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Abstract

Objective—Our goal was to determine the mechanism by which mitochondrial oxidative stress 

impairs collateral growth in the heart.

Approach and Results—Rats were treated with rotenone (mitochondrial complex I inhibitor 

that increases reactive oxygen species production) or sham-treated with vehicle and subjected to 

repetitive ischemia protocol for 10 days to induce coronary collateral growth. In control rats, 

repetitive ischemia increased flow to the collateral-dependent zone; however, rotenone treatment 

prevented this increase suggesting that mitochondrial oxidative stress compromises coronary 

collateral growth. In addition, rotenone also attenuated mitochondrial complex I activity and led to 

excessive mitochondrial aggregation. To further understand the mechanistic pathway(s) involved, 

human coronary artery endothelial cells were treated with 50 ng/ mL vascular endothelial growth 

factor, 1 µmol/L rotenone, and rotenone/vascular endothelial growth factor for 48 hours. Vascular 

endothelial growth factor induced robust tube formation; however, rotenone completely inhibited 

this effect (P<0.05 rotenone versus vascular endothelial growth factor treatment). Inhibition of 

tube formation by rotenone was also associated with significant increase in mitochondrial 

superoxide generation. Immunoblot analyses of human coronary artery endothelial cells with 

rotenone treatment showed significant activation of adenosine monophosphate activated kinase 

(AMPK)-α and inhibition of mammalian target of rapamycin and p70 ribosomal S6 kinase. 

Activation of AMPK-α suggested impairments in energy production, which was reflected by 

decrease in O2 consumption and bioenergetic reserve capacity of cultured cells. Knockdown of 

AMPK-α (siRNA) also preserved tube formation during rotenone, suggesting the negative effects 

were mediated by the activation of AMPK-α. Conversely, expression of a constitutively active 

AMPK-α blocked tube formation.
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Conclusions—We conclude that activation of AMPK-α during mitochondrial oxidative stress 

inhibits mammalian target of rapamycin signaling, which impairs phenotypic switching necessary 

for the growth of blood vessels.
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The metabolic syndrome (MS) is a constellation of metabolic abnormalities that markedly 

increases the risk of developing ischemic heart disease, atherosclerotic cardiovascular 

diseases, and type II diabetes mellitus.1 Since the initial descriptions in the 1920s, both the 

terminology and the clinical criteria have undergone various revisions.2,3 Recent studies 

indicate that >40% of US citizens aged >60 years have MS when evaluated by Adult 

Treatment Panel III criteria.4 Importantly, angiographic study by Abaci et al5 showed that 

patients with diabetes mellitus developed a less extensive coronary collateral circulation 

with nondiabetic patients. Although the effect of the MS on coronary collateral development 

is somewhat controversial, there is consensus that a significant cohort of patients do not 

show evidence of collateral growth.6 Coronary collaterals carry insufficient flow to 

completely prevent infarction in most cases, their presence is known to limit the damage.7 

Thus, patients with well-developed collateral have better prognosis in recovering from 

myocardium infarction. However, the complex mechanisms mediating the enlargement and 

development of new blood vessels in the heart are not well understood.

Zucker Obese Fatty rats are a model of human MS, exhibiting many of the same afflictions 

including obesity, insulin resistance, hyperlipidemia, hyperinsulinemia, and hyperphagia.8 

The Zucker Obese Fatty rats also demonstrated endothelial dysfunction and oxidative 

stress.9 We previously observed that coronary collateral growth (CCG) was markedly 

compromised in response to episodic ischemia in the Zucker Obese Fatty rats10,11 and that 

mitochondrial oxidative stress and dysfunction may underlie this problem. However, the 

underlying signaling pathway(s) remain elusive. Accordingly, the goal of this study was to 

define the basis by which mitochondrial oxidative stress corrupts vascular growth. Our 

findings suggest that mitochondrial bioenergetics, which is adversely affected by 

mitochondrial oxidative stress, ultimately mediates the phenotypic switch in endothelial 

cells (ie, from quiescent to migratory and proliferative phenotypes) and adenosine 

monophosphate activated kinase (AMPK)-α is the effector of impaired mitochondrial 

bioenergetics and function. Together our data support the importance of mitochondrial 

bioenergetics and oxidative stress in regulating phenotypic switch in endothelial cells and 

suggest that mitochondrial treatment may hold therapeutic potential in coronary 

arteriogenesis/angiogenesis.

