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Abstract Mitochondrial dysfunction in obesity and dia-

betes can be caused by excessive production of free radi-

cals, which can damage mitochondrial DNA. Because

mitochondrial DNA plays a key role in the production of

ATP necessary for cardiac work, we hypothesized that

mitochondrial dysfunction, induced by mitochondrial DNA

damage, uncouples coronary blood flow from cardiac work.

Myocardial blood flow (contrast echocardiography) was

measured in Zucker lean (ZLN) and obese fatty (ZOF) rats

during increased cardiac metabolism (product of heart rate

and arterial pressure, i.v. norepinephrine). In ZLN

increased metabolism augmented coronary blood flow, but

in ZOF metabolic hyperemia was attenuated. Mitochon-

drial respiration was impaired and ROS production was

greater in ZOF than ZLN. These were associated with

mitochondrial DNA (mtDNA) damage in ZOF. To deter-

mine if coronary metabolic dilation, the hyperemic

response induced by heightened cardiac metabolism, is

linked to mitochondrial function we introduced recombi-

nant proteins (intravenously or intraperitoneally) in ZLN

and ZOF to fragment or repair mtDNA, respectively.

Repair of mtDNA damage restored mitochondrial function

and metabolic dilation, and reduced ROS production in

ZOF; whereas induction of mtDNA damage in ZLN

reduced mitochondrial function, increased ROS produc-

tion, and attenuated metabolic dilation. Adequate meta-

bolic dilation was also associated with the extracellular

release of ADP, ATP, and H2O2 by cardiac myocytes;

whereas myocytes from rats with impaired dilation

released only H2O2. In conclusion, our results suggest that

mitochondrial function plays a seminal role in connecting

myocardial blood flow to metabolism, and integrity of

mtDNA is central to this process.

Keywords Coronary microcirculation � Obesity �
Diabetes � Coronary circulation � Mitochondria

Introduction

Mitochondrial dysfunction and excessive generation of

reactive oxygen species are common pathophysiological

observations for several cardiovascular diseases [1, 12, 25,

26, 35, 36], but whether the dysfunction is a cause or effect

of the pathology is not resolved. Zucker obese fatty (ZOF)

rats, a model for the metabolic syndrome, demonstrate a

phenotype of mitochondrial dysfunction, e.g., impaired

oxygen consumption, deceased oxidative substrate utiliza-

tion, increased generation of mitochondrial reactive oxygen
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species (ROS) [2, 4, 29, 38], which could also damage

mitochondrial DNA (mtDNA) [7, 9]. If proper mitochon-

drial function is critical to metabolic dilation, the coupling

between metabolism and blood flow, then it would follow

that an animal model such as the ZOF could show an

impairment in this fundamental mechanism of blood flow

regulation. This situation could become a ‘‘vicious cycle’’

in that inadequate myocardial perfusion begets further

ischemia and more mitochondrial damage, impairing flow

regulation even more.

Accordingly, we hypothesized that coronary metabolic

dilation is dependent on normal mitochondrial function. To

test this hypothesis, we studied coronary metabolic dilation

in Zucker Lean (ZLN) rats and ZOF rats. To demonstrate

that the findings are ‘‘cause and effect’’ between mito-

chondrial function and coronary metabolic dilation, we

manipulated mitochondrial function by either repairing

fragmented mtDNA in ZOF rats or fragmenting mtDNA in

ZLN rats, and then assessed the connection between flow

and metabolism in the heart. We also evaluated the effects

of these treatments on mitochondrial function and super-

oxide (O2̇
-) production. Our results support the conclusion,

in which mitochondrial function is intimately connected to

coronary metabolic dilation and that the integrity of

mtDNA plays a key role in maintaining this connection

through effects on mitochondrial function.

