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Abstract

Rationale: Ischemic heart disease (IHD) is a leading cause of mortality. The most effective 

intervention for IHD is reperfusion, which ironically causes ischemia reperfusion (I/R) injury 

mainly due to oxidative stress-induced cardiomyocyte death. The exact mechanism and site of 

reactive oxygen species (ROS) generation during I/R injury remain elusive.

Objective: We aim to test the hypothesis that Complex I-mediated forward and reverse electron 

flows are the major source of ROS in I/R injury of the heart.

Methods and Results: We used a genetic model of mitochondrial Complex I deficiency, in 

which a Complex I assembling subunit, Ndufs4 was knocked out in the heart (Ndufs4H−/−). The 

Langendorff perfused Ndufs4H−/− hearts exhibited significantly reduced infarct size (45.3 ± 5.5% 

in wild type vs 20.9 ± 8.1% in Ndufs4H−/−), recovered contractile function, and maintained 

mitochondrial membrane potential after no flow ischemia and subsequent reperfusion. In cultured 

adult cardiomyocytes from Ndufs4H−/− mice, I/R mimetic treatments caused minimal cell death. 

Reintroducing Ndufs4 in Ndufs4H−/− cardiomyocytes abolished the protection. Mitochondrial 

NADH declined much slower in Ndufs4H−/− cardiomyocytes during reperfusion suggesting 

decreased forward electron flow. Mitochondrial flashes, a marker for mitochondrial respiration, 

were inhibited in Ndufs4H−/− cardiomyocytes at baseline and during I/R, which was accompanied 

by preserved aconitase activity suggesting lack of oxidative damage. Finally, pharmacological 

blockade of forward and reverse electron flow at Complex I inhibited I/R-induced cell death.

Conclusions: These results provide the first genetic evidence supporting the central role of 

mitochondrial Complex I in I/R injury of mouse heart. The study also suggests that both forward 

and reverse electron flows underlie oxidative cardiomyocyte death during reperfusion.
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1 Introduction

Ischemic heart disease (IHD) is the leading cause of death in the US and worldwide. The 

most clinically effective treatment for IHD is to reestablish blood supply to the ischemic 

myocardium. However, reperfusion causes additional damage to cardiomyocytes, known as 

ischemia reperfusion (I/R) injury [1]. Currently, there is no effective therapy for I/R injury. 

Numerous studies have explored the mechanisms underlying I/R injury in the heart and 

brain. The leading causes are oxidative stress and Ca2+ overload, both of which can trigger 

opening of the mitochondrial permeability transition pore (mPTP) leading to cell death [1]. 

Surprisingly, chronic ablation of the major mitochondrial Ca2+ uptake channel, 

mitochondrial Ca2+ uniporter (MCU) offered no protection against I/R injury, while short-

term MCU knockout or enhancing Ca2+ efflux showed protection [2–4]. These studies raised 

an intriguing question that mitochondrial Ca2+ may be dispensable for I/R injury. On the 

other hand, oxidative stress due to excessive reactive oxygen species (ROS) generation has 

been shown universally in I/R models and causally linked to cell death.[5] However, there 

are debates over the exact mechanisms and sites of ROS generation during I/R injury [5].

Numerous sites within mitochondrial matrix and in the cytosol can generate ROS under 

various conditions [5]. Inside mitochondria, Complex I and Complex III are the major ROS 

generating sites under both resting conditions and after I/R [6–8]. The mechanisms and sites 

within Complex I that are associated with ROS generation have been extensively studied in 

vitro [7, 9]. During forward electron flow, a high level of NADH can drive superoxide 

generation at the flavin mononucleotide moiety located near the NADH binding subunit. In 

addition, reverse electron flow driven by a reduced ubiquinone (ubiquinol) pool and high 

proton motive force can generate ROS when electrons flow back from ubiquinol to Complex 

I. In vitro studies showed that reverse electron flow can drive maximal ROS generation [10]. 

Recent reports suggested that reverse electron flow through Complex I is a major source of 

ROS in I/R injury [11, 12]. However, whether this is the major cause of I/R injury is under 

debate [13]. Genetic evidence supporting the key role of Complex I in oxidative stress and 

cardiac I/R injury is still missing.