Materials and Methods

Materials and Methods are available in the online-only Supplement.
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Results

Mitochondrial Oxidative Stress and Dysfunction Compromise CCG in Lean Rats in 
Response to Repetitive Ischemia

To assess the effect(s) of mitochondrial oxidative stress and dysfunction have on CCG, 

Wistar Kyoto rats were divided into sham, repetitive ischemia (RI), and RI/rotenone (Rot) 

groups (n=18–26 rats per group) and euthanized at days 2 and 10. Some rats were excluded 

from the study because of surgical failure, death resulted from severe myocardial infarction, 

and rotenone treatment. As shown in Figure 1A, the fold increase in the collateral-dependent 

zone (CZ)/normal zone (NZ) flow ratio is ≈1.0 (before/after RI) at day 2, indicating no 

obvious collateral growth to the CZ for the sham, RI, and RI/Rot groups (n=5, 4, and 2 rats 

per group). After 10 days of RI, the fold increase in ratio of CZ/NZ flow (before/after RI) 

was nearly doubled (1.93; n=8 rats; P<0.05) as compared with the sham-operated rats (n=6 

rats) which showed no increase in the CZ/NZ flow ratio. Rotenone prevented this increase 

(P<0.05 versus RI).

To assess the dosage efficacy of rotenone in the RI rat model, mitochondria were isolated 

from both the NZ and the CZ of the left ventricular tissues from the 10-day experimental 

groups and subjected to mitochondrial complex I (CI) activity assay (Figure I in the online-

only Data Supplement). Ten-day RI increased CI activity in the CZ as compared with their 

NZ controls. It is also important to point out that CI activity was significantly blunted in 

both the NZ and the CZ tissues collected from 10-day RI/Rot compared with sham-operated 

and RI groups (reduction of ≈58% and 66%; n=3 rats per group; P<0.05). The striking 

suppression in CI activity in the rotenone-treated group might be the main reason for 

abrogated growth of coronary collaterals to CZ in response to RI.

Mitochondrial Oxidative Stress and Dysfunction Induce Mitochondrial Aggregation and 
Dyad Swelling in the Myocardium of Lean Rats in Response to RI

Representative electron micrographs showing ultrastructures of myocytes and vasculatures 

from left ventricular tissues of sham-operated, RI, and RI/Rot rats (n=3 rats per group). In 

general, intracellular architectures from both the NZ and the CZ of 10-day sham-operated 

rats were well preserved (eg, intact T-tubules, intercalated disks, sarcolemmal and basement 

membranes), as depicted in Figure 2A and 2D. In contrast, 10-day RI/Rot rats showed 

excessive mitochondrial aggregation, implying fusion of mitochondrial network (Figure 2C 

and 2F, opened arrow). In addition, consistent severe dyad swelling and rupture were also 

observed in the CZ of 10-day RI/Rot rats (Figure 2F, closed arrow). It is interesting to note 

that mild dyad swelling was also present in some NZ sections from 10-day RI rats (Figure 

2B, closed arrow), suggesting perturbation of Ca2+ homeostasis in the myocardium.

The online-only Data Supplement is available with this article at http://atvb.ahajournals.org/lookup/suppl/doi:10.1161/ATVBAHA.
113.301591/-/DC1.
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Mitochondrial Oxidative Stress and Dysfunction Inhibit Formation of Tubes on 2D Matrigel 
in Human Coronary Artery Endothelial Cells

To further gain mechanistic insights into the effect of mitochondrial oxidative stress and 

dysfunction have on vascular growth, human coronary artery endothelial cells (HCAECs) 

were cultured on 2D Matrigel and subjected to rotenone and vascular endothelial growth 

factor (VEGF) treatment as described. Formation of tubes was significantly increased in 

response to VEGF (Figure 3A [control, 10.1±1.1] versus Figure 3B [VEGF, 16.5±1.7]; 

*P<0.05). In contrast, rotenone completely inhibited formation of tubes (Figure 3C [Rot, 

0±0.0]; *P<0.05) and abolished the effects of VEGF (Figure 3B versus Figure 3D [Rot

+VEGF, 0±0.0]; *P<0.05), suggesting that mitochondrial bioenergetics affects cellular 

signaling upstream of VEGF (n=4; 8–12 wells/condition).