Methods

Animals and anesthesia

Male Zucker lean rats (ZLN, N = 32) and Zucker Obese

Fatty (ZOF, N = 32) were purchased from Harlan Labo-

ratories (USA). Rats were housed in the Comparative

Medicine Facility at Northeast Ohio Medical University

and maintained with a light–dark cycle of 12 h, with free

access to water and food ad libitum. Rats were studied

when they were 8–12 months in age. The experimental use

and care of the animals was approved by the Northeast

Ohio Medical University Institutional Animal Use and

Care Committee, in accordance with the Guidelines for the

care and the use of laboratory animals by the National

Institutes of Health (NIH publication no. 85-23, revised

1996). During surgical and echocardiographic procedures,

anesthesia was induced with isoflurane 4 %, and once

anesthetized, the rats were maintained with 2–3 % isoflu-

rane through a nose cone with supplemental O2 (0.6–0.8 L/

min), via spontaneous breathing. Rats were divided into

four groups: ZLN controls; ZOF controls; ZLN treated with

a recombinant protein containing a mitochondrial local-

ization sequence, the tat protein from HIV to enable cell

penetration, and exonuclease III to fragment mtDNA

(ZLN ? mt-tat-ExoIII) [32]; and ZOF treated with a

recombinant protein containing a mitochondrial localiza-

tion sequence, the tat protein from HIV to enable cell

penetration, and endonuclease III to facilitate the repair of

fragmented mtDNA (ZOF ? mt-tat-EndoIII) [32].

Blood glucose, triglycerides, and total cholesterol

Plasma levels of triglycerides, cholesterol, and glucose

were measured in ZLN and ZOF rats before (control) and

3 days after mt-tat-ExoIII (ZLN) or mt-tat-EndoIII treat-

ment (ZOF). Triglyceride Liquid Stable Reagent, Choles-

terol Liquid Stable Reagent and Glucose Oxidase Liquid

Stable Reagent from Infinity (Thermo Fisher Scientific,

Waltham, MA, USA) were used according to the manu-

facturer’s instructions.

Induction and repair of mtDNA fragmentation

Fragmentation of mtDNA was induced in lean rats (ZLN,

N = 16), by intravenous (i.v.) or intraperitoneal (i.p.)

administration of mt-tat-ExoIII. In preliminary studies, we

found that either route of delivery produced an equivalent

effect. For i.v. infusion, rats were anesthetized and a

catheter was placed in the right jugular vein and exterior-

ized through the nape of the neck. Rats were allowed to

recover (3 days) and then were treated for 3 days with

either 80 lg/day of mt-tat-ExoIII or heparinized saline in

the control group (ZLN, N = 16). The same dose was

given as an i.p injection, also for 3 days. Repair of frag-

mented mtDNA was achieved by i.v. or i.p. administration

(as described above) of mt-tat-EndoIII in ZOF (N = 16).

Animals were treated either 1 lg/g of body weight per day

(i.v. or i.p) of mt-tat-EndoIII (ZOF ? EndoIII) or hep-

arinized saline in the sham group (ZOF, N = 16).

Evaluation of cardiac function

All animals in the four study groups (ZLN, ZLN ? mt-tat-

ExoIII, ZOF, ZOF ? mt-tat-EndoIII) underwent echocar-

diographic assessment of systolic and diastolic left ven-

tricular function after 3-day treatment with vehicle or

recombinant protein. The rats were anesthetized with

isoflurane as described above and cardiac function was

measured using a Vevo 770 (VisualSonics, Canada) using a

12–38 MHz linear transducer (RMV716). Systolic and

diastolic function of left ventricle was assessed according

to the guidelines of the American Society of Echocardio-

graphy [17].

Systolic and diastolic thickness of the anterior and the

posterior walls of the left ventricle was recorded by

M-mode images, using the average of 5–10 consecutive

heart cycles measurements, obtained in parasternal short
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axis view at the level of papillary muscles. For the evalu-

ation of left ventricular systolic function, the following

parameters were calculated: ejection fraction (EF %),

fractional shortening (FS %), indexed cardiac output (CI,

ml/min/g). The left ventricular diastolic function was

assessed by pulsed Doppler analysis. Early (E wave) and

late (A wave) peak velocities, E wave deceleration time

(ED) and E/A ratio were obtained from apical four cham-

ber view. In addition to these parameters, left ventricular

mass was calculated using the Troy formula [34].

Measurement of myocardial blood flow (MBF)

Myocardial contrast echocardiography (MCE) was per-

formed with a linear transducer probe (7 MHz; Acuson

Sequoia C512 system; Siemens, Mountain View, CA,

USA) at a low mechanical index (MI\0.2) imaging, using

contrast pulse sequencing [19–21] and as we recently

described for measurements of myocardial perfusion in

mice [27]. MBF and systemic hemodynamics (arterial

pressures, heart rate) were measured in the under basal

conditions (isoflurane anesthesia), after receiving hexam-

ethonium (5 lg/kg body weight) to prevent cardiovascular

reflexes during norepinephrine administration and during

different i.v. doses of norepinephrine to increase cardiac

work. Mean arterial pressure (MAP) was calculated as

diastolic pressure ? 1/3 pulse pressure. The double pro-

duct of MAP and HR was used to estimate the cardiac work

(CW) as surrogate for myocardial oxygen consumption

during contrast stress echocardiography. All measured

variables were continuously recorded, stored and analyzed

off-line using the PowerLab system (ADInstruments).