In mammalian cells, Complex I contains 14 core subunits and 30 accessory subunits. A 

nucleus encoded accessory subunit, NADH:ubiquinone oxidoreductase subunit S4 (Ndufs4) 

is an 18 kDa protein responsible for the final assembly of Complex I [14]. Mutations in this 

gene cause Leigh syndrome [15]. Pan-tissue knockout of Ndufs4 resulted in 90% decrease in 

Complex I activity in the brain and severe neural defects that mimic Leigh syndrome [16]. 

Heart specific Ndufs4 knockout (Ndufs4H−/−) mice, however, were viable despite 60–70% 

decrease in Complex I activity in the heart. We have reported that the hearts of Ndufs4H−/− 

mice exhibited normal energetics and function and less ROS generation at baseline, but 

increased protein acetylation and sensitivity to pressure overload [17]. In this study, we 

found that Ndufs4H−/− hearts endured less damage and exhibited better functional recovery 

after I/R. Mechanistically, Ndufs4H−/− cardiomyocytes were protected from I/R injury due 

to less active mitochondrial respiration and ROS generation via both forward and reverse 

electron flows.
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2 Methods

2.1 Animals

All the animal procedures were approved by the Institutional Animal Care and Use 

Committee at the University of Washington and conform to the NIH guidelines (Guide for 

the care and use of laboratory animals). The heart specific Ndufs4 knockout (Ndufs4−/−) 

mice were generated by crossing C57BL/6 mice bearing modified ndufs4 gene containing 

lox P sites with transgenic mice expressing CRE driven by α-MHC promoter [17]. The 

Ndufs4H−/− mice were further crossed with mt-cpYFP transgenic mice for measuring 

mitochondrial flashes in Langendorff perfused heart [18].

2.2 Ischemia reperfusion treatment in Langendorff perfused heart

Langendorff perfusion of mouse hearts followed protocols we reported before.[18–20] 

Briefly, mouse (>3 months old) was euthanized (pentobarbital, 270 mg/kg, i.p.). The heart 

was rapidly removed, cannulated via ascending aorta and perfused with Krebs-Henseleit 

buffer containing (in mM): NaCl 118, NaHCO3 25, KCl 5.3, CaCl2 2, MgSO4 1.2, EDTA 

0.5, glucose 10, and pyruvate 0.5 and equilibrated with 95% O2 and 5% CO2 at 37°C (pH 

7.4). After 30 min, the perfusion was stopped (no-flow ischemia) for 30 min followed by 

resumed perfusion for 60 min (reperfusion). The left ventricle (LV) of the heart was cut into 

6 cross-section slices along the long axis (~1 mm thick) by using a heart slicer. The slices 

were stained with 1% triphenyltetrazolium chloride (TTC) and imaged using a digital 

camera. The weight of each slice was measured and the LV area and infarct area in each 

slice were determined by using ImageJ (NIH). The infarct weight was calculated as: (infarct 

area) / (LV area) x (slice weight). The ratio between total infarct weight and total LV weight 

from the 6 slices was expressed as infarct size (percentage). In a subset of experiments, 

contractile function of the perfused heart was evaluated by Powerlab system 

(ADInstruments) following our previous reported protocol [21].

2.3 Confocal imaging of Langendorff perfused heart

Confocal imaging was done by using the Leica TCS SP8 inverted confocal microscope 

(Leica, Germany) with a 40× 1.3 NA oil-immersion objective. The heart from adult mt-

cpYFP transgenic mouse (20–30 g) was perfused in Langendorff mode (see above) and 

mounted on confocal stage by using a custom made chamber as we previously reported [18, 

20]. To minimize motion artifact during imaging, 10 μM (−)-Blebbistatin (Toronto Research 

Chemicals) was included in the perfusion solution. During the imaging, left ventricle was 

gently pressed against the coverslip at the bottom of the chamber to further suppress motion 

artifact. We also included TMRM (150 nM) in the perfusion solution for mitochondrial 

membrane potential measurement. The mt-cpYFP indicator was excited at 405 and 488 nm 

and emissions collected at 505–550 nm. TMRM was excited at 552 nm and emission 

collected at >560 nm. Time-lapse 2D images were collected at a sampling speed of ~1 s per 

frame for 100 frames for flash. Two dimensional images of TMRM were obtained during 

30–60 min of reperfusion.
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2.4 Generation of adenovirus construct containing Ndufs4 gene

The Ndufs4 gene was cloned into pDC316 shuttle plasmid in between EcoRI and SacI sites 

and co-transfected with pBHG helper plasmid into HEK293 cells for adenovirus packaging. 