Mitochondrial Oxidative Stress in HCAECs

Production of reactive oxygen species (ROS) by mitochondria was examined using MitoSox 

Red. Similar fluorescent signals were observed for control and VEGF-treated HCAECs as 

illustrated in Figure 4A and 4B. However, there was substantially higher fluorescent 

intensity for rotenone and Rot/VEGF-treated cells (Figure 4C and 4D). Immunoblot analysis 

showed significant higher superoxide dismutase-2 protein expression for both the rotenone 

and the Rot/VEGF-treated cells (Figure 4E). Bright field images of HCAECs after VEGF, 

rotenone, and Rot/VEGF treatments are shown in Figure II in the online-only Data 

Supplement. Note that rotenone significantly reduces cell number and alters morphology of 

the cells (Figure IIA and IIB versus IIC and IID in the online-only Data Supplement).

Corruption of Growth Factor Mediated–Signaling Cascade(s) via Altered AMPK-α/
Mammalian Target of Rapamycin Signaling

Rotenone significantly increased phosphorylation of AMPK-α Thr172 (Figure 5A) and 

abolished the phosphorylation of mammalian target of rapamycin (mTOR) Ser2448 and p70 

ribosomal S6 Thr389 as depicted in Figure 5B and 5C (n=5–9; *P<0.05). Neither compound 

C (AMPK-α inhibitor) nor rapamycin (mTOR inhibitor) blocked the activation of AMPK-α 

and the downregulation of mTOR and p70 ribosomal S6, suggesting that bioenergetic stress 

hinders the activity of mTOR which would prevent new protein synthesis and block 

phenotypic switching (ie, quiescent to proliferating cells). Dose response curves of 

compound C and rapamycin are shown in Figure III in the online-only Data Supplement.

The effects of overexpression of an active AMPK-α or knockdown of AMPK-α on 

endothelial tube formation are shown in Figure 6. Overexpression of the active form of 

AMPK-α resulted in less tube formation during VEGF treatment compared with control 

VEGF treatment or to administration of the empty virus (expressing green fluorescent 

protein) with VEGF (Figure 6A). Knockdown of AMPK-α with the siRNA increased tube 

formation compared with the scrambled siRNA or controls (Figure 6A). Although the 

Western analyses revealed the expected changes in protein during knockdown or 

overexpression (Figure 6B), the physiological effects of these changes on tube formation 

were significant. Also, we would like to point out that the signal from the overexpression 

mutant that we report is only from the mutant, so the levels of total AMPK (wild type and 

mutant combined) would be even higher.
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Mitochondrial Dysfunction in HCAECs

Mitochondrial functional indices of intact HCAECs were assessed using a Seahorse XF24-3 

analyzer. On the basis of the oxygen consumption rate and the dose of carbonylcyanide-p-

trifuoromethoxyphenylhydrazone (FCCP) to maximally stimulate oxygen consumption, 

density of 50 000 cells per well, and FCCP concentrations of 3 µmol/L were chosen for all 

experiments (Figure IVA and IVB in the online-only Data Supplement, respectively).

In our study, neither oxygen consumption rate nor extracellular acidification rate was 

significantly affected by VEGF compared with control HCAECs (Figure 7A). Rotenone, 

however, lowered the oxygen consumption rate and increased the extracellular acidification 

rate significantly as compared with controls and VEGF-treated cells (n=4; 2–4 wells/

condition; *P<0.05), indicating severe mitochondrial dysfunction. Mitochondrial 

dysfunction induced by rotenone was not affected by compound C, rapamycin, or VEGF 

(n=4; 2–4 wells/condition; *P<0.05). Next, mitochondrial function was assessed using 

various bioenergetic stressors, namely oligomycin, FCCP, and antimycin A, in intact 