Mitochondrial DNA fragmentation, mitochondrial

function and mitochondrial ROS production

Mitochondrial DNA fragmentation was measured using a

Southern analysis, in which fragmentation was analyzed by

the reduction in size of a BamHI digest of mtDNA [8].

For functional measurements, mitochondria (containing

a mixture of subsarcolemmal and interfibrillar mitochon-

dria) were prepared from rat hearts of ZLN or ZOF by

differential centrifugation [18]. Mitochondria were pre-

cipitated by centrifugation at 20,0009g for 10 min in the

final step and re-suspended in media (M-buffer) containing

the following agents (in mM): mannitol (230), sucrose (70),

EDTA (1), Trizma (1), pH 7.4. Mitochondrial respiration

was measured by the polarographic method using a Clark-

type oxygen electrode (Oxytherm, Hansatech Instruments,

Norfolk, England) at 30 �C and reported in nmol/min. The

NADH-linked respiration buffer containing malate plus

glutamate included (in mM): potassium glutamate (140),

NaCl (10), MgCl2 (1), EGTA (1), malate (5), Trizma (1),

phosphate (2.5), and cytochrome c (0.01), and was adjusted

to pH 7.4. Mitochondrial preparations were added to the

respiration buffer for a final concentration of 0.5 mg of

total protein/ml. OCRs were measured as follows: state 2,

OCR of mitochondrial preparations with malate/glutamate;

state 3, OCR stimulated by ADP (0.2 mM); state 4, OCR

after the addition of oligomycin (2 lg/ml) following ADP

addition; uncoupling respiration, OCR after the addition of

FCCP (2.5 lM). The oxygen electrode was calibrated at

1 atm by assuming the concentration of O2 in the respira-

tion buffer at 30 �C to be 250 lM.

Electron paramagnetic resonance (EPR) measurements of

O2̇
- generation by isolatedmitochondriawere carried out on a

Bruker EMXMicro spectrometer operating at 9.43 GHz with

100 kHz modulation frequency at room temperature [14, 15].

Tissue hypoxia

To assess the presence of myocardial ischemia in the four

treatment groups, some rats were administered intra-

venously pimonidazole hydrochloride, a substance known

commercially as Hypoxyprobe (HPI Inc, Burlington, MA,

USA). Hypoxyprobe binds to proteins that have been

modified when oxygen tension is less than 10 mmHg (PO2

normal values in non-ischemic myocardial tissue, greater

than 15 mmHg). Hypoxyprobe (60 mg/kg of body weight)

was administered intravenously during high-dose NE

infusion (10 lg/kg per min) for 20 min, after which the rats

were killed.

Tissue sections of the left ventricle from the peri-pap-

illary portions were sectioned with a microtome and

immediately fixed and mounted. At least 30 sections of

about 5 lm were obtained for each animal and 10 sections

per animal were randomly selected for immunostaining.

Each section was blocked with serum, followed by treat-

ment with anti-pimonidazole antibody (primary) and then

stained with secondary antibodies (donkey anti-mouse

direct 595 nm). After binding, the sections were washed

and fluorescence images were acquired using an epifluo-

rescence microscope. At least ten fields, randomly chosen

were acquired, analyzed and compared.

Isolation of cardiac myocytes

Cardiac myocytes were enzymatically isolated from ZLN

and ZOF rat hearts (N = 4) as described previously [24, 33].

Isolated cardiomyocytes were electrically stimulated at 200

and 400 bpm, and buffer was collected after 20 min of

stimulation or quiescence (no stimulation) to evaluate the

production of specific vasoactive substances released by the

cardiomyocytes (H2O2 and purines) and the vasoactive

effects in coronary arterioles isolated from both ZL and ZOF

rats.
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Assessment of vasodilation in isolated arterioles

