される。動物実験・探索的臨床試験において、mPTP 

開口阻害薬であるサイクロスポリンＡ（CsA）による心筋梗塞サイズ縮小効果が報告さ 

れたが、CsA は免疫抑制などの副作用を誘発するため、その臨床投与量に制限がある。 

申請者は代表研究者として、厚生労働科研医療機器開発推進研究事業＜ナノサイズリポ 

ソームを用いた急性心筋梗塞治療法の開発＞で、ナノサイズリポソームが障害心筋へ特 

異的に集積し、リポソームに封入された心保護薬の薬効増強と副作用軽減を世界に先駆 

けて見出した。本技術を用い、既に、ラット心筋梗塞モデルにおいて、低用量リポソー 

ム化 CsＡ（Lipo-CsA）による心筋梗塞サイズ縮小増強効果を確認した。さらに、平成 25 

年度末までに、薬効薬理試験、薬物動態試験、製剤最適化を終了した。平成 26 年度には 

阪大病院薬剤部で試験薬 GMP リポソーム製造装置を稼働し、平成 27 年度には、早期探索 

的臨床試験を医師主導型治験として実施する。Lipo-CsA を新規心筋梗塞治療薬としてア 

カデミア創薬を目指す。 
 
 
A.  研究目的 

高齢化や糖尿病・脂質代謝異常患者の増 

加により、急性心筋梗塞発症数は過去 30 年 

間に３倍に増加している(Takii T, et al. Circ J 

2010)。再灌流療法の普及により、急性期死亡 

率は低下する一方、繰り返す入院が必要な梗 

塞後心不全患者が著明に増加しており、医療 

費増大の一因になっている。そのため、慢性 

期心不全発症を抑制する治療法の開発は重 

要なアンメットニーズである。梗塞後心不全発 

症を抑制する方法として、心筋梗塞急性期に 

おける薬物補充療法による心筋虚血再灌流障 

害抑制が期待されるが、未だ確立された治療 

法はない。近年、動物実験において、サイクロ 

スポリンＡ(CsA)が虚血再灌流障害を抑制する 

ことが報告され、探索的臨床試験においても 

心 筋 梗 塞 サ イ ズ の 縮 小 効 果 が 報 告 さ れ た 

（Piot C et al. N Engl J Med 2008）。しかし 

ながら、CsA の副作用により、臨床投与量に大 

きな制約がある。 

一方、がんや炎症部位では血管透過性が 

亢進し、ナノサイズの粒子が血管より流出し、 

集積する。薬剤をナノリポソームに内包し、炎 

症部位特異的に薬剤を特異的に送達すること 

により、薬効の増強と副作用の軽減が期待で 

きる。心筋梗塞部位では激烈な炎症が生じる 

ため、同部位での血管透過性亢進を利用した 

リポソーム製剤の高い有効性が期待できる。申 
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請者は研究代表者として、厚生労働科研医療 

機器開発推進研究事業＜ナノサイズリポソー 

ムを用いた急性心筋梗塞治療法の開発＞を 

実施し、ナノリポソームの心筋梗塞部位へ高い 

集積による、心保護薬の作用増強と副作用軽 

減を示した（上図）（Takahama H, et al. J 

Am  Coll  Cardiol.  2009;  特  願  ： 

PCT/JP2008/00652）。本技術を用い、既にラ 

ット心筋梗塞モデルにおいて、低用量リポソー 

ム化 CsA の心筋梗塞サイズ縮小増強効果を 

確認した(特願 2012-117077)。そこで、本研究 

では、リポソーム化 CsA をアカデミア創薬とし 

て開発を進める。 
 
 
B.  研究成果 

 
（1）  薬効薬理試験 ラット心筋梗塞モデルを用い、

再灌流時にリ 

ポソーム化サイクロスポリン（Lipo-CsA）、また 

はサイクロスポリン（CsA）の静脈内単回投与を 

行った。低用量・高用量いずれの CsA でも心 

筋梗塞サイズ縮小効果を認めなかったが、低 

用量 Lipo-CsA で著明な心筋梗塞サイズ縮小 

効果を認めた。 
 
（2）  薬物動態試験 

3H 標識 CsA を封入した Lipo-CsA の体 

内分布を定量オートラジオグラフィー法で解析 

し、既知の CsA 体内分布と比較する。リポソー 

ム化による心筋梗塞部位への CsA の集積効 

果も検討した。 
 
（3）  製剤最適化 

GMP リポソーム製剤の組成・製造について 

は、PMDA 薬事戦略相談（対面助言）を反映 

し、ロット間の均一性を担保しつつ製造する。 

また、将来的なコマーシャルベースでの製 

造を視野に入れた製造装置の最適化検討も 

行った。 

（4）  安全性薬理試験・一般毒性試験 

PMDA 薬事戦略相談（対面助言）を反映し、 

Lipo-CsA を用いた安全性薬理コアバッテリー 

試験ならびに拡張型単回投与毒性試験を実 

施中である。 
 
 
 
 
 
 
（5）  PMDA 相談 前臨床試験ならびに製剤の品質

について、薬事 戦略相談（対面助言）を実施した（平

成 25 年 11 月、 平成 26 年 2 月） 
 
 
C.まとめ 

本事業では、心筋梗塞部位を標的とした新規 

リポソーム製剤の開発により、世界に類をみな 

い独創的な心筋梗塞治療薬の創出が期待され、 

日本での知的財産蓄積・産業創出に貢献する。 

さらに、急性心筋梗塞や心不全患者の死亡率低 

下、また、＜生活の質の低下＞の改善、繰り返 

す入院の減少により医療費増大抑制に寄与し、 

アンメットニーズに応えるアカデミア創薬と 

して期待できる。欧米のみならず、経済発展が 

著しい新興国でも心筋梗塞は激増することが 

予測される。薬物補充療法による梗塞後心不全 

抑制療法開発のニーズは極めて大きく、マーケ 

ットもグローバルである。 

平成 25 年度末までに、薬効薬理試験、薬物 

動態試験、製剤最適化を終了した。平成 26 年 

度に、阪大病院薬剤部で GMP リポソーム製造装 

置を稼働する。平成 25 年以降、安全性薬理試 

験、毒性試験が開始可能であり、本事業終了時 

には速やかに医師主導型治験に移行する。心筋 

梗塞部位での血管透過性亢進に着目し、ナノサ 

イズリポソームを治療に応用するアイディア 

は画期的であり、PMDA 薬事戦略相談（対面助言） 

を活用し、特許戦略にも基づいている。 
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D．健康危険情報 

特記事項なし 

E．研究発表 

1.  論文発表 

無し 

2. 学会発表 

無し 

F．知的財産権の出願・登録状況 

無し 
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厚生労働科学研究費補助金（医療技術実用化総合研究事業） 

総括研究報告書 急性心筋梗塞治療薬に対する新規治療薬の

開発 

（H25-医療技術-一般-002） 

分担研究者 中村 歩 大阪大学医学部附属病院薬剤部 
 
 

研究要旨  急性心筋梗塞発症数は過去 20 年間に 2 倍に増加している。繰り返して入院加 

療が必要な 梗塞後心不全患者が増加しており、国民医療費増大の一因となっている。 

そのため、梗塞後心不全進展を抑制する治療法の開発は重要なアンメットニーズである。 

心筋梗塞による細胞死はミトコンドリア Permeability Transition Pore（mPTP）が開口 

し，チトクロム C の遊離により誘導される。動物実験・探索的臨床試験において、mPTP 

開口阻害薬であるサイクロスポリンＡ（CsA）による心筋梗塞サイズ縮小効果が報告さ 

れたが、CsA は免疫抑制などの副作用を誘発するため、その臨床投与量に制限がある。 

申請者は代表研究者として、厚生労働科研医療機器開発推進研究事業＜ナノサイズリポ 

ソームを用いた急性心筋梗塞治療法の開発＞で、ナノサイズリポソームが障害心筋へ特 

異的に集積し、リポソームに封入された心保護薬の薬効増強と副作用軽減を世界に先駆 

けて見出した。本技術を用い、既に、ラット心筋梗塞モデルにおいて、低用量リポソー 

ム化 CsＡ（Lipo-CsA）による心筋梗塞サイズ縮小増強効果を確認した。さらに、平成 25 

年度末までに、薬効薬理試験、薬物動態試験、製剤最適化を終了した。平成 26 年度には 

阪大病院薬剤部で試験薬 GMP リポソーム製造装置を稼働し、平成 27 年度には、早期探索 

的臨床試験を医師主導型治験として実施する。Lipo-CsA を新規心筋梗塞治療薬としてア 

カデミア創薬を目指す。 
 
 
A.  研究目的 

高齢化や糖尿病・脂質代謝異常患者の増 

加により、急性心筋梗塞発症数は過去 30 年 

間に３倍に増加している(Takii T, et al. Circ J 

2010)。再灌流療法の普及により、急性期死亡 

率は低下する一方、繰り返す入院が必要な梗 

塞後心不全患者が著明に増加しており、医療 

費増大の一因になっている。そのため、慢性 

期心不全発症を抑制する治療法の開発は重 

要なアンメットニーズである。梗塞後心不全発 

症を抑制する方法として、心筋梗塞急性期に 

おける薬物補充療法による心筋虚血再灌流障 

害抑制が期待されるが、未だ確立された治療 

法はない。近年、動物実験において、サイクロ 

スポリンＡ(CsA)が虚血再灌流障害を抑制する 

ことが報告され、探索的臨床試験においても 

心 筋 梗 塞 サ イ ズ の 縮 小 効 果 が 報 告 さ れ た 

（Piot C et al. N Engl J Med 2008）。しかし 

ながら、CsA の副作用により、臨床投与量に大 

きな制約がある。 

一方、がんや炎症部位では血管透過性が 

亢進し、ナノサイズの粒子が血管より流出し、 

集積する。薬剤をナノリポソームに内包し、炎 

症部位特異的に薬剤を特異的に送達すること 

により、薬効の増強と副作用の軽減が期待で 

きる。心筋梗塞部位では激烈な炎症が生じる 

ため、同部位での血管透過性亢進を利用した 

リポソーム製剤の高い有効性が期待できる。申 

請者は研究代表者として、厚生労働科研医療 

機器開発推進研究事業＜ナノサイズリポソー 
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ムを用いた急性心筋梗塞治療法の開発＞を 

実施し、ナノリポソームの心筋梗塞部位へ高い 

集積による、心保護薬の作用増強と副作用軽 

減を示した（上図）（Takahama H, et al. J 

Am  Coll  Cardiol.  2009;  特  願  ： 

PCT/JP2008/00652）。本技術を用い、既にラ 

ット心筋梗塞モデルにおいて、低用量リポソー 

ム化 CsA の心筋梗塞サイズ縮小増強効果を 

確認した(特願 2012-117077)。そこで、本研究 

では、リポソーム化 CsA をアカデミア創薬とし 

て開発を進める。 
 
 
B.  研究成果 

 
（1）  薬効薬理試験 ラット心筋梗塞モデルを用い、

再灌流時にリ 

ポソーム化サイクロスポリン（Lipo-CsA）、また 

はサイクロスポリン（CsA）の静脈内単回投与を 

行った。低用量・高用量いずれの CsA でも心 

筋梗塞サイズ縮小効果を認めなかったが、低 

用量 Lipo-CsA で著明な心筋梗塞サイズ縮小 

効果を認めた。 
 
（2）  薬物動態試験 

3H 標識 CsA を封入した Lipo-CsA の体 

内分布を定量オートラジオグラフィー法で解析 

し、既知の CsA 体内分布と比較する。リポソー 

ム化による心筋梗塞部位への CsA の集積効 

果も検討した。 
 
（3）  製剤最適化 

GMP リポソーム製剤の組成・製造について 

は、PMDA 薬事戦略相談（対面助言）を反映 

し、ロット間の均一性を担保しつつ製造する。 
 
（4）  安全性薬理試験・一般毒性試験 

PMDA 薬事戦略相談（対面助言）を反映し、 

Lipo-CsA を用いた安全性薬理コアバッテリー 

試験ならびに拡張型単回投与毒性試験を実 

施中である。 

 

 
 
 
 
 
（5）  PMDA 相談 前臨床試験ならびに製剤の品質

について、薬事 戦略相談（対面助言）を実施した（平

成 25 年 11 月、 平成 26 年 2 月） 
 
 
C.まとめ 

本事業では、心筋梗塞部位を標的とした新規 

リポソーム製剤の開発により、世界に類をみな 

い独創的な心筋梗塞治療薬の創出が期待され、 

日本での知的財産蓄積・産業創出に貢献する。 

さらに、急性心筋梗塞や心不全患者の死亡率低 

下、また、＜生活の質の低下＞の改善、繰り返 

す入院の減少により医療費増大抑制に寄与し、 

アンメットニーズに応えるアカデミア創薬と 

して期待できる。欧米のみならず、経済発展が 

著しい新興国でも心筋梗塞は激増することが 

予測される。薬物補充療法による梗塞後心不全 

抑制療法開発のニーズは極めて大きく、マーケ 

ットもグローバルである。 

平成 25 年度末までに、薬効薬理試験、薬物 

動態試験、製剤最適化を終了した。平成 26 年 

度に、阪大病院薬剤部で GMP リポソーム製造装 

置を稼働する。平成 25 年以降、安全性薬理試 

験、毒性試験が開始可能であり、本事業終了時 

には速やかに医師主導型治験に移行する。心筋 

梗塞部位での血管透過性亢進に着目し、ナノサ 

イズリポソームを治療に応用するアイディア 

は画期的であり、PMDA 薬事戦略相談（対面助言） 

を活用し、特許戦略にも基づいている。 
 
 
D．健康危険情報 

特記事項なし 
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E．研究発表 

1.  論文発表 

無し 

2. 学会発表 

無し 

F．知的財産権の出願・登録状況 

無し 
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ABSTRACT Recent   advances   in   genome   analysis 
have enabled the identification of numerous distal 
enhancers that regulate gene expression in various 
conditions.  However, the enhancers involved in patho- 
logical conditions are largely unknown because of the 
lack of in vivo quantitative assessment of enhancer 
activity in live animals. Here, we established a noninva- 
sive and quantitative live imaging system for monitoring 
transcriptional activity and identified  a novel stress- 
responsive enhancer of Nppa and Nppb, the most 
common  markers of  heart failure.  The enhancer is a 
650-bp fragment within 50 kb of  the Nppa and Nppb 
loci.  A chromosome  conformation  capture (3C) assay 
revealed that this distal enhancer directly interacts with 
the 5=-flanking regions of Nppa and Nppb. To monitor  
the enhancer activity in a live heart, we established an 
imaging system using the firefly luciferase reporter. 
Using this imaging system, we observed that the novel 
enhancer activated the reporter gene in pressure over- 
load-induced  failing  hearts  (failing  hearts:  5.7±1.3- 
fold;  sham-surgery hearts: 1.0±0.2-fold;  P<0.001,  re- 
peated-measures ANOVA). This method will be 
particularly useful for identifying enhancers that func- 
tion  only during pathological  conditions.—Matsuoka, 
K., Asano, Y., Higo,  S., Tsukamoto,  O.,  Yan, Y., Ya- 
mazaki, S., Matsuzaki, T., Kioka, H., Kato, H., Uno, Y., 
Asakura, M., Asanuma, H.,  Minamino, T.,  Aburatani, 
H., Kitakaze, M., Komuro, I., and Takashima, S. Non- 
invasive and quantitative live imaging reveals a poten- 

tial  stress-responsive  enhancer  in  the  failing  heart. 
FASEB  J . 28, 000 – 000 (2014).  www.fasebj.org 
 
Key Words: natriuretic peptide · transcriptional regulation · 
in vivo assessment 
 
 
Gene   expression  is  regulated  through the   inte- 
grated  action  of many  cis-regulatory elements, includ- 
ing core  promoters, proximal promoters, distant  en- 
hancers, and insulators (1). Several methods have been 
used to explore the  function of cis-regulatory elements 
during a variety of developmental stages (2,  3).  How- 
ever,  the  identification of  gene   regulatory elements 
with pathophysiological roles  has been  technically  dif- 
ficult because  there are few appropriate models  for 
monitoring transcriptional activity in  live animals  un- 
der  pathological conditions. 

Here,  we focused on the regulatory elements that are 
responsive  to  heart   failure.  The  natriuretic peptides, 
atrial  natriuretic peptide (ANP)  and  brain  natriuretic 
peptide  (BNP),   encoded  by  the   neighboring  genes 
Nppa and  Nppb are  activated  in  the  embryonic heart, 
down-regulated after birth,  and then  reactivated during 
heart  failure. Both peptides are well-known biomarkers 
that are strongly induced during heart  failure and 
represent its severity. Cardiologists frequently use these 
peptides as natriuretic and  vasorelaxant agents  to treat 
various  clinical  conditions (4 – 8).  Many  studies  have 
tried  to  elucidate the  mechanisms of their  transcrip- 
tional  regulation because   factors  that  regulate these 
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tide; ChIP-seq, chromatin immunoprecipitation sequencing; 
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natriuretic peptides are  potential  therapeutic  targets 
for heart  disease (9 –14). 

Mice transgenic for various loci, including the 5=- 
flanking  regions  of the  natriuretic peptide genes,  have 
been  used to identify the regulatory elements required 
for transcriptional activation  either during heart  devel- 
opment or  in  the  diseased   heart.   These   studies  re- 
ported that the 5=-flanking regions  of the natriuretic 
peptide genes  regulated their  expression during heart 
development (9, 10, 13); however, the 5=-flanking re- 
gions  were  not  responsible for  their  specific  reactiva- 
tion  in  the  diseased   heart   (11,  12).  A recent  study 
identified the  distal enhancer elements regulating the 
natriuretic peptide genes  in  the  developing heart  by 
examining cardiac-specific  transcription factor binding 
sites;  however,  these  enhancer  elements did  not  re- 
spond  to heart  failure (14).  Therefore, the stress- 
responsive   regulatory elements  that  function during 
heart  failure have not yet been  identified and are 
potentially  located  outside  the  5=-flanking regions. 

In  this  study,  we aimed  to  identify  the  novel  stress- 
responsive  enhancer elements of the  Nppa and  Nppb 
genes in the failing heart.  Furthermore, we established 
a noninvasive  and  quantitative live imaging  assay to 
monitor the transcriptional activity of candidate en- 
hancers in the  failing heart.  In vivo live imaging  of the 
firefly luciferase  reporter in a single mouse  enabled us 
to analyze the  sequential changes  in enhancer activity 
during the progression of heart  failure. Combined with 
a fine mapping technique using epigenetic markers,  we 
identified a 650-bp stress-responsive  enhancer that  was 
strongly activated by cardiac  hypertrophy and heart 
failure. 

 

 
 
 

MATERIALS  AND METHODS 
 
 

Animals 
 

All procedures were  performed according to  the  U.S.  Na- 
tional Institutes of Health (NIH) Guide for the Care and Use 
of Laboratory Animals  (NIH  publication no.  85-23, revised 
1996)  and  were approved by the  Animal  Experiments  Com- 
mittee,  Osaka University (approval no. 21-78-10). 

 
 

Reagents and antibodies 
 

Phenylephrine (PE)  was purchased from  Sigma-Aldrich  (St. 
Louis,  MO,  USA).  The   anti-RNA  polymerase  II  and   anti- 
histone H3 trimethylated at lysine 4 (H3K4me3) antibodies 
used for chromatin immunoprecipitation sequencing (ChIP- 
seq) were kind gifts from Dr. H. Kimura (Graduate School of 
Frontier Biosciences,  Osaka University). 

 
 

Primary culture of neonatal rat cardiomyocytes 
 

Ventricular myocytes obtained from  1- or 2-d-old Wistar rats 
were prepared and  cultured overnight in  Dulbecco’s  modi- 
fied Eagle’s medium (Sigma-Aldrich) containing 10% FBS, as 
described previously (15). 

Comparative genomics 
 
Genome-wide  multiple alignments of the genomic sequences 
containing the  Nppa and  Nppb genes  were performed using 
the   University  of  California   Santa  Cruz  (UCSC)   Genome 
Browser (16);  8 vertebrate species were compared, including 
mouse  (mm9,  July 2007), rat (m4, Nov. 2004), human (hg18, 
Mar. 2006), orangutan (ponAbe2, July 2007), dog (canFam2, 
May  2005),   horse   (equCab1,  Jan.  2007),   opossum   (mon- 
Dom4, Jan. 2006), and chicken  (galGal3, May 2006). We used 
vertebrate Multiz alignment of DNA sequences (17)  to ana- 
lyze the  homology   of  DNA  sequences among   mouse   and 
other species. We used the Placental  Mammal  Basewise 
Conservation assessed by PhyloP (18)  to assess the  degree of 
mammalian conservation. Next, we identified discrete  con- 
served fragments. The  transcribed sequences within the  con- 
served set were filtered  out using known genes, spliced ESTs, 
and mRNA annotations obtained from the UCSC genome 
browser.  Finally, we manually  curated the  data set to remove 
any additional false positives by visual examination of the 
UCSC genomic data.  We defined the  noncoding conserved 
regions  (CRs)  that  were homologous at least in the  human 
and  mouse  genomes and  at least  1 kb  away from  the  tran- 
scription start sites as the  enhancer candidates. 
 
ChIP sequencing on mouse heart tissues 
 
Whole   hearts   were  isolated   from   8-wk-old C57BL6  mice, 
perfused rapidly  with cold  PBS, flash-frozen  in liquid  nitro- 
gen, homogenized using a sterile tissue grinder, and cross- 
linked  with 0.3% paraformaldehyde. Subsequently, chroma- 
tin  isolation,  sonication, and  immunoprecipitation using  an 
anti-RNA polymerase II antibody  and  an anti-H3K4me3  anti- 
body  were  performed. The  ChIP  DNA and  input   samples 
were sheared by sonication, end-repaired, ligated  to the 
sequencing adapters, and amplified. The purified ChIP DNA 
library samples  were sequenced using  the  Illumina Genome 
Analyzer II (Illumina, Inc., San Diego, CA, USA). Unfiltered 
sequence reads were aligned  to the mouse  reference genome 
[U.S. National Center for Biotechnology Information (NCBI) 
build 37, mm9]  using Bowtie. RNA polymerase II- and 
H3K4me3-enriched regions  were identified using MACS (19) 
with the  default  parameters. 
 
Lentiviral enhancer assay 
 
Eleven CRs were PCR amplified from  the  mouse  BAC clone 
containing the  Nppa and  Nppb loci (clone RP23-128E8; 
BACPAC Resources  Center, Children’s Hospital  Oakland, 
Oakland, CA, USA; primers and  probes  are listed in Supple- 
mental  Table  S1). The  PCR fragments were subcloned into 
the  pCR-Blunt  II-TOPO   vector  (Invitrogen, Carlsbad,   CA, 
USA) and  recombined into  a lentiviral  vector  encoding the 
firefly  luciferase   reporter  (pGreenFire Transcriptional Re- 
porter Lentivector; System Biosciences,  Mountain View, CA, 
USA). The  lentiviral  particles  were produced by transfection 
of 293T cells with the 3 lentiviral packaging plasmids (i.e., 
pMDLg/pRRE, pRSV-Rev, and  pMD2.VSV.G) using  Lipo- 
fectamine 2000  (Invitrogen). The  supernatant from  293T 
cells containing the lentiviral particles  was collected 48 h after 
transfection, sterilized using a 0.45-�-Lm cellulose acetate  filter, 
and  concentrated by centrifugation (Peg-it  Virus Precipita- 
tion  Solution,  System Biosciences). 

Rat  neonatal  cardiomyocytes isolated  as described  above 
were plated  in 96-well plates.  The  next  day, the  medium was 
replaced with a serum-free medium containing the  lentiviral 
vector,  and  the  cells were incubated for 12 h. Subsequently, 
the cardiomyocytes were exposed  to 100 �-LM PE for 48 h prior 
to the  luciferase  assay. 
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RNA extraction and quantitative RT-PCR 
 

The   total   RNA  was  prepared  from   rat  cardiomyocytes,  rat 
cardiac  fibroblasts,  murine hearts,  and murine brains using the 
RNA-Bee RNA isolation  reagent (Tel-Test,  Friendswood, TX, 
USA)  and  then   converted to  cDNA  using  the  high-capacity 
cDNA reverse transcription kit (Applied Biosystems, Foster City, 
CA, USA), according to  the  manufacturer’s instructions. The 
quantitative RT-PCR was performed using the TaqMan  technol- 
ogy and  the  StepOnePlus real-time  PCR System (Applied Bio- 
systems). All samples  were processed in duplicate. The  level of 
each transcript was quantified according to the threshold cycle 
(Ct) method using GAPDH as an internal control. Inventoried 
TaqMan  gene  expression assays were used:  Nppa, Rn0056661, 
Mm01255748; Nppb, Rn00580641, Mm01255770; Gapdh, rodent 
GAPDH control reagent. 

 

 
3C  analysis 

 
The  whole hearts  of the  mice were isolated,  perfused rapidly 
with cold PBS, flash-frozen  in liquid  nitrogen, homogenized 
using a sterile  tissue grinder, and  fixed with 1% paraformal- 
dehyde.  The  cross-linked  tissues utilized  for 3C experiments 
were subjected to digestion with BamHI following standard 
protocols (20,  21).  The  mouse  BAC DNA containing Nppa 
and  Nppb (clone RP23-128E8) was used  as a control. The 
TaqMan  real-time  PCR was performed using probes  near  the 
restriction sites; the  primers and  probes  are listed in Supple- 
mental  Table  S2. 

 

 
Transgenic mouse enhancer assay 

 
The  candidate enhancer regions  were cloned  into  a vector 
encoding the  minimal  CMV promoter driving  the  luciferase 
gene  as described above. Transgenic mouse  embryos were 
generated by pronuclear injection into  the  zygotes of BDF1 
mice  using  standard methods. Because  black  fur  attenuates 
light  transmission, albino  mice  were  generated by crossing 
the  transgenic founders to ICR albino  mice. 

 

 
In vivo bioluminescence  imaging 

 
Prior to in vivo imaging,  the mice were anesthetized using 
isoflurane, and  the  black mice were shaved from the  neck to 
the  lower torso  to allow the  optimal  visualization  of fluores- 
cence  without  interference from  the  black fur. A d-luciferin 
solution  was injected intraperitoneally (150  mg/kg i.p.)  or 
intravenously (75  mg/kg i.v.). The  mice  were imaged  using 
an in vivo live imaging  system (IVIS Lumina  II; Caliper  Life 
Sciences,  Waltham,  MA, USA). For quantification, the  biolu- 
minescence light  intensity  was measured at  the  region   of 
interest  and   expressed  in  relative  light  units   (RLU/min) 
using  Living Image  4.0 (Caliper Life Sciences).  To calculate 
the  enhancer activity in  the  heart,  we defined the  ratio  of 
heart  to brain  luciferase  intensities as the cardiac-specific 
enhancer activity. 

 

 
Transverse aortic constriction (TAC) 

 
Transgenic  mice  aged   8  wk and   weighing   20 –25  g  were 
subjected to pressure overload,  as described previously (22). 
Briefly, the chest was entered via the second  intercostal space 
at the  upper left sternal  border. After the  arch  of the  aorta 
was isolated,  a TAC was created using a 7-0 suture  tied  twice 
around a 27-gauge  needle and  the  aortic  arch,  between  the 
innominate  and   left  common  carotid   arteries.   After  the 

suture   was tied,  the   needle was gently  removed,   yielding 
60 – 80% constriction of the  aorta. 
 

 
PE-induced hypertrophy 
 
Transgenic  mice  aged   8  wk and   weighing   20 –25  g  were 
treated with PE (75  mg/kg/d) using  an  osmotic  minipump 
(Alzet, Cupertino, CA, USA) to induce cardiac  hypertrophy, 
as previously reported (23, 24). 
 

 
Statistical analysis 
 
Data are expressed as means ± se. The 2-tailed Student’s t test 
and  repeated ANOVA were  used  to  analyze  differences  be- 
tween  the  groups.  Values  of  P <  0.05  were  considered to 
represent a significant  difference. 
 
 
 
RESULTS 
 

 
Identification of candidate enhancers near the Nppa- 
Nppb locus using comparative genomics and ChIP-seq 
 
To identify  potential enhancers, we performed a com- 
parative  analysis of the  genomic sequences of mouse 
and divergent species and identified CRs that may 
function as common regulatory sequences (25–27).  We 
defined  CRs  that   were  homologous  at  least  in  the 
human and mouse genomes and at least 1 kb away from 
the  transcription start  sites  of  Nppa and  Nppb as the 
candidate enhancers. First, we analyzed the 50-kb Nppa- 
Nppb locus bounded by the  binding sites of 2 CCCTC- 
binding factors (CTCFs),  which can function as insula- 
tors   (28,   29).   Using   a  genome  database  (30),   we 
identified 11 CRs, including the Nppa and Nppb introns 
in the  50-kb region  (Fig. 1). 

