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研究成果の概要（和文）：心筋炎の病態には心筋の酸化ストレスやミトコンドリア機能異常が深く関わってお
り、それらを生体イメージングで可視化できれば、非侵襲的な診断が可能となる。本研究では薬剤性心筋炎モデ
ルマウスにおける生体内レドックス状態を、分子イメージングプローブを用いて磁気共鳴代謝イメージング装置
(in vivo DNP-MRI)で評価した。マウスの全身状態が悪化する以前の早い段階から有意差が見られたことから、
in vivo DNP-MRIは心筋炎の早期診断に有用であることが示唆された。さらにin vitroの評価によって、心筋で
のCmPの代謝は主にミトコンドリア機能を反映していることが示唆された。

研究成果の概要（英文）：Myocarditis is related to myocardial oxidative stress and mitochondrial 
dysfunction. Therefore, a noninvasive in vivo imaging procedure for monitoring the redox status of 
the heart may aid in monitoring diseases and developing treatments. 
In this study, we demonstrate a technique for detecting the redox status of the Doxorubicin(DOX)
-administered mice heart using in vivo dynamic nuclear polarization-magnetic resonance imaging 
(DNP-MRI) with a molecular imaging probe. DNP-MRI showed a slower DNP signal reduction in the DOX 
group than in the control group. Importantly, the difference in the DNP signal reduction rate 
between the two groups occurred earlier than that detected by physiological examination or clinical 
symptoms. In vitro experiment suggested that the redox metabolism of CmP in the myocardium is 
mitochondria-dependent. 

研究分野： 麻酔・蘇生学

キーワード： 心筋炎　レドックス　DNP-MRI

  １版

令和

研究成果の学術的意義や社会的意義
心筋炎では無症状から循環不全に至る劇症型まで幅広い病像を来すが、心不全症状が現れるまでの早期診断は困
難である。本研究で示された磁気共鳴代謝イメージング装置を用いたミトコンドリア機能の可視化による早期診
断の可能性を発展していくことで、今後臨床応用につながっていく可能性があると考える。

※科研費による研究は、研究者の自覚と責任において実施するものです。そのため、研究の実施や研究成果の公表等に
ついては、国の要請等に基づくものではなく、その研究成果に関する見解や責任は、研究者個人に帰属します。



様 式 Ｃ－１９、Ｆ－１９－１、Ｚ－１９（共通） 
 
１．研究開始当初の背景 

心筋炎では、心筋壊死とともに炎症性物質による心筋細胞機能障害が起こり、心臓のポンプ機能

が阻害される。心筋炎の症候は非特異的であり、診断は他の疾患を鑑別したうえで臨床症状など

から総合的に判断されるが、確定には心内膜心筋生検が必要となる。心筋炎では無症状から循環

不全に至る劇症型まで幅広い病像を来すが心筋炎の早期診断は困難であり、臨床症状が重篤化

する前に心筋炎の診断を確定する手段は現在のところ生検以外にない。しかし生検は心室穿孔

などの危険がある侵襲的な検査であり、生体イメージングでの診断法の開発が望まれる分野で

ある。心筋はミトコンドリア含有率が高く、心筋炎の病態には酸化ストレスやミトコンドリア機

能異常が関与していることが動物実験や細胞実験で報告されている。心筋のレドックス状態を

非侵襲的に可視化することができれば、心筋炎の早期診断につながると考えられる。 

我々は、DNP-MRI と呼ばれる、フリーラジカルを利用し MRI の感度を上昇させ、生体内のレドッ

クス反応を非侵襲的に可視化する技術を開発してきた。Carbamoyl-PROXYL (CmP)をプローブと

してマウスへ静脈投与後に DNP-MRI による撮像を行うと、DNP による核偏極の増大により通常の

MRI に比べて最大 10,000 倍に高感度化されるため、従来見ることのできなかった微小なシグナ

ル変化を可視化することが可能である。生体内での CmP のラジカルの酸化還元反応によって MRI

信号が消失する速度から、生体内でのレドックス反応を定量化、及び画像強度として可視化する

ことができる。過去に我々は、非アルコール性脂肪肝炎マウスで肝臓のミトコンドリア機能低下

が DNP-MRI画像での信号消失速度低下として捉えられることを明らかにした。一方、心疾患モデ

ルを用いた DNP-MRI 診断の検討はこれまでに行っていなかった。 

 