HCAECs (Figure 7B). To quantify the overall increase in the amount of oxygen consumed 

by the cells in the presence of FCCP, the oxygen consumption rate area under the curve for 

each group was calculated by multiplying the group average by the time interval for that 

rate. Exposure of either control or VEGF-treated HCAECs to 3 µmol/L FCCP resulted in up 

to ≈75 to 125 nmol of oxygen consumed per milligram proteins. However, Rot treatment 

significantly reduced oxygen consumption at baseline (compared with untreated controls), 

suggesting overt damage to mitochondrial respiratory complexes. We speculated that the 

negative values in oxygen consumption correlate with the production of O2
·- leading to 

H2O2, and the metabolism of H2O2 yielding O2 and H2O. Compound C, rapamycin, and 

VEGF did not reverse the bioenergetic dysfunction caused by rotenone.

Discussion

In this study, we reported the mechanism by which mitochondrial oxidative stress and 

dysfunction were transduced into inhibition of CCG in lean rats in response to RI. To further 

understand the mechanism(s) involved, HCAECs were used because of lack of established 

protocol to isolate coronary artery endothelial cells from rat. In HCAECs, VEGF treatment 

induced robust tube formation as compared with controls in 2D Matrigel; however, 

treatment with rotenone completely attenuated this effect. In addition, when AMPK-α was 

activated, even VEGF could not reverse the antiangiogenic effect induced by rotenone. 

Thus, this observation implies that mitochondrial bioenergetics and function are the 

important upstream regulators in mediating phenotypic switch in endothelial cells.

Rat Model of Mitochondrial Oxidative Stress and Dysfunction

Oxidative stress, either derived from excessive free radical generation and defective in the 

antioxidant defense, is often associated with the development of vascular disease in patients 

with MS risk factors. Enzymatic sources of ROS produced under pathological conditions via 

activation of vascular nicotinamide adenine dinucleotide phosphate oxidases, xanthine 

oxidase, and uncoupled of endothelial nitric oxide synthase are well characterized in 

cardiovascular diseases.7,12 Mitochondria are a major source of ROS in organs, especially in 
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tissues requiring high energy demand, such as the myocardium. Instead of being transferred 

for energy production, some electrons leak from electron transport complexes and reduce 

oxygen, resulting in the production of superoxide anion (O2
·-) followed by hydrogen 

peroxide (H2O2). Conversion of O2
·- to H2O2 involves a series of enzymatic cascades by 

superoxide dismutases (ie, superoxide dismutase-1 and -2), followed by glutathione 

peroxidases, and catalase.12–14 The higher the energy demand, the greater the electron flux, 

and thus elevated ROS production. Mitochondrial production of ROS occurs primarily in 

complex I (nicotinamide adenine dinucleotide coenzyme Q reductase) and complex III (bcl 

complex).15

Mitochondrial oxidative stress and dysfunction have been implicated to play important role 

in the progression of Parkinson disease. In this regard, rotenone, which is a potent 

mitochondrial complex I inhibitor, has been used extensively to produce animal models with 

dysfunctional mitochondria that mimic this neurodegeneration disease.16 We, therefore, 

used rotenone to induce mitochondrial oxidative stress and dysfunction in our RI rat model. 

Surprisingly, subcutaneous bolus injections of rotenone, ranging from 0.5 to 2.0 mg/kg on 

alternate day, resulted in 100% mortality postmyocardial surgery in Wistar Kyoto rats. One 

possible explanation could be because of complete inhibition of complex I activity, which 

might have hindered the recovery process of the rats from the procedure. Osmotic mini 

pumps were then used to continuously infuse rotenone over the course of the experiment. 

With chronic rotenone infusion, we were able to obtain a survival rate of ≈90% 

postmyocardial surgery.

After rotenone treatment, mitochondrial complex I activity was inhibited significantly as 

compared with sham-operated and RI rats. Reduction in mitochondrial complex I activity 

was followed by excessive mitochondrial aggregation and dyad swelling. Dyad swelling and 

T-tubule network alterations have been described in various forms of human heart failure, 

including idiopathic dilated cardiomyopathy.17 Although it is unclear how faithfully 

rotenone-induced mitochondrial oxidative stress and dysfunction mimic the ischemic heart 

disease in human MS, findings from this study provide basis, indicating that bio-energetic 

deprivation in the myocardium is one of the reasons for abrogated growth of coronary 

collaterals in response to RI.