Next, we performed a ChIP-seq analysis on RNA 
polymerase II and H3K4me3 in the adult  mouse  heart. 
We  analyzed   the   epigenetic  modifications near   the 
Nppa and  Nppb genes  combined with the  ChIP-seq 
analysis  using  a  public  database of  the  adult  mouse 
heart   (30).   We  hypothesized that  the  normal heart 
would  have  activated  epigenetic marks  because  Nppa 
and  Nppb are expressed, albeit  at low levels, in normal 
conditions. Recent  genome-wide studies have deter- 
mined   that   enhancers  can   be  defined  as  DNA  se- 
quences bound by the  RNA polymerase II  and  tran- 
scriptional coactivator  protein p300, and where histone 
H3 monomethylated at lysine 4 (H3K4me1) accumu- 
lates instead  of H3K4me3  (31–34).  Among  the  11 CRs 
identified, only CR9 coincided with the binding sites of 
RNA polymerase II and  p300, and  overlapped with the 
gene areas modified by H3K4me1, and filled all criteria 
for the enhancer (Fig. 1). In addition, H3K4me1 
modifications in CR9 were only observed  in the  heart 
but  not  in the  other organs  (Fig. 1 and  Supplemental 
Fig. S1). Therefore, we analyzed the  11 CRs, including 
CR9, as the  most likely distal candidate enhancers for 
the  stress-responsive  regulatory regions   of  the  natri- 
uretic  peptide genes. 
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Figure 1. Mammalian evolutionarily conserved regions  and ChIP-seq data surrounding the murine Nppa and Nppb loci. We used 
an open  database on the  University of California  Santa Cruz (UCSC)  Genome Browser to assess the  degree of DNA sequence 
conservation around Nppa and Nppb gene loci. Blue and red vertical lines, the Placental  Mammal Basewise Conservation assessed 
by PhyloP;  black  vertical  lines,  the  vertebrate Multiz  alignment of DNA sequences among  mice  and  7 other species  (rats, 
humans, orangutans, dogs,  horses,  opossums,   and  chickens). We  defined  noncoding  conserved regions   (CRs)  that  were 
homologous at least in the human and mouse genomes and at least 1 kb away from the transcription start sites of Nppa and Nppb 
as the candidate enhancers. CRs are highlighted as light red vertical bars (CR1-9, Nppa intron, and Nppb intron). ChIP-seq data 
for H3K4me1,  p300, and  CTCF were obtained from an open  database of the adult  mouse  heart.  Some CRs coincided with the 
peaks for H3K4me1,  RNA polymerase II, and  the  transcriptional coactivator  protein p300. R, rat; Hu, human; Or, orangutan; 
D, dog; Hr,  horse;  Op,  opossum;  Ch, chicken. 

 
 

Identification of a distal enhancer element  responsive 
to an a1-adrenergic receptor agonist 

 
We screened the candidate enhancers for potential 
stress-responsive regulatory regions.  We analyzed the 
enhancer activity of these  11 CRs after  treatment  with 
PE, an  a1-adrenergic receptor agonist,  which  mimics 
cardiac  overload  and  induces  Nppa and  Nppb expres- 
sion in cardiomyocytes (35).  We confirmed that PE 
induced the  expression of endogenous Nppa and  Nppb 
specifically in cardiomyocytes but  not  in cardiac  fibro- 
blasts (Fig. 2A). Then,  we introduced the 11 CRs with a 
minimum  human  cytomegalovirus (CMV)  promoter 
and the luciferase  gene  into rat cardiomyocytes using a 
lentiviral  vector system. 

Among the 11 CRs tested,  only CR9, which is located 
22 kb upstream from  the  Nppb transcription start  site 
and  shows high  mammalian conservation score  in the 
Placental   Mammal   Basewise Conservation by  PhyloP 
(Fig. 2B), reproducibly increased the PE-induced lu- 
ciferase activity by �5-fold compared to the minimal 
CMV promoter alone  (Fig. 2C). However, CR9 did not 
respond to  PE in  cardiac  fibroblasts  (Fig.  2C).  These 

results suggest that CR9 is the regulatory element that is 
responsive  to PE specifically in cardiomyocytes. 
 
 
Long-range physical interaction between the distal 
enhancer element  and the proximal promoters of the 
Nppa and Nppb genes 
 
Confirming the looping interactions between  distal 
elements and promoters is one way to demonstrate the 
transcriptional regulatory activity of distal elements. We 
performed a 3C assay (20)  to comprehensively investi- 
gate   whether  the   genomic  region   containing   CR9 
moved closer to the Nppa or Nppb promoter in an adult 
murine heart  treated with a continuous infusion  of PE 
in vivo. 

The ligation  frequencies were quantified by TaqMan 
real-time  PCR using  specific  primers and  probes  and 
were compared to the  ligation  frequency of noncross- 
linked  BamHI-digested BAC DNA containing the Nppa- 
Nppb locus. We observed  that  CR9 interacts with both 
the  Nppa and  Nppb promoter regions  at a higher 
frequency relative  to  other gene  areas  (Fig.  2D); fur- 
thermore, PE  treatment strengthened these   interac- 
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Figure 2.  Identification of  a  distal  enhancer element that  is responsive  to  an  a1-adrenergic receptor agonist.  A) Relative 
transcript levels of Nppa and Nppb in rat neonatal cardiomyocytes and cardiac fibroblasts 48 h after treatment with PE (100 �-LM). 
Values are means ± se (n= 3 cultures). *P < 0.01 vs. control; t test. B) CR9 is a highly conserved genomic region  in vertebrates. 
C) Relative luciferase  reporter activities of CRs in rat neonatal cardiomyocytes and cardiac  fibroblasts  48 h after treatment with 
PE (100  �-LM).  PE-induced luciferase  activity driven  by the  mCMV promoter was defined as 1. Values are  means  ± se (n= 5 
cultures). *P < 0.001 vs. mCMV alone;  t test. D) In vivo 3C analysis of the murine Nppa and Nppb loci, showing relative ligation 
frequencies of each primer to the Nppa promoter (blue  triangle, mouse  with PE treatment; blue circle, mouse  without PE) and 
the  Nppb promoter (red triangle, mouse  with PE treatment; red  circle, mouse  without  PE). Vertical bars and  arrows show the 
positions  of BamHI sites and primers. Data were normalized to the amplification value of a BamHI-digested and religated BAC 
clone,  which included the Nppa and Nppb loci (means ± se; n=2 hearts). R, rat; Hu, human; Or, orangutan; D, dog; Hr, horse; 
Op,  opossum;  Ch, chicken. *P < 0.05 vs. control; t test. 

 
 
tions (Fig. 2D). These results suggest that there is a close 
proximity  between  the  distal genomic region  containing 
CR9 and  the  proximal promoters of the  Nppa and  Nppb 
genes in the PE-induced hypertrophic heart. 

 
 
Establishment of an in vivo live imaging system for 
gene expression  in a murine model of heart disease 

 
We confirmed the activity of the newly identified en- 
hancer CR9 in the heart  in vivo. The conventional 
histological  evaluation of LacZ reporter expression in 
the  heart   only  provides  data  at  a  single  time  point; 
therefore, this method cannot be employed for kinetic 
assessments or time course  analyses of reporter expres- 
sion in a live heart. 

To overcome this difficulty, we established a nonin- 

vasive and quantitative live imaging system that allowed 
real-time  monitoring of the  firefly luciferase  reporter. 
We generated 3 transgenic mouse  lines (Tg-line1,  Tg- 
line2,  and  Tg-line3)  in  which  the  CR9 enhancer  ele- 
ment   and   a  minimal   CMV promoter driving  the  lu- 
ciferase  reporter gene  were introduced into  the  germline. 
The  live-imaging system detected luciferase  expression 
in the heart,  brain, and intestine of the Tg-line1 (Fig. 3A), 
in  the  heart,  salivary glands,  and  skin of the  Tg-line2 
(Supplemental  Fig.  S2A),  and   in  the   heart   of  the 
Tg-line3 (Supplemental Fig. S2E). 

To identify the organs  in which CR9 functioned as a 
stress-responsive enhancer, we examined the luciferase 
reporter expression in each organ  by quantitative PCR. 
Continuous infusion  of PE increased the  blood  pres- 
sure and resulted in cardiac  hypertrophy (24, 36). The 
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Figure 3. Establishment of an in vivo live imaging  system for enhancer activity. A) Chemiluminescence imaging  of CR9 in a 
mouse  of Tg-line1. Top panel:  result from whole-animal  in vivo live imaging.  Bottom  panels:  chemiluminescence images of the 
heart  and  brain  in the same mouse.  B, C) Relative transcript levels of Nppa and  Nppb in the ventricular myocardium and  brain 
of CR9 Tg-line1 mice treated with continuous infusion  of PE for 3 d. Average transcript level in the ventricular myocardium of 
preinfused mice was defined as 1 (means ± se; n=5 hearts). *P < 0.01 vs. sham-infused mice; t test. D) Relative transcript levels 
of luciferase  reporter in the ventricular myocardium and brain  of the CR9 Tg-line1 mice continuously infused  with PE for 3 d. 
Average transcript level in the ventricular myocardium and brain of preinfused mice was defined as 1. (means ± se; n=5 hearts). 
*P < 0.01 vs. sham-infused mice; t test. E) Comparison of the chemiluminescence intensities obtained using different luciferin 
injection methods in  a Tg-line1  mouse;  injections 1 and  2, intraperitoneal  injections (top  panels), injections 3, 4, and  5, 
intravenous injections (bottom panels). Injections were performed >4 h apart  to eliminate the effect of the previous injection. 
Inset in each panel  shows a magnified image of the heart.  F) Scatterplots of the chemiluminescence intensities in the heart  and 
brain.  Plots  indicate the  independent  experiments shown  in  each  panel  in  E. There is a linear  relationship between  the 
expression in the  heart  and  the  brain,  R2 = 0.979. 

 
expression of endogenous Nppa and  Nppb mRNA in- 
creased  3 d after the PE infusion  began  (Fig. 3B, C and 
Supplemental Fig. S2B, C, F, G). Concomitantly, the 
quantitative PCR analysis of the  CR9 luciferase  mRNA 
expression showed enhanced expression in the ventric- 
ular myocardium 3 d after the PE infusion  (Fig. 3D and 
Supplemental Fig. S2D, H). On  the  other hand, in the 
brain  and  the  salivary glands  where  neither Nppa nor 
Nppb is highly expressed, the  CR9-driven  luciferase 
mRNA expression did  not  respond to  PE (Fig.  3B–D 
and  Supplemental Fig.  S2B–D, F–H).  Therefore, the 

patterns of  PE-induced luciferase   expression  suggest 
that   CR9  is  almost   exclusively  active  in  the   heart. 
Because  the  integration sites  were  random in  these 
three lines,  the  patterns of  luciferase   expression  de- 
pend on  CR9 or other enhancers near  the  integrated 
sites.  The   expression  of  luciferase   in  the   brain   of 
Tg-line1 and  salivary glands  of Tg-line2, both  of which 
express  neither Nppa nor  Nppb, might  be  driven  by 
other enhancers near  the  integrated sites. 

To evaluate  the  accuracy  and  reproducibility of this 
method, we measured the luminescence in the heart  of 
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a  mouse   from  Tg-line1.  In  this  transgenic line,  the 
brain,  intestine, and  testis expressed the  reporter pro- 
tein  due  to positional effects of the  insertion site and 
most  likely not  due  to  CR9  activity. Because  the  lu- 
ciferase mRNA expression in the brain  remained un- 
changed after PE treatment (Fig. 3D), we used the 
reporter activity in the brain  as a control. The absolute 
luminescence values of the  heart  were affected  by the 
injection method and  the  amount of  luciferase   sub- 
strate injected (Fig. 3E). However, using brain  lumines- 
cence as a control, we successfully eliminated the signal 
variations  caused  by these  differences. The  ratio  of the 
luminescence in the heart  and brain remained constant 
within   each   mouse,   independent  of   the   injection 
method (Fig.  3F).  Therefore, we defined the  ratio  of 
heart   to  brain   luciferase   intensities  as  the   cardiac- 
specific enhancer activity. 

 
Distal enhancer element  was activated in the murine 
model of heart failure 

 
To examine whether the  CR9 enhancer was also re- 
sponsible  for gene expression in other pathological 
conditions, we subjected Tg-line1 mice to heart  failure 
induced by TAC and  compared them  with sham-sur- 
gery mice. This model mimics the heart condition of 
patients with hypertension who suffer a continuous 
pressure overload  on the  heart.  The  pressure overload 
by TAC caused  potent cardiac  hypertrophy at 2 wk 
postsurgery and  reduced cardiac  contractility at 3 wk 
postsurgery (Fig.  4A, B), as previously  reported (22). 
The  endogenous Nppa and  Nppb expression increased 
severalfold  in  the  ventricular myocardium 3 wk after 
the TAC surgery (Fig. 4C). The heart  to brain luciferase 
intensity ratio also increased severalfold  3 wk following 
the TAC surgery (Fig. 4D, E and Supplemental Fig. S3). 
However, the heart to brain luciferase intensity ratio of 
sham-surgery   mice  did  not  change after  the  surgery 
(Fig. 4D, E and  Supplemental Fig. S3; 3 wk after  TAC 
surgery: 5.7±1.3  fold; 3 wk after sham surgery: 1.0±0.2 
fold;  P  <  0.001,  repeated  ANOVA).  These   results 
suggest  that  CR9 increases  transcriptional activity dur- 
ing mechanical pressure overload-induced hypertrophy 
and  subsequent heart  failure. 

 
 
 

DISCUSSION 
 

Here,  we focused  on the stress-responsive regulatory 
elements of Nppa and  Nppb in heart  failure.  By screen- 
ing the  evolutionarily conserved and  epigenetically 
modified regions  around the Nppa and Nppb gene  loci, 
we identified a  650-bp  transcriptional enhancer that 
was responsive  to an a1-adrenergic receptor agonist  in 
vitro. Furthermore, in vivo 3C analysis revealed  that this 
distal enhancer directly  interacted with the  5=-flanking 
regions   of  both   Nppa  and   Nppb. Using  in  vivo  live 
imaging  of luciferase  reporter gene  expression, we 
observed  that this 650-bp enhancer caused  cardiac- 
specific  activation  of reporter gene  expression during 

the  progression of pressure overload-induced heart 
failure.  Notably, this is the  first study to provide  a time 
series analysis for monitoring enhancer activity under 
pathological conditions in an individual  live mouse. 

Although numerous approaches have been  used  to 
explore the  stress-responsive  regulatory elements driv- 
ing gene transcription during heart  failure (11, 12, 14), 
these  elements have not yet been  identified due  to the 
technical difficulty  involved.  To  detect   the  elements 
that  are  responsive  to pathological conditions such  as 
heart  failure, it is essential to confirm  the activity of the 
responsive  element using a beating  heart  that  remains 
connected to the systemic cardiovascular system. There- 
fore,   it  would  be  beneficial  to  establish   transgenic 
mouse  lines  carrying  a reporter plasmid  to  assess the 
responsive  elements driving  the  expression of specific 
genes.  However,  the  creation of multiple stable  adult 
mouse  lines to identify  these  elements is time-consum- 
ing. 

In this study, we utilized  two improved methods for 
reporter analysis and successfully identified a novel 
potent enhancer. 

First, by performing an enhancer analysis using a 
lentiviral  vector, we accurately  identified candidate 
enhancers in cardiomyocytes and  subsequently gener- 
ated transgenic reporter mice. Previous promoter anal- 
yses used  electroporation or lipofection to transfect 
cultured cardiomyocytes with plasmids (37, 38), but the 
transfection efficiency of these methods in primary 
cardiomyocytes  is too  low to  accurately   measure  re- 
porter activity during the  stress response. In this study, 
greater than  90% transduction efficiency of cardiomy- 
ocytes  was achieved   using  a  lentiviral   vector,  which 
enabled us to accurately  identify a specific enhancer 
fragment. Using this method, we efficiently minimized 
the number of reporter plasmids  to be subsequently 
integrated into the mouse  genome to screen  for poten- 
tial enhancers. 

Second,  by sequentially  measuring the enhancer 
activity in a single live mouse,  we collected robust  data 
to assess enhancer activity in the  heart  in vivo. LacZ is 
not  a suitable  reporter for this purpose because  LacZ 
activity can only be assessed after animal euthanization. 
Therefore, we overcame  this limitation using the lu- 
ciferase reporter plasmid.  Recent  advances in high- 
sensitivity luminescence imaging  have made  it possible 
to evaluate  enhancer-driven luciferase  activity without 
operating on the mice. Therefore, we sequentially 
assessed reporter activity and hemodynamic changes  in 
the same mouse  throughout the time course  of the 
development of heart  failure.  These  data  were highly 
reproducible and  enabled us to  identify  an  enhancer 
element that was activated by cardiac overload.  Because 
this  method can  be  applied to  any organ,  the  in vivo 
luciferase  reporter assay may be used  for assessing the 
in vivo enhancer or promoter activities responsible for 
clinically important diseases. The noninvasive nature of 
this  method also  enabled us to  simultaneously assess 
the  hemodynamic and  metabolic parameters in vivo 
along  with reporter activity. Specifically, the  Tg-line1 
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Figure  4.  Distal  enhancer  element  is  reactivated  in   the   murine  model   of  heart   failure.   A)  Representative  M-mode 
echocardiograms in a mouse  of Tg-line1 (TAC1)  before  and  after  TAC. Open bars indicate maximal  left ventricular internal 
dimension in  diastole  (LVIDd)  and  maximal  left  ventricular internal dimension in  systole (LVIDs).  Up  and  down  arrows 
represent 3 mm.  B) Echocardiographic changes  in left ventricular fractional shortening (LVFS), LVIDd, and  left ventricular 
posterior wall thickness  in diastole  (LVPWd) in 5 mice of Tg-line1 (TAC1-5) before  and after TAC. C) Relative Nppa and Nppb 
transcript levels in  the  ventricular myocardium 3 wk after  the  TAC procedure (means ±  se;  n=3  hearts). *P <  0.05  vs. 
sham-surgery  mice; t test. D) Sequential in vivo live imaging  of 4 representative Tg-line1 mice before  and  after  TAC or sham 
surgery  at each  time  point.  Top  2 and  bottom 2 panels  represent sequential imaging  data  of TAC and  sham-surgery  mice, 
respectively. Sequential imaging  of the 6 other surgically treated mice is shown in Supplemental Fig. S3. Insets in images show 
magnified images of the heart.  Color scale depends on the ratio relative to brain  intensity. E) Cardiac-specific  enhancer activity 
plots of 10 Tg-line1 mice (TAC1, TAC2, and  Sham1,  Sham2,  shown in D) and  TAC3–5 and  Sham3–5  shown in Supplemental 
Fig. S3). Heart  to brain luciferase  intensity ratio represents the cardiac-specific enhancer activity; enhancer activity in presurgery 
mice  was defined as 1. 3 wk after  TAC surgery: 5.7 ± 1.3 fold; 3 wk after  sham  surgery: 1.0 ± 0.2 fold; means  ± se; n = 5. 
*P < 0.001, repeated ANOVA. 

 
 
mice  enabled us to accurately  quantify  the  expression 
level of the  natriuretic peptides. These  mice are useful 
tools for repeatedly assessing the degree of heart  failure 
to screen  various cardiovascular drugs. 

The integration of activities from multiple enhancers 
could   confer   specificity  and  robustness to  transcrip- 
tional  regulation (1).  Warren  et al. (14)  identified the 
Nppa enhancer in  the  embryonic heart  by examining 
Nkx2-5 binding regions  around the Nppa locus, but the 

enhancer did  not  respond to  heart   failure.  This  en- 
hancer does  not  overlap  with CR9 and  might  regulate 
Nppa expression only during the embryonic stage (14). 
On  the  other hand, Horsthuis et al. (11)  showed  that 
the  regulatory region  from  -27 to +58  kb relative  to 
the  transcription start  site  of  Nppa was sufficient  for 
Nppa gene  expression in  the  failing  heart,  similar  to 
CR9.  However,  because   this  85-kb  regulatory region 
does not include CR9, Nppa may have multiple enhanc- 
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ers  that  regulate its  expression during  heart   failure. 
Furthermore, the length  of the 85-kb region  poses a 
challenge for understanding its specific biological  role. 

This  is  the   first  study  to  provide   a  time   course 
imaging  analysis of enhancer activity using  an individ- 
ual live diseased  mouse model.  Using this new method, 
we identified a novel  heart  enhancer. This  method 
can be widely used  for identifying enhancers that 
regulate transcriptional activity only under patholog- 
ical conditions.                                                                 

 
This research was supported by the  Japan  Society for the 

Promotion of Science  (JSPS) through the  Funding Program 
for Next Generation World-Leading Researchers (NEXT Pro- 
gram), which  was initiated by the  Council  for  Science  and 
Technology Policy (CSTP);  grants-in-aid  from the Ministry of 
Health, Labor,  and  Welfare of Japan;  grants-in-aid  from  the 
Ministry of Education, Culture, Sports, Science, and Technol- 
ogy of Japan; and grants-in-aid  from the Japan Society for the 
Promotion of Science.  This  research was also supported by 
grants  from  the  Japan  Heart  Foundation, the  Japan  Cardio- 
vascular Research  Foundation, the Japan Medical Association, 
the   Japan   Intractable  Diseases  Research   Foundation, the 
Uehara Memorial  Foundation, the  Takeda  Science  Founda- 
tion, the Ichiro  Kanehara Foundation, the Inoue Foundation 
for Science, the Mochida  Memorial  Foundation, a Heart 
Foundation/Novartis Grant  for Research  Award on  Molecu- 
lar and Cellular  Cardiology, the Japan Foundation of Applied 
Enzymology,  the  Naito  Foundation, the  Banyu  Foundation, 
and  Showa Houkoukai. The  authors thank  Hiroshi  Kimura 
for  antibodies, Seitaro   Nomura for  the  ChIP-seq  analysis, 
Saori  Ikezawa  and  Eri  Takata  for  technical assistance,  and 
Yuko Okada  and  Hiromi  Fujii for secretarial support. 

 
 
 

REFERENCES 
 

1.    Spitz, F., and  Furlong, E. E. (2012)  Transcription factors: from 
enhancer binding to developmental control. Nat. Rev. Genet. 13, 
613–626 

2.    Chien,  K. R., Domian,  I. J., and Parker,  K. K. (2008)  Cardiogen- 
esis  and   the   complex  biology   of  regenerative   cardiovascu- 
lar medicine. Science 322, 1494 –1497 

3.    Olson,  E. N. (2006)  Gene  regulatory networks  in the  evolution 
and  development of the  heart.  Science 313, 1922–1927 

4.    Burley, D. S., and Baxter, G. F. (2007)  B-type natriuretic peptide 
at early reperfusion limits infarct  size in the  rat isolated  heart. 
Basic Res. Cardiol. 102, 529 –541 

5.    Holtwick,  R.,  van  Eickels,  M.,  Skryabin,  B.  V., Baba,  H.  A., 
Bubikat,  A., Begrow, F., Schneider, M. D., Garbers,  D. L., and 
Kuhn,  M. (2003)  Pressure-independent cardiac  hypertrophy in 
mice with cardiomyocyte-restricted inactivation of the atrial 
natriuretic peptide receptor guanylyl  cyclase-A. J.  Clin. Invest. 
111, 1399 –1407 

6.    Kitakaze,  M., Asakura,  M., Kim, J., Shintani, Y., Asanuma,  H., 
Hamasaki,  T., Seguchi,  O., Myoishi, M., Minamino, T., Ohara, 
T., Nagai, Y., Nanto,  S., Watanabe,  K., Fukuzawa, S., Hirayama, 
A., Nakamura, N., Kimura,  K., Fujii, K., Ishihara, M., Saito, Y., 
Tomoike, H., and Kitamura,  S. (2007)  Human atrial natriuretic 
peptide and nicorandil as adjuncts  to reperfusion treatment for 
acute myocardial  infarction (J-WIND): two randomised trials. 
Lancet 370, 1483–1493 

7.    Li, P., Wang, D., Lucas, J., Oparil,  S., Xing, D., Cao, X., Novak, 
L., Renfrow,  M. B., and  Chen,  Y.  F. (2008)  Atrial  natriuretic 
peptide inhibits  transforming growth factor beta-induced Smad 
signaling and myofibroblast transformation in mouse  cardiac  fi- 
broblasts.  Circ. Res. 102, 185–192 

8.    Tamura, N., Ogawa, Y., Chusho, H., Nakamura, K., Nakao,  K., 
Suda,   M.,  Kasahara,   M.,  Hashimoto,  R.,  Katsuura,   G.,  Mu- 
koyama,  M.,  Itoh,   H.,  Saito,  Y., Tanaka,   I.,  Otani,   H.,  and 

Katsuki,  M.  (2000)   Cardiac   fibrosis   in   mice   lacking   brain 
natriuretic peptide. Proc. Natl. Acad. Sci. U. S. A. 97, 4239 –4244 

9.    De Lange,  F. J., Moorman, A. F., and  Christoffels,  V. M. (2003) 
Atrial  cardiomyocyte-specific expression  of  Cre  recombinase 
driven  by an Nppa  gene  fragment. Genesis 37, 1–4 

10.    Habets,  P. E., Moorman, A. F., Clout,  D. E., van Roon,  M. A., 
Lingbeek, M., van Lohuizen, M., Campione, M., and  Christof- 
fels,  V. M.  (2002)   Cooperative  action   of  Tbx2  and   Nkx2.5 
inhibits  ANF expression in the  atrioventricular canal:  implica- 
tions for cardiac  chamber formation. Genes Dev. 16, 1234 –1246 

11.    Horsthuis, T., Houweling, A. C., Habets,  P. E., de Lange, F. J., el 
Azzouzi, H., Clout, D. E., Moorman, A. F., and Christoffels, V. M. 
(2008)  Distinct  regulation of developmental and  heart  disease- 
induced atrial  natriuretic  factor  expression  by  two  separate 
distal sequences. Circ. Res. 102, 849 –859 

12.    Knowlton, K. U., Rockman,  H. A., Itani, M., Vovan, A., Seidman, 
C. E., and  Chien,  K. R. (1995)  Divergent  pathways mediate the 
induction of ANF transgenes in neonatal and hypertrophic 
ventricular myocardium. J. Clin. Invest. 96, 1311–1318 

13.    Small, E. M., and  Krieg, P. A. (2003)  Transgenic analysis of the 
atrialnatriuretic factor (ANF) promoter: Nkx2-5 and GATA-4 
binding sites are required for atrial specific expression of ANF. 
Dev. Biol. 261, 116 –131 

14.    Warren,   S. A., Terada, R.,  Briggs,  L.  E.,  Cole-Jeffrey,  C.  T., 
Chien,  W. M., Seki, T., Weinberg,  E. O., Yang, T. P., Chin, M. T., 
Bungert, J., and Kasahara, H. (2011)  Differential role of Nkx2-5 
in activation  of the atrial natriuretic factor gene  in the develop- 
ing versus failing heart.  Mol. Cell. Biol. 31, 4633–4645 

15.  Simpson,  P., McGrath,  A., and  Savion, S. (1982)  Myocyte 
hypertrophy in neonatal rat heart  cultures  and its regulation by 
serum  and  by catecholamines. Circ. Res. 51, 787–801 

16.    Siepel, A., Bejerano, G., Pedersen, J. S., Hinrichs, A. S., Hou, M., 
Rosenbloom, K., Clawson, H., Spieth, J., Hillier, L. W., Richards, 
S., Weinstock,  G. M., Wilson,  R. K., Gibbs,  R. A., Kent,  W. J., 
Miller, W., and Haussler,  D. (2005)  Evolutionarily  conserved 
elements in vertebrate, insect, worm, and yeast genomes. Genome 
Res. 15, 1034 –1050 

17.    Blanchette, M., Kent, W. J., Riemer,  C., Elnitski, L., Smit, A. F., 
Roskin,   K.  M.,  Baertsch,   R.,  Rosenbloom,  K.,  Clawson,  H., 
Green,   E.  D.,  Haussler,   D.,  and  Miller,  W.  (2004)   Aligning 
multiple genomic sequences with the threaded blockset aligner. 
Genome Res. 14, 708 –715 

18.    Pollard,  K. S., Hubisz,  M. J., Rosenbloom, K. R., and  Siepel,  A. 
(2010)  Detection of nonneutral substitution rates  on  mamma- 
lian phylogenies. Genome Res. 20, 110 –121 

19.    Zhang,  Y., Liu, T., Meyer, C. A., Eeckhoute, J., Johnson, D. S., 
Bernstein, B. E., Nusbaum, C., Myers, R. M., Brown, M., Li, W., 
and Liu, X. S. (2008)  Model-based analysis of ChIP-Seq (MACS). 
Genome Biol. 9, R137 

20.    Dekker,  J., Rippe,  K., Dekker,  M.,  and  Kleckner,   N.  (2002) 
Capturing chromosome conformation. Science 295, 1306 –1311 

21.    Hagege,   H.,  Klous,  P.,  Braem,   C.,  Splinter,  E.,  Dekker,   J., 
Cathala,   G.,  de  Laat,  W., and  Forne,   T.  (2007)   Quantitative 
analysis of chromosome conformation capture assays (3C- 
qPCR).  Nat. Protoc. 2, 1722–1733 

22.    Liao,  Y., Ishikura,   F., Beppu,  S., Asakura,  M., Takashima, S., 
Asanuma,  H., Sanada,  S., Kim, J., Ogita,  H., Kuzuya, T., Node, 
K., Kitakaze, M., and Hori, M. (2002)  Echocardiographic assess- 
ment  of LV hypertrophy and  function in  aortic-banded mice: 
necropsy   validation.   Am.  J.   Physiol. Heart  Circ. Physiol. 282, 
H1703–H1708 

23.    Saadane,  N., Alpert, L., and  Chalifour, L. E. (1999)  Expression 
of immediate early genes,  GATA-4, and  Nkx-2.5 in adrenergic- 
induced   cardiac    hypertrophy   and    during   regression  in 
adult  mice. Brit. J. Pharmacol.  127, 1165–1176 

24.    Vecchione, C.,  Fratta,  L.,  Rizzoni,  D.,  Notte,   A., Poulet,   R., 
Porteri, E., Frati,  G., Guelfi,  D., Trimarco, V., Mulvany, M. J., 
Agabiti-Rosei, E., Trimarco, B., Cotecchia, S., and Lembo,  G. 
(2002)  Cardiovascular influences of a1j3-adrenergic receptor 
defect  in mice. Circulation 105, 1700 –1707 

25.    Nobrega, M. A., Ovcharenko, I.,  Afzal, V., and  Rubin,  E. M. 
(2003)  Scanning human gene deserts for long-range enhancers. 
Science 302, 413 

26.    Thomas,  J. W., Touchman, J. W., Blakesley, R. W., Bouffard, 
G. G., Beckstrom-Sternberg, S. M., Margulies, E. H., Blanchette, 
M., Siepel,  A. C., Thomas,  P. J., McDowell, J. C., Maskeri,  B., 
Hansen,  N.  F.,  Schwartz,  M.  S.,  Weber,   R.  J.,  Kent,  W.  J., 