The packaged adenoviruses were amplified several times to achieve an estimated pfu of 

~109/ml.

2.5 Adult mouse cardiomyocyte isolation, treatments and imaging

Adult mouse cardiomyocytes were isolated by enzyme digestion methods as described 

previously [22, 23]. The cardiomyocytes were plated on laminin coated coverslips and 

adenovirus mediated Ndufs4 gene expression or mitochondria-targeted hydrogen peroxide 

indicator, mt-HyPer [24] overexpression were done at an estimated MOI of 10–100 for 2 

days in serum free M199 medium. Ischemia reperfusion mimetic treatment of cultured 

cardiomyocytes were done by perfusing the cells with oxygen- and glucose-deprived 

solution containing (in mM): NaCl 137, KCl 4.9, CaCl2 1, MgSO4 1.2, NaH2PO4 1.2, 

HEPES 20, and NaS2O4 2 (pH 6.2), for 30 min (except for NADH autofluorescence 

measurements, which is 15 min). Reperfusion was achieved by switch back to normal 

solution without NaS2O4 and with 5 mM glucose (pH 7.4) [21]. The cells were stained with 

0.4% Trypan Blue. Rod shaped cells without any staining were determined live cells and 

round shaped and blue stained cells dead cells [25]. Apoptosis was evaluated by using a 

caspase-3/7 detection kit (Invitrogen) and confocal imaging used Leica TCS SP8 inverted 

confocal microscope. To monitor mitochondrial NADH level, we used an Olympus FV1000 

2-photon microscope with a 25x water immersion objective. Serial 2D scanning images were 

taken with 710 nm excitation and at a sampling rate of 30 s per frame during cellular I/R 

treatment. The mt-HyPer was excited by alternating excitation at 405 and 488 nm and 

collecting emissions at >505 nm. The ratio of emission fluorescence at 488 nm and 405 nm 

excitations was used to indicate mitochondrial ROS generation during I/R treatment. In 

addition, cardiomyocytes were loaded with MitoSox (Invitrogen, 5 μM for 10 min at 37˚C) 

and fluorescence monitored by confocal microscope during I/R with 405 and 488 nm 

excitation and emissions collected at >505 nm.

2.6 Western Blot Analysis

The cultured adult cardiomyocytes with or without adv-Ndufs4 infection were lysed with 

RIPA buffer containing the protease inhibitor cocktail. Protein samples were denatured and 

separated via SDS-PAGE, and transferred to PVDF membranes according to standard 

procedures. The blots were probed with primary antibodies: anti-Ndufs4 (1:1000, Cell 

Signaling), anti-VDAC1 (1:10000, Cell Signaling) or anti-β actin (1:10000, Sigma) followed 

by appropriate second antibodies.

2.7 Aconitase activity, lactate and glycogen measurements

These measurements used commercial available kits for aconitase activity assay (Sigma), 

and lactate (BioVision) or glycogen content in cells (BioVision).
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2.8 Blue native gel and in gel complex I activity

Isolated mitochondria from adult mouse heart (100 μg) were solubilized in cold 4x 

NativePAGE Sample Buffer containing 5% digitonin and 5% coomassie blue G-250 sample 

additive and centrifuged to remove insoluble particles. The samples were loaded on 

NativePAGE Novex 3–12% Bis-Tris Gel and run at 100 V for 1 hr, then at 300 V for 2 hr. 

The gel was stained with coomassie blue overnight and de-stained for >10 hr (buffer 

changed every ~2 hr) before imaging (Bio-Rad imaging system). The in gel complex I 

activity was evaluated by adding NADH (5 mM) as substrate and nitrotetrazolium blue 

(NBT, 0.5 mM) after native gel electrophoresis and washed with water for 3–5 time before 

imaging.

2.9 Statistics

Data are shown as mean ± SEM. One-way ANOVA was used for experiments with more 

than 2 groups and followed by Tukey’s post hoc analysis. P < 0.05 was considered 

statistically significant.