Each rat was used for studies of isolated coronary arterioles

and isolated cardiac myocytes as described previously

using arterioles studied under isobaric conditions

(60 cmH2O) [24, 33]. Aliquots of conditioned buffer were

removed from the suspension of myocytes and adminis-

tered to isolated coronary arterioles. The ZLN and ZOF

conditioned buffer (ZLN-CB and ZOF-CB, respectively)

were added to the bath of isolated coronary arterioles from

both strains (ZOF and ZLN), to test the vasodilator

response (increase in diameter) and to clarify whether a

different response was possibly due to the production of

different vasoactive compounds from ZLN-CB or ZOF-CB

or to impaired arteriolar response (ZOF vs. ZLN). To

evaluate the effects of treatment of ZLN with mt-tat-ExoIII

and ZOF with mt-tat-EndoIII, we assessed dilation of CB

from these myocytes when administered to arterioles from

the ZLN. When applied to the isolated arterioles the con-

ditioned buffer was incubated with catalase (500–1000 U/

ml) and the combination of catalase ? 8-pSPT ([8-(p-sul-

fophenyl) theophylline] to determine the roles of H2O2 and

purines, respectively.

Measurement of vasoactive metabolites and purines

Concentrations of H2O2 (ZLN and ZOF), and purines (from

the four groups) were measured in conditioned buffer.

Samples of conditioned buffer were obtained from non-

stimulated myocytes and after 20 min of stimulation at 200

or 400/min. Hydrogen peroxide (H2O2) production was

measured electrochemically using the APOLLO 4000 sys-

tem (World Precision Instruments, Sarasota, FL, USA). The

concentration of purines (AMP,ADP,ATP and adenosine) in

the conditioned buffer was measured using high pressure

liquid chromatography with UV spectrophotometric detec-

tor at 254 nm [22]. ATP levels were also measured in

myocardial tissue [22].

Data analysis

Results are expressed as mean ± SEM, unless otherwise

stated. A one-way ANOVA followed by the Bonferroni

post hoc test were used for multiple comparisons where

appropriate. For analysis of the mitochondrial function

data, analyses and samples were analyzed in pairs, e.g.,

ZOF and ZOF ? mt-tat-EndoIII so that t tests were used to

measure differences in function due to the intervention. A

probability value of P\ 0.05 was used to establish statis-

tical significance.

Results

Blood chemistry, hemodynamics and cardiac

function

ZOF had higher systolic pressures than ZLN, and treatment

with the recombinant proteins had small effects on pres-

sures. Heart rate (HR) was comparable among groups. In

the obese or lean groups, body weights were not changed

by the treatments (Table 1, Supplement). Treatment of

ZOF with mt-tat-EndoIII significantly reduced triglycerides

(P\ 0.05), but levels glucose, triglycerides or cholesterol

were not affected by the treatment in the other groups

(Table 1). Blood glucose, total cholesterol and triglyc-

erides were significantly higher in the ZOF compared to

ZLN groups (P\ 0.05).

Although baseline measurements of EF, FS and CI were

not different between ZOF and ZLN, CI during stress with

NE at 10 lg/kg/min was significantly lower in ZOF com-

pared to ZLN (P\ 0.05, Table 1). Treatment of ZOF with

mt-tat-EndoIII improved stress CI and EF compared to

ZOF vehicle controls (P\ 0.05, Table 1). Treatment of

ZLN with mt-tat-ExoIII decreased the E/A ratio, but did

not alter basal parameters of function compared to the ZLN

(Table 1). The E/A ratio was significantly less in ZOF

Table 1 Hemodynamics, blood chemistries, and body weight

ZLN ZLN ? mt-tat-ExoIII ZOF ZOF ? mt-tat-EndoIII P\ 0.05

Systolic pressure (mmHg) 121 ± 3 125 ± 2 154 ± 1 135 ± 1 *,�,¤

Diastolic pressure (mmHg) 80 ± 2 86 ± 1 79 ± 0 75 ± 1 ¥,�

MAP (mmHg) 93 ± 2 99 ± 1 104 ± 1 95 ± 2 *,¤

HR (min-1) 359 ± 5 350 ± 4 350 ± 4 362 ± 2 NS

Glucose (mg/dl) 160 ± 18 167 ± 30 268 ± 35 242 ± 26 *,�

Cholesterol (mg/dl) 61 ± 10 69 ± 3 231 ± 59 237 ± 34 *,�

Triglycerides (mg/dl) 300 ± 84 244 ± 5 936 ± 203 410 ± 31 *,¤

Body weight (g) 425 ± 21 376 ± 11 875 ± 46 863 ± 31 *,�

* P\ 0.05 ZLN vs. ZOF; � p\ 0.05 ZLN vs. mt-tat-EndoIII; ¥ P\ 0.05 ZLN vs. ZLN ? mt-tat-ExoIII; ¤ P\ 0.05 ZOF vs. ZOF ? mt-tat-