10 Vol. 28   April 2014 The FASEB Journal · www.fasebj.org MATSUOKA ET  AL.  

Karolchik, D., Bruen,  T. C., Bevan, R., Cutler, D. J., Schwartz, S., 
Elnitski,  L., Idol,  J. R., Prasad,  A. B., Lee-Lin,  S. Q.,  Maduro, 
V. V., Summers,  T. J., Portnoy,  M. E., Dietrich,  N. L., Akhter, N., 
Ayele, K., Benjamin, B., Cariaga, K., Brinkley, C. P., Brooks, S. Y., 
Granite, S., Guan,  X., Gupta,  J., Haghighi, P., Ho, S. L., Huang, 
M. C., Karlins, E., Laric, P. L., Legaspi, R., Lim, M. J., Maduro, 
Q. L., Masiello, C. A., Mastrian, S. D., McCloskey, J. C., Pearson, 
R., Stantripop, S., Tiongson, E. E., Tran,  J. T., Tsurgeon,  C., 
Vogt, J. L., Walker, M. A., Wetherby, K. D., Wiggins, L. S., Young, 
A. C., Zhang,  L. H., Osoegawa, K., Zhu, B., Zhao, B., Shu, C. L., 
De Jong, P. J., Lawrence,  C. E., Smit, A. F., Chakravarti, A., 
Haussler,  D., Green,  P., Miller, W., and Green,  E. D. (2003) 
Comparative analyses of multi-species  sequences from  targeted 
genomic regions.  Nature 424, 788 –793 

27.    Woolfe, A., Goodson, M., Goode, D. K., Snell, P., McEwen, G. K., 
Vavouri,  T.,  Smith,  S. F.,  North, P.,  Callaway, H.,  Kelly, K., 
Walter,  K., Abnizova, I., Gilks, W., Edwards,  Y. J., Cooke,  J. E., 
and  Elgar,  G. (2005)  Highly  conserved non-coding sequences 
are associated  with vertebrate development. PLoS Biol. 3, e7 

28.    Bell, A. C., West, A. G., and  Felsenfeld,  G. (1999)  The  protein 
CTCF is required for  the  enhancer blocking  activity of verte- 
brate  insulators. Cell 98, 387–396 

29.  Felsenfeld,  G., Burgess-Beusse, B., Farrell, C., Gaszner, M., 
Ghirlando,  R.,  Huang,  S.,  Jin,  C.,  Litt,  M.,  Magdinier,  F., 
Mutskov, V., Nakatani, Y., Tagami, H., West, A., and Yusufzai, T. 
(2004)  Chromatin boundaries and  chromatin domains. Cold 
Spring Harb. Symp. Quant. Biol. 69, 245–250 

30.    Shen,  Y., Yue, F., McCleary, D. F., Ye, Z., Edsall,  L., Kuan,  S., 
Wagner,  U., Dixon,  J., Lee, L., Lobanenkov, V. V., and  Ren, B. 
(2012)  A map  of the  cis-regulatory  sequences in the  mouse  ge- 
nome.  Nature 488, 116 –120 

31.   Birney, E., Stamatoyannopoulos, J. A., Dutta,  A., Guigo, R., 
Gingeras,  T. R., Margulies, E. H., Weng, Z., Snyder, M., Dermit- 
zakis, E. T., Thurman, R. E., Kuehn,  M. S., Taylor, C. M., Neph, 
S., Koch, C. M., Asthana,  S., Malhotra, A., Adzhubei,  I., Green- 
baum,  J. A., Andrews,  R. M., Flicek,  P., Boyle, P. J., Cao,  H., 
Carter,   N.  P.,  Clelland,   G.  K., Davis, S., Day, N.,  Dhami,  P., 
Dillon, S. C., Dorschner, M. O., Fiegler, H., Giresi, P. G., Goldy, 
J., Hawrylycz, M., Haydock,  A., Humbert, R., James, K. D., 
Johnson, B. E., Johnson, E. M., Frum,  T. T., Rosenzweig, E. R., 
Karnani,   N.,  Lee,  K., Lefebvre,  G.  C.,  Navas, P.  A., Neri,  F., 
Parker,  S. C., Sabo, P. J., Sandstrom, R., Shafer,  A., Vetrie, D., 
Weaver, M., Wilcox, S., Yu, M., Collins,  F. S., Dekker,  J., Lieb, 
J. D., Tullius,  T. D., Crawford,  G. E., Sunyaev, S., Noble,  W. S., 
Dunham, I., Denoeud, F., Reymond,  A., Kapranov, P., Rozowsky, 
J., Zheng,  D., Castelo,  R., Frankish,  A., Harrow,  J., Ghosh,  S., 
Sandelin, A., Hofacker, I. L., Baertsch,  R., Keefe, D., Dike, S., 
Cheng,  J., Hirsch,  H. A., Sekinger,  E. A., Lagarde,  J., Abril, J. F., 
Shahab,  A., Flamm,  C., Fried,  C., Hackermuller, J., Hertel, J., 
Lindemeyer, M., Missal, K., Tanzer,  A., Washietl, S., Korbel,  J., 
Emanuelsson, O., Pedersen, J. S., Holroyd,  N., Taylor, R., 
Swarbreck, D., Matthews, N., Dickson, M. C., Thomas,  D. J., 
Weirauch,  M. T., Gilbert,  J., Drenkow,  J., Bell, I., Zhao, X., 
Srinivasan, K. G., Sung, W. K., Ooi, H. S., Chiu, K. P., Foissac, S., 
Alioto,  T.,  Brent,  M., Pachter, L., Tress,  M. L., Valencia,  A., 
Choo,   S. W., Choo,   C.  Y., Ucla,  C.,  Manzano,   C.,  Wyss, C., 
Cheung, E., Clark, T. G., Brown, J. B., Ganesh,  M., Patel, S., 
Tammana, H., Chrast,  J., Henrichsen, C. N., Kai, C., Kawai, J., 
Nagalakshmi,  U.,  Wu,  J.,  Lian,  Z.,  Lian,  J.,  Newburger,  P., 
Zhang,  X., Bickel, P., Mattick, J. S., Carninci, P., Hayashizaki, Y., 
Weissman,  S., Hubbard, T.,  Myers, R. M., Rogers,  J., Stadler, 
P. F., Lowe, T. M., Wei, C. L., Ruan, Y., Struhl,  K., Gerstein,  M., 
Antonarakis, S. E., Fu, Y., Green,  E. D., Karaoz, U., Siepel,  A., 
Taylor,   J.,  Liefer,   L.  A.,  Wetterstrand,  K.  A.,  Good,   P.  J., 
Feingold, E. A., Guyer, M. S., Cooper, G. M., Asimenos, G., 
Dewey,  C.  N.,  Hou,   M.,  Nikolaev,  S.,  Montoya-Burgos,   J. I., 

Loytynoja, A., Whelan, S., Pardi, F., Massingham,  T., Huang, H., 
Zhang,  N. R., Holmes,  I., Mullikin, J. C., Ureta-Vidal,  A., Paten, 
B., Seringhaus, M., Church, D., Rosenbloom, K., Kent, W. J., 
Stone,  E. A., Batzoglou,  S., Goldman, N., Hardison, R. C., 
Haussler,  D.,  Miller,  W., Sidow,  A., Trinklein, N.  D.,  Zhang, 
Z. D., Barrera,  L., Stuart,  R., King, D. C., Ameur, A., Enroth, S., 
Bieda,  M. C., Kim, J., Bhinge,  A. A., Jiang, N., Liu, J., Yao, F., 
Vega, V. B., Lee, C. W., Ng, P., Shahab,  A., Yang, A., Moqtaderi, 
Z.,  Zhu,  Z.,  Xu,  X.,  Squazzo,  S., Oberley,  M.  J., Inman,  D., 
Singer,  M. A., Richmond, T. A., Munn,  K. J., Rada-Iglesias, A., 
Wallerman, O., Komorowski, J., Fowler, J. C., Couttet, P., Bruce, 
A. W., Dovey, O.  M., Ellis, P. D., Langford, C. F., Nix, D. A., 
Euskirchen, G., Hartman, S., Urban, A. E., Kraus, P., Van Calcar, 
S., Heintzman, N., Kim, T. H., Wang, K., Qu, C., Hon,  G., Luna, 
R., Glass, C. K., Rosenfeld, M. G., Aldred,  S. F., Cooper, S. J., 
Halees, A., Lin, J. M., Shulha,  H. P., Zhang,  X., Xu, M., Haidar, 
J. N., Yu, Y., Ruan,  Y., Iyer, V. R., Green,  R. D., Wadelius,  C., 
Farnham, P. J., Ren,  B., Harte,  R. A., Hinrichs, A. S., Trum- 
bower, H., Clawson, H., Hillman-Jackson, J., Zweig, A. S., Smith, 
K., Thakkapallayil, A., Barber,  G., Kuhn,  R. M., Karolchik,  D., 
Armengol,  L.,  Bird,   C.  P.,  de   Bakker,   P.  I.,  Kern,   A.  D., 
Lopez-Bigas, N., Martin,  J. D., Stranger, B. E., Woodroffe,  A., 
Davydov, E., Dimas, A., Eyras, E., Hallgrimsdottir, I. B., Huppert, 
J., Zody,  M. C., Abecasis,  G. R., Estivill, X.,  Bouffard,  G. G., 
Guan,  X., Hansen, N. F., Idol, J. R., Maduro, V. V., Maskeri, B., 
McDowell, J. C., Park, M., Thomas,  P. J., Young, A. C., Blakesley, 
R. W., Muzny, D. M., Sodergren, E., Wheeler,  D. A., Worley, 
K. C.,  Jiang,  H.,  Weinstock,  G.  M., Gibbs,  R. A., Graves,  T., 
Fulton,  R., Mardis,  E. R., Wilson,  R. K., Clamp,  M., Cuff,  J., 
Gnerre, S., Jaffe, D. B., Chang,  J. L., Lindblad-Toh, K., Lander, 
E. S., Koriabine,  M., Nefedov,  M., Osoegawa,  K., Yoshinaga, Y., 
Zhu, B., and  de Jong, P. J. (2007)  Identification and  analysis of 
functional elements in 1% of the  human genome by the 
ENCODE pilot  project. Nature 447, 799 –816 

32.    Blow, M. J., McCulley, D. J., Li, Z., Zhang,  T., Akiyama, J. A., 
Holt,  A., Plajzer-Frick,  I.,  Shoukry,  M., Wright,  C.,  Chen,  F., 
Afzal, V., Bristow, J., Ren, B., Black, B. L., Rubin, E. M., Visel, A., 
and Pennacchio, L. A. (2010)  ChIP-Seq identification of weakly 
conserved heart  enhancers. Nat. Genet. 42, 806 –810 

33.    Koch,  F., Jourquin, F., Ferrier,   P.,  and  Andrau,   J. C. (2008) 
Genome-wide  RNA polymerase II: not genes only!. Trends 
Biochem. Sci. 33, 265–273 

34.    Szutorisz,  H.,  Dillon,  N.,  and   Tora,   L.  (2005)   The   role  of 
enhancers as centres   for  general transcription factor  recruit- 
ment.  Trends Biochem. Sci. 30, 593–599 

35.    Sei, C. A., Irons,  C. E., Sprenkle, A. B., McDonough, P.  M., 
Brown,  J. H.,  and  Glembotski,  C. C. (1991)  The  a-adrenergic 
stimulation of atrial natriuretic factor expression in cardiac 
myocytes requires calcium influx, protein kinase C, and calmod- 
ulin-regulated pathways. J. Biol. Chem. 266, 15910 –15916 

36.    Iaccarino, G., Dolber,  P. C., Lefkowitz, R. J., and  Koch,  W. J. 
(1999)  Bj3-adrenergic receptor kinase-1 levels in catecholamine- 
induced myocardial  hypertrophy: regulation by beta-  but  not 
alpha1-adrenergic stimulation. Hypertension 33, 396 –401 

37.    Seidman,  C. E., Wong,  D. W., Jarcho,  J. A., Bloch,  K. D., and 
Seidman,  J. G. (1988)  Cis-acting sequences that  modulate atrial 
natriuretic factor  gene  expression. Proc. Natl. Acad. Sci. U. S. A. 
85, 4104 –4108 

38.    Thuerauf,  D.  J.,  and   Glembotski,   C.  C.  (1997)   Differential 
effects  of  protein  kinase   C,  Ras,  and   Raf-1  kinase   on   the 
induction  of   the   cardiac   B-type  natriuretic  peptide  gene 
through a critical  promoter-proximal M-CAT element. J.  Biol. 
Chem. 272, 7464 –7472 

 
Received for publication  November 12, 2013. 

Accepted for publication January 2, 2014. 



 

M
C

EL
L 

BI
O

LO
G

Y 

 
 
 
 
 

Evaluation of intramitochondrial ATP levels  identifies 
G0/G1 switch gene 2 as a positive regulator of 
oxidative phosphorylation 

 
Hidetaka Kiokaa,b,1,  Hisakazu Katoa,1, Makoto  Fujikawac, Osamu Tsukamotoa, Toshiharu Suzukid,e, Hiromi  Imamuraf, 
Atsushi Nakanoa,g, Shuichiro Higoa,b,  Satoru Yamazakih, Takashi Matsuzakib, Kazuaki Takafujii, Hiroshi Asanumaj, 
Masanori Asakurag, Tetsuo Minaminob, Yasunori Shintania, Masasuke Yoshidae, Hiroyuki  Nojik, Masafumi  Kitakazeg, 
Issei Komurob,l, Yoshihiro  Asanoa,b,2,  and Seiji Takashimaa,2

 
 

Departments of aMedical Biochemistry and bCardiovascular Medicine and iCenter for Research Education, Osaka University Graduate School of Medicine, 
Osaka 565-0871, Japan; cDepartment  of Biochemistry, Faculty of Pharmaceutical Science, Tokyo University of Science, Chiba 278-8510, Japan; dChemical 
Resources Laboratory,  Tokyo Institute  of Technology, Yokohama 226-8503, Japan; eDepartment of Molecular Bioscience, Kyoto Sangyo University, Kyoto 
603-8555, Japan; fThe Hakubi Center for Advanced Research and Graduate School of Biostudies, Kyoto University, Kyoto 606-8501, Japan; Departments  of 
gClinical Research and Development and hCell Biology, National  Cerebral and Cardiovascular Center Research Institute,  Osaka 565-8565, Japan; jDepartment 
of Cardiovascular Science and Technology, Kyoto Prefectural University School of Medicine, Kyoto 602-8566, Japan; and kDepartment of Applied  Chemistry, 
School of Engineering and lDepartment of Cardiovascular Medicine, Graduate School of Medicine, University of Tokyo, Tokyo 113-8656, Japan 

 
Edited by Gottfried Schatz, University of Basel, Reinach, Switzerland, and approved November 19, 2013 (received for review October 7, 2013) 

 
The oxidative phosphorylation (OXPHOS) system generates most 
of  the  ATP in  respiring  cells. ATP-depleting  conditions,  such as 
hypoxia,  trigger  responses that  promote  ATP production. How- 
ever,  how  OXPHOS is regulated  during  hypoxia  has yet  to  be 
elucidated. In this study, selective measurement of intramitochon- 
drial  ATP levels  identified the  hypoxia-inducible protein  G0/G1 
switch   gene  2  (G0s2) as  a  positive   regulator  of  OXPHOS. A 
mitochondria-targeted, FRET-based ATP biosensor enabled  us to 
assess OXPHOS  activity   in  living   cells.  Mitochondria-targeted, 
FRET-based ATP biosensor  and ATP production assay in a semi- 
intact cell system revealed that  G0s2 increases mitochondrial ATP 
production. The expression  of  G0s2 was rapidly  and transiently 
induced by hypoxic  stimuli,  and G0s2 interacts  with OXPHOS 
complex V (FoF1-ATP synthase). Furthermore, physiological  en- 
hancement of G0s2 expression prevented  cells from ATP depletion 
and induced a cellular tolerance  for  hypoxic  stress. These results 
show that  G0s2 positively  regulates OXPHOS activity  by interact- 
ing with FoF1-ATP synthase, which  causes an increase in ATP pro- 
duction  in response to  hypoxic  stress and protects  cells from  a 
critical energy crisis. These findings  contribute to the understand- 
ing of a unique stress response to energy depletion. Additionally, 
this study shows the importance  of assessing intramitochondrial 
ATP levels to evaluate OXPHOS activity  in living  cells. 

 
energy metabolism  | live-cell imaging 

 
aintaining  cellular  homeostasis  and  activities  requires  a 
stable energy supply. Most eukaryotic  cells generate  ATP 

as their energy currency mainly through the mitochondrial  oxi- 
dative phosphorylation (OXPHOS) system. The  OXPHOS  sys- 
tem consists of five large protein  complex units (i.e., complexes 
I–V), comprising more than 100 proteins.  In this system, oxygen 
(O2) is essential as the terminal electron acceptor for complex IV 
to finally produce  the proton-motive  force that drives the ATP- 
generating  molecular  motor  complex V (FoF1-ATP synthase). 

Hypoxia causes the depletion  of intracellular ATP and triggers 
adaptive  cellular  responses  to help  maintain  intracellular  ATP 
levels and minimize any deleterious  effects of energy depletion. 
Although the metabolic switch from mitochondrial  respiration  to 
anaerobic  glycolysis is widely recognized  (1–4), several  recent 
reports  have shown that  hypoxic stimuli unexpectedly  increase 
OXPHOS  efficiency as well (5–7). In  other  words, cells have 
adaptive mechanisms to maintain intracellular  ATP levels by 
enhancing OXPHOS,  particularly  in the early phase of hypoxia, 
in which the O2  supply is limited but still remains. However, the 
mechanism by which OXPHOS  is regulated  during this early 
hypoxic phase is still not fully understood. 

 
Revealing the mechanism of this fine-tuned regulation of 

OXPHOS requires accurate and noninvasive measurements of 
OXPHOS activity. Although researchers have established methods 
to measure OXPHOS activity, precise measurement, especially in 
living cells, is still difficult. Measuring  the  intracellular  ATP 
concentration is one of the most commonly used methods  for 
evaluating  OXPHOS  activity. However,  there  are  two major 
problems  with this method.  First, the intracellular  ATP concen- 
tration  does not always accurately reflect OXPHOS  activity, be- 
cause it can also be affected by glycolytic ATP production, cytosolic 
ATPases,  and  ATP buffering  enzymes, such as creatine  kinase 
and adenylate  kinase (8). Second, because measurements of the 
ATP concentration by chromatography (9), MS (10), NMR (11), 
or luciferase assays (12) are based on cell extract analysis, these 
methods cannot be used to measure the serial ATP concentration 
changes in living cells in real time. 

In  this  study, we overcame  these  problems  by the  selective 
measurement of the intramitochondrial matrix ATP concentra- 
tion  ([ATP]mito) in living cells. In the  final step  of OXPHOS, 
ATP  is produced  not  in the  cytosol but  in the  mitochondrial 
matrix. Therefore,  we hypothesized  that a selectively measuring 
[ATP]mito is suitable for the highly sensitive evaluation of cellular 
ATP  production  by OXPHOS.  In fact, real-time  evaluation  of 
both [ATP]mito and the cytosolic ATP concentration ([ATP]cyto) 
in living cells revealed that [ATP]mito reflected OXPHOS  activity 
with far more sensitivity than [ATP]cyto.  Using this fine method, 
we found  that  G0/G1  switch gene 2 (G0s2),  a hypoxia-induced 
 

Significance 
 

We developed  a sensitive method  to assess the activity  of ox- 
idative  phosphorylation in living  cells using a FRET-based ATP 
biosensor. We then revealed that  G0/G1 switch gene 2, a pro- 
tein  rapidly  induced by hypoxia,  increases mitochondrial ATP 
production by interacting with FoF1-ATP synthase and protects 
cells from  a critical energy crisis. 
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protein  in cardiomyocytes, increases OXPHOS  activity. G0s2 
interacted with FoF1-ATP synthase and increased the ATP 
production  rate.  Our  results  suggest that  hypoxia-induced  pro- 
tein G0s2 is a positive regulator  of OXPHOS  and protects  cells 
by preserving ATP production,  even under  hypoxic conditions. 

 
Results 
Establishment of a Sensitive Method to Assess OXPHOS Activity  in 
Living Cells. To elucidate  the  mechanism  by which OXPHOS  is 
regulated under hypoxia, it is essential to establish a sensitive 
method  for assessing OXPHOS  activity in living cells. For  this 
purpose,  we used an ATP indicator  based on e-subunit  for an- 
alytical measurements (ATeam),  which is an ATP-sensing 
FRET-based indicator  (13). We introduced  this ATP biosensor 
into cardiomyocytes that possess an abundance  of mitochondria 
and produce  the highest levels of ATP among all primary cells 
(14, 15). The ATeam assay can measure both [ATP]cyto (i.e., the 
Cyto-ATeam assay) and [ATP]mito when a duplex of the mito- 
chondrial targeting signal of cytochrome c oxidase subunit VIII is 
attached  to  the  indicator  (i.e.,  the  Mit-ATeam  assay). In  this 
case, the YFP/CFP emission ratio of the ATeam fluorescence 
represents  the ATP concentration in each compartment. In- 
terestingly,  the   Mit-ATeam   assay  was  a  far  more   sensitive 
method than the Cyto-ATeam assay in determining  OXPHOS 
activity in living cells. For example, a very low dose of oligomycin 
A (0.01 μg/mL), a specific OXPHOS  complex V (FoF1-ATP 
synthase) inhibitor, greatly reduced  the YFP/CFP  emission ratio 
of the Mit-ATeam  fluorescence that represents  [ATP]mito  within 
10 min (Fig. 1 A, Upper and B and Movie S1). In contrast,  the 
same dose of oligomycin A resulted  in a slight and slow decline 
of  the  YFP/CFP  emission  ratio  of  Cyto-ATeam  fluorescence 
(Fig. 1 A, Lower and B and Movie S1). The same phenomenon 
was observed  when  the  cells were  exposed  to  hypoxia, which 
suppresses  the activity of OXPHOS  complex IV (cytochrome  c 
oxidase). Again, [ATP]mito decreased more markedly than [ATP]cyto 
during 2.5 h of hypoxia (Fig. 1 C and D and Movie S2). These 
results indicate  that  the Mit-ATeam  assay is far more  sensitive 
for measuring  the  activity of OXPHOS  than  the  Cyto-ATeam 

assay. In addition,  OXPHOS  inhibition decreased  the YFP/CFP 
emission ratio of the Mit-ATeam  fluorescence  of HeLa  cells as 
well as cardiomyocytes  (Fig. S1), suggesting the  broad  applica- 
bility of this assay. Therefore,  we used Mit-ATeam  for the  as- 
sessment of the OXPHOS  activity in living cells. 
 
Hypoxia-Induced Gene G0s2 Affects  the  Intramitochondrial  ATP 
Concentration. The expression of genes involved in OXPHOS 
regulation  is considered  to be up-regulated in the early phase of 
hypoxia. Thus, to find unique  OXPHOS  regulators,  we focused 
on the rapidly induced genes in response  to hypoxic stimulation. 
We compared the gene expression profiles of cultured rat car- 
diomyocytes at three  different  time points  during hypoxic con- 
ditions (0, 2, and 12 h) (Fig. S2A). The expression of well-known 
hypoxia-induced genes, such as VEGF-α and hexokinase 2 mRNA 
(16, 17), was slightly up-regulated at 2 h and further enhanced  at 
12 h of hypoxia. In contrast, three other genes (Adamts1, Cdkn3, 
and  G0s2) underwent  rapid  increases  in expression  at 2 h but 
declined  at 12 h of sustained  hypoxia (Fig. S2 B and  C). This 
rapid and transient  time course of expression implies that these 
three  genes may play distinct regulatory  roles, especially in the 
early hypoxic phase, in which oxygen is limited but still available. 
To examine whether these genes are involved in the regulation of 
OXPHOS  activity, we knocked down these genes by shRNA (see 
Fig. S7A) and examined [ATP]mito using the Mit-ATeam  assay. In 
this experiment, [ATP]mito in cardiomyocytes treated  with shRNA 
for G0s2 clearly declined within 24 h compared  with the control 
cardiomyocytes (Fig. 2A and Movie S3). In addition, the time 
course of ATP decline was in agreement  with the time course of 
G0s2 depletion  (Fig. 2A and Fig. S3A). Importantly,  the over- 
expression of G0s2 restored  normal ATP levels (Fig. 2 B and C), 
and again, the  Cyto-ATeam  assay could not  detect  a significant 
effect of G0s2 knockdown within this time frame  (Fig. S3B and 
Movie S4). These findings imply that  mitochondrial ATP pro- 
duction  through  OXPHOS   was inhibited  by G0s2  ablation. 
We confirmed  that the mRNA and protein  levels of G0s2 both 
increased after 2–6 h of hypoxia and then declined after 12 h of 
hypoxia (Fig. 2 D and E). G0s2 was first reported  as a gene with 

 

 
 

 
 

Fig. 1.   Establishment of a sensitive method to assess OXPHOS  activity in living cells. (A) YFP/CFP emission ratio plots of (Upper) Mit-ATeam and (Lower) Cyto- 
ATeam fluorescence in cardiomyocytes. Various concentrations  (0.001, 0.01, 0.1, 1, and 10 μg/mL) of oligomycin  A or DMSO (control)  were added at 5 min 
(arrowhead;  n =  3). (B) Representative  sequential  YFP/CFP  ratiometric pseudocolored  images of  (Upper)  Mit-ATeam  and  (Lower)  Cyto-ATeam  in  car- 
diomyocytes. Oligomycin A (0.01 μg/mL) was added at 5 min. (Scale bars: 20 μm.) (C ) YFP/CFP emission ratio plots of Mit-ATeam and Cyto-ATeam fluorescence 
in cardiomyocytes (n = 10). (D) Representative sequential  YFP/CFP ratiometric pseudocolored  images of  (Upper) Mit-ATeam  and (Lower) Cyto-ATeam in 
cardiomyocytes. Cells were exposed to 1% hypoxia from  the time point  30 min. All of the measurements were normalized  to the YFP/CFP emission ratio at 
0 min. Data are represented as the means ± SEMs. (Scale bars: 20 μm.) 
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Fig. 2.   G0s2, a hypoxia-inducible protein,  affects 
intramitochondrial ATP concentration in cardiomyo- 
cytes. (A) Sequential YFP/CFP ratiometric pseu- 
docolored images of Mit-ATeam fluorescence in 
cardiomyocytes expressing (Upper) shRNAs for LacZ 
(shLacZ) or  (Lower)  G0s2 (shG0s2). Oligomycin   A 
(1 μg/mL) was added at the  end of  the  time-lapse 
imaging  to  completely  inhibit ATP synthesis. The 
indicated  time represents the period  after  adenovi- 
rus infection. (B) Representative YFP/CFP ratiometric 
pseudocolored images of Mit-ATeam fluorescence in 
cardiomyocytes expressing the indicated adenovirus 
for  24 h. (Scale bar: A and B, 20 μm.) (C ) The bar 
graph  shows  the  mean YFP/CFP  emission ratio  of 
Mit-ATeam  fluorescence in cardiomyocytes express- 
ing shLacZ (n = 30), shG0s2 #1 (n = 30), shG0s2 #2 
(n = 29), and shG0s2 #2 + G0s2 WT (n = 32) for 24 h. 
All of the measurements were normalized  to the 
average of the control  cells (shLacZ). ***P < 0.001. 
(D) Gene expression value plots  of  G0s2 (red line) 
and VEGF-α (Vegfa; black line) levels in cardiomyo- 
cytes under hypoxic conditions  (1% O2). Each value 
was compared with the level of Actb expression (n = 
3). Values represent the means ± SEMs. (E ) Immu- 
noblotting of the G0s2 expression in cardiomyocytes 
under hypoxic conditions  (1% O2). 

 

 
expression that was induced during the cell cycle switch from G0 
to G1 phase (18). G0s2 is expressed in many tissues and espe- 
cially abundant  in heart, skeletal muscle, liver, kidney, brain, and 
adipose  tissue (19). Although  G0s2 may play a role in cell cycle 
progression (20), the function of G0s2 in the hypoxic response 
remains unknown. 

 
G0s2 Rescues the Decline of ATP Production During Hypoxia. We next 
tested  whether  the  overexpression  of the  G0s2 before  hypoxic 
stress could prevent hypoxia-induced ATP depletion. We prepared 
cardiomyocytes overexpressing G0s2 and control cardiomyocytes. 
During sustained hypoxia, [ATP]mito gradually declined in control 
cardiomyocytes as measured  by the Mit-ATeam  assay. Notably, 
the overexpression of G0s2 before the onset of hypoxia reduced 
this decline in [ATP]mito,  which allowed the cardiomyocytes to 
promptly  recover  to baseline  levels of [ATP]mito  after  reoxyge- 
nation (Fig. 3 A and B and Movie S5). In addition, the prehypoxia 
overexpression  of G0s2 preserved  cell viability during sustained 
hypoxia (Fig. 3C). These results suggest that G0s2 can preserve 

mitochondrial  ATP production  even under  hypoxia and protect 
cells from the energy crisis under  hypoxia. 
 
G0s2 Binds to  FoF1-ATP  Synthase but  Not  Other OXPHOS  Protein 
Complexes. To  reveal  the  mechanism   by  which  G0s2  affects 
[ATP]mito,  we sought to identify the biochemical targets of G0s2. 
We screened  for G0s2 binding proteins  by immunoaffinity 
purification   of  cell  lysates  from  cardiomyocytes  expressing 
C-terminally Flag-tagged G0s2 (G0s2-Flag). G0s2-Flag is expressed 
in cardiomyocytes localized to the mitochondria (Fig. S4A). MS 
analysis revealed that multiple FoF1-ATP synthase subunits, but 
no other mitochondrial  respiratory chain complex subunits, were 
coimmunoprecipitated with G0s2-Flag (Fig. S4B and Table S1). 
FoF1-ATP synthase is a well-known ATP-producing  enzyme 
composed  of a protein  complex that  contains  an extramembra- 
nous F1  and an intramembranous Fo  domain  linked by a periph- 
eral and a central stalk (21–24). The binding of FoF1-ATP synthase 
to  G0s2-Flag  was  confirmed  by  immunoblotting   with  anti- 
bodies against several subunits of FoF1-ATP synthase (Fig. 4A). 