3 Results

3.1 Ndufs4 knockout protected the heart against I/R injury

We first confirmed the Ndufs4H−/− mouse model, which showed lack of Ndufs4 protein, 

decreased mitochondrial respiration chain supercomplexes assembly and in gel Complex I 

activity at the age of 3–4 months (Online Fig. 1) consistent with previous report [17]. When 

perfused in Langendorff mode with oxygenated physiological solutions, Ndufs4H−/− hearts 

exhibited normal contractile function as wild type (WT) controls. After I/R treatment (30 

min no-flow followed with 30–60 min reperfusion. Figure 1A), the infarct area was 50% 

smaller in Ndufs4H−/− hearts compared to WT hearts (45.3 ± 5.5% in WT vs. 20.9 ± 8.1% 

in Ndufs4H−/−, P < 0.05) (Fig. 1B, C). I/R treatment also compromised contractile function 

in WT hearts as reflected by partial recovery of left ventricular end diastolic pressure 

(LVEDP), left ventricular developed pressure (LVDevP) and rate-pressure product (RPP) 

(Fig. 1D-G). These contractile parameters were fully recovered in Ndufs4H−/− hearts (Fig. 

1D-G). Finally, mitochondrial membrane potential was largely maintained in Ndufs4H−/− 

hearts after I/R, while ~30% of cardiomyocytes in WT hearts lost mitochondrial membrane 

potential (Fig. 1 H-I). These results support that genetic inhibition of Complex I activity 

protected against I/R injury in the heart.

3.2 Ndufs4 knockout ameliorated I/R-induced cardiomyocyte death

To further explore the potential mechanisms underlying the protection of Ndufs4H−/− 

against I/R-induced functional decline and infarction, we used an in vitro I/R mimetic model 

on cultured adult cardiomyocytes [20, 21]. I/R treatment induced significant cell death in 

adult cardiomyocytes, which was largely abolished in Ndufs4H−/− cardiomyocytes (27.3 

± 2.3% in WT vs. 3.3 ± 1.6% in Ndufs4H−/−, P < 0.05) (Fig. 2A&C). Similarly, I/R-induced 

much less apoptosis in Ndufs4H−/− cardiomyocytes (Fig. 2B&D). Finally, we re-introduced 

Ndufs4 gene in cultured Ndufs4H−/− cardiomyocytes and determined the re-expression of 

Ndufs4 protein in whole cell lysate (insert of Fig. 2E). Re-introducing Ndufs4 gene partially 

Zhang et al. Page 5

J Mol Cell Cardiol. Author manuscript; available in PMC 2019 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



restored I/R-induced cell death (Fig. 2E) suggesting that short-term restoration of Complex I 

activity enhanced I/R injury.

3.3 Ndufs4 knockout inhibited mitochondrial respiration and oxidative stress after I/R

Complex I is the primary site in mitochondrial respiratory chain that accepts electrons from 

NADH. To determine whether the protective effect of Ndufs4H−/− is associated with 

inhibited respiration, we first monitored the autofluorescence of NADH, mainly from 

mitochondria, during I/R treatment. NADH accumulated during ischemia due to blocked 

respiration. Upon reperfusion, NADH declined quickly in WT cardiomyocytes due to 

restored respiration. However, NADH declined much slower in Ndufs4H−/− cardiomyocytes 

suggesting a slower rate of respiration restoration (Fig. 3A-B). In support of these results, 

mitochondrial flash frequency was lower in Ndufs4H−/− hearts at baseline (0.7 ± 0.1 vs. 0.3 

± 0.1 flashes per 1000 μm2 per 100 s in WT or Ndufs4H−/−, respectively) and during early 

reperfusion (1.7 ± 0.3 vs. 0.7 ± 0.1 flashes per 1000 μm2 per 100 s in WT or Ndufs4H−/−, 

respectively) suggesting single mitochondrial respiration was less active in Ndufs4H−/− 

hearts (Fig. 3C-D) [26, 27]. Since mitochondrial respiration is a major source for reperfusion 

ROS generation, we used mt-HyPer indicator [24] and MitoSox to monitor mitochondrial 

ROS levels during I/R treatment. The results showed that ischemia caused a decline in 

mitochondrial ROS level (Online Fig. 2). Upon reperfusion, there was a rebound increase of 

mitochondrial ROS in WT but not Ndufs4H−/− cardiomyocytes suggesting that Complex I 

deficiency prevented bursting mitochondrial ROS generation in early reperfusion (Online 

Fig. 2). To determine whether preventing reperfusion ROS generation led to less oxidative 

stress, we monitored aconitase activity. The Ndufs4H−/− hearts had a much higher aconitase 

activity after I/R supporting that genetic inhibition of Complex I attenuated oxidative stress 

through preventing reperfusion ROS generation by mitochondria.