Mitochondrial Bioenergetics as Important Determinant of Vascular Cell Function

In the heart, mitochondria represent ≈40% to 50% of the myocyte volume and provide the 

unremitting energy via aerobic metabolism required for contraction.7,18–20 Aerobic 

respiration is, therefore, indispensable to sustain cardiac function and viability. At rest, the 

heart consumes up to ≈8 to 15 mL O2/ min per 100 g tissue.21 This is significantly more 

than that consumed by the brain (≈ 3 mL O2/min per 100 g tissue) and can increase to >70 

mL of O2/min per 100 g of myocardial tissue during vigorous exercise by calling on the 

reserve capacity of the mitochondria and glycolysis.21 It should be noted that ≈90% oxygen 

is consumed by mitochondria and thus other components of oxygen consumption, for 

example, nicotinamide adenine dinucleotide phosphate oxidases, represent only a minor 

fraction of the total oxygen consumption.
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Studies by others and from our laboratory have shown that the diseased/failing heart fails to 

supply the amount of oxygen required to meet energy demands, which has led to the 

hypothesis that a state of energy starvation may underlie myocardial pathology.22 In support 

of this concept, myocardial oxygen uptake is increased 2-fold in patients with left 

ventricular hypertrophy over normal subjects23; there is also an increase in the myocardial 

oxygen uptake in experimental hypertrophy, congestive heart failure, and diabetes 

mellitus.24 Furthermore, the postischemic heart uses more oxygen than the preischemic 

heart, and myocytes subjected to hypoxia/reoxygenation have an increased need for 

oxygen.25 As mitochondria are the major oxygen consumer in the cells, increased oxygen 

consumption would directly generate higher amount of mitochondrial O2
·-. This vicious 

cycle of ROS-induced ROS-release may favor further elevated ROS production followed by 

more damages to mitochondrial electron transport chain complexes.26 However, the 

evidence for energy starvation would be signs of ischemia, such as lactate production.

Although it is well accepted that the myocardium requires significant amount of energy to 

support cardiac work,27 it is far less appreciated that any vascular growth, and the synthesis 

of proteins and nucleic acids, that are needed for division and proliferation of vascular cells 

also require energy. Furthermore, corruption in the balance between energy demand and 

supply because of mitochondrial oxidative stress and dysfunction might be the reason(s) 

contributing to impaired coronary vascular growth in response to RI.

Mitochondrial Bioenergetics and AMPK-α: The Controller of the Phenotypic Switch?

Almost all cellular activities require energy, usually in the form of ATP. Energy can also be 

stored in the form of other energy-rich compounds, such as the GTP and nicotinamide 

adenine dinucleotide, or as electrochemical gradient across the cellular membranes. We 

think that impairment in mitochondrial ATP-generating capacity will undoubtedly 

negatively impact cardiovascular functions, including phenotypic switching of cells from 

one phenotype (quiescence) to another (proliferation). An interesting point to note is that 

whether mitochondrial dysfunction in cardiovascular diseases is the cause or effect of 

signaling disorders or both remains debatable.28 On the basis of the results from our study, 

we hypothesize that mitochondrial dysfunction could be an initiating event resulting in 

compromised signal transduction as depicted in Figure 8 via deficiencies in the pool of free 

ATP, which is used not only for mechanical work but also for phenotypic switching in that 

kinase cascades that are activated when cells change phenotypes require ATP to 

phosphorylate their substrates. Subsequently, mitochondrial dysfunction causes direct 

impairment of mitochondrial role in downstream signaling events, or indirectly from the 

effects of bioenergetic deficiencies.