２．研究の目的 

動的核偏極 (Dynamic Nuclear Polarization: DNP)– MRI を用いて、心筋の酸化ストレスやミト

コンドリア機能を非侵襲的に可視化し、心筋炎の病態を定量的に評価可能かどうかを明らかに

するとともに、早期診断の可能性を探る。 

 

３．研究の方法 

 

(1) 薬剤性心筋炎モデル動物作成及び DNP-MRI での画像評価 

• ドキソルビシン誘発心筋炎モデルマウスを作成し、心臓生理学的評価(生存率、心臓超

音波検査)、組織学的評価 (H&E 染色)、免疫組織学的染色 (8-OHdG 染色)を行う。 

• CmP をプローブとして、静脈投与後に DNP-MRI の撮影を行う。MRI信号消失速度を疾患

群とコントロール群で比較する。 

(2) in vitro での CmP プローブの反応メカニズムの検討 

• 心筋ホモジネートと CmP プローブとの反応を電子スピン共鳴装置(X-band EPR)を用い

て解析する。さらにミトコンドリア電子伝達経路における複合体 IVの阻害剤であるシ

アン化カリウム(KCN)の添加によって CmP 代謝に変化があるのか確認することで、CmP

の心臓における代謝が主にミトコンドリア電子伝達系によるのか、それとも抗酸化酵

素等によるのかメカニズムを明らかにする。 

• ミトコンドリアの代謝を明らかにするため、酸素消費速度の測定を行い電子伝達系の

機能評価を行う。 



４．研究成果 

 

(1) 薬剤性心筋炎モデル動物作成及び DNP-MRI での画像評価 

• ドキソルビシン投与後、経時的に左心室の収縮能が徐々に低下し(図 1)、H&E 染色では

心筋の腫脹、筋原線維の減少、核周囲の空胞化、細胞質の空胞化が認められた（図 2）。

また酸化的 DNA 損傷を反映する 8-OHdG 陽性核の割合が増加した（図 3）。 

 

• in vivo DNP-MRI ではドキソルビシン投与マウスの画像強度の減少率は、コントロール

マウスに比べ有意に低かった（図 4）。さらに、投与 6 日目はマウスの体重減少など全

身状態の低下も認めていたが、投与2日目という体重減少に有意差がない早期でもDNP-

MRI の画像強度の減少率に有意差を認めた（図 5）。 

 

 

(2) in vitro での CmP プローブの反応メカニズムの検討 

• 心筋細胞自体の酸化還元反応のメカニズムを明らかにするために、H9c2 (ラット横紋

筋由来細胞) ホモジネートと CmP の反応を X-band EPR で計測した。EPR信号の減少率

は、ミトコンドリア ETC の複合体 IVの阻害剤である KCN を添加することにより有意

に抑制された（図 6）。このことから、H9c2細胞における CmP の酸化還元代謝はミト

コンドリア代謝を反映していると考えられた。また、ドキソルビシンを投与した H9c2

細胞ではコントロールに比べ EPR信号の減少率が抑制された（図 7）。これらの結果か

らドキソルビシンを投与した H9c2細胞の CmP 酸化還元代謝は、ミトコンドリア機能
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Figure 2. Effects of DOX injection on survival, cardiac function, and histology. (A) Kaplan–Meier
survival curve showing survival after DOX injection. n = 10. * p = 0.0392 vs. control group.
(B,C) Echocardiography performed in mice before DOX injection at 2 and 6 days after DOX injection.
(C) Representative images of 2D M-mode echocardiograms. Ejection fractions (EFs) were quantified.
n = 6 in each group. ** p < 0.01. (D) Representative photomicrographs of heart sections with H&E
staining 6 days after DOX injection. Scale bar, 50 µm. (E,F) Immunohistochemical detection of
oxidative DNA damage with 8-OHdG. Representative photomicrographs of the 8-OHdG-positive
nuclei. Scale bar, 50 µm. 8-OHdG-positive nuclei/total cells (%) were normalized to the control group.
n = 5 in each group. ** p < 0.01.