As for other potential mechanisms that may mediate the protection of Ndufs4H−/− against 

I/R injury, we thought that systemic metabolic remodeling is unlikely a contributor. First, the 

activity of other respiration complexes is unchanged in Ndufs4H−/− heart [17]. In addition, 

lactate and glycogen levels were similar between wild type and Ndufs4H−/− cardiomyocytes 

after I/R (Online Fig. 3) suggesting unchanged glycolysis. Sirt3 activity is decreased in 

Ndufs4H−/− hearts, which sensitizes the heart to chronic stress [17]. However, previous 

report showed that decreased Sirt3 activity may worsen rather than protect heart from I/R 

injury [28].

3.4 Complex I dependent forward and reverse electron flows underlay oxidative cell death

To further determine the mechanism underlying Complex I-dependent oxidative cell death in 

I/R injury, we used various metabolic perturbations (Fig. 4A). First, using dimethyl α-

ketoglutarate (D-αKG, 5 mM) plus aspartate (5 mM) as the fuel in reperfusion, which 

generate ATP bypassing respiration chain [29], largely prevented cell death in WT 

cardiomyocytes suggesting the key role of respiration chain in reperfusion injury. In 

addition, removing glucose, the only metabolic substrate in the reperfusion solution, also 

blocked cardiomyocyte death. Rotenone (1 μM), which blocks forward and reverse electron 

flow in Complex I, also attenuated cardiomyocyte death indicating forward electron flow 

contributes to I/R injury. A recent report showed that reverse electron flow driven by 
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accumulated succinate is a source of reperfusion ROS generation [11]. Using dimethyl-

succinate (DS, 5 mM), a membrane-permeable derivative of succinate, as the sole substrate 

during reperfusion resulted in less cell death compared to 5 mM Glu (~30% in 5 mM Glu 

and ~15% in 0 Glu+DS group). However, DS still caused significant cell death (~15%) 

compared to 0 Glu group supporting the importance of reverse electron flow in I/R injury. 

Finally, metformin a Complex I inhibitor and anti-diabetic drug [30] protected I/R-induced 

cardiomyocyte death (Fig. 4B). Taken together, Complex I-mediated both forward and 

reverse electron flows contribute to ROS generation and oxidative stress-induced 

cardiomyocyte death in I/R.

4 Discussion

In this study, we reported that Complex I deficiency protected the heart from acute I/R 

injury. I/R mimetic treatment caused oxidative stress, cell death and heart dysfunction in ex 

vivo perfused hearts and in vitro cultured adult cardiomyocytes, all of which were markedly 

attenuated by Ndufs4 knockout. These results provide the first molecular evidence in mouse 

heart supporting a central role of Complex I in cardiac I/R injury. We further showed that 

Complex I mediated forward and reverse electron flows both contributed to ROS generation 

in I/R injury (Fig. 4C). Finally, the protective effect of Complex I deficiency on acute I/R 

injury is in contrast to its detrimental effect on chronic pressure overload-induced heart 

failure indicating that redox imbalance impacts cardiac pathology in a context dependent 

manner.

Previous work has proposed that oxidative stress is an important contributor to human 

diseases including cardiovascular disease, metabolic disease, and neurodegeneration [31]. 

Ironically, antioxidants tested in in vitro and animal models are largely ineffective or even 

cause adverse effects in clinical trials [32]. This huge gap in translating the knowledge from 

basic research to medical practice may be rooted in the facts that intracellular redox 

regulation is incompletely understood and that ROS play multiple roles in cellular 

physiology and pathology. Cardiac I/R injury is one of the most studied human diseases 

directly linked to oxidative stress [1, 5]. Among the numerous cytosolic and mitochondrial 

sources for reperfusion ROS generation [5], Complex I in mitochondrial respiration chain 

has been regarded as a major site [7, 9]. Previous studies using pharmacological approaches 

or indirectly manipulating Complex I, such as metformin [33], amobarbital [34], acidic 

environment [35], or activating mitochondrial STAT signaling [36],showed that Complex I 

inhibition lowered reperfusion ROS generation. Here, we showed that direct targeting 

Complex I assembly ameliorated cardiac I/R injury. Importantly, inhibiting Complex I 

activity by ~70% led to 50% smaller infarction and fully recovered cardiac contractility right 

after I/R. The remaining cell death could be attributed to the 30% Complex I activity and/or 

other ROS generation sites such as Complex III [37]. Future studies are warranted to 

determine whether 50% attenuation of infarction can lead to improved long-term functional 

recovery and heart remodeling in vivo in the chronic phase of IHD.