We speculate that AMPK-α is the downstream major molecular link between mitochondrial 

dysfunction and cellular signaling. This is in part because of low ATP conditions (eg, 

treatment with rotenone to induce mitochondrial oxidative stress and dysfunction will 

activate AMPK-α). AMPK-α then acts as a metabolic checkpoint in the cells, halting cell 

growth and suppressing ATP-consuming anabolic processes while stimulating ATP-

generating catabolic processes to replenish the initial loss of ATP.29 Accordingly, 

knockdown of AMPK with siRNA prevented the inhibitory effect of rote-none on tube 
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formation. The results with compound C are more difficult to interpret, but we state that this 

treatment did not inhibit the deleterious effect of rotenone as shown in both the oxidative 

metabolism profile and the immunoblot analysis, indicating mitochondrial bioenergetics is 

the upstream regulator of AMPK-α, although our central arguments for activation of 

AMPK-α center on reductions in ATP (ie, there is other evidence that other stimuli can 

activate this kinase). For example, H2O2 is reported to activate AMPK-α.30 Because 

rotenone increases mitochondrial ROS production from complex I, activation of AMPK 

after rotenone treatment could be related to its effects on ROS production. Regardless of the 

mechanism of AMPK-α activation, the data suggest that this kinase plays a key role in 

models of mitochondrial oxidative stress and impaired bioenergetics.

Acting in inverse fashion as compared with AMPK-α, activation of AMPK-α after 

bioenergetic stress can subsequently lead to dephosphorylation of the mTOR, which is the 

major regulator of cell growth and protein synthesis.31 mTOR is found in 2 different 

complexes within the cells, the mTOR complex 1 and mTOR complex 2.32 Studies have 

shown that only mTOR complex 1 is sensitive to inhibition by rapamycin, nutritional 

conditions, and energy status.32 mTOR complex 1 regulates protein synthesis by directly 

phosphorylating p70 ribosomal S6 kinase. p70 ribosomal S6 kinase activation positively 

impacts proteins synthesis that is needed for cell cycle progression, proliferation, 

angiogenesis, and survival pathways.29 This scheme is well documented in the literature and 

has been shown to modulate cardiac hypertrophy33–35; however, our results are the first to 

link this pathway with the mechanism underlying the negative effects of mitochondrial 

oxidative stress on vascular growth. Moreover, rapamycin did not block the effect of 

rotenone leading to the upregulation of AMPK-α, implying that mitochondrial bioenergetics 

is a key regulator in cardiovascular metabolism. Another implication of AMPK activation is 

the loss of Akt activity.36 AMP kinase activation leads to the dephosphorylation of Akt, 

which would negatively impact cell growth and survival. This action of AMP kinase on the 

Akt pathway could also be involved in the hampered growth of collaterals and in vitro tube 

formation after the induction of mitochondrial oxidative stress by rotenone.

It is also important to point out that compound C and rapamycin treatment alone 

significantly increased oxygen consumption rate in HCAECs (data not shown). This 

increase might be because of promotion of cell growth and survival pathways, as well as 

self-cannibalization process (ie, apoptosis and autophagy) after suppression of AMPK-α and 

mTOR signaling, respectively. Again, this emphasizes the importance of proper balance of 

pro- and antisurvival signaling to promote physiological vascular growth. We would be 

remiss to not mention an important caveat to the results with the pharmacological approach; 

namely, that compound C has a plethora of nonspecific effects. At the concentrations that 

effectively block AMP kinase, this antagonist also blocks many other kinases, including 

ERK8, Src, and Lck.37 For this reason, we incorporated genetic approaches to express a 

constitutively active AMPK-α and to knock down the expression of the kinase. These results 

supported the results obtained from the pharmacological studies, suggesting that AMP 

kinase plays a critical role in mediating the effects of mitochondrial oxidative stress.
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Conclusions

The fundamental requirement of cellular growth (and vascular growth) depends on the 

ability to couple the availability of nutrients and oxygen (ie, optimal bioenergetic status) to 

signals from growth factors (eg, VEGF) to drive cell cycle progression and induce a 

phenotypic switch. Although AMPK-α/ mTOR signaling has been well implicated in 

tumorigenesis, its role(s) in angiogenesis has never been linked. The findings in this study 

reaffirm our hypothesis on the importance of mitochondrial bioenergetics in mediating a 

phenotypic switch in endothelial cells—from quiescence to migration/proliferation leading 

to CCG and tube formation in vitro—through AMPK-α/mTOR pathway, which is essential 

for vascular growth.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Significance

Many vascular diseases are characterized by some type of mitochondrial dysfunction as 

shown by excessive production of reactive oxygen species and impairment in 

bioenergetics. Previously we have observed that scavenging mitochondrial free radicals 

will restore vascular growth, but to date, the precise mechanism by which mitochondrial 

dysfunction produces this impairment is unresolved. Our results point to activation of the 

cellular energy senor, AMP kinase, as a pivotal component that links mitochondrial 

dysfunction to impaired coronary collateral growth and reduced in vitro tube formation. 