 

 
 

 
 

Fig. 3.   Overexpression of G0s2 before  hypoxia  rescues the decline of mitochondrial ATP production during  hypoxia. (A) Sequential YFP/CFP ratiometric 
pseudocolored images of Mit-ATeam fluorescence in cardiomyocytes expressing (Upper) G0s2 WT or (Lower) LacZ during  hypoxia and reoxygenation. (Scale 
bar: 20 μm.) (B) YFP/CFP emission ratio plots of Mit-ATeam fluorescence in cardiomyocytes expressing G0s2 WT (n = 20) or LacZ (n = 19) during  hypoxia and 
reoxygenation. All of the measurements were normalized to the ratio at time 0 and compared between cardiomyocytes with G0s2 WT and LacZ at each time 
point.  (C ) The bar graph shows the cell viability  of cardiomyocytes overexpressing G0s2 under hypoxic conditions. Cardiomyocytes expressing either LacZ or 
G0s2 WT were cultured under normoxic or hypoxic conditions for 18 h (n = 8). The asterisks denote statistical significance comparing G0s2 with LacZ. Data are 
represented as the means ± SEMs. n.s., not significant.  *P < 0.05; **P < 0.01; ***P < 0.001. 
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Conversely,  G0s2-Flag  was  coimmunoprecipitated  with  FoF1- 
ATP synthase (Fig. S4C). G0s2-Flag was also found to be asso- 
ciated with the FoF1-ATP synthase in 293T and HeLa cells (Fig. 
S4C). Both coimmunoprecipitation using an anti-G0s2 antibody 
and a reciprocal immunoprecipitation revealed that endogenous 
G0s2 interacts with FoF1-ATP synthase, whereas none of the 
proteins  in complexes I–IV or adenine  nucleotide  translocase  1 
(ANT1; also referred  to as ADP/ATP  carrier)  were coimmuno- 
precipitated with G0s2 (Fig. 4 B and C). 

Given that the G0s2 protein contains an evolutionarily conserved 
amino terminus  and one hydrophobic  domain  (HD)  (19), we cre- 
ated three G0s2 partial deletion  mutants  to identify the domain in 
G0s2  that  is important   for  binding  to  FoF1-ATP synthase  (Fig. 
S4D). Among these mutants, G0s2 ΔC and G0s2 ΔN but not G0s2 
ΔHD  bound to the FoF1-ATP synthase complex (Fig. 4D and Fig. 
S4 E and F). Furthermore, we confirmed  that G0s2 directly inter- 
acts with FoF1-ATP synthase in an in vitro pull-down assay using 
a recombinant maltose-binding protein–fused G0s2 protein and 
purified FoF1-ATP synthase from bovine heart  mitochondria  (Fig. 

 

 
 

 
 

Fig. 4.   G0s2 interacts with  the FoF1-ATP synthase in mitochondria. (A) Im- 
munoprecipitation (IP) of G0s2-Flag in  cardiomyocytes.  Cell lysates from 
cardiomyocytes expressing G0s2-Flag or LacZ were immunoprecipitated with 
an anti-Flag  antibody.  (B) IP of  endogenous  G0s2 in  cardiomyocytes. En- 
dogenous G0s2 was induced by hypoxia and immunoprecipitated using an 
anti-G0s2 antibody.  C, OXPHOS complex; FoF1, FoF1-ATP synthase. *IgG light 
chain.  (C ) IP  of FoF1-ATP  synthase in  cardiomyocytes  under  normoxic  or 
hypoxic  conditions.  Cell lysates from  cardiomyocytes  cultured  under  nor- 
moxia or hypoxia for 4 h were immunoprecipitated with an antibody against 
the whole  FoF1-ATP synthase complex or a control  IgG. *Nonspecific  band. 
(D) IP of G0s2 mutants expressed in cardiomyocytes. Cell lysates were immu- 
noprecipitated with  an anti-Flag antibody. (E) Immunostained  images of 
hypoxia-stimulated (4 h) cardiomyocytes with anti-G0s2 (green) and anti–FoF1- 
ATP synthase β-subunit (red) antibodies. (Scale bars: 20 μm.) 

S5). Immunocytochemical analysis revealed that endogenous  G0s2 
colocalized with the β-subunit of FoF1-ATP synthase (Fig. 4E). The 
knockdown of G0s2 expression by shRNA abolished G0s2 staining 
(Figs. S6 and S7A), indicating that both antibodies used for 
immunostaining  specifically recognize  G0s2.  These  data  suggest 
that G0s2 interacts  with the FoF1-ATP synthase complex through 
its HD in mitochondria  and regulates OXPHOS  activity. 
 
G0s2 Increases Mitochondrial  ATP Production  Rate. [ATP]mito   is 
mainly determined by the  rate  of ATP  synthesis by FoF1-ATP 
synthase and ATP/ADP  exchange by the ATP/ADP  translocase 
ANT1. This theory means that the increased [ATP]mito  observed 
in the  G0s2-overexpressing  cells may result  from the  increased 
ATP synthesis and/or decreased ATP/ADP exchange, although 
G0s2 did not interact with ANT1 (Fig. 4B). To resolve this issue 
and directly measure  the rate  of ATP production  in mitochon- 
dria, we used a semiintact  cell system called the  mitochondrial 
activity of streptolysin O permeabilized  cells (MASC) assay (25). 
In this assay, we permeabilized  the  plasma  membrane  to wash 
out any cytosolic components,  such as creatine and glycolytic 
substrates, but left the mitochondria intact. Furthermore, we 
treated  the cells with P1, P5-di(adenosine-5′) pentaphosphate to 
inhibit the activity of adenylate kinase. These steps allowed us to 
measure  the ATP production  rate  mostly from OXPHOS,  with 
a minimal contribution  of ATP buffering systems in the cytosol. 
The MASC assay was suitable  for accurate  measurement of mi- 
tochondrial  ATP production  rate, because mitochondria  in this 
semiintact  cell system suffered  much  smaller  damage  than  the 
isolated mitochondria  in the conventional method. Surprisingly, in 
the  MASC  assay, the  ATP  production  rate  markedly  increased 
when G0s2 was expressed in HeLa  cells that  lacked endogenous 
G0s2 (Fig. 5A). In cardiomyocytes, shRNA-mediated G0s2 
knockdown decreased  the ATP production  rate  in mitochondria, 
and the expression of G0s2 WT but not G0s2 ΔHD could restore 
the  ATP production  rate  (Fig. 5B and  Fig. S7A). In both  cells, 
complete inhibition of ATP production  by oligomycin A indicated 
that  the observed ATP synthesis was catalyzed by OXPHOS  but 
not other  metabolism  (Fig. 5 A and B). 

Next, to evaluate the physiological role of G0s2, we examined 
whether endogenous G0s2 induced by hypoxia could enhance the 
ATP production  rate. Cardiomyocytes were pretreated with hyp- 
oxia for 4 h, during which G0s2 expression was largely induced. 
We then evaluated the ATP production  rate of both hypoxia- 
pretreated and nontreated cardiomyocytes under room air con- 
ditions.  Even  under  these  equivalent  normoxic  conditions,  hyp- 
oxia-pretreated  cardiomyocytes  produced  ATP  faster  than 
nontreated control  cardiomyocytes (Fig. 5C and Fig. S7B). G0s2 
knockdown attenuated this increase  in the  rate  of ATP produc- 
tion, indicating that the enhanced  ATP production  rate resulting 
from  hypoxia  pretreatment  primarily  depends   on  endogenous 
G0s2 induction. This increased  G0s2 expression was essential for 
cell survival, because G0s2-depleted  cells died earlier than control 
cells under conditions of hypoxic stress (Fig. 5D) 

Furthermore, to assess the effect of G0s2 on cellular respiration, 
we continuously  measured  the  oxygen consumption  rate  (OCR) 
using an XF96 Extracellular  Flux Analyzer. G0s2 knockdown  de- 
creased the basal OCR of cardiomyocytes, most likely because of 
the decreased  activity of ATP synthesis (Fig. 5 E and F). In con- 
trast,  the  proton  leakage  of the  mitochondrial  inner  membrane 
and the  maximum respiratory  capacity of OXPHOS  complexes 
I–IV were unaffected  by G0s2 ablation  (Fig. 5 E and F). These 
data  show that  G0s2 knockdown  reduced  respiration  caused by 
ATP synthesis without affecting respiration  caused by proton 
leakage,  nonmitochondrial respiration,  or the  maximal respira- 
tion capacity. 

All these findings indicate that G0s2 enhances the mitochondrial 
ATP production rate by increasing the activity of FoF1-ATP synthase. 
 
Discussion 
In this study, we showed that G0s2 kinetically increased OXPHOS 
activity through direct binding to FoF1-ATP synthase. Our previous 
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Fig. 5.   G0s2 enhances the mitochondrial ATP production rate. (A and B) MASC assay of (A) permeabilized  HeLa cells expressing the indicated  plasmids or (B) car- 
diomyocytes expressing the indicated  adenovirus in the presence (dotted  lines) or absence (solid lines) of 1 μg/mL oligomycin  A (Oli A). Upper shows the ATP pro- 
duction  plots, and Lower shows the mean ATP production rates between  0 and 10 min. (A) n = 12. (B) Solid lines, n = 12; dotted  lines, n = 8. (C) MASC assay of 
permeabilized  cardiomyocytes pretreated with  hypoxia. Cells expressing the indicated  adenovirus were pretreated with  or without hypoxia for 4 h. After  the pre- 
treatment, the cells were permeabilized under room air conditions followed by MASC assay in the presence (dotted lines; n = 8) or absence (solid lines; n = 12) of 1 μg/ 
mL Oli A. Upper shows the ATP production plot, and Lower shows the mean ATP production rate between 0 and 10 min. (D) The bar graph represents the cell viability 
of G0s2-depleted cardiomyocytes under hypoxic conditions. Cardiomyocytes expressing shLacZ or shG0s2 (#2) were cultured under normoxic or hypoxic conditions for 
18 h. (E and F) The OCR in cardiomyocytes expressing shLacZ and shG0s2 (#2) under basal conditions and in response to the indicated mitochondrial inhibitors (n = 8). 
FCCP, carbonyl cyanide-4-(trifluoromethoxy)-phenylhydrazone. Data are represented as the means ± SEMs. n.s., not significant.  **P < 0.01; ***P < 0.001. 

 

 
studies of FoF1-ATP synthase have revealed that this enzyme has 
a specific structure  that connects two molecular nanomotors that 
synchronize with each other to produce ATP (26–30). These 
physically distinct structures  suggest that a specific activating fac- 
tor for FoF1-ATP synthase must exist. Combined  with the find- 
ings from this study, we hypothesize that G0s2 may lower the 
activation barrier of the FoF1-ATP synthase nanomotor and 
enhance  the  ATP  production  rate  with the  equivalent  proton 
motive driving force (PMF; i.e., the sum of the membrane  po- 
tential  and the pH gradient).  Activation barriers  might be gen- 
erated by various factors, such as friction between the stator and 
rotor of FoF1-ATP synthase, physical and electrical resistance to 
proton  transport  through  the channel,  and the existence of ro- 
tary blockers such as the  bacterial  e-subunit  and  cyclophilin D 
(31). The increased  ATP production  rate caused by G0s2 over- 
expression observed in the MASC assay supports this hypothesis, 
because the PMF in the initial phase of this assay should be the 
same. If this hypothesis is true, even with reduced  PMF, cells that 
express G0s2 should  produce  ATP  faster  than  cells that  express 

little or no G0s2. In fact, G0s2 overexpression  attenuated the de- 
cline of [ATP]mito under hypoxic conditions that reduced the PMF. 
Precise real-time measurement of the PMF is currently difficult, but 
these  hypotheses  might  be  proven  in  future  studies.  Kinetically 
faster ATP production  should accompany greater  consumption  of 
both  O2   and  PMF;  however,  our  results  suggest that  preserving 
ATP production  is more  beneficial than  preserving PMF for cell 
viability, particularly when the O2  supply is restricted but still exists. 
The transience of endogenous  G0s2 expression induced by hypoxia 
might serve to protect  tissues in the  early phase  of energy crisis. 
There  may be specific mechanisms  to  decrease  G0s2 expression 
under  prolonged  ischemia that have yet to be identified.  Another 
possible mechanism  by which G0s2 could increase  the  ATP pro- 
duction rate is that G0s2 increases the Fo-F1 coupling efficiency of 
FoF1-ATP synthase. However, this hypothesis is less likely, because 
G0s2 altered  the  oxygen consumption  rate  to increase  the  ATP 
production  rate. Although this uncoupling phenomenon has rarely 
been reported for mammalian  mitochondrial  FoF1-ATP synthase, 
we cannot  completely  eliminate  the  possibility that  intrinsically 
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uncoupled  FoF1-ATP synthase exists, because we could not ac- 
curately measure the amount  of uncoupled  FoF1-ATP synthase in 
intact cells. 

G0s2  was first  identified  in  cultured  monocytes  during  the 
drug-induced  cell cycle transition  from G0 to G1 phase (18, 32). 
A limited number  of studies have implied that G0s2 is involved 
in cell proliferation  (33), differentiation (19), apoptosis (34), 
inflammation  (35), and lipid metabolism  (36) in various cellular 
settings. Moreover,  G0s2 was reported  to localize to the cytosol 
(33),  endoplasmic   reticulum   (19),  mitochondria  (34),  or  the 
surface of lipid droplets (36). How G0s2 distinguishes these 
multiple functions is still not clear. In our hands, G0s2 is always 
localized to mitochondria,  which was shown by immunostaining 
with two antibodies  against  different  epitopes  of  G0s2  (Fig. 
S6). Complete  depletion  of mitochondrial  staining by G0s2 
knockdown strongly suggests the specific localization of G0s2 to 
mitochondria.  We also showed that  G0s2 specifically bound  to 
mitochondrial   FoF1-ATP  synthase   but   not   other   OXPHOS 
protein complexes and functionally regulated OXPHOS activity. 
Together,  these data suggest that G0s2 acts in the mitochondria. 
However, different  cellular conditions  may change the localiza- 
tion and role of G0s2. Additionally,  G0s2-mediated changes in 
ATP metabolism may possibly affect the lipid metabolism or 
cellular proliferation.  Additional  studies will reveal the 
functional  mechanisms  by which  G0s2  exerts  these  multiple 
functions in different  cellular conditions. 

In this study, we evaluated [ATP]mito and [ATP]cyto separately 
using FRET-based ATP biosensors in living cells. This dual 
evaluation revealed that [ATP]mito reflected mitochondrial ATP 
production  with much greater  sensitivity than  [ATP]cyto  (Fig. 1 
and Movies S1 and S2). Because [ATP]cyto is strongly influenced 
by the activity of various cytosolic ATP hydrolytic enzymes and 
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ATP  buffering  enzymes, [ATP]cyto  does  not  always reflect  the 
ATP availability that determines  cellular function. 

Taken  together,  our  results  indicate  that  G0s2 is a positive 
regulator  of OXPHOS  that works to increase the mitochondrial 
ATP production  rate even under hypoxic conditions. Therefore, 
enhancing the level and function of G0s2 could be beneficial for 
hypoxia- and  mitochondria-related disorders,  such as ischemic 
diseases, metabolic diseases, and cancer. 
 
Materials and Methods 
Cells were infected with adenovirus encoding FRET-based ATP indicators AT1.03 
or mit-AT1.03 to measure changes in cytosolic or mitochondrial ATP concen- 
trations, respectively. Image acquisitions and FRET analyses were performed as 
described previously with some modifications (13). For the control  of oxygen 
concentration  during  time-lapse  imaging,  digital gas mixer  for  stage-top  in- 
cubator GM8000 (Tokai Hit) was used to create hypoxic (1% O2) or normoxic 
(20% O2) condition. Additional methods are found in SI Materials and Methods. 
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a  b  s  t  r  a  c  t   
 
Aims:  We  previously reported the association of  single nucleotide polymorphisms in  the lymphotoxin 
alpha (LTa) gene with susceptibility to acute myocardial infarction (AMI)  and increased mortality after 
discharge. In the present study, we  investigated whether the adverse effect of LTa C804A  polymorphism 
on  mortality could be  pharmacologically modified by  statin treatment  after AMI. 
Methods and results: We  conducted a multicenter study that included 3486 post-AMI patients between 
1998 and 2008. During a median follow-up period of 1775 days, 247 deaths were recorded. The mortality 
rate was significantly higher in  LTa 804A  allele carriers compared to non-804A allele carriers (7.9% vs. 
5.7%, p ¼ 0.011). The  LTa 804A  allele was significantly associated with increased mortality for  post-AMI 
patients not receiving statins (hazard ratio [HR]: 1.48,  95% confidence interval [CI]: 1.03e2.12, p ¼ 0.034), 
but not for those receiving statins (HR: 1.22,  95% CI: 0.70e2.10, p ¼ 0.486). In-vitro experimental analyses 
demonstrated that  the  LTa 804A   polymorphic protein,  26Asn-LTa3,  induced  monocyte-endothelial 
interaction and endoplasmic reticulum (ER)  stress in  cardiomyocytes more strongly than  the  LTa3 

804C  polymorphic protein 26Thr-LTa3. However,  the effects of  both LTa3  proteins were decreased and 
became comparable by  the pretreatment of cells  with pravastatin. 
Conclusion: LTa C804A  polymorphism was associated with an increased risk  of mortality for AMI patients, 
although this effect was masked in  patients treated with statins. This   finding is  supported by  the 
observed attenuation of  26Asn-LTa3-mediated  monocyte-endothelial interaction and ER stress in  car- 
diomyocytes treated with pravastatin.  LTa C804A  polymorphism may have potential as  a  novel thera- 
peutic target for  secondary prevention  after AMI. 

© 2013 Elsevier Ireland Ltd. All rights reserved. 
 
 
 

Abbreviations: AMI, acute myocardial infarction; Asn,  asparagine; CI, confidence 
interval; ER,  endoplasmic reticulum; GRP,  glucose-regulated protein; HR,  hazard 
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VCAM1,  vascular cell  adhesion molecules 1. 
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1.  Introduction 
 

Myocardial infarction (MI) is one  of the major causes of death in 
developed countries. Although the implementation of  evidence- 
based therapies has  greatly reduced mortality [1,2],  the long-term 
mortality rate after discharge for  AMI remains high. Because per- 
sonal risk  after AMI survival dramatically varies demographically, 
the development of  improved secondary prevention  programs, 
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including personalized therapy approaches is necessary to reduce 
post-AMI mortality. In particular, therapeutic approaches that take 
into account genetically determined risk  may have great potential 
for   personalized  treatments   that  improve  adverse  outcomes 
after MI. 

Recently, others and we  identified that single nucleotide poly- 
morphisms (SNPs) in the genes encoding lymphotoxin alpha (LTa) 
and its associated proteins are associated with AMI onset [3e8]. LTa 
is  a  proinflammatory  cytokine with  homology to inflammatory 
cytokine tumor necrosis factor (TNF)-a [9e11] and is related with 
the development of  atherosclerotic  lesions in  coronary arteries 
[12,13]. Interestingly, SNPs in the LTa gene are  associated with both 
increased  susceptibility to  AMI  onset  post-AMI mortality  [14]. 
Based  on  the pro-inflammatory characteristics of LTa, we  hypoth- 
esized that  the  adverse effects of  LTa  polymorphism could be 
mediated by statins, which are  one  of the most widely prescribed 
medicines with anti-inflammatory properties [15]. 

Here, we  investigated the pharmacogenetic interactions be- 
tween LTa C804A  polymorphism and statins in post-AMI patients, 
and attempted to  determine the underlying mechanisms through 
in-vitro analyses. 

 

 
2.  Materials and methods 

 
2.1.  Epidemiologic data regarding the  impact of LTa C804A 
polymorphism 

 
Among 10,076 consecutive Japanese AMI patients who were 

registered in the Osaka  Acute Coronary Insufficiency Study (OACIS) 
between  1998 and 2008, we   enrolled 3486 patients  who were 
discharged alive  and submitted samples for  the genetic analysis 
performed in this study. Details of the OACIS and genotyping have 
been reported  elsewhere [14,16].  All  patients provided written 
informed consent, and the  study protocol complied with the 
Guidelines for Genome/Genetic Research issued by the Japanese 
government and was approved by  the ethics committee of  each 
institution. 

The  patients were divided into two groups according to  the 
presence  (n  ¼  1390;  statin(þ)  group) or   absence  (n  ¼  2096; 
statin(-) group) of statin treatment at discharge. In each group, the 
incidence of  all-cause mortality was compared between patients 
with the AA or CA genotype (A allele carriers) and those with the CC 
genotype (non-A allele carriers) of LTa C804A  polymorphism. LTa 
C804A polymorphism (rs1041981) was determined using an  auto- 
mated fluorescent allele-specific DNA primer assay (Toyobo Gene 
Analysis, Tsuruga, Japan) [17]. 

 

 
2.2.  Cell culture and  materials 

 
Human  umbilical vein   endothelial  cells   (HUVEC)  were pur- 

chased from Clonetics (San  Diego,  CA, USA) and cultured in EGM-2 
SingleQuots endothelial cell  medium (Clonetics) at  37  o C in  a hu- 
midified 5% CO2 incubator. Cells from passages three to eight were 
used for  experiments. THP1  cells,  a human acute monocytic leu- 
kemia cell  line,  were purchased from ATCC (Manassas, VA, USA) 
and cultured in RPMI 1640 medium (Clonetics) containing 10% fetal 
calf serum, 2 mM glutamine, and 1% penicillin/streptomycin at 37 o C 
in a humidified 5% CO2 incubator [12]. Recombinant 26Thr-LTa3 and 
26Asn-LTa3  proteins were expressed in  Escherichia coli using the 
pET29  system (Novagen, Madison, WI, USA) and purified as previ- 
ously described [8].  Cytotoxic assays were conducted in  the 
WEHI164s fibrosarcoma  cell  line  (provided by  the Institute of 
Development, Aging  and  Cancer, Tohoku  University). Pravastatin 
was obtained from Daiichi-Sankyo (Tokyo,  Japan). 

2.3.  Neonatal rat  cardiomyocyte preparation 
 

Primary ventricular myocytes were isolated from neonatal rats, 
purified by Percoll density gradient centrifugation, and pre-plated 
for  1  h  to  enrich for  cardiac myocytes (95%).  The  obtained  cells 
were plated at  a density of 7.5  x 105 cells  per  well (3.5-cm diam- 
eter), and then  cultured in  Dulbecco’s Modified  Eagle   Medium 
(Invitrogen, Camarillo, CA, USA) containing 10% fetal calf  serum, 
2 mM glutamine, and 1% penicillin/streptomycin at  37  o C in  a hu- 
midified 5% CO2 incubator [18]. 
 
2.4.  Monocyte-endothelial cell adhesion assay 
 

We previously reported that LTa3 increases monocyte-endothelial 
interactions in  vitro  [12].  To  investigate the effects of  LTa C804A 
polymorphism and statin treatment on  monocyte-endothelial cell 
interactions,  cell  adhesion assays involving THP1  cells  and HUVEC 
were conducted. As LTa C804A  polymorphism replaces threonine 
with asparagine at  residue 26  (Thr26Asn) in  the LTa3  protein,  re- 
combinant 26Thr-  and  26Asn-LTa3 were compared. For the  assay, 
HUVEC were first cultured in  96-well microplates (Asahi   Techno 
Glass, Tokyo, Japan) for two days to form monolayers, and were then 
incubated with 1 ng/ml  26Thr-LTa3 or 26Asn-LTa3 for 5 h  prior to 
performing the adhesion assay. The effects of pravastatin treatment 
on  adhesion of THP1 cells  to HUVEC were also  examined by adding 
10  mM pravastatin to HUVEC cultures 12  h before stimulation with 
LTa3 [12].  Further details of this assay are  shown in supplementary 
method. 
 
2.5.  Vascular cell adhesion molecule 1 (VCAM1) assay 
 

To determine the influence of 26Thr-LTa3 and 26Asn-LTa3 on the 
expression of VCAM1, Western blot  analysis was performed as 
previously described [12].  Briefly, total cellular protein  (10e20  mg) 
was obtained from HUVEC after stimulation with 1 ng/ml 26Thr- 
LTa3  or  26Asn-LTa3  for  6  h.  To  evaluate whether  the  effects of 
26Thr-LTa3/26Asn-LTa3  on  VCAM1 expression were influenced by 
pravastatin treatment, 10  mM  pravastatin was added 12  h  before 
26Thr-LTa3/26Asn-LTa3 stimulation of HUVEC cultures. VCAM1 and 
actin were detected using anti-VCAM1 and anti-actin antibodies, 
respectively (Santa Cruz  Biotechnology, Santa Cruz,  CA, USA). 
 
2.6.  Monocyte migration assay 
 

The  migration of  monocytes  to  HUVEC was  analyzed using 
a modified Boyden chamber method. Briefly, HUVEC were cultured 
in  the  lower compartments of  24-well  Transwell®   microplates 
(Corning, Acton,  MA, USA) for  two days to form a monolayer.  To 
investigate the effects of LTa C804A  polymorphism on  the migra- 
tion of THP1 cells  to HUVEC, HUVEC were incubated with 1 ng/ml 
26Thr-LTa3 or 26Asn-LTa3 for 5 h prior to performing the migration 
assay.  We  also  examined the effects of  pravastatin treatment on 
monocytes migration by adding 10  mM pravastatin to  HUVEC cul- 
tures 12 h before stimulation with LTa3. Further details of this assay 
are  shown in Supplementary Methods. 
 
2.7.  Endoplasmic reticulum (ER) stress  in rat  neonatal 
cardiomyocytes 
 

ER stress induced by LTa3  on  rat  neonatal cardiomyocytes was 
evaluated by  treating rat cardiomyocytes with either 10  ng/ml 
26Thr-LTa3  or  26Asn-LTa3  for  24  h.  The  effects of pravastatin on 
26Thr-LTa3/26Asn-LTa3-induced ER stress were evaluated by add- 
ing 10 mM pravastatin to cultures of rat cardiomyocytes 24 h before 
stimulation with LTa3. For Western blot  analysis, Glucose-regulated 
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protein 94  kDa  (GRP94)  and 78  kDa  (GRP78)  were detected using 
anti-GRP94 and  anti-GRP78 antibodies,  respectively  (Assay   De- 
signs, Ann  Arbor,  MI, USA), and GAPDH was detected using anti- 
GAPDH antibody (Millipore, Billerica, MA, USA). 

 

 
2.8.  Statistical analysis 

 
All statistical analyses were performed with either SPSS 11.0 

software (SPSS Inc., Tokyo, Japan) or R software (http://www.R- 
project.org/). For epidemiologic analysis, discrete variables were 
expressed as  counts or  percentages, as  indicated, and compared 
with  the  c2-test. Continuous variables were  expressed  as   the 
mean ± SD  and compared using the unpaired Student’s  t-test. 
Survival curves were constructed using the KaplaneMeier method 
and differences in mortality rates were compared between groups 
with  the  Log-rank test.  Cox  regression analyses were  used  to 
determine whether LTa C804A polymorphism was an independent 
predictor of  mortality.  For  experimental  analysis, data  are   pre- 
sented as the mean ± SE. Statistical significance was determined by 
the unpaired Student’s t-test or  one-way ANOVA followed by 
Bonferroni’s correction, except for  the analysis of  GRP78/94, for 
which ManneWhitney’s U test was used. All reported p values are 
two-sided, and statistical significance was defined as p < 0.05. 

 

 
3.  Results 

 
3.1.  Impact of LTa C804A polymorphism on mortality and  statin 
treatment in post-AMI  patients 

 
Among 10,076 consecutive Japanese AMI patients who were 

registered in the Osaka  Acute Coronary Insufficiency Study (OACIS) 
between 1998 and 2008, typing for  this polymorphism was con- 
ducted for  3506 post  AMI  patients,  and  successful typing was 
obtained for  3486 patients, which denotes  call  rate  was  99.4% 
(Suppl. Fig. 1). The  prevalence of the C804A  genotypes was as fol- 
lows: CC 1333(38.2%), CA 1592(45.7%), AA 561(16.1%) (p ¼ 0.020 by 
HardyeWeinberg equilibrium test) (Suppl. Table  1). 

After   comparing the incidence of  all-cause mortality among 
patients with the three genotypes of  LTa C804A  polymorphism, 
a similar trend of increasing mortality for patients with the AA and 
CA genotypes was detected (Suppl. Fig. 2). Therefore, we  selected 
LTa C804A polymorphism as a dominant parameter and compared 
the incidence of all-cause mortality between patients with the AA 
or CA genotype (A allele carriers) and those with the CC genotype 
(non-A allele carriers). The  baseline characteristics of all  subjects 
and the two patient subgroups, consisting of those with (statin(þ)) 
and without (statin(-)) statin treatment at discharge, are  shown in 
Table 1 and Suppl. Table 2. In both patient subgroups, no significant 
differences were detected in  the baseline characteristics between 
LTa 804A  allele carriers (AA þ CA genotypes) and non-804A allele 
carriers (CC genotypes), except for age and reperfusion therapy. Age 
was significantly younger and reperfusion rate was significantly 
higher in the former subgroup. 

A total of 247  deaths were recorded during the median follow- 
up  period of  1775 days. KaplaneMeier curves were constructed 
for patients based on LTa C804A polymorphism (Fig. 1A), revealing 
that 804A allele carriers had significantly higher all-cause mortality 
than that of non-804A allele carriers (7.9% vs. 5.7%, p ¼ 0.011). We 
also  plotted KaplaneMeier curves for  all-cause mortality among 
subgroups that were divided based on  treatment with statins at 
discharge  (Fig.  1B).   For   patients  not  receiving statin  therapy 
(statin(-)), all-cause mortality was significantly higher in 804A 
carriers compared to non-804A carriers (9.8% vs. 6.8%, p ¼ 0.025), 
but  did  not differ among those receiving statin therapy (statin(þ)) 

Table  1 
Patient demographics based on lymphotoxin alpha C804A polymorphism. 
 