EndoIII
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compared to ZLN suggesting diastolic dysfunction in the

obese rats (Table 1). Three days of mt-tat-EndoIII treat-

ment in ZOF increased E/A ratio compared to ZOF vehicle

controls (P\ 0.05). Cardiac work, measured as

MAP 9 HR, was comparable in the four groups in resting

conditions (after hexamethonium injection) and during

stress with norepinephrine. Although the triple product

may provide a more precise estimate of cardiac work than

the double product, we recently reported an excellent

correlation between these two variables in mice [27],

suggesting that the double product provides a reasonable

estimate of cardiac work.

Mitochondrial function and mtDNA lesions

Mitochondrial DNA isolated from cardiac tissue revealed

an increased number of base lesions in ZOF compared to

ZLN (Fig. 1a). Treatment of ZLN with mt-tat-ExoIII

increased the number of base lesions; whereas treatment of

ZOF with mt-tat-EndoIII decreased the number of lesions

comparable to control. The respiratory control ratio (RCR,

Fig. 1b) and state 4 respiration (Fig. 1c) were not different

among the four groups. State 3 (ADP-dependent) respira-

tion (Fig. 1d) and maximal O2 consumption (uncoupled

oxygen consumption, Fig. 1e) were lower in ZOF than in

ZLN (P\ 0.05). Repair of mtDNA damage in ZOF ? mt-

tat-EndoIII improved these attributes of mitochondrial

function compared to ZOF (an 8 % increase in state 3

respiration and a 26 % increase in uncoupled respiration,

both P\ 0.05). Treatment with mt-tat-ExoIII reduced the

both state 3 and uncoupled mitochondrial respiration in

ZLN rats by 11 and 16 %, respectively (ZLN vs.

ZLN ? mt-tat-ExoIII, both P\ 0.05). Although the mag-

nitude of the changes induced by the recombinant proteins

appears small, in every animal treatment with mt-tat-En-

doIII improved the attributes of respiration in ZOF,

Fig. 1 Evaluation of mitochondrial DNA damage (a) and respiration

(NADH dependent) in isolated cardiac mitochondria (b–e). In ZOF,

the size of the BamHI digest band was greatly reduced compared to

ZLN (a), indicating mtDNA damage, and about a fourfold higher

lesion frequency. The respiratory control ratio (RCR) (b) and state 4

respiration (c) were not different among the four groups. Decreased

state 3 respiration (d) was shown in ZOF and ZOF ? mt-tat-EndoIII

compared to ZLN. (e) Maximal respiration during uncoupling with

FCCP revealed decreased respiration in ZLN treated with mt-tat-

ExoIII (vs. ZLN). Also, treatment of ZOF with mt-tat-EndoIII

improved respiration compared to ZOF (P\ 0.05). N = 4–5 for all

measurements
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whereas treatment with mt-tat-ExoIII decreased respiration

in every ZLN rat.

In ZLN rats ROS production was lower than ZOF

(P\ 0.05, Fig. 2). Treatment with mt-tat-ExoIII increased

ROS production in ZLN compared to untreated ZLN

(P\ 0.05); whereas treatment of ZOF with mt-tat-EndoIII

decreased ROS production compared to ZOF (P\ 0.05).

In vivo coronary metabolic vasodilation

Myocardial blood flow values (MBF) at baseline, after

administration of the ganglionic blocker hexamethonium,

were comparable among the four groups. During increased

metabolic demand by i.v. NE, the increase in blood flow

was less in ZOF than in ZLN (Fig. 3). Restoration of

Fig. 2 Mitochondrial

production of reactive oxygen

species (ROS) in Zucker lean

(ZLN), Zucker obese fatty

(ZOF), ZLN ? mt-tat-ExoIII,

and ZOF ? mt-tat-EndoIII

during state 3 and state 4

respiration. Top representative

EPR signals from the four

groups. Bottom quantified EPR

signals in the four groups. ZOF

produced greater amount of

ROS than ZLN (P\ 0.05).