Activation of AMP kinase inhibits mammalian target of rapamycin, which is critical for 

the activation of p70 ribosomal S6 kinase, a key kinase involved in protein synthesis. 

These results advance our understanding of how mitochondrial dysfunction can produce 

impairments in vascular growth and may then provide a platform for correcting the 

impairment via therapeutic interventions.
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Figure 1. 
Mitochondrial oxidative stress and dysfunction compromise coronary collateral growth in 

lean rats in response to repetitive ischemia. Wistar Kyoto rats were euthanized at days 2 and 

10 and further divided into 3 groups at each time point: sham, repetitive ischemia (RI), and 

RI/rotenone (Rot). At day 2, the fold change in the collateral-dependent zone (CZ)/normal 

zone (NZ) blood flow ratio (vs day 0) is unchanged from the basal time point before start of 

the RI protocol, implying no obvious growth of collaterals (n=5, 4, and 2 rats, respectively, 

for sham, RI, and RI/Rot groups). After 10 days of RI protocol, the fold increase in the ratio 
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of blood flow compared with day 0 in the CZ/NZ was nearly doubled in the RI group as 

compared with the sham-operated rats (≈92% increase 10-day RI vs 10-day sham; *P<0.05; 

n=8 and 6 rats, respectively). Rot prevented this increase in the flow ratio in response to 

repetitive ischemia.
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Figure 2. 
Mitochondrial oxidative stress and dysfunction induce mitochondrial aggregation and dyad 

swelling in the myocardium of lean rats in response to repetitive ischemia. Representative 

electron micrographs from 10-day sham (A, normal zone [NZ]; D, collateral-dependent zone 

[CZ]); 10-day RI (B, NZ; E, CZ); and 10-day repetitive ischemia (RI)/rotenone (Rot; C, NZ; 

F, CZ) rats, respectively (n=3 rats per group). Sham-operated rats showed well-preserved 

intracellular architectures (A and D). Rot induced mitochondrial aggregation (open arrow), 

indicating mitochondrial network fusion (C and F). This fusion process might be a 

mechanism for mitochondria to complement impair in function/bioenergetics for survival. It 

is also important to note that severe dyad swelling (solid arrow) was observed in Rot-treated 

rats, suggesting alteration in Ca2+ homeostasis in the myocardium (magnification, ×3000; 

insets, ×10 000). c indicates capillaries.
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Figure 3. 
Mitochondrial oxidative stress and dysfunction inhibit tube formation on 2D Matrigel in 

human coronary artery endothelial cells (HCAECs). HCAECs were treated with vehicle (A), 

vascular endothelial growth factor (VEGF; 50 ng/mL; B), rotenone (Rot; 1 µmol/L; C), and 

Rot/VEGF (D). Bar graph summarizing the number of tubes formed under each condition is 

shown in E. Although VEGF induced robust formation of tubes on 2D Matrigel, Rot 

inhibited this process in the presence or absence of VEGF (*P<0.05; n=4; 8–12 wells/
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condition), implying that mitochondrial bioenergetics is the upstream regulator of growth 

factor–mediated signaling cascade.
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Figure 4. 
Mitochondrial oxidative stress in human coronary artery endothelial cells (HCAECs). 

HCAECs were treated with vehicle (A), vascular endothelial growth factor (VEGF; 50 

ng/mL; B), rotenone (Rot; 1 µmol/L; C), and Rot/VEGF (D). Rot increases mitochondrial 

superoxide production as shown by the higher fluorescence intensity of MitoSox Red (A and 

B vs C and D; n=3). Superoxide dismutase (SOD)-2 expression, normalized against 

GAPDH, was significantly increased in Rot-treated cells (E; n=3; *P<0.05), suggesting 

upregulation of this antioxidant as compensation to the elevated mitochondrial oxidative 

stress.
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Figure 5. 
Impaired growth factor–mediated signaling cascade induced by mitochondrial oxidative 

stress and dysfunction. Human coronary artery endothelial cells were treated with vehicle, 

vascular endothelial growth factor (VEGF; 50 ng/mL), rotenone (Rot; 1 µmol/L), and Rot/