LTA 804 polymorphism  p Value 
 

 Non-A allele carrier  A allele carrier  
(CC)  (AA þ AC) 
N ¼ 1333  N ¼ 2153 

Age  (y.o.) 64.7 ± 11.0  63.9 ± 11.4 0.035 
Male (%) 77.8  78.1 0.853 
BMI (kg/m2) 23.9 ± 3.4  23.8 ± 3.4 0.686 
DM  (%) 31.0  34.2 0.053 
HT (%) 58.9  59.2 0.869 
HL (%) 48.5  47.0 0.404 
Smoking (%) 64.6  65.3 0.691 
OMI  (%) 10.5  11.5 0.343 
AP (%) 24.2  24.8 0.695 
Admission < 24 h (%) 39.9  38.3 0.335 
STEMI (%) 86.4  86.5 0.959 
peak CK > 3000 (%) 31.6  34.8 0.061 
Killip > 1 at admission (%) 11.8  13.3 0.193 
T-Cho (mg/dl) at admission 197.9 ± 42.9  195.6 ± 44.7 0.145 
HDL-Cho (mg/dl) 46.8 ± 12.7  46.1 ± 12.3 0.093 
Multi-vessel disease (%) 33.9  37.3 0.050 
Reperfusion therapy (%) 89.5  91.8 0.023 
Stent (%) 78.8  77.0 0.249 
Thrombectomy (%) 39.1  39.4 0.883 
Final TIMI3  (%) 89.2  88.1 0.338 
ACEIs (%) 54.4  54.9 0.768 
ARBs (%) 23.9  24.2 0.842 
ACEIs or ARBs (%) 76.4  76.6 0.921 
Beta blockers (%) 45.0  47.6 0.135 
Ca blockers (%) 21.3  21.1 0.904 
Statin (%) 41.4  38.9 0.145 
Diuretics (%) 24.8  27.7 0.057 
Anti-platelets (%) 98.3  98.2 0.800 
Nitrates (%) 37.7  39.5 0.304 
Anti-coagulants (%) 18.8  18.4 0.816 
T-Cho (mg/dl) at discharge 186.9 ± 35.1  185.4 ± 36.4 0.339 
HDL-Cho (mg/dl) 38.8 ± 10.7  38.0 ± 10.7 0.110 

Patient characteristics between LTa 804A allele carriers (AA þ AC) and non-804A 
allele carriers (CC). 
Discrete variables are expressed as  counts or percentages, as  indicated, and were 
compared with the c2-test. Continuous variables are expressed as  the mean ± SD, 
and were compared with the unpaired Student’s t-test. 
LTa ¼  lymphotoxin alpha; BMI  ¼  body mass index;  DM   ¼  diabetes mellitus; 
HT   ¼  hypertension;  HL  ¼  hyperlipidemia;  OMI   ¼  old  myocardial infarction; 
AP ¼ angina pectoris; STEMI ¼ ST elevation myocardial infarction; CK ¼ creatinine 
kinase; T-Cho ¼ total cholesterol; HDL-Cho ¼ high density lipoprotein cholesterol; 
PCI ¼ percutaneous coronary intervention; emergent PCI ¼ PCI performed within 
24 h after the onset of MI;  Multi-vessel disease ¼ two or three vessel disease; Final 
TIMI3  ¼ final TIMI3  acquisition at reperfusion therapy; ACEI ¼ angiotensin con- 
verting   enzyme   inhibitor;   ARB    ¼    angiotensin   II    receptor    blocker;    Ca 
blockers ¼ calcium channel antagonists at discharge. 

 
 
(5.0% vs. 4.2%, p ¼ 0.345), suggesting that the mortality effects of 
LTa C804A polymorphism are  influenced by statin therapy. 

Cox’s  proportional hazard analysis confirmed that  the 804A 
allele was significantly associated with increased mortality (Table 2, 
adjusted HR 1.44,  95% CI: 1.06e1.95, p ¼ 0.018). Interestingly, this 
trend was evident for  patients without statin treatment at  dis- 
charge (adjusted HR 1.48,  95% CI: 1.03e2.12, p ¼ 0.034), but  not for 
those who were treated with statins at  discharge  (adjusted  HR: 
1.22,  95% CI: 0.70e2.10, p ¼ 0.486) (Table  2). 
 
3.2.  LTa-induced adhesion of THP1 cells to endothelial cells is 
attenuated by pravastatin 
 

As shown in  Fig. 2A, both  26Thr-LTa3 and  26Asn-LTa3,  corre- 
sponding to LTa 804C-   and 804A-polymorphic proteins, respec- 
tively, increased the adhesion of THP1 cells  to HUVEC monolayers 
when compared with controls (p  < 0.001). Notably,  exposure  of 
HUVEC to 26Asn-LTa3 led  to greater increases in the adhesion rate 
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Fig. 1.  All-cause mortality for AMI patients in relation to LTa C804A polymorphism and 
statin treatment. A. All-cause mortality rate was significantly higher in LTa 804A  allele 

 
Table  2 
Hazard ratio for  all-cause mortality among LTa 804A allele carriers in the presence 
or absence of statin prescription at discharge. 
 

 Death Total N HR 95% CI p Value 
Model 1      
Overall 247 3486 1.42 1.08e1.86 0.011 
Statin(-) 182 2096 1.44 1.04e1.98 0.026 
Statin(þ) 
Model 2 

65 1390 1.28 0.77e2.12 0.346 
Overall 247 3486 1.49 1.14e1.96 0.004 
Statin(-) 182 2096 1.54 1.12e2.13 0.008 
Statin(þ) 
Model 3 

65 1390 1.33 0.80e2.20 0.278 
Overall 199 3024 1.40 1.04e1.89 0.027 
Statin(-) 144 1784 1.48 1.03e2.12 0.034 
Statin(þ) 55 1240 1.22 0.70e2.10 0.486 

Model 1. Hazard ratio of LTa 804A allele carriers (AA þ AC) for  all-cause mortality 
(unadjusted). 
Model 2.  The  hazard ratio of  LTa 804A-allele carriers on all-cause mortality after 
being discharged alive was analyzed by Cox regression analysis. Covariates were age 
and sex. 
Model 3. Model 2 þ diabetes mellitus, hypertension, hyperlipidemia, smoking his- 
tory, peak CK 2: 3,000, multi-vessel disease, reperfusion therapy, and ACEI/ARBs, 
beta blockers at discharge. 
Abbreviations are the same as  those used in Table 1. 
 
 
compared to  that of  26Thr-LTa3  (2.36  vs.  2.03  fold,  respectively, 
compared with control; p < 0.05),  although the rate decreased and 
was comparable between the groups (1.58   vs. 1.43  fold,  respec- 
tively, p ¼ n.s.)  after the pretreatment of HUVEC with pravastatin. 
Western blotting revealed that the expression level  of VCAM1 on 
HUVEC was markedly increased by  treatment with 26Asn-LTa3 

compared to that with 26Thr-LTa3.   However,  both 26Asn- and 
26Thr-LTa3-induced  VCAM1 expression was attenuated at  similar 
levels by pravastatin (Fig. 2B). 

 
3.3.  LTa-induced monocyte migration is attenuated by pravastatin 
 

In a two-chamber migration assay, the migration rate of THP1 
towards  the  HUVEC-conditioned medium markedly increased by 
exposure  to   26Thr-LTa3 and  26Asn-LTa3 when compared with 
controls (p < 0.001). In the absence of pravastatin pretreatment, the 
migration ratio displayed a larger increase for  26Asn-LTa3 stimu- 
lation compared to  26Thr-LTa3  (2.14  vs. 1.55  fold  compared with 
control, p < 0.05),  whereas the two LTa proteins displayed similar 
small  effects in  the presence of  pravastatin (1.48   vs.  1.46   fold 
compared with control, p ¼ n.s.)  (Fig. 2C). 

 
3.4.  LTa-induced ER stress  in rat  cardiomyocytes is attenuated by 
pravastatin 
 

GRP78  expression levels in  rat  neonatal cardiomyocytes were 
increased by  LTa3   stimulation after 24  h  when compared with 
controls (p < 0.001) (Fig. 3A and B). Exposure to 26Asn-LTa3 led  to 
greater GRP78 expression compared to that induced by 26Thr-LTa3 
(1.68   vs.  1.53   fold  compared with control, p  < 0.05   by  Manne 
Whitney’s U test), although no differences in expression were 
detected after the pretreatment  of  cardiomyocytes with 10  mM 
pravastatin (p ¼ n.s.).  Similarly, GRP94  expression was also  mark- 
edly  increased following 26Asn-LTa3  stimulation compared to 
exposure to  26Thr-LTa3 (1.83  vs. 1.59  fold  compared with control, 
p  < 0.05   by  ManneWhitney’s U  test) (Fig.  3C  and D),  and no 

carriers  (AA  þ  AC,  N  ¼  2153)  (dotted  line)  than  in  non-804A  allele  carriers  (CC,    
N ¼ 1333) (solid line) (p ¼ 0.011 by the Log-rank test). B. All-cause mortality rate was 
significantly higher in  LTa 804A  allele carriers (AA þ AC) (dotted line) than in  non- 
804A    allele  carriers  (CC)   (solid  line)  in   the  subgroup  without  statin  therapy 

(statin(-))  (p  ¼ 0.025 by  the Log-rank test), whereas no  difference was detected be- 
tween the LTa C804A  polymorphism groups for  those that received statin therapy 
(statin(þ)) (p ¼ 0.345 by  the Log-rank test). 
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Fig. 2.  Effects of LTa C804A  polymorphism on  monocyte-endothelial adhesion (A) and 
induction of VCAM1 expression (B) in  the absence and presence of pravastatin treat- 
ment. Effect   of  LTa C804A   polymorphism on  THP1  cell   migration rate (C).  A. The 
adhesion rate of THP1 onto HUVEC was increased by both 26Thr-LTa3 and 26Asn-LTa3 

stimulation of  HUVEC. The  adhesion rate was higher when cells  were stimulated by 
26Asn-LTa3 than  by  26Thr-LTa3  (**p  < 0.001 vs.  control, #p < 0.05 vs.  26Thr-LTa3 

protein by the unpaired t-test), but the difference was reduced by the pretreatment of 
cells  with 10  mM  pravastatin. B. The  expression levels of  VCAM1  were increased by 
26Thr-LTa3 or  26Asn-LTa3  stimulation in  comparison with control. 26Asn-LTa3  led  to 
greater induction of  VCAM1  expression compared to 26Thr-LTa3, but  VCAM1  was 
expressed at comparable levels for both proteins following the pretreatment of HUVEC 
with 10  mM pravastatin. A representative result among five independent experiments 
is shown. C. The  migration rate of THP1 towards HUVEC was increased by both 26Thr- 
LTa3 and  26Asn-LTa3, although the rate was higher for  cells  stimulated with 26Asn- 
LTa3 (2.14 vs. 1.55 fold  when compared with control, **p < 0.001 vs. control, *p < 0.01 
vs. control, and #p < 0.05 vs. 26Thr-LTa3 by  the unpaired t-test). However, no  signif- 
icant differences were detected between the two proteins following the pretreatment 
of HUVEC with 10  mM pravastatin (1.48 vs. 1.46 fold  when compared with control by 
the unpaired t-test). 

 
differences  in   expression were detected after pravastatin pre- 
treatment (p ¼ n.s.). 
 
4.  Discussion 
 

We  previously reported the clinical impacts of polymorphisms 
in the genes encoding LTa and its related proteins on susceptibility 
to AMI and increased post-AMI mortality. The results of the present 
study further underline the importance of the LTa cascade in  the 
pathogenesis of  cardiovascular diseases by  showing that a  func- 
tional SNP in the LTa gene at C804A, which replaces threonine with 
asparagine at  residue 26  (Thr26Asn), is associated with increased 
all-cause mortality after AMI. Furthermore,  our  findings suggest 
that LTa gene polymorphism has  clinical significance as  a  thera- 
peutic target, because a  reduction of  26Asn-associated mortality 
risk  by  statin treatment was suggested in  the cohort of post-AMI 
patients, as well as in the in-vitro experimental studies. 

We found that LTa C804A polymorphism is also associated with 
increased  mortality  among  AMI  patients  registered  in   OACIS, 
a prospective observational study of AMI being conducted in Osaka, 
Japan. However, this result was not entirely unexpected, as we 
previously reported that A252G  polymorphism in  the LTa gene, 
which has a strong linkage disequilibrium with C804A, is associated 
with  increased  post-AMI mortality  [14].   Therefore,  the most 
important finding of the present study was the demonstration of 
the pharmacological modification of the C804A-related mortality 
risk  with statin treatment in  the secondary prevention setting of 
post-AMI. Our  findings also  suggest that the pharmacological 
modification mediated by statin might be attributable to decreased 
monocyte-endothelial interaction and ER stress in cardiomyocytes. 

The growth of atherosclerotic lesions involves the inflammatory 
response and is characterized by the adhesion of monocytes onto 
endothelial cells, migration of monocytes into intima, scavenging of 
lipoprotein particles, followed by  the formation of foam cells  and 
secretion of various pro-inflammatory cytokines [19].  We  recently 
demonstrated that LTa3  stimulation induces the expression of 
various genes involved in inflammation and cell  adhesion, includ- 
ing  VCAM1, which is a key  player in  the binding of monocytes to 
endothelial  cells   [20],   in  HUVEC  and  human  coronary arterial 
endothelial cells  [12,21]. In  the present study,  the stimulation of 
HUVEC with LTa 804A polymorphic protein (26Asn-LTa3) markedly 
increased both the adhesion and the migration of  monocytes to 
endothelial cells in comparison with LTa 804C polymorphic protein 
(26Thr-LTa3). Notably, the differences between 26Asn- and 26Thr- 
LTa3 were attenuated by the pretreatment of cells with pravastatin, 
a result that is consistent with our epidemiologic data. Additionally, 
we  performed the experiments to  elucidate whether or  not LTa3 
could alter the transformation of monocytes into macrophages by 
the observation of morphological change with microscopy and by 
using fluorescent-labeled  oxidized low-density  lipoprotein  (DiI- 
Ox-LDL, Biomedical Technologies Inc. Stoughton, MA, USA) fol- 
lowed by  fluorescence activated cell  sorting (FACS). However,  we 
observed no  transformation of monocytes into macrophages after 
LTa3 stimulus, whereas Phorbol 12-myristate 13-acetate (PMA) 
stimulus induced the transformation. 

Several reports have described the role  of LTa in inflammation 
and atherosclerosis. Although the LTa signaling pathway is  con- 
sidered to  be  similar in  part to  that of TNFa, LTa appears to  play 
a dominant role  in the regulation of atherosclerotic lesion growth. 
Schreyer et al. [13] showed that TNFa deficiency did not alter lesion 
development in mice fed  an  atherogenic diet, whereas the loss  of 
LTa resulted in  a three-fold decrease in  the amount of lesions. In 
addition, we  previously revealed that LTa is  expressed in  the 
atherosclerotic plaques of patients with coronary artery disease [8]. 
The   present  data suggest that  the  increased risk   of  mortality 
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Fig. 3.  Effect  of LTa C804A  polymorphism on  the induction of ER stress in rat neonatal cardiomyocytes. The  expression levels of glucose-regulated protein (GRP) 78 were increased 
in  rat cardiomyocytes by stimulation with either 26Thr-LTa3 or  26Asn-LTa3 when compared with control cells  (**p < 0.001) (A and B). 26Asn-LTa3 had a greater effect on  GRP78 
expression compared to 26Thr-LTa3 (1.68 vs. 1.53 fold  when compared with control, #p < 0.05), but GRP78  expression induction was attenuated by 10 mM pravastatin pretreatment 
for  both  26Thr-LTa3 and  26Asn-LTa3 (p  ¼ n.s.).  The  expression levels of GRP94  were also  increased by  26Thr-LTa3 or  26Asn-LTa3  stimulation when compared with control cells 
(**p < 0.001) (C and D), but were higher for  26Asn-LTa3  compared to 26Thr-LTa3 (1.83 vs. 1.59 fold,  #p < 0.05). The  induction of GRP94  expression was also  attenuated by  the 
pretreatment of cardiomyocytes with pravastatin (p ¼ n.s.). 

 

 
associated with LTa C804A polymorphism can be lowered by statin 
treatment, and that the beneficial effects of statins for 804A  allele 
carriers might be  attributable to  the attenuation of monocyte- 
endothelial interactions and cardiomyocyte degeneration. Previ- 
ous  experimental studies have revealed that statins attenuate the 
inflammatory response, including the decreased expression of 
adhesion molecules triggered by  TNFa via  the NFkB signaling 
pathway [22e25].  Considering that  LTa  shares major receptors 
(TNF receptors type I and II) with TNFa [11],  it  is  reasonable to 
speculate that statins attenuate the LTa-induced inflammatory 
response, thereby preventing atherogenesis and cardiovascular 
events. Our present experimental data support this idea,  as 26Asn- 
LTa3   stimulation  led   to   greater  human  monocyte-endothelial 
adhesion and monocyte migration compared to 26Thr-LTa3,  and 
the effects induced by  both 26Asn- and 26Thr-LTa3 were  blunted 
and became comparable following pravastatin treatment. 

Inflammation induced by pro-inflammatory cytokines is one  of 
the major causes of ER stress, which is characterized by the accu- 
mulation of unfolded proteins induced by stimuli such as oxidative 
stress and ischemia. As ER stress in cardiomyocytes is followed by 
cardiac remodeling and heart failure [18,26,27], we  evaluated 
whether LTa polymorphism is associated with the occurrence of ER 
stress. ER stress triggers the unfolded protein response, which in- 
volves a group of signal transduction pathways that ameliorate the 
accumulation of  unfolded proteins  in  the ER by  increasing the 
expression of ER-resident chaperones, such as  GRP78/94. Thus, 
enhanced expression of GRP78/94 can  be  used as  a marker of ER 
stress. Here, we  found that ER stress in  rat cardiomyocytes was 
significantly elevated by  26Asn-LTa3  stimulation compared with 
that by  26Thr-LTa3,   and that these differences were blunted by 

pravastatin treatment. These findings may partly explain our 
observation that LTa 804A allele carriers had higher mortality after 
MI in the absence of statin treatment. 

The preventive effects of statin therapy on cardiovascular events 
have been demonstrated in many clinical studies and are thought to 
be  mediated, at  least in  part, by  the pleiotropic effects, including 
anti-inflammatory and lipid-lowering activities [28e30]. However, 
despite considerable research efforts, the pleiotropic effects of 
statins remain poorly characterized and have yet to  be  demon- 
strated in the clinical setting [15].  In the present study, no  signifi- 
cant  differences were  detected  in  the  average  total  and  HDL- 
cholesterol level   between 804A  allele and non-804A allele car- 
riers in both statin(þ) and statin(-) subgroups, suggesting that LTa 
polymorphism  does  not  modify cardiovascular risk   by  altering 
serum cholesterol levels. Therefore, we  speculate that statins may 
mask the adverse effects of LTa polymorphisms via their pleiotropic 
properties, independently of their lipid-lowering effects. 

Several limitations of our  study warrant mention. First,  the 
epidemiologic analyses were based on an  observational study, and 
statin prescriptions were not randomized. However,  the bias  was 
likely  minimal, because statins were prescribed by attending phy- 
sicians without  knowledge  of  patients’  LTa genotype,  and  as 
a consequence, statin prescription was naturally “genetically ran- 
domized”.  Second, data on  the daily   doses, adherence, and dis- 
continuation  of  statin  treatment  after discharge were  lacking, 
despite the possibility that these factors may have modified the 
actual  impact  of  statin  therapy  on   LTa  polymorphism.  Third, 
although we   found that  LTa  polymorphism  is  associated with 
mortality after the onset of AMI in our  patient cohort comprised of 
Asian people who were predominantly Japanese, further analysis is 
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needed to verify the results in  other ethnic groups. Fourth,  the 
study included only  the patients with informed consent, who were 
in relatively less severity after the onset of MI, which is also a study 
limitation. 

In conclusion, our results demonstrate that the LTa 804A allele is 
significantly associated with increased mortality in  post-AMI pa- 
tients, a finding that may be attributable to the increased mortality 
risk of the 804A allele in the absence of statin treatment. Therefore, 
post-AMI patients  with LTa C804A  polymorphism  may be  good 
candidates  for    pharmacological intervention  with   statins  to 
improve long-term mortality.  Although further investigations are 
needed, genetic polymorphisms of LTa, including C804A, may 
represent suitable therapeutic targets in the near future. 
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Abstract 
Purpose Although amiodarone is recognized as the most 
effective anti-arrhythmic drug available, it has negative he- 
modynamic effects. Nano-sized liposomes can accumulate in 
and selectively deliver drugs to ischemic/reperfused (I/R) 
myocardium, which may augment drug effects and reduce 
side effects. We investigated the effects of liposomal amiodar- 
one on lethal arrhythmias and hemodynamic parameters in an 
ischemia/reperfusion rat model. 
Methods and  Results We prepared liposomal amiodarone 
(mean diameter: 113 ± 8 nm) by a thin-film method. The left 
coronary artery of experimental rats was occluded for 5 min 
followed by reperfusion. Ex vivo fluorescent imaging revealed 
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that intravenously administered fluorescent-labeled nano-sized 
beads accumulated in the I/R myocardium. Amiodarone was 
measurable in samples from the I/R myocardium when liposo- 
mal amiodarone, but not amiodarone, was administered. Al- 
though the intravenous administration of amiodarone (3 mg/kg) 
or liposomal amiodarone (3 mg/kg) reduced heart rate and 
systolic blood pressure compared with saline, the decrease in 
heart rate or systolic blood pressure caused by liposomal amio- 
darone was smaller compared with a corresponding dose of free 
amiodarone. The intravenous administration of liposomal 
amiodarone (3 mg/kg), but not free amiodarone (3 mg/kg), 
5 min before ischemia showed a significantly reduced duration 
of lethal arrhythmias (18 ±9 s) and mortality (0 %) during the 
reperfusion period compared with saline (195 ± 42 s, 71 %, 
respectively). 
Conclusions Targeting the delivery of liposomal amiodar- 
one to ischemic/reperfused myocardium reduces the mortal- 
ity due to lethal arrhythmia and the negative hemodynamic 
changes caused by amiodarone. Nano-size liposomes may 
be a promising drug delivery system for targeting I/R myo- 
cardium with cardioprotective agents. 
 
Keywords  Liposome . Amiodarone . Lethal arrhythmia . 
Ischemia . Reperfusion 
 

 
 
Introduction 
 
Therapies for the prevention and treatment of ischemia- 
induced life-threatening arrhythmias remain an unmet medical 
need [1]. Amiodarone is currently considered to be the most 
effective anti-arrhythmic drug available for treating life- 
threatening arrhythmias [2, 3], despite the fact that this com- 
pound has a negative impact on hemodynamic parameters [4, 
5]. The intravenous administration of amiodarone is expected 
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to be beneficial for the immediate treatment of arrhythmias in 
emergency settings, such as acute myocardial infarction (AMI) 
[6, 7]. However, in clinical practice, the administration of 
amiodarone remains problematic for the treatment of AMI 
[8]. Although lower doses of amiodarone result in fewer inci- 
dences of death, high doses of amiodarone can cause hypoten- 
sion and non-cardiac death, both of which may diminish the 
positive effects of amiodarone [8, 9]. Therefore, a novel deliv- 
ery system is strongly desired to enhance the anti-arrhythmic 
effects of amiodarone without producing severe side effects. 

Liposomes are widely used for drug delivery to actively 
or passively target specific organs and to improve drug 
stability in cancer and inflammatory diseases [10–12]. In 
ischemic/reperfused (I/R) myocardium, cellular permeabili- 
ty is enhanced and vascular endothelial integrity is disrupted 
[13, 14], suggesting that nanoparticles, such as liposomes, 
may be a promising drug delivery system for targeting I/R 
myocardium with cardioprotective agents [15]. Indeed, we 
have recently demonstrated that adenosine encapsulated by 
liposomes coated with polyethylene glycol (PEG) exhibited 
enhanced cardioprotective effects and attenuated side 
effects, such as hypotension and bradycardia, in an ische- 
mia/reperfusion model of rats [16]. In the present study, we 
prepared liposomal amiodarone and examined 1) the tar- 
geted accumulation of liposomal amiodarone in the I/R 
myocardium, 2) the hemodynamic effects of the intravenous 
administration of liposomal amiodarone and free amiodar- 
one, and 3) the anti-arrhythmic effects of these preparations 
in an I/R rat model. We showed that targeting the delivery of 
liposomal amiodarone to I/R myocardium reduces the mor- 
tality due to lethal arrhythmias and the negative hemody- 
namic changes caused by amiodarone in an I/R rat model. 

 
 

Methods 
 

Materials 
 

The materials used to prepare PEGylated liposomes, including 
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), 
1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), cho- 
lesterol, and 1,2-distearoyl-sn-glycero-3-phosphoethanol- 
amine-N-poly(ethylene glycol) 2000 (DSPE-PEG2000), 
were kindly donated by Nippon Fine Chemical Co. (Taka- 
sago, Hyogo, Japan). Fluorescent beads (diameter 100 nm) 
were purchased from Invitrogen. All other materials were 
obtained from Sigma-Aldrich (St. Louis, MO, USA). 

 
Animals 

 
Male Wistar rats (9 weeks old and weighing 250–310 g; Japan 
Animals, Osaka, Japan) were used. The animal experiments 
were approved by the Osaka University Research Committee 

and were performed according to institutional guidelines. All 
studies conformed to 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). 
 
Preparation of PEGylated Liposomes 
 
PEGylated liposomes composed of POPC, DPPC, cholester- 
ol, DSPE-PEG2000, and amiodarone were prepared by a thin- 
film method. Briefly, amiodarone and lipids dissolved in 
chloroform were evaporated to form a thin lipid film using a 
rotary evaporator. The lipid film was dried for at least 1 h 
under reduced pressure and then hydrated with PBS (pH 7.4). 
The liposome solution was freeze-thawed for 3 cycles with 
liquid nitrogen. The particle size of the liposomes was adjust- 
ed by extrusion through 100-nm-pore polycarbonate filters 
(Nuclepore, Cambridge, MA, USA). The liposomal solutions 
were centrifuged at 453,000 g for 15 min (CS120GXL, Hita- 
chi, Japan) to remove the untrapped amiodarone. Then, the 
liposomes were resuspended in PBS. To determine the effica- 
cy of trapping amiodarone in the liposomes, an aliquot of the 
liposomal solution was solubilized with 1 % reduced Triton 
X-100 (Sigma-Aldrich), and the amount of amiodarone was 
optically determined at 240 nm. 
 
Characterization of PEGylated Liposomes 
 
The particle size and ζ potential of PEGylated liposomes 
diluted with PBS were measured by dynamic scatter analy- 
sis (Zetasizer Nano ZS; Malvern, Worcestershire, UK). The 
analyses were performed 15 times per sample, and the 
results represent the analysis of 3 independent experiments. 
 
Experimental Protocol 
 
Targeted Delivery of Fluorescent-labeled Nano-sized Beads 
to the I/R Myocardium 
 
The rats were anesthetized with intraperitoneal sodium pen- 
tobarbital (50 mg/kg). Catheters were advanced into the 
femoral vein to infuse the drugs. Ischemia/reperfusion was 
induced by 5 min of left coronary artery occlusion followed 
by reperfusion [16]. After the hemodynamic parameters 
became stable,  fluorescent-labeled nano-size beads, 
100 nm in diameter (FluoSpheres, Invitrogen), were intra- 
venously infused to the rats for 5 min before ischemia or 
before a sham operation (n = 3, each). Fifteen minutes after 
reperfusion, the hearts were removed and cut into 5 sections 
parallel to the axis from the base to the apex. Then, ex vivo 
fluorescence images were obtained with an Olympus 
SZX12 stereoscopic microscope equipped with a DP71 
digital camera (Olympus, Tokyo, Japan) before and after 
the hearts were sliced. 
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Targeted Delivery of Amiodarone and Liposomal 
Amiodarone to the I/R Myocardium 

 
Catheters were advanced into the femoral artery and vein to 
measure the systemic blood pressure (BP) and to infuse the 
drugs into the anesthetized rats, respectively. Electrocardio- 
graphic and hemodynamic parameters, such as heart rate (HR) 
and BP, were continuously monitored during the study using a 
PowerLab system (ADInstruments, Castle Hill, Australia). After 
the hemodynamic parameters became stable, to clarify the tar- 
geted delivery of amiodarone and liposomal amiodarone to the 
I/R myocardium, we intravenously administered saline, free 
amiodarone (3 mg/kg) or liposomal amiodarone (3 mg/kg) to 
rats for 5 min before the onset of ischemia. Then, we obtained 
blood samples and myocardium from the I/R area. 

 
Effects of Amiodarone and Liposomal Amiodarone 
on Lethal Arrhythmias 

 
To evaluate the effects of amiodarone and liposomal amiodar- 
one on lethal arrhythmias, we intravenously administered saline 
(n = 7), free amiodarone (3.0 or 10.0 mg/kg) (n = 6 each), PEGy- 
lated liposomes (empty liposomes) (n = 6), and PEGylated lipo- 
somal amiodarone (3.0 mg/kg) (n = 6) for 5 min before 
ischemia. The dose of amiodarone used in this study was lower 
than that used in a previous study [17] to clarify whether 
amiodarone encapsulated by liposomes coated with PEG 
exhibited enhanced anti-arrhythmic effects. Without any pro- 
cedure such as electrical conversion or cardiac massage, ven- 
tricular tachyarrhythmias (VT/VF) occurred frequently during 
early period of reperfusion and the mortality of rats reached 
more than a half of cases in this model [18]. 