Next, we assessed the in vivo redox status of the hearts of DOX-treated mice using
in vivo DNP–MRI. We confirmed that the distribution of injected CmP was similar in both
the control and DOX-treated mice. CmP-induced enhancement of image intensity gradually
decreased over time (Figure 3A). The reduction rate of image intensity in DOX-treated
mice on day 6 after administration was significantly lower than that of control mice, and
the body weight decay rate was also significantly higher (Figure 3B,C). In contrast, the
reduction rate of image intensity in DOX-treated mice on day 2 after administration was
significantly lower than that of control mice, although the body weight decay rate did not
change significantly (Figure 3B,C). Considering the possibility that changes in the cardiac
output and drug metabolism may alter the distribution of the radical probe, the oxidized
form and total CmP concentration (sum of reduced and oxidized forms) in the heart tissue
and blood were measured quantitatively using X-band EPR to confirm that they did not
change in either group (Figure 3D).
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Next, we assessed the in vivo redox status of the hearts of DOX-treated mice using
in vivo DNP–MRI. We confirmed that the distribution of injected CmP was similar in both
the control and DOX-treated mice. CmP-induced enhancement of image intensity gradually
decreased over time (Figure 3A). The reduction rate of image intensity in DOX-treated
mice on day 6 after administration was significantly lower than that of control mice, and
the body weight decay rate was also significantly higher (Figure 3B,C). In contrast, the
reduction rate of image intensity in DOX-treated mice on day 2 after administration was
significantly lower than that of control mice, although the body weight decay rate did not
change significantly (Figure 3B,C). Considering the possibility that changes in the cardiac
output and drug metabolism may alter the distribution of the radical probe, the oxidized
form and total CmP concentration (sum of reduced and oxidized forms) in the heart tissue
and blood were measured quantitatively using X-band EPR to confirm that they did not
change in either group (Figure 3D).

Antioxidants 2022, 11, 1454 6 of 12

Figure 2. Effects of DOX injection on survival, cardiac function, and histology. (A) Kaplan–Meier
survival curve showing survival after DOX injection. n = 10. * p = 0.0392 vs. control group.
(B,C) Echocardiography performed in mice before DOX injection at 2 and 6 days after DOX injection.
(C) Representative images of 2D M-mode echocardiograms. Ejection fractions (EFs) were quantified.
n = 6 in each group. ** p < 0.01. (D) Representative photomicrographs of heart sections with H&E
staining 6 days after DOX injection. Scale bar, 50 µm. (E,F) Immunohistochemical detection of
oxidative DNA damage with 8-OHdG. Representative photomicrographs of the 8-OHdG-positive
nuclei. Scale bar, 50 µm. 8-OHdG-positive nuclei/total cells (%) were normalized to the control group.
n = 5 in each group. ** p < 0.01.