VEGF, respectively. Rot significantly increased activation of adenosine monophosphate-

activated kinase (AMPK)-α refecting energetic limitations (A). Activation of AMPK-α 

negatively regulates its downstream effectors, mammalian target of rapamycin (mTOR; B), 

and p70 ribosomal S6 (p70S6; C), which are essential for protein synthesis (n=5–9; 

*P<0.05).
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Figure 6. 
Effects of AMPK overexpression and knockdown on endothelial tube formation. A, Tube 

formation by endothelial cells in Matrigel under control conditions, administration of 

vascular endothelial growth factor (VEGF), rotenone (Rot), and VEGF+Rot. Under these 

conditions cells were studied without treatment, after transduction of an adenovirus 

expressing constitutively active AMPK, the adenovirus-expressing green fluorescent protein 

(GFP), an siRNA to knockdown AMPK, and a scrambled control siRNA. Knockdown of 

AMPK increased tube formation during Rot, VEGF, and VEGF+Rot. In contrast, 
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overexpression of the active AMPK decreased tube formation during VEGF. The scrambled 

siRNA and the adenovirus-expressing GFP did not have significant effects. B, AMPK and 

mutant AMPK protein levels. Knockdown by the siRNA decreased AMPK protein levels 

but the scrambled siRNA did not have an effect. Transduction with the active mutant 

resulted in protein levels slightly elevated compared with control levels. The adenovirus-

expressing GFP did not have significant effects on AMPK protein levels. HCAECs indicates 

human coronary artery endothelial cells.

Pung et al. Page 21

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2015 April 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7. 
A, Mitochondrial dysfunction in human coronary artery endothelial cells (HCAECs). 

Mitochondria are the major oxygen consumer, as they consume ≈90% of O2 in the cells. 

Therefore, oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) are 

direct representations of mitochondrial function. Basal OCR in pmol/min per milligram 

protein (A) and ECAR in millipH/min per milligram protein (B) were measured for 30 

minutes (n=4; 2–4 wells/condition). Rotenone (Rot; 1 µmol/L) significantly blunted OCR 

and increased ECAR, as compared with control HCAECs (≈75%), indicating severe 
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mitochondrial dysfunction (*P<0.05). C, Mitochondrial dysfunction and its effect on 

bioenergetic reserve capacity in HCAECs. Mitochondrial electron transport chain inhibitors, 

namely oligomycin (1 µg/mL), carbonylcyanide-p-trifuoromethoxyphenylhydrazone (3 

µmol/L), and antimycin A (10 µmol/L), were injected sequentially. The reserve capacity was 

calculated by subtracting the maximal rate of oxygen consumption by the preoligomycin 

rate. Rot completely attenuated the bioenergetic reserve capacity (n=4; 2–4 wells/condition; 

*P<0.05). Neither compound C, rapamycin, nor vascular endothelial growth factor (VEGF) 

reversed the inhibitory effects of Rot.
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Figure 8. 
Transduction of mitochondrial oxidative stress and dysfunction into impaired vascular 

growth. AMPK-α is a prototypical sensor of energy homeostasis, which is activated when 

cellular levels of AMP increase and ATP decreases. Activated AMPK then negatively 

regulates mammalian target of rapamycin (mTOR), which controls energy-demanding 

cellular processes, for example, protein synthesis, required for cell growth and proliferation. 

Thus, inhibition of mTOR signaling inhibits tube formation in human coronary artery 

endothelial cells, and we would also project that mitochondrial dysfunction in vivo would 
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inhibit coronary collateral growth through similar mechanisms. Dephosphorylation/

inactivation of p70S6 kinase, even in the presence of growth factor (ie, vascular endothelial 

growth factor), indicates that impaired mitochondrial bioenergetics would impair new 

protein synthesis. Thus, proper bioenergetics is critical to control interactions between 

phenotypic switching that requires new protein synthesis leading to vascular growth and 

cellular metabolism.
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