 
Measurement of Amiodarone Concentration 

 
The concentration of amiodarone in serum and heart tissue 
from the I/R area was assayed by high-performance liquid 
chromatography (HPLC) as previously described [19]. The 
detection limit of the HPLC assay was 50 ng/mL. Blood and 
myocardial samples were obtained at the end of the experi- 
mental protocol. The sample preparation was performed as 
previously described [19]. Briefly, myocardium was freed 
from visible blood, thereafter rinsed with 0.9 % sodium chlo- 
ride and stored at −20 °C until analysis. After that, myocardial 
tissue samples were finely minced and 100 mg were homog- 
enized with 0.9 % sodium chloride (1 mL) and after centrifu- 
gation, the clear supernatant was injected into HPLC. 

 
Quantitative Evaluation of Fluorescent-labeled Nano-sized 
Beads in the I/R Myocardium 

 
To analyze the quantitative fluorescent intensity, signals 
from heart slices were quantified by image analysis (Image 

J; National Institutes of Health, USA) as previously de- 
scribed [20]. The signal intensity from the heart slices was 
evaluated as the average signals of the whole heart and the 
left ventricle (LV) (Fig. 2c). 
 
Arrhythmia Analysis 
 
The electrocardiographic tracings were independently analyzed 
by two of the authors, who were blinded to the treatment 
assignment. The duration of each spontaneous ventricular tachy- 
cardia or fibrillation episode during the I/R protocol was mea- 
sured using the time scale provided by the recording software. 
Ventricular tachycardia was defined as 4 or more consecutive 
ventricular ectopic beats, and ventricular fibrillation was defined 
as a signal in which the individual QRS deflections could not 
easily be distinguished from one another. However, distinguish- 
ing ventricular tachycardia from fibrillation was often difficult 
[21]; therefore, we report ventricular tachycardia and fibrillation 
collectively as ventricular tachyarrhythmias (VT/VF) in this 
study. VT/VF duration and mortality were evaluated for 5 min 
of ischemia followed by 15 min of reperfusion. 
 
Statistical Analysis 
 
The parameters of the liposomes are expressed as the mean ± 
standard deviation (SD). Other data are expressed as the aver- 
age ± standard error of the mean (SEM). To compare the 
parameters of the liposomes, unpaired t-tests were performed. 
We performed the Welch t-test to compare the amiodarone 
concentration in the plasma and myocardium. For hemodynam- 
ic parameters, the data were assessed with the paired t-test for 
comparisons to the baseline within a group. One-way repeated- 
measurement ANOVA followed by post-hoc Bonferroni’s mul- 
tiple comparisons were used for comparisons between groups. 
To address the differences in VT/VF duration among the 
groups, we performed a non-parametric (Kruskal-Wallis) test 
followed by evaluation with the Mann–Whitney U test. The 
mortality rates were compared using the Fisher’s exact proba- 
bility test. In all analyses, P< 0.05 was considered to be statis- 
tically significant. 
 
 
Results 
 
Characterization of PEGylated Liposomes 
 
We prepared 5 types of PEGylated liposomes composed of 
POPC, DPPC, cholesterol, and amiodarone. The ratio of 
unsaturated lipids (POPC) to saturated lipids (DPPC) varied 
(Fig. 1). During preparation of the liposomes, the POPC: 
DPPC:cholesterol:amiodarone molar ratio of  10:0:5:1 
exhibited the best encapsulation efficiency for amiodarone 
compared with the other conditions (Fig. 1). 
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Hemodynamic Effects of Amiodarone and Liposomal 
Amiodarone 
 
The baseline heart rates were 411 ± 16, 426 ±14, 427 ±12, 409 ± 
8 and 414 ± 6 beats/min in the saline, empty liposome, amio- 
darone (3 mg/kg), amiodarone (10 mg/kg) and liposomal amio- 
darone (3 mg/kg) groups, respectively. The baseline systolic BP 
was 113 ±7, 118 ± 10, 111 ± 5, 90 ± 4 and 104 ±2 mmHg in the 
saline, empty liposome, amiodarone (3 mg/kg), amiodarone 
(10 mg/kg) and liposomal amiodarone (3 mg/kg) groups, re- 
spectively. There were no significant differences in the baseline 
HR or systolic BP among the groups tested. The intravenous 
administration of amiodarone (3 and 10 mg/kg) or liposomal 

Fig.  1  Encapsulation efficiency of amiodarone in the liposomes. 
Amiodarone was loaded into liposomes containing POPC, DPPC, or 
a mixture of POPC and DPPC. The liposomal amiodarone was com- 
posed of phosphatidylcholine (POPC + DPPC):cholesterol:amiodarone 
at a 10:5:1 molar ratio. The percent molar ratio of POPC in total 
phosphatidylcholine (POPC + DPPC) is indicated in the figure. The 
encapsulation efficiency of amiodarone was determined as described in 
the Methods section 

 
 
 

The dynamic light scatter analysis showed no significant 
differences between the mean diameter, polydispersity index, 
or ζ potential distribution of the empty and amiodarone- 
loaded PEGylated liposomes (Table 1). 

 
Accumulation of Fluorescence-labeled Nano-sized Beads 
in the I/R Myocardium 

 
Representative pictures obtained by fluorescence imaging 
are shown in Fig. 2a (whole heart) and b (sliced hearts). 
Quantitative analysis revealed that the average fluorescence 
intensity of the whole heart (Fig. 2c left) or the left ventricle 
(Fig. 2c right) of the I/R hearts was significantly higher than 
that in sham-operated hearts. 

 
Amiodarone Concentration in the Blood and I/R Myocardium 

 
The plasma concentration after the administration of liposo- 
mal amiodarone was significantly higher than that of free 
amiodarone (Table 2). Importantly, the amiodarone concen- 
tration in the I/R myocardium was detectable after the 
administration of liposomal, but not free, amiodarone 
(Table 2). 

amiodarone reduced both the HR and systolic BP from the 
baseline, whereas the saline or empty liposomes did not 
(Fig. 3). The time-course changes  of  both  the  HR  and 
systolic BP were significantly smaller in the liposomal 
amio daro ne  g r ou p  ( 3  m g / kg)  c o mpa r ed  with  the 
corresponding  dose  in  the  free  amiodarone  group 
(3 mg/kg) (Fig. 3). The reductions in HR and systolic 
BP at 1, but not 3, minutes after liposomal amiodarone 
administration were significantly smaller compared with 
those following the corresponding dose of amiodarone. 
 
Antiarrhythmic Effects of Amiodarone and Liposomal 
Amiodarone 
 
Representative electrocardiograms of the rats that received 
saline, free amiodarone or liposomal amiodarone are shown 
in Fig. 4. The intravenous administration of liposomal amio- 
darone (3 mg/kg), but not amiodarone (3 mg/kg), significantly 
reduced the duration of VT/VF compared with saline (Table 3). 
Furthermore, the mortality in the group that received liposomal 
amiodarone (3 mg/kg), but not the corresponding dose of 
amiodarone (3 mg/kg), was significantly lower than that in 
the saline group. In the group of rats that received a high dose 
of amiodarone (10 mg/kg), the VT/VF duration was 36 ± 12 s, 
and none of the rats died (Table 3), which was similar to the low 
dose of liposomal amiodarone group (3 mg/kg). 
 
 
Discussion 
 
In this study, we revealed that 1) liposomal amiodarone was 
successfully prepared using a thin-film method, 2) the 

 
Table 1  Characterization of liposomes by dynamic light scatter analysis 

 

 Mean diameter (nm) Polydispersity index ζ Potential (mV) 

PEGylated liposomes (empty liposomes) 
PEGylated liposomal amiodarone 

111 ± 14 
113 ± 8 

0.124 ± 0.027 
0.128 ± 0.040 

−2.1 
−3.7 

Results represent 4 independent experiments. The values are expressed as the mean ± SD. PEG polyethylene glycol 
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Fig. 2  Representative pictures 
of ischemia/reperfused a 
myocardium with and without 
fluorescence-labeled nano-sized 
beads. Representative pictures 
obtained by fluorescent imag- 
ing are shown in a (whole 
heart) and b (sliced hearts). 
Quantitative analysis revealed 
that the average fluorescence 
intensity of the whole heart (c 
left) or the left ventricle (c right) 
of the I/R hearts was signifi- 
cantly higher than that of the 
sham-operated hearts b 
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accumulation of nano-sized beads was observed in the I/R 
myocardium, 3) liposomal amiodarone showed a smaller 
reduction in the HR and systolic BP compared with free 
amiodarone, and 4) liposomal amiodarone, but not amiodar- 
one, reduced the VT/VF duration and mortality during the 
reperfusion period compared with saline. 

 
 
 

Table 2  Amiodarone concentration in the blood and I/R myocardium 

Groups                                 Plasma, ng/mL        Myocardium, ng/mL 

Saline                                      N.D.                               N.D. 
Free amiodarone  472 ± 147 N.D. 
Liposomal amiodarone 3872 ± 378*  71 ± 7* 

 
Data are expressed as the mean ± SEM. N.D. not detected. n = 3 rats in 
each group. * p < 0.05 versus free amiodarone 

Preparation of Liposomal Amiodarone 
 
This study is the first to encapsulate amiodarone in PEGy- 
lated liposomes, although it has been previously encapsu- 
lated in other liposomes [22] and micelles [23]. We 
demonstrated that lipid bilayers composed of unsaturated 
lipids are more suitable for encapsulating amiodarone in 
PEGylated liposomes compared with those composed of 
saturated lipids. PEGylated liposomes have a long circulat- 
ing time in the bloodstream because PEG endows a steric 
barrier to liposomes, allowing them to avoid interactions 
with opsonins and cells of the mononuclear phagocytic 
system [24]. Thus, they have been used to increase drug 
stability, safety, and bioavailability in clinical applications. 
In this study, we found that a higher concentration of amio- 
darone was retained in the blood when we administered 
liposomal amiodarone compared with the administration of 
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Fig. 3  Time-course changes in HR and systolic BP after drug admin- 
istration. Shows the percent change from baseline for HR (a) and 
systolic BP (b) after intravenous administration of the tested drugs. 
The data are expressed as the mean ± SEM. *P < 0.05 versus baseline, 
paired t-test. P = 0.0009  (HR),  0.0002  (systolic BP)  between 

amiodarone (3 mg/kg) and liposomal amiodarone (3 mg/kg), 1-way 
repeated-measurement ANOVA. †P < 0.05 versus saline, ‡P < 0.05 ver- 
sus amiodarone (3 mg/kg), 1-way repeated-measurement ANOVA with 
Bonferroni’s multiple comparison 

 
 
 

free amiodarone, suggesting that encapsulation of amiodar- 
one in PEGylated liposomes enhances the stability of amio- 
darone in the blood. 

 
Targeted Delivery to the I/R Myocardium by Liposomal 
Amiodarone 

 
Ex vivo fluorescence imaging revealed that fluorescence- 
labeled nano-sized beads accumulated in the I/R myocardium, 
suggesting that myocardial permeability can be enhanced in 
the I/R myocardium. Consistent with this finding, we 

observed that the amiodarone concentration in the I/R myo- 
cardium in the liposomal amiodarone group was much higher 
compared with that in the amiodarone group. Enhanced per- 
meability in the I/R myocardium and the prolonged presence 
of amiodarone in PEGylated liposomes in the blood represent 
a possible mechanism for increased amiodarone concentra- 
tions in the I/R myocardium. Amiodarone will be released 
from accumulated liposomal amiodarone in I/R myocardium 
due to the natural decay and concentration gradient. These 
findings suggest that the I/R myocardium is a promising 
passive target for liposomal drug delivery. 

 
 

Fig. 4  Representative 
electrocardiograms. The upper, 
middle and lower panels show 
representative electrocardiograms 
under baseline conditions 
during ischemia and at the 
onset of reperfusion for rats that 
received saline, free amiodarone 
(3 mg/kg) and liposomal 
amiodarone (3 mg/kg), 
respectively 
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Table 3  Lethal arrhythmias and mortality in an I/R rat model Furthermore, amiodarone protects cardiac myocytes against 
 

Number VT/VF 
duration (sec) 

 
Mortality (%) oxidative injury by scavenging free radicals [27]. These 

pleiotropic effects of amiodarone are also enhanced by its 
increased concentration in the I/R myocardium via PEGy- 

Saline 7 195 ± 42 71 
Empty liposomes 6 162 ± 31 50 
Amiodarone (3 mg/kg) 6 167 ± 78 33 
Amiodarone (10 mg/kg) 6 36 ± 12* 0# 

lated liposomes, which may contribute to the reduction of 
lethal arrhythmias during reperfusion followed by ischemia. 
In the present study, since we did not do any procedure such 
as electrical conversion or cardiac massage for VT/VF, the 

Liposomal Amiodarone 
(3 mg/kg) 

6 18 ± 9* 0# mortality was higher than in our previous report [16]. 

 
*p < 0.05 versus saline (VT/VF duration). # p < 0.05 versus saline group 
(mortality). VT ventricular tachycardia, VF ventricular fibrillation 

 
 
Minimal Negative Hemodynamic Effects of Liposomal 
Amiodarone 

 
Amiodarone causes hypotension and bradycardia in clinical 
settings [4, 5]. In this study, both free and liposomal amio- 
darone significantly reduced the HR and systolic BP; how- 
ever, the time-course changes for both the HR and systolic 
BP in the liposomal amiodarone group were significantly 
smaller compared with those following the corresponding 
dose of free amiodarone. Importantly, the reductions in HR 
and systolic BP at 1, but not 3, minutes after liposomal 
amiodarone administration were significantly smaller com- 
pared with those following the corresponding dose of amio- 
darone. These findings suggest that liposomal amiodarone 
may minimize the negative effects on systemic hemodynam- 
ics immediately after the administration of amiodarone. One 
possible mechanism to explain this finding is that amiodar- 
one on the surface of the liposome membrane is covered 
with PEG so that amiodarone cannot act directly on cardio- 
vascular cells. Gradual release of amiodarone from liposome 
may minimize the rapid hemodynamic changes, because 
systemic hemodynamic effects of liposomal amiodarone 
were significantly attenuated in liposomal amiodarone 
group than free amiodarone group. 

 
Augmented Anti-arrhythmic Effects of Liposomal 
Amiodarone 

 
In this study, liposomal amiodarone (3 mg/kg), but not the 
corresponding dose of free amiodarone (3 mg/kg), signifi- 
cantly reduced the VT/VF duration and mortality compared 
with saline in an I/R rat model. Because the acute effects of 
amiodarone are known to be attributable to blockade of Na+, 
Ca2+ and dose-dependent K+ channels [2, 25], increasing the 
concentration of amiodarone in the I/R myocardium may 
augment its anti-arrhythmic effects through its tonic effects 
on cardiomyocytes caused by blocking cardiac ionic cur- 
rents. Kishida et al. reported that amiodarone enhances nitric 
oxide production in cultured human endothelial cells [26]. 

 

Clinical Implications 
 
In clinical settings, higher doses of amiodarone cause hypo- 
tension and non-cardiac death or induce worsening heart 
failure through negative inotropic effects [28]. These effects 
often diminish the beneficial effects of amiodarone for 
patients with AMI or heart failure [8, 9]. The present study 
demonstrated that liposomal amiodarone (3 mg/kg) exerts 
anti-arrhythmic effects similar to a high dose of free amio- 
darone (10 mg/kg) while reducing the extent of bradycardia 
and hypotension, suggesting that encapsulating amiodarone 
in liposomes augments its anti-arrhythmic effects and 
reduces its negative effects on hemodynamic parameters 
with reducing administrative dose. These findings can have 
a great impact on preventing lethal arrhythmias during 
reperfusion in AMI patients. 
 
Study Limitations 
 
There are several limitations in this study. We used a brief 
period of I/R without myocardial infarction in rats. Saka- 
moto et al. demonstrated that the incidence of VT/VF in a 
rodent model was ‘bell-shaped’ with a maximum at 5 min of 
ischemia and that most lethal arrhythmias occurred within 
first 20 s after the onset of reperfusion [29]. Consistently, 
our data showed that the mean time at which the lethal 
arrhythmia occurred after the onset of reperfusion was 
3.3+/−1.6 s. Therefore, we chose the 5 min of ischemia 
followed by 15 min of reperfusion model. We also chose 
the timing of drug administration before the onset of ische- 
mia to clarify whether liposomal-amiodarone could prevent 
the lethal arrhythmia that occurs in the early period of 
reperfusion. In addition, in clinical practice lethal arrhyth- 
mias often occur after a brief period of I/R without any 
irreversible damage to the heart, indicating that the anti- 
arrhythmic effects of liposomal amiodarone during a brief 
period of ischemia model could have clinical relevance [30]. 
However, careful interpretation is necessary when using 
liposomal amiodarone in acute myocardial infarction with 
irreversible damage to confirm the beneficial effects of 
liposomal amiodarone. Furthermore, because the electro- 
physiology of rats differs from that of humans and drug 
administration in our study started before the onset of 
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ischemia, additional pre-clinical studies including a longer 
period of I/R model to consider the timing of drug admin- 
istration are needed using large animal models. We should 
also take into account that the potential side effects of 
amiodarone such as bradycardia are minimal in the left 
coronary artery occlusion model used in the present study. 

 
 

Conclusion 
 

In conclusion, the targeted delivery of liposomal amiodar- 
one to the I/R myocardium exerted strong anti-arrhythmic 
effects and reduced the negative impact on systemic hemo- 
dynamics. Nano-sized liposomes may be a promising drug 
delivery system for targeting the I/R myocardium with car- 
dioprotective agents. 
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ABSTRACT          FK506 (Tacrolimus) has the potential to 
decrease  cerebral ischemia-reperfusion  injury. How- 
ever, the clinical trial of  FK506 as a neuroprotectant 
failed due to adverse side effects. This present study 
aimed  to  conduct  the  selective  delivery of  FK506 to 
damaged regions, while at the same time reducing the 
dosage  of  FK506, by using a liposomal  drug delivery 
system. First, the cytoprotective effect  of polyethylene 
glycol-modified liposomes  encapsulating FK506 (FK506- 
liposomes)   on  neuron-like  pheochromocytoma  PC12 
cells was examined.  FK506-liposomes protected  these 
cells from H2O2-induced  toxicity in a dose-dependent 
manner. Next, we investigated the usefulness of FK506- 
liposomes in transient middle cerebral artery occlusion 
(t-MCAO) rats. FK506-liposomes accumulated in the 
brain parenchyma by passing through the disrupted 
blood-brain barrier at an early stage after reperfusion 
had been initiated. Histological  analysis showed that 
FK506-liposomes strongly suppressed  neutrophil inva- 
sion and apoptotic cell death, events that lead to a poor 
stroke outcome. Corresponding to these results, a single 
injection of FK506-liposomes at a low dosage signifi- 
cantly reduced cerebral cell death and ameliorated 
motor function  deficits in t-MCAO rats. These  results 
suggest  that liposomalization  of  FK506 could  reduce 
the administration dose  by enhancing the therapeutic 
efficacy; hence,  FK506-liposomes should be a promis- 
ing neuroprotectant after cerebral stroke.—Ishii, T., 
Asai, T., Oyama, D., Agato, Y., Yasuda, N., Fukuta, T., 
Shimizu, K., Minamino, T., Oku, N. Treatment of 
cerebral  ischemia-reperfusion  injury with PEGylated 

 
 
 

Abbreviations: DDS, drug delivery system; DiI-C18, 1,1=- 
dioctadecyl-3,3,3=,3=-tetramethylindocarbocyanine; DPPC, di- 
palmitoylphosphatidylcholine; DSPE, distearoylphosphatidyle- 
thanolamine; FK506-liposome, polyethylene glycol-modified 
liposomes   encapsulating  FK506;  HCO-60,  polyoxyethylene 
(60)  hydrogenated castor oil; HS, horse  serum;  ICA, internal 
carotid  artery;  I/R, ischemia-reperfusion; IVIS, in vivo imag- 
ing system; MCA, middle  cerebral artery; MPO, myeloperox- 
idase;  NGF, nerve  growth  factor;  PEG, polyethylene glycol; 
t-MCAO, transient middle   cerebral artery  occlusion;   TTC, 
2,3,5-triphenyltetrazolium chloride;  TTW,  therapeutic time 
window; TUNEL,  terminal deoxyribonucleotidyl transferase 
(TDT)-mediated dUTP-digoxigenin nick end  labeling 

liposomes     encapsulating    FK506.    FASEB  J.     27, 
1362–1370 (2013).  www.fasebj.org 
 
Key  Words: neuroprotectant · tacrolimus · apoptosis · infla- 
mmation · motor   function 
 
 
After restoration of blood flow in cerebral stroke 
patients,  cerebral  ischemia-reperfusion (I/R)   injury 
often  occurs,  resulting in  neurological deficits  (1,  2). 
Hence, the  development of  neuroprotective  therapy 
for  this  type  of  injury  has  been  awaited  for  a  better 
outcome after  a cerebral stroke.  Although >1000  can- 
didate  compounds have shown potency  as a neuropro- 
tectant, and  >100  of them  have been  tested  in clinical 
studies  in  the  past,  none of  them  have  passed  these 
trials due  to insufficiency  of medicinal efficacy and  to 
adverse side effects (3, 4). To overcome the present 
situation, we previously applied the liposomal  drug 
delivery system (DDS) to the treatment of cerebral I/R 
injury (5).  When 100 nm liposomes  were intravenously 
injected immediately after the start of reperfusion, they 
selectively accumulated in  the  I/R  region, suggesting 
that drug  delivery using liposomes  is applicable for 
treatment of I/R injuries.  Moreover,  liposomes  modi- 
fied with the antiapoptotic protein asialoerythropoietin 
significantly  suppressed cerebral cell death and  im- 
proved  motor functional deficits induced by I/R injury 
in transient middle  cerebral artery occlusion (t-MCAO) 
rats  by increasing the  accumulation of the  protein in 
the injured region  compared with the outcome for the 
free  asialoerythropoietin-treated group. This finding 
offers  the  possibility  that  liposomal   DDS could  be  a 
useful strategy for the treatment of cerebral I/R injury. 
However,  the  efficacy of liposomal  DDS for treatment 
of cerebral I/R injuries has been proven for just a single 
protein, i.e., asialoerythropoietin. Accordingly, more 
study is needed to reinforce the utility of this therapeu- 
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tic strategy. The  therapeutic effect of liposomes  encap- 
sulating  a neuroprotective chemodrug on  I/R  injury 
has not been  examined yet. Therefore, in this study 
designed for achieving  this purpose and  developing a 
novel  neuroprotectant, we prepared polyethylene gly- 
col (PEG)-modified liposomes  encapsulating FK506 
(FK506-liposomes). 

The   immunosuppressant  FK506  has   been   widely 
used to prevent  allograft  rejections in clinical organ 
transplantation, and  was also recently  reported to be a 
drug  candidate for  the  treatment of  acute  stroke  in 
animal  studies (6 – 8). Calcineurin is activated by exces- 
sive influx  of Ca2+ into  cerebral cells after  a cerebral 
ischemic   event,  resulting  in  the   induction  of  nitric 
oxide,  generation of inflammatory cytokines,  and  the 
release   of  cytochrome  c  (9 –12).  FK506  inhibits   the 
activation  of calcineurin by associating  with the FK506- 
binding protein  (FKBP)  in  neuronal cells  and  glial 
cells; hence, it shows a neuroprotective effect on exper- 
imental stroke models. However, the frequent admin- 
istration  of FK506 required to achieve a good  outcome 
has  the  risk  of  developing side  effects  such  as heart 
deficits and nephrotoxicity. The liposomalization of 
FK506 is a promising approach for changing the  bio- 
distribution and negating the problem of poor  water 
solubility (13, 14). The liposomal  formulation of FK506 
is as effective as an equal  dose of commercial FK506 in 
preventing the  rejection of transplant grafts,  but  with 
considerably less nephrotoxicity (14).  The efficient 
delivery  of  FK506 to  ischemic  regions  by using  lipo- 
somes might potentially  reduce the administration  dos- 
age without  changing neuroprotective efficacy. In  the 
present study, we assessed the potential of FK506- 
liposomes  as a neuroprotectant against cerebral I/R 
injury by investigating their  cerebral distribution, phar- 
macological  activity, therapeutic effect, and therapeutic 
time  window in t-MCAO rats. 

 
 
 

MATERIALS  AND METHODS 
 

Animals 
 

Male Wistar rats (170 –210 g) were purchased from Japan SLC, 
Inc. (Shizuoka, Japan). The animals were cared for according to 
the Animal Facility Guidelines of the University of Shizuoka. All 
animal  procedures were approved by the Animal and Ethics 
Review Committee of the University of Shizuoka. 

 
Preparation of FK506-liposomes 

 
The  lipid  composition of FK506-liposomes  was dipalmitoyl- 
phosphatidylcholine (DPPC)  and distearoylphosphatidyletha- 
nolamine (DSPE)-PEG  (molecular weight of PEG was 2000) 
in a 20:1 molar  ratio.  FK506-liposomes were prepared by the 
following freeze-drying  method: FK506 was dissolved in meth- 
anol  and  added to  a flask containing the  above  lipids  dis- 
solved in tert-butylalcohol. The molar  ratio of FK506 to DPPC 
was 1:50. The  solution  was lyophilized,  and  then  the  lyophi- 
lizate was hydrated with PBS (pH  7.4) at 50°C. The liposome 
solution  was freeze-thawed  for 3 cycles with liquid  nitrogen. 
Then   the   particle   size  of  the   liposomes   was  adjusted   by 

extrusion through 100-nm pore-size  polycarbonate filters 
(Nuclepore, Cambridge, MA, USA). Unencapsulated FK506 
was removed by ultracentrifugation at 604,000  g for 15 min 
(Hitachi, Tokyo, Japan), and  the  concentration of FK506 in 
the  liposomes  was determined by HPLC (Hitachi). Final 
liposomal  concentration was 10 mM as DSPC. FK506-lipo- 
somes were dissolved in tetrahydrofuran, and 20 j.Ll of the 
solution  was injected into  an octadecylsilane (ODS)  column 
(TSK gel  ODS-80TM, 4.6X150  mm,  Tosoh,  Tokyo,  Japan). 
The  mobile  phase  consisted  of acetonitrile and  water  (3:2, 
v/v).  HPLC analysis was performed at 60°C and a flow rate of 
1 ml/min with UV detection at 214 nm. For the cerebral 
distribution study, 1,1=-dioctadecyl-3,3,3=,3=-tetramethylindo- 
carbocyanine (DiI-C18; Molecular  Probes  Inc.,  Eugene, OR, 
USA)  was mixed  with  the  initial  lipid  solution   for  fluores- 
cence  labeling  of the  liposomes. 
 
Cell culture 
 
Pheochromocytoma cells [PC12 cells; European Collection of 
Cell Cultures (ECACC), Porton Down, UK] were cultured in 
high-glucose DME medium (Wako, Osaka, Japan)  supple- 
mented  with  streptomycin  (100   j.Lg/ml),   penicillin  (100 
U/ml),  heat-inactivated 5% fetal  bovine  serum  (FBS; Japan 
Bioserum,  Tokyo, Japan), and 10% horse  serum  (HS; MP 
Biomedicals,   Solon,   OH,   USA)  at  37°C  in  a  humidified 
chamber with  5%  CO2. PC12  cells  were  plated   on  poly-d- 
lysine-coated   24-well  plates   for  the   WST  (viability)   assay. 
These cells were caused to differentiate into nerve-like cells by 
adding   nerve  growth  factor  (NGF)  at  100  ng/ml to  DME 
medium containing 0.5% HS. Five days after incubation with 
NGF, these  cells were used  for subsequent experiments. 
 
Cell proliferation assays 
 
FK506-liposomes (0.01, 0.1, or 1.0 j.LM as FK506 dosage) or free 
FK506 (1.0  j.LM)  were  added to  differentiated PC12  cells  in 
24-well plates.  H2O2 was added to each  well to a final concen- 
tration of 75 j.LM at 30 min after  addition of the  samples.  The 
number of viable cells was measured by using TetraColor One 
(Seikagaku, Tokyo, Japan). Briefly, TetraColar One solution  was 
added to each well, and the cells were then incubated at 37°C for 
3 h  in  a humidified atmosphere containing 5%  CO2. Absor- 
bance  at 450 nm was measured by using a Tecan  Infinite  M200 
microplate reader (Tecan, Männedorf, Switzerland). FK506 was 
dissolved in ethanol, and the final concentration of ethanol was 
0.1% in medium. 
 
t-MCAO rats 
 
Preparation of t-MCAO rats was performed as described 
previously (15).  Briefly, anesthesia was induced with 3% 
isoflurane and  maintained with 1.5% isoflurane during  sur- 
gery. During  surgery,  the  body  temperature of the  rats  was 
maintained  at  37°C  with  a  heating  pad.   After  a  median 
incision  of the  neck  skin had  been  made,  the  right  carotid 
artery,  external carotid   artery,  and  internal carotid   artery 
(ICA)  were  isolated  with  careful  conservation of  the  vagal 
nerve.  An �18 mm  4-0 monofilament nylon  suture  coated 
with silicon was introduced into  the  right  ICA and  advanced 
to the  origin  of the  MCA to occlude  it. Silk thread was used 
for ligation  to keep  the  filament  at the  site of insertion into 
the  MCA. After the  surgery,  the  neck  was closed;  anesthesia 
was then  discontinued. MCAO was performed for 1 h. Success 
of the  surgery  was judged  by the  appearance of hemiparesis 
and an increase  in body temperature (>37.8°C). Reperfusion 
was started  by withdrawing  the filament  �10 mm at 1 h after 
the  start of occlusion under isoflurane anesthesia. 
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Drug administration 
 

Polyoxyethylene (60)  hydrogenated castor oil (HCO-60; 200 
mg/ml), including 10%  ethanol was used  as vehicle  for  free 
FK506. FK506 or FK506-liposomes were intravenously injected at 
a single dose of 30, 100, or 300 j.Lg/kg body weight (0.5 ml/rat) 
immediately after  the  start  of reperfusion. In  the  therapeutic 
time window study, the injection time was shifted as indicated in 
the legend  of Fig. 6. It was reported earlier  that the vehicle has 
no effect on the outcome of ischemia  (6, 16, 17). 