Next, we assessed the in vivo redox status of the hearts of DOX-treated mice using
in vivo DNP–MRI. We confirmed that the distribution of injected CmP was similar in both
the control and DOX-treated mice. CmP-induced enhancement of image intensity gradually
decreased over time (Figure 3A). The reduction rate of image intensity in DOX-treated
mice on day 6 after administration was significantly lower than that of control mice, and
the body weight decay rate was also significantly higher (Figure 3B,C). In contrast, the
reduction rate of image intensity in DOX-treated mice on day 2 after administration was
significantly lower than that of control mice, although the body weight decay rate did not
change significantly (Figure 3B,C). Considering the possibility that changes in the cardiac
output and drug metabolism may alter the distribution of the radical probe, the oxidized
form and total CmP concentration (sum of reduced and oxidized forms) in the heart tissue
and blood were measured quantitatively using X-band EPR to confirm that they did not
change in either group (Figure 3D).
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Next, we assessed the in vivo redox status of the hearts of DOX-treated mice using
in vivo DNP–MRI. We confirmed that the distribution of injected CmP was similar in both
the control and DOX-treated mice. CmP-induced enhancement of image intensity gradually
decreased over time (Figure 3A). The reduction rate of image intensity in DOX-treated
mice on day 6 after administration was significantly lower than that of control mice, and
the body weight decay rate was also significantly higher (Figure 3B,C). In contrast, the
reduction rate of image intensity in DOX-treated mice on day 2 after administration was
significantly lower than that of control mice, although the body weight decay rate did not
change significantly (Figure 3B,C). Considering the possibility that changes in the cardiac
output and drug metabolism may alter the distribution of the radical probe, the oxidized
form and total CmP concentration (sum of reduced and oxidized forms) in the heart tissue
and blood were measured quantitatively using X-band EPR to confirm that they did not
change in either group (Figure 3D).
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Figure 3. Redox imaging of the hearts of DOX-treated mice using in vivo DNP–MRI. (A) Represen-
tative imaging of temporal changes in DNP–MRI after intravenous injection of CmP at days 2 and
6 after DOX injection. (B) Comparison of the reduction rate of DNP image intensity in control and
DOX-treated mice. Reduction rates were calculated by the slope of image intensity in the region of
interest corresponding to the enhancement by CmP. n = 5–6 in each group. * p < 0.05, ** p < 0.01.
(C) Comparison of body weight decay rate in control and DOX-treated mice at days 2 and 6 post-DOX
injection. n = 5–6 in each group. ** p < 0.01. (D) Analysis of the total CmP radical concentration (sum
of oxidized and reduced forms) in the heart and blood. Total CmP concentration was obtained after
reoxidation by treating the heart tissue and blood samples with 2 mM potassium ferricyanide via
X-band EPR. n = 4 in each group.

To clarify the mechanisms of the redox reaction between CmP and the myocardium,
H9c2 cell homogenates were directly monitored by X-band EPR. The EPR signal of CmP was
reduced in H9c2 homogenates. The EPR signal change at 30 min was significantly inhibited
by adding KCN, an inhibitor of complex IV in the mitochondrial ETC (Figure 4A,B).
These data suggest that CmP redox metabolism in H9c2 cells is mitochondrion dependent.
The EPR signal change at 30 min was also significantly lower in DOX-treated H9c2 cells
than in the control (Figure 4A,B). Taken together, these results suggest that the CmP
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Figure 2. Effects of DOX injection on survival, cardiac function, and histology. (A) Kaplan–Meier
survival curve showing survival after DOX injection. n = 10. * p = 0.0392 vs. control group.
(B,C) Echocardiography performed in mice before DOX injection at 2 and 6 days after DOX injection.
(C) Representative images of 2D M-mode echocardiograms. Ejection fractions (EFs) were quantified.
n = 6 in each group. ** p < 0.01. (D) Representative photomicrographs of heart sections with H&E
staining 6 days after DOX injection. Scale bar, 50 µm. (E,F) Immunohistochemical detection of
oxidative DNA damage with 8-OHdG. Representative photomicrographs of the 8-OHdG-positive
nuclei. Scale bar, 50 µm. 8-OHdG-positive nuclei/total cells (%) were normalized to the control group.
n = 5 in each group. ** p < 0.01.