Besides the sites of ROS generation in I/R injury, the mode or mechanism of ROS 

generation within the major sites, such as Complex I, is also not fully understood. In vitro 

studies have indicated that two modes of electron flow can promote ROS generation at two 
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sites within Complex I: forward electron flow at the NADH binding site driven by a high 

NADH supply, or reverse electron flow (electrons passed from Complex III or II to 

ubiquinone) at ubiquinone binding site driven by succinate, blocked forward electron flow, 

and a high membrane potential [7, 9]. Our results are in line with a recent report showing 

reperfusion ROS generation via reverse electron flow [11]. Since succinate-induced cell 

death is much less than glucose and NADH is also accumulated during ischemia, we 

conclude that forward electron flow also contributes to I/R injury. Indeed, previous reports 

have shown that either blocking forward or reverse electron flow protected against I/R injury 

[12, 38]. Future studies will determine whether the different modes of electron flow act in 

tandem or in concert (e.g., in different respiratory supercomplexes) for ROS generation 

during I/R.

The intracellular redox homeostasis is essential for normal function of the cell and stress 

responses. It is interesting that imbalanced redox can lead to diverse and even opposite 

outcomes depending on the tissue and nature of stress. The Complex I deficient (Ndufs4H−/

−) mice exhibit a reductive state, which is responsible for increased sensitivity to chronic 

stress-induced heart hypertrophy and failure [17]. On the contrary, the hearts from these 

mice endured less oxidative damage in response to acute I/R injury due to the same 

reductive intracellular environment. Finally, pan-tissue knockout of Ndufs4 exerted 

neurodegeneration, which was ameliorated by low level of oxygen in the environment [39]. 

Very recently, a report showed that heterozygous Ndufs4 deficiency in whole body rendered 

the heart more susceptible to I/R injury [40]. Although the results seem contrary to ours, 

there are significant differences between the two studies. In that report, the partial loss of 

Ndufs4 caused mild decrease in some ETC components and no change in baseline ROS 

generation. Unfortunately, Complex I activity was not reported in that paper. Surprisingly, 

they found mitochondrial ROS generation by Complex I or II substrates was all significantly 

increased after I/R, which led them to attribute the worsened I/R injury to increased ROS 

generation by Complex III. In contrast, we have fully characterized the Ndufs4H−/− mouse 

model [17], which showed complete loss of Ndufs4 and decreased Complex I activity and 

ROS generation at baseline and after I/R. Thus, our model specifically tested the role of 

Complex I-mediated ROS generation in I/R injury. Collectively, these studies point out the 

complicated, tissue- and scenario-dependent role of Complex I deficiency or intracellular 

redox homeostasis in human disease, which could partially explain the failure of 

antioxidants in clinical trials.

Mitochondrial Ca2+ and ROS are tightly coupled in cell metabolism [41] and play 

synergistic roles in cardiac I/R injury [1]. Although not addressed in this study, 

mitochondrial Ca2+ may be impacted in the Ndufs4H−/− model due to inhibited 

mitochondrial respiration and ROS generation. First, decreased ROS may increase the 

threshold of Ca2+ to trigger mPTP opening during reperfusion. Second, respiration 

inhibition may compromise the reestablishment of electrochemical gradient across inner 

membrane and through which attenuate mitochondrial Ca2+ uptake during reperfusion. The 

interplay among mitochondrial energetics, ROS and Ca2+ and the involvement of 

mitochondrial Ca2+ in the protection of Ndufs4H−/− hearts against I/R injury warrant further 

investigation.
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In summary, by using a genetic mouse model of heart specific Complex I deficiency, we 

reported that mitochondrial respiration chain, especially Complex I plays an essential role in 

I/R injury in the heart. We further showed that both reverse and forward electron flows 

contribute to ROS generation and oxidative cell death in I/R. These new findings support 

that targeting mitochondrial respiration chain Complex I assembly could be effective in 

treating I/R injury.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights:

• Genetic inhibition of mitochondrial Complex I protected I/R injury in mouse 

heart.