 
Cerebral distribution of FK506-liposomes 

 
PEGylated liposomes  and FK506-liposomes were fluorescently 
labeled  with DiI-C18   as described above.  They  were intrave- 
nously injected into  the  t-MCAO rats at the  start  of reperfu- 
sion. The rats were euthanized at 3 or 24 h after the injection, 
and their  brains  were sliced into 2-mm-thick coronal sections 
with a rat brain  slicer (Muromachi Kikai, Tokyo, Japan). All 
sections were put on glass slides, and  the  fluorescence of DiI 
was measured with an in vivo imaging  system (IVIS; Xenogen 
Corp.,  Alameda,  CA, USA). Thereafter, these  sections  were 
embedded in optical  cutting  temperature (OCT) compound 
(Sakura, Finetech., CO Ltd., Tokyo, Japan)  and  then  frozen 
in a dry ice/ethanol bath. These frozen sections were cut into 
10-j.Lm ones with a cryostat (HM505E; Microm, Walldorf, 
Germany) for subsequent immunostaining experiments. Av- 
erage  photon counts  in  I/R region  were calculated from  4 
rats at each  time. 

 
Immunostaining for CD31 

 
The  sections  were incubated with 1% bovine  serum  albumin 
in  PBS for  10 min  at  room  temperature for  blocking,  and 
then  with biotinylated anti-mouse CD31 rat monoclonal 
antibody  (BD Pharmingen, Franklin Lakes, NJ, USA) for 18 h 
at 4°C, and  thereafter with streptavidin-Alexa  fluor  488 con- 
jugates  (Molecular Probes  Inc.)  for 30 min  at room  temper- 
ature.  Finally, the  sections  were mounted with Perma  Fluor 
Aqueous  Mounting Medium  (Thermo Shandon, Pittsburgh, 
PA, USA) and observed  for fluorescence in the striatum  with 
an LSM microscope system (Carl Zeiss Co., Ltd., Oberkochen, 
Germany). 

 
Terminal deoxyribonucleotidyl  transferase (TDT)-mediated 
dUTP-digoxigenin nick end labeling (TUNEL) staining 

 
Brains  of  t-MCAO  rats  were  dissected   at  24  h  after   the 
injection of FK506-liposomes (100  j.Lg/kg as FK506 dosage), 
free FK506 (100 j.Lg/kg), PEGylated liposomes  (same  lipid 
concentration as FK506-liposomes),  or PBS; embedded in 
optimal  cutting  temperature (OCT) compound (Sakura 
Finetek,  Torrance, CA, USA); and  then  frozen  in dry ice/ 
ethanol. Frozen  sections  (10  j.Lm) were prepared by using  a 
cryostatic   microtome  (HM   505E,  Microm,   Walldorf,   Ger- 
many) and were stained  with TUNEL reagents supplied in an 
ApopTag Plus fluorescein in situ apoptosis  detection kit 
(Chemicon International, Inc.,  Temecula, CA, USA), as de- 
scribed  below.  For  fixation  of the  sections,  they  were  incu- 
bated  in 4% paraformaldehyde for 15 min at room  tempera- 
ture,  and then  in ethanol/acetic acid (2:1) solution  for 5 min 
at -20°C.  DNA strand  breaks  were labeled  with the  digoxi- 
genin-conjugated terminal deoxynucleotidyl transferase en- 
zyme by incubation for 1 h at 37°C. Then,  the  sections  were 
incubated in antidigoxigenin-fluorescein solution  for 30 min 
at room temperature. Finally, the sections were mounted with 
Perma Fluor aqueous mounting medium including DAPI (1.0 
j.Lg/ml) and  observed  for fluorescence with the  LSM system. 

The  observed  area  in the  striatum  was similar to the  imaged 
region  in Fig. 2C, D. For quantitative evaluation, the number 
of TUNEL-positive  cells was counted in  4 sections/rat. Five 
rats were used  to obtain  the  quantitative data. 
 
Histological analysis of neutrophil influx 
 
Frozen  sections (7 j.Lm) were prepared as described above. For 
fixation  of these  sections,  they were incubated in acetone for 
1 min  at room  temperature, and  then  in 0.3% H2O2 solution 
for 30 min at room temperature. After having been blocked with 
fetal bovine serum for 20 min at room temperature, the sections 
were incubated with anti-myeloperoxidase (MPO) rabbit  poly- 
clonal  antibody  (Thermo Fisher Scientific, Rockford,  IL, USA) 
for 30 min at room temperature. A Vectastain ABC rabbit IgG kit 
and DAB peroxidase substrate kit (both from Vector Laborato- 
ries, Inc., Burlingame, CA, USA) were used for identification of 
neutrophils in the  sections.  Finally, the  sections  were counter- 
stained  with hematoxylin and  observed  microscopically (BX51; 
Olympus, Tokyo, Japan). The observed  area in the striatum  was 
similar to the imaged  region  in Fig. 2C, D. 
 
Therapeutic experiment 
 
FK506-liposomes  (30  or  100 j.Lg/kg  as FK506 dosage), PBS, 
free  FK506 (30, 100, or 300 j.Lg/kg), or vehicle (200  mg/ml 
HCO-60 including 10% ethanol in PBS) for FK506 were 
intravenously injected into t-MCAO rats immediately after the 
start  of  reperfusion. The  volume  of  damaged region, the 
degree of brain  swelling, and  the  functional outcome of rats 
were assessed at 24 h after  the  injection. For the  functional 
outcome study,  the  rats  underwent a 21-point  neurological 
score analysis prior  to sacrifice, as described previously (18). 
All of the  normal and  sham-operated rats received  21 points 
in this test. After this study, the  brains  of t-MCAO rats were 
sliced  into  2-mm-thick  coronal sections  by using  a rat  brain 
slicer (Muromachi Kikai) and  stained  with 2,3,5-triphenyltet- 
razolium  chloride (TTC; Wako) for the detection of cerebral 
cell death. The volume of the damaged regions was calculated 
by using an image-analysis system (Image J; U.S. National 
Institutes of Health, Bethesda, MD, USA). The  damaged 
regions  were considered to be those appearing completely 
white.  Brain  swelling was calculated as the  ratio  of volumes 
between  ipsilateral  and  contralateral hemisphere sections. 
 
Assessment of therapeutic time window 
 
t-MCAO rats were intravenously injected with FK506-lipo- 
somes (30 or 100 j.Lg/kg as FK506 dosage) or PBS at various 
times after  the  start of reperfusion. The  volume  of damaged 
regions  was assessed  at  24  h  after  injection by using  TTC 
staining  as described above. 
 
Statistical analysis 
 
Statistical analysis was performed by 1-way analysis of variance 
(ANOVA)  followed  by Dunnett’s multiple comparison tests. 
Data are presented as means  :!: sd. 
 
 
RESULTS 
 
FK506-liposomes protected differentiated  PC12 cells 
from H2O2-induced  toxicity 
 
The  particle  size and  {-potential  of FK506 liposomes 
were 109 :!: 4.3 nm and -7.2 :!: 0.7 mV, respectively. To 
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assess the pharmacological activity of FK506-liposomes, 
we examined the cytoprotective effect of them  on 
differentiated PC12 cells treated with H2O2. The  num- 
ber   of  live  PC12  cells  was  decreased  to  �40%  by 
exposure to H2O2 (Fig. 1). FK506-liposomes suppressed this 
cell death induced by H2O2 in a dose-dependent man- 
ner, whereas empty-liposomes (PEGylated  liposomes) 
showed  no  cytoprotective effect  against  the  H2O2-in- 
duced toxicity. 

 
 

FK506-liposomes diffused  into the brain parenchyma 
only in the ischemic hemisphere 

 
The    intracerebral   distribution  of   FK506-liposomes 
given  immediately  after   the   start  of  reperfusion to 
t-MCAO rats  was observed  at 3 h  (Fig.  2A) and  24 h 
(Fig. 2B) after  the  injection. The  fluorescence of DiI- 
labeled  FK506-liposomes was observed  only in the isch- 
emic hemisphere at both time points. Immunohistolog- 
ical  analysis  revealed   that   the   FK506-liposomes  had 
leaked into the brain parenchyma from cerebral vessels 
in the ipsilateral  hemisphere (Fig. 2C, D). Moreover, 
higher DiI fluorescence intensity  was detected in  the 
brain  sections prepared at 24 h after the injection than 
in  those   prepared  at  3  h  (Fig.  2E)  after   it,  which 
suggests that  the  accumulation of FK506-liposomes  in 
the  brain  parenchyma gradually  increased by continu- 
ous  leakage   from   cerebral  vessels  according  to  en- 
hanced permeability and  the  retention effect.  In  con- 
trast, no leakage of them  into the cerebral parenchyma 
of the  contralateral hemisphere occurred. 
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FK506-liposomes showed antiapoptotic effect  in 
t-MCAO rats 
 
At 24 h after the injection of each sample,  apoptosis  of 
the  cerebral cells in t-MCAO rats was identified by 
TUNEL staining  (Fig. 3). TUNEL-positive cells were 
detected in neither the striatum  nor the cerebral cortex 
in  the  nonischemic hemisphere (data  not  shown).  A 
number of apoptotic cells were observed  in the control 
group and  free FK506-treated  group (Fig. 3A, B). This 
dosage  (100 j.Lg/kg) of free FK506 was too low to exert 
an   antiapoptotic  effect   in   t-MCAO  rats.   However, 
FK506-liposomes obviously reduced the number of 
TUNEL-positive cells despite  the same dosage as free 
FK506. Quantitative analysis of TUNEL-positive cells 
elucidated the  difference between   each  group  (Fig. 
3C). In the FK506-liposome-treated group, the number 
of  apoptotic  cells  in  the   striatum   was  significantly 
reduced compared with that in the other groups.  In 
contrast to  this  result,  there was no  significant  differ- 
ence   in  the   cortex   between   FK506-liposome-treated 
group and  other groups,  even  though this  treatment 
tended to suppress  the  cerebral apoptosis.  Empty lipo- 
somes  had   no  effect  on  apoptosis   induced  by  I/R 
injury. 
 

 
FK506-liposomes suppressed neutrophil invasion 
induced by I/R 
 
To evaluate anti-inflammatory effect of FK506-lipo- 
somes,  we examined neutrophil invasion  into  I/R re- 
gions  as  an  indicator of  intracerebral  inflammation 
(Fig. 4). In the  nonischemic hemisphere of all groups, 
almost  no  MPO-stained  cells were identified (data  not 
shown).  Conversely, a number of neutrophils that  had 
infiltrated were detected in the striatum  and the cortex 
of the  ischemic  hemisphere (Fig. 4A, control). In the 
FK506-liposome-treated group,  few MPO-positive  cells 
were observed  in the striatum, whereas they were more 
numerous in the cortex.  The quantitative analysis re- 
vealed that FK506-liposomes reduced the number of 
infiltrating neutrophils in the  striatum  by �80%, and 
significantly  suppressed neutrophil invasion compared 
with the treatment with the same dosage  of free FK506 
(Fig. 4B). 
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Figure  1.  FK506-liposome-mediated attenuation  of  H2O2- 
induced cytotoxicity  toward  differentiated PC12 cells. PC12 
cells were caused  to differentiate by the  addition of NGF at 
100 ng/ml to culture medium supplemented with 0.5% HS. 
After 5 d in culture for differentiation, FK506-liposomes, free 
FK506, or  empty  liposomes  (Empty-Lip) were added to  the 
culture medium, and then  H2O2 was added to each well. After 
24 h, viable cell numbers were determined by performing the 
WST assay. Final lipid concentration of empty liposomes  was 
same as that of FK506-liposomes. Data are presented as means :!: sd 
(n�6). *P < 0.05, **P < 0.01, ***P < 0.001 vs. H2O2-treated 
group. 

t-MCAO caused  cerebral cell death and  brain  swelling 
in these experimental model  rats. Treatment with free 
FK506 at 30 or  100 j.Lg/kg  hardly  affected  the  dam- 
aged   region   and   brain   swelling  induced  by  I/R, 
whereas  FK506-liposomes  at  these  same  dosages  as 
the  free  drug   significantly  reduced the  amount of 
brain  damage  (Fig.  5A, B). Furthermore, administra- 
tion of FK506-liposomes at 100 j.Lg/kg showed thera- 
peutic  efficacy quite  similar  to that  obtained with the 
free drug at 300 j.Lg/kg. These results suggest that 
liposomalization of FK506 enhanced its cytoprotective 
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Figure 2.  Cerebral distribution of DiI-labeled  FK506-liposomes  in  t-MCAO 
rats.  A,  B) Localization   of  DiI-labeled  FK506-liposomes  in  the  brain  slices 
prepared at 3 h (A) or 24 h (B) after injection was observed  with IVIS. Color 
shows the relative level of fluorescence intensity,  ranging from low (blue), to 
medium (green), to high (yellow, red). After imaging with IVIS, 10-j.Lm frozen 
sections were made  from these brain  slices and immunostained for CD31. 
Fluorescence images of each  frozen  section  were observed  by confocal  laser 
scan microscopy.  C, D) Intracerebral distribution of DiI-labeled  FK506- 
liposomes  in the ischemic  and nonischemic hemispheres at 3 h (C) and 24 h 
(D) after  injection. Green  fluorescence shows cerebral vessels; red,  the 
fluorescence  of  DiI;  yellow,  the   colocalization  of  vessels  and   DiI-labeled 
FK506-liposomes.  These  results  are  representative data  from  4 independent 
animal  experiments, all of which showed similar results. Isc-hem, ischemic 
hemisphere (ipsilateral hemisphere); non-isc-hem,  nonischemic hemisphere 

(contralateral hemisphere). Scale bar � 20 j.Lm. E) Average photon counts  in the  ischemic  hemisphere were determined 
by the  image  of brain  slices with IVIS (n�4). *P < 0.05. 

 
 

effect due  to improved biodistribution. In accordance 
with several reports, the extent  of cerebral cell death, as 
indicated by reduced brain  volume (Fig. 5A), and  that 
of brain  swelling (Fig. 5B) were similar in both  control 
(PBS-injected) and  vehicle-injected groups. 

The  therapeutic time  window  (TTW)   of  agents  is 
critical  information for  developing neuroprotectants, 
particularly in designing the  clinical trial. The  TTW of 
FK506-liposomes was estimated by altering the  time  of 
injection after the commencement of reperfusion (Fig. 6). 
The  volume  of brain  damage  in the  t-MCAO rats  was 
significantly  decreased by the  dose of FK506-liposomes 
administered at  30  j.Lg/kg  as FK506 up  through 2 h 
after  reperfusion had  begun. However,  the  treatment 
with  the  same  dose  of FK506-liposomes  given  at  3 h 
after  the  start  of reperfusion or  later  had  almost  no 
effect on cerebral cell death, as judged  by the results of 
TTC staining.  Moreover,  a higher amount of FK506- 
liposomes  (100  j.Lg/kg  as FK506) injected at 3 h after 
reperfusion had  begun   also  scarcely  suppressed the 
brain  damage. Taken  together, these data indicate that 
the  therapeutic time  window for FK506-liposomes  was 
up to 2 h after MCAO/reperfusion in this experimental 
model  rat, and suggest that the injection of them  at an 
early time  would result  in a good  outcome. 

The  motor ability of the  t-MCAO rats was evaluated 
based  on  the  21-point  motor score  (Fig.  7).  In  the 
control group, hemiparesis was observed  at 24 h after 
the start of reperfusion, resulting in a low score. On the 
other hand, t-MCAO rats treated with FK506-liposomes 
showed  alleviated  hemiparesis, especially in their  hind 
legs.  This  recovery  probably  contributed to  the  high 
scores on the inclined platform test, horizontal bar test 
(forepaws   placed   on   ribbed  bar),   and   circling   test 
obtained for the FK506-liposome-treated animals (Sup- 
plemental Table S1). The administration of free FK506 
at 300 j.Lg/kg  also significantly  improved motor func- 
tion   deficit.   These   results   correlated  well  with  the 
extent  of cerebral cell death and  swelling. 
 

 
 
DISCUSSION 
 
The  present study showed that  FK506-liposomes signif- 
icantly  suppressed neutrophil  invasion  and  apoptotic 
cell  death, and   ameliorated  neurological  deficits  in 
t-MCAO rats compared with free FK506. The liposomal- 
ization   of  FK506  might   lead  to  an  increase   in  the 
amount of drug  accumulation in I/R regions.  The 
disruption of blood-brain barrier is induced at an early 



FK506-LIPOSOMES  REDUCE ISCHEMIC  STROKE DAMAGE 1367  

    

 

    

    

 FK506-  Empty B FK506-  Empty 
Control liposomes FK506 liposomes Control liposomes FK506 liposomes 

T
U

N
E

L+
/m

m
2  

T
U

N
E

L-
 

po
si

tiv
e 

ce
lls

 
C

or
te

x 
S

tr
ia

tu
m

 
M

er
ge

d 
N

uc
le

i 

M
P

O
+ /

m
m

2  

A 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

C 
700 

 
600 

 
500 

 
400 * 

 
300 

 
200 

 
100 

 
0 

 
Control 
FK506-liposomes 
FK506 
Empty liposomes 

 

 
Figure 3. Histological  evaluation of antiapoptotic effect of 
FK506-liposomes in t-MCAO rats. A, B) At 24 h after injection of 
each sample, brains were dissected  and frozen,  and then  frozen 
brain  sections  were prepared. TUNEL  (green) procedure was 
performed to visualize apoptotic cells. DAPI staining  (blue) was 
used  for counterstaining. The  fluorescence images  of the  sec- 
tions  prepared from  the  striatum   (A) and  cortex   (B)  were 
observed  by confocal   laser  scanning microscopy.  Top  panels 
show TUNEL-positive cells; middle  panels, nuclei stained  with 
DAPI; bottom panels,  merged images. Scale bars � 50 j.Lm. C) 
Quantitative data on apoptotic cerebral cells in the striatum  and 
cortex   were  obtained  by  counting  TUNEL-positive   cells  in 
stained  sections.  Five animals  and  4 sections/rat were used  to 
obtain  the quantitative data. Data are presented as means :!: sd. 
*P < 0.05 vs. control group. 
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stage  in  the  ischemic  core  region  after  cerebral isch- 
emia  (19,  20).  Moreover,   a  previous  report  demon- 
strated  that the area in which macromolecules accumu- 
late  expands as time  passes after  I/R in  t-MCAO rats 
(21).  Hence, the  concept of passive targeting, as con- 
structed for  cancer   treatment, could  be  a  promising 

scheme for efficient drug delivery to I/R regions. In the 
present study, a higher extent  of localization of FK506- 
liposomes  in the  ischemic  hemisphere was observed  at 
24 h than  at 3 h after the injection. This result suggests 
that   the   accumulation  amount  of  FK506-liposomes 
given at the  start of reperfusion gradually  increased in 
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Figure 4. Invasion of neutrophils into the brain  parenchyma of t-MCAO rats. At 24 h after injection of each sample, brains were 
dissected   and  frozen;   and  then   frozen   brain   sections  were  prepared. MPO  immunostaining was performed to  visualize 
neutrophils  (brown).  Hematoxylin staining   (blue) was used  for  counterstaining. A)  Stained   sections   were  observed   by 
microscopy.  Arrows indicate neutrophils that had infiltrated the brain  parenchyma. Scale bar � 50 j.Lm. B) Quantitative data on 
neutrophil invasion analysis were obtained by counting MPO-positive cells in stained  sections.  Data are presented as means  :!: 
sd (n�6). **P < 0.01 vs. control group;  #P < 0.05 vs. free FK506-treated  group. 
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Figure 5. Suppression of cerebral cell death and  brain  swelling by the  treatment with FK506-liposomes.  t-MCAO rats  were 
injected via a tail vein with PBS, FK506-liposomes, vehicle for free FK506 or free FK506 immediately after the start of reperfusion 
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a time-dependent manner, as in the  case of enhanced 
permeability and  retention effect.  However,  the  half- 
life of free FK506 is extremely  short,  and FK506 admin- 
istered  intravenously is almost  totally  metabolized by 
the  liver, primarily  by cytochrome P450  3A (22,  23). 
The  change in  biodistribution afforded by liposomal- 
ization  would be expected to be closely related to the 
therapeutic outcome. 

Fatal damage  in the  striatum, the  region  assumed  to 
be  the   ischemic   core   in  the   present  experimental 
model,  occurs at an early stage after an I/R event (21). 

In  this  study,  FK506-liposomes  substantially   reduced 
the  cerebral cell death and  inflammation induced by 
I/R in  this  region. Thus,  FK506-liposomes  spreading 
into  the  brain  parenchyma quickly showed  pharmaco- 
logical  activity. Although PEG-modification of lipo- 
somes prolongs their  circulation in the blood,  it causes 
a decrease in cellular  uptake  of liposomes  (24, 25). 
Therefore, FK506-liposomes  reaching I/R regions 
might  have released  FK506 into the brain  parenchyma, 
and the released  drugs then  acted on the cerebral cells. 
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t-MCAO rats. t-MCAO rats were intravenously injected via a 
tail vein with FK506-liposomes (30 or 100 j.Lg/kg as FK506 
dosage) at the indicated times (0, 1, 2, 3, or 6 h) after the start 
of reperfusion. At 24 h after reperfusion had begun, brain was 
dissected  and  stained  with TTC. Damage  volume  was calcu- 
lated  by using  Image  J. Data  are  presented as means  :!: sd 
(n�6 –7). **P < 0.01, ***P < 0.001 vs. control. 

Figure 7. Motor  activity score  of t-MCAO rats.  t-MCAO rats 
were treated with each  sample  as described in the  legend  of 
Fig. 5, and these rats were then  assessed for motor function in 
a 21-point neuropathological scoring  system. Data are pre- 
sented  as means  :!: sd  (n�7). **P < 0.01 vs. control group; 
##P < 0.01 vs. free  FK506-treated  group at the  same  dose; 
§P < 0.05 vs. vehicle-treated group. 
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Neutrophils generate cytotoxic substances  such as 
hypochlorous acid  in  inflammation sites, resulting in 
progressive  inflammation. These  cells normally  do not 
exist in the brain, but they do invade into the cerebral 
parenchyma via brain  endothelial cells after a cerebral 
ischemic  event. This invasion induced by intracerebral 
inflammation occurs  during the  period of 9 to  24 h 
after the start of reperfusion in t-MCAO rats (26). 
Therefore, the  observation of  neutrophil invasion  is 
one  way to assess the  extent  of cerebral inflammation 
after I/R. In the present study, FK506-liposomes signif- 
icantly suppressed the  neutrophil invasion  induced by 
cerebral I/R. A past study showed  that  FK506 inhibits 
the  expression of adhesion molecules in  the  cerebral 
vasculature  by reducing the  production of inflamma- 
tory cytokines by neuronal cells and glia cells (26). 
Accordingly,  we suggest that  FK506-liposomes adminis- 
tered  after the start of reperfusion inhibited the inflam- 
matory  response by affecting  neuronal cells and  glia 
cells in the  t-MCAO rats. 

FK506 directly suppresses  apoptotic cell death in- 
duced by cerebral I/R through the  inhibition of Bad 
dephosphorylation and  subsequent cytochrome c re- 
lease  (27,  28).  In  addition, the  prevention of reactive 
oxygen species production is related to its antiapoptotic 
effect on cerebral cells injured by I/R (29). The present 
study demonstrated that FK506-liposomes markedly 
reduced the number of apoptotic cells in t-MCAO rats. 
These  multifunctional mechanisms, including the anti- 
inflammatory effect of FK506-liposomes, probably  ef- 
fectively acted on the neurovascular unit to bring about 
the  good  outcome in the  t-MCAO rats. 

A large number of small molecules as neuropro- 
tectants have failed in clinical trials (30). Based on our 
present data, we propose that liposomalization of small 
molecular neuroprotectants should  overcome their  in- 
sufficiency  of  medicinal efficacy and  adverse  side  ef- 
fects. Liposomes  can encapsulate many kinds of drugs 
regardless of their  being  hydrophilic or  hydrophobic. 
Furthermore, liposomes   can  be  modified with  func- 
tional molecules, resulting in improved biodistribution, 
controlled release  of drugs,  increase  in drug  accumu- 
lation  in targeted cells, regulation of intracellular dis- 
tribution,  and   so  on  (31–34).   Therefore,  liposomal 
DDS has a great  potential to be a novel strategy for the 
treatment of cerebral I/R injury. 

In summary,  our  data demonstrate the  usefulness  of 
FK506-liposomes for the treatment of cerebral isch- 
emia/reperfusion injury. FK506-liposomes intrave- 
nously injected immediately after  the  start  of reperfu- 
sion significantly suppressed neutrophil invasion, apoptotic 
cell death, and infarct  volume compared with free 
FK506 in t-MCAO rats.  In  addition, the  motor func- 
tion   deficits   induced  by  ischemia/reperfusion  in 
these rats were ameliorated to a greater extent  by the 
treatment  with  FK506-liposomes  than   by  that   with 
free  FK506. Therefore, liposomalization of FK506 
should  permit a reduction in the dosage of FK506 
without  a decrease in the  therapeutic efficacy of the 
drug.  Taken  together, our  present findings  indicate 

that FK506-liposomes have a clear potential to be a 
neuroprotectant if administered quickly after  a cere- 
bral stroke.                                                                         
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Am J Physiol Heart Circ Physiol 304: H1361–H1369, 2013. First 
published March 15, 2013; doi:10.1152/ajpheart.00454.2012.—Incre- 
tin hormones, including glucagon-like peptide-1 (GLP-1), a target for 
diabetes mellitus (DM) treatment, are associated with cardioprotec- 
tion. As dipeptidyl-peptidase IV (DPP-IV) inhibition increases plasma 
GLP-1 levels in vivo, we investigated the cardioprotective effects of 
the  DPP-IV  inhibitor  vildagliptin  in  a  murine  heart  failure  (HF) 
model. We induced transverse aortic constriction (TAC) in C57BL/6J 
mice, simulating pressure-overloaded cardiac hypertrophy and HF. 
TAC or sham-operated mice were treated with or without vildagliptin. 
An intraperitoneal glucose tolerance test revealed that blood glucose 
levels were higher in the TAC than in sham-operated mice, and these 
levels improved with vildagliptin administration in both groups. 
Vildagliptin increased plasma GLP-1 levels in the TAC mice and 
ameliorated TAC-induced left ventricular enlargement and dysfunc- 
tion. Vildagliptin palliated both myocardial apoptosis and fibrosis in 
TAC mice, demonstrated by histological, gene and protein expression 
analyses, and improved survival rate on day 28 (TAC with vildaglip- 
tin, 67.5%; TAC without vildagliptin, 41.5%; P < 0.05). Vildagliptin 
improved cardiac dysfunction and overall survival in the TAC mice, 
both  by  improving  impaired  glucose  tolerance  and  by  increasing 
GLP-1 levels. DPP-IV inhibitors represent a candidate treatment for 
HF patients with or without DM. 

 

heart  failure;  impaired  glucose  tolerance;  dipeptidyl-peptidase  IV 
inhibitor 

 
 

HEART FAILURE (HF) is a leading causes of death in humans 
worldwide (1, 20, 37, 56), and is often linked to impaired 
glucose tolerance or diabetes mellitus (DM) (21, 53). DM is a 
major risk factor for cardiac dysfunction; Lind et al. (28) 
reported that poor glycemic control among patients with type 1 
DM led to a high incidence of cardiovascular events. The 
energetic substrate utilization of cardiomyocytes under hyper- 
glycemic conditions shifts from glucose to fatty acid oxidation, 
leading to HF (38). In DM, oxidative stress also causes endo- 
thelial dysfunction and decreases endothelial NO release, in- 
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ducing microangiopathy (13, 31). Either glucose abnormalities 
or diabetes commonly exists in patients with HF, but as 
previously reported, patients with diabetes have no worse 
outcome of HF (50). Our previous clinical study revealed that 
�90% of patients with chronic HF had impaired glucose 
tolerance (21). 

Incretin hormones have recently been proposed as new 
targets for DM treatment. Glucagon-like peptide-1 (GLP-1) is 
an incretin hormone secreted from the lower intestines and 
colon, which stimulates insulin secretion from pancreatic beta 
cells. Its receptors are ubiquitously expressed, including in the 
cardiovascular system (8). GLP-1 is thought to possess cardio- 
protective properties because of the following three reasons: 
1) GLP-1 receptors localize to cardiomyocytes and endothelial 
cells (3, 57); 2) activation of GLP-1 receptors increases phos- 
phoinositide  3  (PI3)-kinase,  serine/threonine  protein  kinase 
Akt (Akt), and extracellular signal-regulated kinase phosphor- 
ylation,  potentially  mediating  cardioprotection  (6,  19);  and 
3) activation of GLP-1 receptors stimulates p38 mitogen- 
activated protein (MAP) kinase and endothelial nitric oxide 
synthase via protein kinase A activation, putatively affecting 
cardioprotection  (5,  59)  and  plasma  glucose  normalization 
(16). As dipeptidyl-peptidase IV (DPP-IV) rapidly degrades 
GLP-1, which has a biological half-life of approximately 1.5–5 
min (11, 18), both GLP-1 analogs and DPP-IV inhibitors 
have  been  developed  as  new  drugs  to  treat  type  2  DM. 
GLP-1 analogs reportedly ameliorate not only DM but also 
HF and myocardial ischemia (15, 33, 34, 48, 59), suggesting 
that DPP-IV inhibitors function cardioprotectively. Indeed, 
DPP-IV inhibitors are reportedly effective against myocar- 
dial infarction in mice and pacing-induced heart failure in 
pigs (14, 42, 59), suggesting that DPP-IV inhibitors may 
also affect the survival rate. However, the effects of DPP-IV 
inhibitors  on  the  pathophysiology  of  pressure-overloaded 
HF and survival after HF are unknown. 

We aimed to clarify whether vildagliptin, a DPP-IV inhibi- 
tor, improves the pathophysiology of HF and increases survival 
rate in pressure-overloaded mice. 
 