Next, we assessed the in vivo redox status of the hearts of DOX-treated mice using
in vivo DNP–MRI. We confirmed that the distribution of injected CmP was similar in both
the control and DOX-treated mice. CmP-induced enhancement of image intensity gradually
decreased over time (Figure 3A). The reduction rate of image intensity in DOX-treated
mice on day 6 after administration was significantly lower than that of control mice, and
the body weight decay rate was also significantly higher (Figure 3B,C). In contrast, the
reduction rate of image intensity in DOX-treated mice on day 2 after administration was
significantly lower than that of control mice, although the body weight decay rate did not
change significantly (Figure 3B,C). Considering the possibility that changes in the cardiac
output and drug metabolism may alter the distribution of the radical probe, the oxidized
form and total CmP concentration (sum of reduced and oxidized forms) in the heart tissue
and blood were measured quantitatively using X-band EPR to confirm that they did not
change in either group (Figure 3D).
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Figure 3. Redox imaging of the hearts of DOX-treated mice using in vivo DNP–MRI. (A) Represen-
tative imaging of temporal changes in DNP–MRI after intravenous injection of CmP at days 2 and
6 after DOX injection. (B) Comparison of the reduction rate of DNP image intensity in control and
DOX-treated mice. Reduction rates were calculated by the slope of image intensity in the region of
interest corresponding to the enhancement by CmP. n = 5–6 in each group. * p < 0.05, ** p < 0.01.
(C) Comparison of body weight decay rate in control and DOX-treated mice at days 2 and 6 post-DOX
injection. n = 5–6 in each group. ** p < 0.01. (D) Analysis of the total CmP radical concentration (sum
of oxidized and reduced forms) in the heart and blood. Total CmP concentration was obtained after
reoxidation by treating the heart tissue and blood samples with 2 mM potassium ferricyanide via
X-band EPR. n = 4 in each group.

To clarify the mechanisms of the redox reaction between CmP and the myocardium,
H9c2 cell homogenates were directly monitored by X-band EPR. The EPR signal of CmP was
reduced in H9c2 homogenates. The EPR signal change at 30 min was significantly inhibited
by adding KCN, an inhibitor of complex IV in the mitochondrial ETC (Figure 4A,B).
These data suggest that CmP redox metabolism in H9c2 cells is mitochondrion dependent.
The EPR signal change at 30 min was also significantly lower in DOX-treated H9c2 cells
than in the control (Figure 4A,B). Taken together, these results suggest that the CmP

Antioxidants 2022, 11, 1454 7 of 12

Figure 3. Redox imaging of the hearts of DOX-treated mice using in vivo DNP–MRI. (A) Represen-
tative imaging of temporal changes in DNP–MRI after intravenous injection of CmP at days 2 and
6 after DOX injection. (B) Comparison of the reduction rate of DNP image intensity in control and
DOX-treated mice. Reduction rates were calculated by the slope of image intensity in the region of
interest corresponding to the enhancement by CmP. n = 5–6 in each group. * p < 0.05, ** p < 0.01.
(C) Comparison of body weight decay rate in control and DOX-treated mice at days 2 and 6 post-DOX
injection. n = 5–6 in each group. ** p < 0.01. (D) Analysis of the total CmP radical concentration (sum
of oxidized and reduced forms) in the heart and blood. Total CmP concentration was obtained after
reoxidation by treating the heart tissue and blood samples with 2 mM potassium ferricyanide via
X-band EPR. n = 4 in each group.

To clarify the mechanisms of the redox reaction between CmP and the myocardium,
H9c2 cell homogenates were directly monitored by X-band EPR. The EPR signal of CmP was
reduced in H9c2 homogenates. The EPR signal change at 30 min was significantly inhibited
by adding KCN, an inhibitor of complex IV in the mitochondrial ETC (Figure 4A,B).
These data suggest that CmP redox metabolism in H9c2 cells is mitochondrion dependent.
The EPR signal change at 30 min was also significantly lower in DOX-treated H9c2 cells
than in the control (Figure 4A,B). Taken together, these results suggest that the CmP

Antioxidants 2022, 11, 1454 7 of 12

Figure 3. Redox imaging of the hearts of DOX-treated mice using in vivo DNP–MRI. (A) Represen-
tative imaging of temporal changes in DNP–MRI after intravenous injection of CmP at days 2 and
6 after DOX injection. (B) Comparison of the reduction rate of DNP image intensity in control and
DOX-treated mice. Reduction rates were calculated by the slope of image intensity in the region of
interest corresponding to the enhancement by CmP. n = 5–6 in each group. * p < 0.05, ** p < 0.01.
(C) Comparison of body weight decay rate in control and DOX-treated mice at days 2 and 6 post-DOX
injection. n = 5–6 in each group. ** p < 0.01. (D) Analysis of the total CmP radical concentration (sum
of oxidized and reduced forms) in the heart and blood. Total CmP concentration was obtained after
reoxidation by treating the heart tissue and blood samples with 2 mM potassium ferricyanide via
X-band EPR. n = 4 in each group.