• Complex I deficiency inhibited respiration, ROS generation and 

cardiomyocyte death.

• Complex I mediated forward and reverse electron flow contributes to I/R 

injury.
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Figure 1. Ndufs4H−/− hearts were protected against ischemia reperfusion injury (I/R).
A, Scheme of I/R protocol. B, Representative photographs of heart slices with TTC staining 

after I/R. C, Quantification of myocardial infarct size. *: P ˂ 0.05 vs wild type (WT). N = 5–

6 mice. D-G, Left ventricular end-diastolic pressure (LVEDP), left ventricular developed 

pressure (LVDevP), heart rate, and rate-pressure product (RPP) were measured in 

Langendorff perfused hearts during I/R. †: P ˂ 0.05 vs WT. N = 3. H, Representative images 

of the myocardium of perfused hearts loaded with TMRM and right after I/R. I, Summarized 

data showing the loss of TMRM signal after I/R. *: P ˂ 0.05 vs WT. N = 4.
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Figure 2. Adult cardiomyocytes from Ndufs4H−/− mice were protected after I/R.
A-B, Trypan blue staining (A) or caspase-3/7 staining (B) of cardiomyocytes with or without 

I/R showing cell death and apoptosis. C, Quantification of cardiomyocyte death after I/R. *: 

P ˂ 0.05 vs Normoxia. N = 8–9. D, Quantification of cardiomyocyte apoptosis after I/R. *: P 

˂ 0.05 vs Normoxia. N = 3. E, Re-introducing Ndufs4 in Ndufs4H−/− cardiomyocytes 

partially restored cell death after I/R. Insert in E showed the detection of re-expressed 

Ndufs4 by Western blots in whole cell lysate 2 days after adenovirus mediated gene 

expression. *: P ˂ 0.05 vs Ndufs4H-/−. N = 3 in each group.
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Figure 3. Ndufs4H−/− cardiomyocytes exhibited lower mitochondrial respiration and oxidative 
stress after I/R.
A, Representative images of NADH autofluorescence in cardiomyocytes right after I/R. B, 

Ndufs4H−/− cardiomyocytes exhibited slower NADH decline in early reperfusion as 

indicated by the red arrow. Similar results are from 5 independent experiments. C, Heat 

maps showing time-dependent fluorescence change during a typical mitochondrial flash. 

Interval between each image is 2 s. D, Traces showing real-time fluorescence change during 

a flash. E, Mitochondrial flash frequency in perfused heart at baseline and during I/R. *: P ˂ 
0.05 vs WT. #: P ˂ 0.05 vs baseline. N = 28–55 scans in 4 hearts for each group. F, 

Aconitase activity in normal heart tissues and after I/R. *: P ˂ 0.05 vs WT. #: P ˂ 0.05 vs 

Normoxia. N = 3.
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Figure 4. Complex I-dependent forward and reverse electron flows underlay oxidative cell death.
A, Manipulating respiration chain electron flows by using different substrates or inhibitors 

during reperfusion to ameliorate I/R-induced cardiomyocyte death. D-αKG+ASP: dimethyl 

α-ketoglutarate (5 mM) plus aspartate (5 mM). 0 Glu: zero glucose. Rotenone: 1 μM. DS: 

dimethyl succinate (5 mM). *: P ˂ 0.05 vs normoxia, #: P ˂ 0.05 vs I/R. N = 3–11 in each 

group. B, Metformin (5 mM) protected I/R injury in cardiomyocytes. *: P ˂ 0.05 vs 

normoxia. #: P ˂ 0.05 vs I/R. N = 5–11 in each group. C, Diagram showing the sites and 

electron flows within Complex I for ROS generation. Knockout of Ndufs4 impaired 

Complex I assembly, resulted in fewer functional Complex I, and prevented supercomplexes 

formation leading to decreased ROS generation under resting condition and after I/R in the 

heart. CoQ: ubiquinone. QH2: ubiquinol. FMN: flavin mononucleotide. N1-N7: Fe-S 

centers.
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