METHODS 
 

All of the animal care procedures were performed according to the 
American Physiological Society “Guiding Principles in the Care and 
Use of Vertebrate Animals in Research and Training” and with the 
approval of the ethical committee of Osaka University. 
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Animal preparation. Male C57BL/6J mice (8 wk old, weighing 
22–24 g) were purchased from CLEA Japan, (Tokyo, Japan). After 1 
wk of observation, either transverse aortic constriction (TAC) or a 
sham operation was performed as previously described (24). In brief, 
the transverse aorta was isolated between the carotid arteries and 
constricted by a 7-0 silk suture ligature tied firmly against a 30-gauge 
needle. Sham-operated mice underwent a similar surgical procedure 
without aortic constriction. The needle was promptly removed, and 
the chest was closed with a 5-0 silk suture. Each surgical procedure 
was completed within 30 min to maintain the body temperature at 
37°C. 

Experimental protocol. Vildagliptin was gifted by Novartis Phar- 
maceuticals (Basel, Switzerland). The sham-operated or TAC mice 
were randomly divided into two subgroups; the sham-operated group 
with (n = 10) or without vildagliptin (n = 10) and TAC with (n = 40) 
or without vildagliptin (n = 41). The vildagliptin treatment subgroups 
were provided with drinking water containing vildagliptin (10 mg·kg 
body wt-1·day-1) (39, 58), and the other groups received unsupple- 
mented drinking water from 1 day postsurgery. The mice were 
allowed to drink ad libitum, and the drinking volumes were measured. 
The mice were fed a normal chow diet for 4 wk. 

Echocardiography. Transthoracic echocardiography was performed 
before euthanasia as previously described (24). In brief, at 4 wk 
postsurgery, the mice were placed in a supine position without 
anesthesia. Short-axis, two-dimensional guided M-mode Doppler 
echocardiograms were captured and analyzed offline using a Vevo 
770 High-Resolution in vivo Micro-Imaging System (VisualSonics, 
Toronto, Canada) equipped with a 15- to 45-MHz transducer. Left 
ventricular (LV) end-diastolic diameter (Dd), end-systolic diameter 
(Ds), and fractional shortening (FS) were measured. All measure- 
ments were made from leading edge to leading edge, according to the 
American Society of Echocardiography guidelines (22). Percentage 
FS was calculated as follows: %FS = [(LVDd - LVDs)/LVDd] X 
100. The investigator performing and interpreting the echocardio- 
grams was blinded to the subgroups. 

Hemodynamic assessment. To confirm pressure overload, four to 
five mice in each group were randomly selected for LV pressure 
measurement, as previously described (27). In brief, under pentobar- 
bital anesthesia, an endotracheal tube was inserted and connected to a 
volume-cycled rodent ventilator. A 1.4-Fr micromanometer-tipped 
catheter (Millar Instruments, Houston, TX) was inserted into the right 
carotid artery, blood pressure and heart rate were measured simulta- 
neously, and data were acquired using the PowerLab Data Acquisition 
System (AD Instruments, Bella Vista, NSW, Australia). 

Analysis of intraperitoneal glucose tolerance test. Four weeks after 
either TAC or sham operation, about half of the surviving mice, 
namely five mice in each sham-operated group and 12 and 8 mice in 
TAC with and without vildagliptin groups, were randomly selected for 
an intraperitoneal glucose tolerance test following overnight fasting 
(12–16 h). As overnight fasting and glucose injection might be 
stressful, we enrolled only half of the surviving mice to reduce the 
effect on additional deaths. Glucose (1 mg/kg body wt) was injected 
into the intraperitoneal cavity, as previously described (54). Blood 
was sampled from the tail prior to and at 30, 60, 90, and 120 min after 
glucose administration. Blood glucose concentrations were measured 
by a glucose meter using the glucose oxidase method (Glutest Ace R; 
Sanwa Kagaku Kenkyusho, Nagoya, Japan). 

GLP-1 measurement [ELISA]. Four weeks after treatment, their 
chests were opened under anesthesia 1 h after feeding following 
overnight fasting for GLP-1 measurement by enzyme-linked immu- 
nosorbent assay (ELISA). Blood samples were obtained from the 
hearts and immediately collected in BD P700 tubes (Becton Dickin- 
son, Franklin Lakes, NJ) containing EDTA and DPP-IV protease 
inhibitor cocktail. The tubes were centrifuged at 1,200 g for 10 min to 
extract plasma. The plasma samples were then stored at -80°C in a 
freezer until GLP-1 assay. Plasma GLP-1 levels were measured using 
a Glucagon-Like Peptide-1 (Active) ELISA Kit (Millipore, Billerica, 

 
MA) according to the manufacturer’s instructions (52). The GLP-1 
ELISA measures biologically active GLP-1-(7–37) and GLP-1-(7– 
36)-NH2   but does not cross-react with glucagon, GLP-2, inactive 
GLP-1-(9 –37) or GLP-1-(9 –37)-NH2. 

Histology and immunohistochemistry. Histochemical analysis was 
performed as previously described (25). Briefly, the surviving mice 
were euthanized after 4 wk of observation. The hearts were harvested, 
and cardiac tissues were fixed with 4% paraformaldehyde. The fixed 
samples were embedded in paraffin and sectioned at 4-!Lm thickness for 
picrosirius red staining. The extent of myocardial collagen was analyzed 
in five hearts from each group (30). The original images were digitized 
and transformed into binary images, and each area was calculated using 
ImageJ software (NIH, Bethesda, MD). The total myocardial collagen 
index was defined as the total area of collagen content in the entire 
microscopic field divided by the total connective tissue area plus the 
myocardial area. The terminal deoxynucleotidyl transferase dUTP 
nick-end labeling (TUNEL) assay was performed using an Apo- 
pTag Peroxidase In Situ Apoptosis Detection Kit (Millipore), 
according to the manufacturer’s instructions. The number of 
TUNEL-positive cells was expressed as a percentage of total cells, 
as previously described (35). 

Real-time quantitative polymerase chain reaction. Four weeks after 
TAC, murine ventricles were processed for total RNA isolation using 
TRIzol reagent (Invitrogen, Carlsbad, CA) according to the manufacturer’s 
instructions. First-strand cDNA was synthesized from 1 !Lg total RNA 
using the High-Capacity cDNA Reverse Transcription Kit (Applied 
Biosystems, Foster City, CA). The primers and probes used to 
quantify transforming growth factor-113 (Tgf-113) and glyceraldehyde 
3-phosphate dehydrogenase (Gapdh) were recommended by the man- 
ufacturer (Applied Biosystems). Real-time quantitative reverse tran- 
scriptase polymerase chain reaction (RT-PCR) was performed in a 
StepOne Real-Time PCR System (Applied Biosystems). From each 
amplification plot, a threshold cycle (Ct) value was calculated, repre- 
senting the PCR cycle number at which fluorescence was detectable 
above an arbitrary threshold. Each sample was analyzed in duplicate, 
and the results were systematically normalized to GAPDH expression 
using the LlLlCt method (29). 

Western blot analysis. LV samples frozen at -80°C were placed on 
ice, homogenized, and lysed with lysis buffer [1% NP-40, 150 mM 
NaCl, 20 mM Tris pH 7.5, 2 mM EDTA, 50 mM NaF, 1 mM Na3VO4, 
plus protease inhibitor cocktail (Nacalai tesque, Kyoto, Japan)]. The 
supernatant was loaded onto 10%–15% sodium dodecyl sulfate- 
polyacrylamide gel electrophoresis gels. Immunoblotting was per- 
formed as previously described (41). The ChemiDoc XRS System 
(Bio-Rad Laboratories, Hercules, CA) was used for chemilumines- 
cence imaging. Primary antibodies against phospho-Smad2 (p- 
Smad2), p-Smad3, caspase-3, and cleaved caspase-3 primary antibod- 
ies were purchased from Cell Signaling Technology (Beverly, MA); 
anti-Smad2/3 primary antibody was purchased from BD Transduction 
Laboratories (Franklin Lakes, NJ); and anti-GAPDH (used as a 
loading control) primary antibody was purchased from Millipore. 
Target bands were identified using ECL prime and ECL Select 
Western blotting reagents (GE Healthcare, Little Chalfont, Bucking- 
hamshire, UK). Protein bands were quantified by densitometry. 

Statistical analysis. All of the data are expressed as means + SE 
and were analyzed by repeated-measures analysis of variance 
(ANOVA) followed by Bonferroni test and Student’s t-test for paired 
and nonpaired data as appropriate. The differences in the number of 
surviving mice were analyzed by Kaplan-Meier method. P values of 
<0.05  were considered significant using JMP 8.0.1 software (SAS 
Institute, Cary, NC). 
 
RESULTS 
 

Hemodynamic measurements. The blood pressures and heart 
rates 4 wk after TAC were similar in the sham-operated groups 
with  and  without  vildagliptin  (71.2  +  3.1  vs.  74.5  +  3.2 
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after intraperitoneal glucose injections were higher in the TAC 
mice than in the sham-operated mice (TAC vs. sham operated: 
476.4 + 20.9 vs. 400.5 + 11.2 mg/dl at 30 min, and 161.5 + 
9.4 vs. 127.3 + 8.3 mg/dl at 120 min, n = 8 and 5; P < 0.05). 
This was consistent with our previous report (27) in which 
TAC mice exhibited impaired glucose tolerance. Vildagliptin 
administration decreased blood glucose levels at each time 
point after glucose injection in TAC mice (with vs. without 
vildagliptin: 345.1 + 7.9 vs. 476.4 + 20.9 mg/dl at 30 min, 
245.5 + 13.1 vs. 349.6 + 25.3 mg/dl at 60 min, and 127.9 + 
8.5 vs. 161.5 + 9.4 mg/dl at 120 min, n = 12 and 8; P < 0.05). Pre  30  60  90  120 

Time (min) 

 
B  6  * † 

* 
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2  * 
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0 

 

We evaluated the GLP-1 levels in the TAC mice with or 
without vildagliptin. Because ad libitum feeding could have 
affected the plasma GLP-1 levels, we conducted a preliminary 
experiment to identify the optimal conditions for GLP-1 mea- 
surement. Nine-week-old C57BL6/J mice were fed a normal 
chow diet, divided into two groups, and treated with or without 
vildagliptin for 4 wk, as described above. To evaluate whether 
feeding affected the plasma GLP-1 levels, the mice were fasted 
12 h before blood sampling. We randomly separated each 
group into two subgroups; the two subgroups were fasted 
further, and the others were allowed to feed 1 h before 
sampling. Under fasting conditions, vildagliptin produced a 
statistically insignificant increase in GLP-1 levels (with vs. 

Vildagliptin _  + 
Sham 

_ + 
TAC 

without vildagliptin: 5.19 + 1.04 vs. 3.93 + 0.70 pM, n = 5 
each; P > 0.05). In the mice sampled 1 h after feeding, GLP-1 

Fig. 1. A: plasma glucose levels measured by intraperitoneal glucose tolerance 
test. Sham-operated mice (n = 5), sham-operated mice with vildagliptin (n = 
5), mice with transverse aortic constriction (TAC) (n = 8), and TAC mice with 
vildagliptin (n = 12) were enrolled. B: plasma levels of glucagon-like pep- 
tide-1 (GLP-1) 4 wk after TAC or sham operation. All blood samples were 
collected 1 h after feeding following overnight fasting. Sham-operated (n = 8), 
sham-operated mice with vildagliptin (n = 10), TAC mice (n = 15), and TAC 
mice with vildagliptin (n = 21) were measured. The data shown are means + 
SE. *P < 0.05 vs. sham operated, †P < 0.05 vs. TAC. 

 
mmHg; 459 + 36 vs. 451 + 22 beats/min; P = 0.482 and P = 
0.830, respectively; n =  5 in each group), and in the TAC 
groups with and without vildagliptin (101.4 + 9 vs. 121.4 + 10 
mmHg; 394 + 80 vs. 463 + 27 beats/min; P = 0.193 and P = 
0.400; n = 5 and n = 4, respectively). 

Intraperitoneal glucose tolerance test and plasma GLP-1 
levels. Figure 1A shows the results of the intraperitoneal 
glucose tolerance test. Blood glucose levels at 30 and 120 min 

levels were elevated with in the vildagliptin group (with vs. 
without vildagliptin: 9.13 + 2.35 vs. 4.47 + 0.87 pM, n = 4 
and 5; P < 0.05), suggesting that this sampling time schedule, 
i.e., 1 h after food intake, was suitable for plasma GLP-1 
measurement. Figure 1B shows the plasma GLP-1 levels under 
this time schedule. The GLP-1 levels were decreased in the 
TAC mice (sham operated vs. TAC: 2.37 + 0.40 vs. 1.41 + 
0.26 pM, n = 8 and 15; P < 0.05), but elevated in TAC mice 
with vildagliptin to the levels of sham-operated mice with vilda- 
gliptin (with vs. without vildagliptin: 4.83 + 0.50 vs. 1.41 + 0.26 
pM, n = 21 and 15; P < 0.05). 

Echocardiography. Representative echocardiographic im- 
ages are shown in Fig. 2. Echocardiographic analysis revealed 
enlarged Dd and Ds in the TAC mice both with and without 
vildagliptin (n = 27 and 17). Both LV dilatation and dysfunc- 
tion in the TAC group were ameliorated by vildagliptin treat- 
ment (Fig. 3). 

 
 
 
 
 
 
 
 

Fig. 2. Representative M-mode echocardiograms of mice 4 
wk after TAC or sham operation. Top left, sham operated; 
top right, sham operated with vildagliptin; bottom left, TAC; 
bottom right, TAC with vildagliptin. 
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Fig. 3. A and B: left ventricular (LV) dimensions. C: fractional shortening (FS) 4 wk after TAC or sham operation. LV end-diastolic diameter (Dd), end-systolic 
diameter (Ds), and FS measured by echocardiography at 4 wk after TAC or sham operation. Echocardiographic analysis revealed enlarged LV end-diastolic and 
end-systolic diameters in both of the TAC groups compared with the sham-operated mice. Both LV dilatation and dysfunction in the TAC group were ameliorated 
by vildagliptin treatment. Sham-operated mice (n = 5), sham-operated mice with vildagliptin (n = 5), TAC mice (n = 17), and TAC mice with vildagliptin (n = 27) 
were examined. LVDd, LV end-diastolic dimension; LVDs, LV end-systolic dimension. Data shown are means + SE. *P < 0.05 vs. sham operated, †P < 0.05 vs. TAC. 

 
 

Water uptake and heart weight. Body weight was not sta- 
tistically different between the groups: 24.3 + 1.7 g and 23.4 + 1.4 
g in the sham-operated and TAC mice without vildagliptin 
(n =  10 and 17), 25.8 +  1.7 g and 25.2 +  2.4 g in the 
sham-operated and TAC mice with vildagliptin (n =10  and 
27). Heart weight-to-body weight ratio (HW/BW) markedly 
increased in the TAC group compared with the sham-operated 
group (4.9 + 0.1 vs. 9.3 + 0.5 for sham-operated and TAC 
mice without vildagliptin, respectively; P < 0.05), and vilda- 
gliptin did not attenuate HW/BW (9.2 + 0.4 for TAC with 
vildagliptin; Fig. 4). Volumes of vildagliptin solution or water 
consumed were similar in all of the groups (5.2 + 0.2, 4.9 + 
0.5, 4.4 + 0.9, and 4.5 + 1.3 ml/day for sham-operated with 
and without vildagliptin and TAC with and without vildaglip- 
tin, respectively; P > 0.05 for all). 

Apoptosis and fibrosis. We performed TUNEL staining to 
clarify the degree of apoptosis in the murine hearts. Apoptosis 
in the myocardium of the TAC mice was increased compared 
with the sham-operated mice, and this increase in apoptotic cell 
death was largely attenuated by vildagliptin (Fig. 5, A and B, 
n = 4 per each group). Next we performed immunoblotting to 
confirm apoptotic changes in protein levels. We observed 
increased cleaved caspase-3 protein in pressure-overloaded 
murine hearts, which was partially ameliorated by vildagliptin 

(Fig.  5,  C  and  D,  n  =  4  per  each  group).  These  findings 
indicate that vildagliptin partly reduces myocardial apoptosis 
in pressure-overloaded murine hearts. 

Figure 6A shows increases in myocardial collagen in the 
TAC group, also ameliorated by vildagliptin. Figures 6B shows 
fibrotic areas identified by picrosirius red staining. The total 
myocardial interstitial collagen area significantly increased in 
the TAC group compared with the sham-operated groups (P < 
0.05 vs. sham operated, n = 5 per each group) but was 
decreased in the TAC with vildagliptin group (P < 0.05 vs. 
TAC) (sham operated, 1.79 + 0.22%; sham operated with 
vildagliptin, 1.77 + 0.20%; TAC, 12.12 + 0.27%; TAC with 
vildagliptin, 8.02 + 1.84%). We next analyzed expression of 
Tgf-113,  a  fibrosis-related gene,  using  RT-PCR.  Myocardial 
Tgf-113  expression significantly increased in the TAC group 
compared with that in the sham-operated group (P < 0.05 vs. 
sham operated) but significantly decreased in the groups with 
vildagliptin (P <  0.05 vs. TAC; sham operated, 1 +  0.08; 
sham operated with vildagliptin, 0.98 + 0.11; TAC, 1.85 +  
0.12; TAC with vildagliptin, 1.55 + 0.06; Fig. 6C, n = 3 per 
each group). 

Finally, we performed immunoblotting to verify the fibrotic 
changes that arose through increased levels of TGF-� pathway 
proteins. We observed increased p-Smad2 and p-Smad3 pro- 
tein levels in the pressure-overloaded murine hearts, which 
were partially restored by vildagliptin (Fig. 7, n = 4 per each 
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group). These findings indicate that vildagliptin reverses myo- 
cardial fibrosis via the TGF-� pathway in murine pressure- 
overloaded hearts. 

Survival analysis. The number of TAC mice without vilda- 
gliptin was 41 and the number of those with vildagliptin was 
40. Only 17 (41.5%) TAC mice without vildagliptin survived 
28 days, whereas 27 (67.5%) TAC mice with vildagliptin 
survived 28 days (Fig. 8; P < 0.05). These data indicate that 
vildagliptin treatment is strongly protective. Vildagliptin did 
not affect the survival rate in the sham-operated mice. 
 
DISCUSSION 

 

Fig. 4. Heart weight (mg)/body wt (g) ratio 4 wk after the TAC or sham 
operation. Sham-operated mice (n = 10), sham-operated mice with vildagliptin 
(n = 10), TAC mice (n = 17), and TAC mice with vildagliptin (n = 27) mice 
were measured. The values shown are means + SE. *P < 0.05 vs. sham 
operated. 

 

This study was the first to demonstrate that a DPP-IV 
inhibitor improved survival rate in mice with pressure-over- 
loaded HF. We presented the following experimental evidence: 
1)  TAC  exacerbated  the  development  of  impaired  glucose 
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Fig. 5. A: representative images of the terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL)-positive cells in murine hearts. Top left, sham 
operated; top right, sham operated with vildagliptin; bottom left, TAC; bottom right, TAC with vildagliptin. Evidence of apoptosis, including chromatin 
condensation, is indicated with arrowheads. The proportion of TAC-induced apoptotic cells was decreased by vildagliptin. Bar = 200 !Lm; original magnification, 
X200.  B: quantitative analysis of murine apoptotic cardiomyocytes. TAC increased the number of apoptotic cells in the myocardium compared with the 
sham-operated group, and vildagliptin attenuated the increase in apoptosis. n = 4 for each group. C: representative immunoblotting analysis of cleaved/total 
caspase-3 and GAPDH in the hearts of sham-operated and TAC mice with or without vildagliptin. D: intensity of bands was quantified from four independent 
experiments by densitometry. Cleaved/total caspase-3 protein levels were increased by pressure overload in the hearts of TAC mice, which were reversed in TAC 
mice with vildagliptin. n = 4 for each group. The values shown are means + SE. *P < 0.05 vs. sham operated, †P < 0.05 vs. TAC. 

 
 

tolerance, which was attenuated by vildagliptin with an atten- 
dant increase in total GLP-1 levels; 2) TAC induced myocar- 
dial apoptosis and fibrosis, which were attenuated by vildaglip- 
tin; 3) TAC increased LVDd and LVDs, leading to FS decline, 
while vildagliptin attenuated increased LVDd and LVDs and 
increased LVFS. These effects may contribute to the improve- 
ment in survival rate generated by vildagliptin in mice with 
pressure overload-induced HF. 

We demonstrated that TAC exacerbated the development of 
impaired glucose tolerance, which was attenuated by vildaglip- 
tin. This result implies that HF causes impaired glucose toler- 
ance and improvement of impaired glucose tolerance may 
ameliorate HF severity. Glycemic control independently cor- 
relates with reduced LV contractile reserve and positivity for 
HF in diabetic patients (12, 28). We previously reported that 
HF is associated with impaired glucose tolerance in mice and 
dogs, and that correction of impaired glucose tolerance with 
voglibose or metformin reduces HF severity (26, 27, 41). 
Shimizu et al. (46) reported that systolic dysfunction induced 

by pressure overload exacerbates plasma glucose and hepatic 
insulin resistance via Akt and insulin signaling in rodents. In 
humans, chronic HF is associated with hyperinsulinemia (36, 
51). Insulin resistance observed in HF is partly due to the lack 
of activity and increase in weight gain/fat redistribution. Stolen 
et al. (49) showed that exercise training improved insulin- 
stimulated myocardial glucose uptake in patients with dilated 
cardiomyopathy. Ashrafian et al. (2) proposed the other mech- 
anism of HF-induced insulin resistance. Hyperadrenergic state 
of HF initiates the elevation of plasma free fatty acids 
(FFAs). The elevation of plasma FFAs induces insulin 
resistance due to increased triglycerides, increased cellular 
FFAs, and increased cytoplasmic fatty acid metabolites in 
hearts and skeletal muscle (43). 

To our knowledge, this is the first study to evaluate an 
improvement in impaired glucose tolerance in animals with HF 
in the presence of DPP-IV inhibitors. Indeed, vildagliptin 
increased the plasma GLP-1 levels in animals with TAC- 
induced HF, suggesting that HF is attenuated by the correction 
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A  Vehicle 
 
Vildagliptin 

 
(23), and improve diastolic dysfunction without altering ejec- 
tion fraction in a rat model of uremic cardiomyopathy (9). 

Intriguingly, GLP-1 reportedly has cardioprotective proper- 
ties besides its ability to correct glucose intolerance in HF. 
GLP-1 receptors are expressed in the heart and activate PI3 
kinase and Akt in addition to cyclic AMP (6, 19). Protein 
kinase A activation via accumulation of cyclic AMP may 
activate p38 MAP kinase, which may in turn mediate cardio- 
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Fig. 6. A: representative images of the murine myocardium stained by picro- 
sirius red. Collagen accumulation induced by TAC was regressed with vilda- 
gliptin. Top left, sham operated; top right, sham operated with vildagliptin; 
bottom  left,  TAC;  bottom  right,  TAC  with  vildagliptin.  Bar  =  100  !Lm; 
original magnification, X400. B: quantitative analysis shows that vildagliptin 
ameliorated myocardial collagen deposition resulting from pressure overload. 
n = 5 for each group. C: quantitative analysis of transforming growth factor-1 
13  (Tgf113)  in murine hearts: the expression level (normalized to Gapdh) in 
TAC group was increased compared with that in sham operated, which was 
alleviated in TAC with vildagliptin. n = 3 for each group. Data are presented 
as the relative change vs. sham operated. The values shown are means + SE. 
*P < 0.05 vs. sham operated, †P < 0.05 vs. TAC. 
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of glucose intolerance by DPP-IV inhibitors. This hypothesis is 
supported by our findings that vildagliptin attenuates LV apo- 
ptosis and fibrosis in the TAC mice, which may explain the 
amelioration of LV dilatation and dysfunction. This evidence is 
consistent with previous studies in which sitagliptin was shown 
to attenuate HF severity induced by rapid pacing in pigs (14), 
ameliorate  myocardial  fibrosis in  diabetic  (db/db-/-)  mice 

Fig. 7. A: representative immunoblotting analysis of phosphorylated Smad2 
(p-Smad2), p-Smad3, and Smad2/3 in the hearts of sham-operated and TAC 
mice with or without vildagliptin. B: band intensity quantified by densitometry. 
p-Smad2/Smad2/3 protein levels increased as a result of pressure overload in 
the hearts of TAC mice, but recovered in TAC mice with vildagliptin. C: band 
intensity quantified by densitometry. p-Smad3/Smad2/3 protein levels in- 
creased as a result of pressure overload in the hearts of the TAC mice, but 
recovered in the TAC mice with vildagliptin. n = 4 for each group. The values 
shown are means + SE. *P < 0.05 vs. sham operated, †P < 0.05 vs. TAC. 
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rameters of HF in basic studies, even improving symptoms and 
cardiac function in patients with HF in clinical studies, but 
these  drugs  actually  decreased  the  patient  survival  rate  in 
large-scale clinical trials (10). This unexpected finding is 
attributable to the fact that the effect of these drugs on survival 
rate was never tested in experimental models of chronic HF. 

* Yin et al. (60) reported the rat models with the administration 
of vildagliptin 2 days before or 3 wk after acute myocardial 
infarction surgery. They did not show the cardiac contractility 
and survival or any change in glucose metabolism with vilda- 
gliptin treatment. Compared with their protocol, we adminis- 
tered vildagliptin from 1 day postsurgery of murine TAC, 
which finally reversed the survival rate. These discrepancies 

0  7  14  21 

Time (Days) 

28  between the study of Yin et al. and our present study may be 
attributable to the manner of HF induction (e.g., models and 
species), their glucose levels, and the dosage of vildagliptin. 

Fig. 8. The Kaplan-Meier curve analysis shows that the TAC group with 
vildagliptin exhibited improved survival compared with the TAC group with- 
out vildagliptin. We enrolled 41 mice in the TAC and 40 mice in the TAC with 
vildagliptin groups, respectively. The survival rates at 28 days after the TAC 
operation were 41.5% (17/41) in the TAC and 67.5% (27/40) in the TAC with 
vildagliptin groups, respectively. *P < 0.05 vs. TAC; n, number of mice. 

 
protection (40, 59), and activation of PI3 kinase and Akt may 
further enhance these cardioprotective effects. A recent report 
(55) demonstrated amelioration of nonalcoholic steatohepatitis 
in mice by an analog of exenatide, a GLP-1 receptor agonist, 
supporting the antifibrotic effect of GLP-1 in murine hearts. 
Indeed, GLP-1 administration in patients with HF decreased 
the HF severity with or without DM, suggesting that GLP-1 
may have cardioprotective properties independent of its effects 
on blood glucose levels (48). However, GLP-1 levels were 
elevated �10-fold (17), significantly higher than the GLP-1 
levels observed with DPP-IV inhibitors (4), suggesting that 
even a 1-pM increase in GLP-1 may be sufficient for cardio- 
protection. Moreover, in a large meta-analysis, vildagliptin was 
not associated with an increased risk of adjudicated cardio- and 
cerebrovascular events relative to all comparators in the pa- 
tients with type 2 diabetes, including increased cerebrovascular 
risks (44). Chaykovska et al. (9) showed that increased Tgf-131, 
collagen type I d1, and collagen type III d1 expression in 
uremic rat hearts, compared with the sham-operated rat hearts, 
was significantly reduced by linagliptin, a DPP-IV inhibitor, 
supporting our observations. Importantly, DPP-IV inhibitors 
impact cardioprotection independently of GLP-1; DPP-IV also 
reportedly degrades peptides tyrosine-tyrosine, stromal cell- 
derived factor-1, and B-type natriuretic peptide (BNP) (7, 32, 
45, 47). Taken together, these data suggest that DPP-IV inhib- 
itors are cardioprotective, suggesting that they may also be 
beneficial for patients with HF. However, this hypothesis is 
limited because we used 8-wk-old mice with TAC as a model 
of HF in this study. Although this model is one of established 
animal models for HF, this model is not the universal model for 
the patients with HF, or does not mimic the background of the 
HF patients (e.g., age, dyslipidemia, ischemia, etc.). Further 
basic and preclinical studies are needed to apply DPP-IV 
inhibitors to HF patients. 

The most important issue in this study was to determine 
whether DPP-IV inhibitors increase the survival rate because 
improvements in HF do not necessarily increase the survival 
rate. Indeed, inotropic agents such as phosphodiesterase III 
inhibitors (e.g., vesnarinone) improved pathophysiological pa- 

Their echocardiographic data seem to show worse HF than 
ours, which was too severe to treat with their dose set. In 
addition, although they did not mention any condition of the 
feeding (e.g., fasting or ad libitum feeding) during sampling, 
no difference in their blood glucose levels may suggest that the 
dosage was not enough to be cardioprotective. We observed 
that vildagliptin increased survival rate in the context of pres- 
sure overload-induced HF in mice, indicating that an adequate 
dose  of  DPP-IV  inhibitors  is  ultimately  cardioprotective 
against HF. 

This study includes the limitations. Since TAC animals are 
fragile, especially when using the narrower size of needle (30 
gauge) to create severe HF, the procedures of the examination 
such as glucose tolerance test may worsen the HF of the TAC 
mice. Indeed, in the preliminary study, we tried to perform oral 
glucose tolerance test at first, but 2 of 6 died because of the 
onset of acute severe HF (pulmonary edema shown by dissec- 
tion). This is the reason that we shifted to the intraperitoneal 
glucose tolerance test, which did not cause severe HF leading 
to death. Importantly, the timing and number of procedures 
were identical in the groups with or without vildagliptin, 
suggesting that these additional stresses of examination to TAC 
do not largely affect the present results and conclusions. 

In conclusion, vildagliptin, a DPP-IV inhibitor, improved 
the pathophysiology of HF in pressure-overloaded mice. This 
effect was mediated partly by improved glucose tolerance and 
partly by the cardioprotective effects of GLP-1, both of which 
ultimately improved survival following HF. 
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