To clarify the mechanisms of the redox reaction between CmP and the myocardium,
H9c2 cell homogenates were directly monitored by X-band EPR. The EPR signal of CmP was
reduced in H9c2 homogenates. The EPR signal change at 30 min was significantly inhibited
by adding KCN, an inhibitor of complex IV in the mitochondrial ETC (Figure 4A,B).
These data suggest that CmP redox metabolism in H9c2 cells is mitochondrion dependent.
The EPR signal change at 30 min was also significantly lower in DOX-treated H9c2 cells
than in the control (Figure 4A,B). Taken together, these results suggest that the CmP
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redox metabolism of DOX-treated H9c2 cells was decreased because of mitochondrial
dysfunction. To elucidate the mitochondrial function, we measured the OCR of H9c2 cells
and found that the OCR of DOX-treated cells was significantly lower than that of the control
(Figures 4C and S1). These results suggest that CmP redox metabolism in DOX-treated
myocardium was decreased because of mitochondrial dysfunction, at least in vitro.

Figure 4. Assessment of CmP dynamics in H9c2 cells. (A) A typical ESR signal attenuation of CmP
in four-fold diluted H9c2 cells homogenate solution over 30 min. (B) Comparison of the reduction
rate of CmP radical concentration over 30 min in control H9c2 cells vs. KCN-treated H9c2 cells and
control H9c2 cells vs. DOX-treated H9c2 cells. CmP concentration was measured by X-band EPR.
n = 3 in each group. * p < 0.05, ** p < 0.01. (C) Oxygen consumption rate (OCR) over 82 min calculated
using relative fluorescence unit slopes in control H9c2 cells vs. DOX-treated H9c2 cells. n = 3 in each
group. ** p < 0.01.

4. Discussion

To the best of our knowledge, this is the first study to investigate the redox sta-
tus of DOX-induced cardiomyopathy via in vivo DNP–MRI using the nitroxyl radical
3-carbamoyl-PROXYL as a molecular imaging probe. The reduction rate, as estimated
from the enhanced DNP signal, was significantly slower in DOX-treated mice than in
control mice 6 days post-DOX administration. To eliminate the effect of decreased cardiac
output due to weight loss, we also determined the reduction rate of the DNP signal 2 days
post-DOX-administration. The reduction rate of DOX-treated mice was significantly lower
than that in control mice, even though there was no difference in the cardiac function
according to the echocardiography results and in the rate of weight loss. These results
suggest that the changes in redox metabolism detected by DNP–MRI occur earlier than
those detected by physiological examination or clinical symptoms. Therefore, DNP–MRI,
which can noninvasively detect mitochondrial oxidative stress and abnormalities, could be
useful for early diagnosis of cardiomyopathy.

Since the heart is a luminal organ, it is possible that the DNP–MRI signal originates
from the blood as well as the myocardium. Additionally, CmP is water-soluble and is
excreted via urine, and changes in cardiac output and drug metabolism in renal plasma
flow or glomerular filtration rate may alter its signal decay rate [40]. We measured the
oxidized form and total CmP concentration (sum of reduced and oxidized forms) in the
heart tissue and blood quantitatively using X-band EPR and confirmed that they did not
change. Furthermore, even when smaller ROIs were used, the changes in the reduction rate
in DNP–MRI were similar to those observed when ROIs of the entire heart were used in this
study (data not shown). These results suggest that the reduction in the rate of reduction
observed from the image intensity of DNP–MRI in DOX-treated mice is indicative of a
change in the redox state of the myocardium.

Next, we investigated the mechanism by which DOX injection in mice reduced the
CmP reduction rate using cell models and DNP–MRI. The embryonic cardiomyocyte cell
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