Treatment of mt-tat-ExoIII in

ZLN increased ROS production

compared to ZLN; whereas

treatment of mt-tat-EndoIII in

ZOF decreased ROS production

compared to ZOF. Overall ROS

production was higher during

state 4 vs. state 3. N = 5 for all

measurements
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mitochondrial function via repair of mtDNA damage in

ZOF (ZOF ? mt-tat-EndoIII) restored the coupling of

myocardial blood flow to metabolism (not different than

ZLN group). Conversely, impairing mitochondrial function

in ZLN by fragmenting mtDNA (ZLN ? mt-tat-ExoIII)

impaired the coupling of flow to metabolism to a level

comparable to that observed in ZOF. These data (Fig. 3)

show that the metabolic regulation of myocardial blood

flow is not only predicated on proper mitochondrial func-

tion (ZLN and ZOF ? mt-tat-EndoIII), but also attenuated

during mitochondrial dysfunction (ZOF and ZLN ? mt-

tat-ExoIII).

Regional tissue hypoxia

Figure 4 illustrates the consequences of impaired meta-

bolic dilation in the four groups. In Fig. 4a, during

increased metabolism via administration of NE (highest

dose), the fluorescent signals indicating tissue hypoxia

were barely above background indicating adequate dila-

tion to maintain tissue oxygenation in ZLN. However,

after mt-DNA damage in ZLN ? mt-tat-ExoIII, the fluo-

rescent signals were elevated in certain areas indicating

hypoxia during the metabolic stress (Fig. 4b). During

increased metabolic demands in ZOF (Fig. 4c) numerous

hypoxic regions were evident. In contrast, repair of frag-

mented mtDNA in ZOF ? mt-tat-EndoIII attenuated tis-

sue hypoxia as shown by a decrease in the fluorescent

signal (Fig. 4d).

Arteriolar vasoactivity to metabolites

Figure 5 shows the vasodilatory responses to conditioned

buffer from cardiac myocytes of the four groups stimulated

at 400 bpm. Conditioned buffer (CB) from ZLN myocytes

(ZLN/CB) produced comparable dilation of arterioles iso-

lated from hearts of ZLN and ZOF. However, vasodilation

was significantly less if ZOF/CB was added to arterioles

from either ZLN or ZOF rats. Dilation to CB from ZLN

cardiac myocytes was inhibited primarily by catalase and

A1 receptor blockade blocked about 30 % of the total

dilation (Fig. 6). In contrast, in CB from ZOF rats, catalase

blocked the entire dilation and the A1 component was

absent (Fig. 6). Conditioned buffer from myocytes of ZLN

rats treated with mt-tat-ExoIII showed a response similar to

the ZOF-CB, with vasodilation abrogated by catalase;

whereas conditioned buffer from ZOF ? mt-tat-EndoIII

had responses similar to ZLN controls with components

blocked by catalase and by A1 receptor antagonism

(Fig. 5).

Fig. 3 Relationship between

cardiac work and myocardial

blood flow during stress with

NE (NE 2.5–5.0–7.5–10 lg/kg/
min). MBF values at baseline

are comparable in the four

groups (N = 10 per group). The

relation between myocardial

blood flow and the double

product in ZLN was

significantly greater than in the

ZOF (P\ 0.05). The induction

of mt-DNA damage in ZLN

resulted in a significant

impairment of the blood flow-

double product relationship

(ZLN vs. ZLN ? mt-tat-ExoIII,

P\ 0.05) Repair of mtDNA

damage in ZOF (ZOF ? mt-tat-

EndoIII) significantly increased

the flow-double product

relationship compared to ZOF

(P\ 0.05) and rendered this

relationship not different from

untreated ZLN (ZLN ? mt-tat-

ExoIII vs. ZOF, P = NS).

N = 7–10 per group
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Production of vasoactive metabolites

Isolated cardiomyocytes from ZLN and ZOF rats produced

H2O2, which increased significantly during stimulation.

Myocytes from ZOF produced greater amounts of H2O2

than those from ZLN (Fig. 7). The amount of ADP and

ATP was less in conditioned buffer from ZOF and from

ZLN ? mt-tat-ExoIII vs. the other groups (Fig. 7). Con-

ditioned buffer from cardiac myocytes of ZOF ? mt-tat-

EndoIII showed levels of ATP and ADP comparable to

ZLN and significantly greater than the other two groups.

Adenosine and AMP were not detectable in the ZOF and

ZLN conditioned buffer.

Discussion

In our study, we have observed that the integrity of mito-

chondrial DNA is not only critically linked to mitochon-

drial function, and to the connection between myocardial

blood flow and cardiac metabolic demands. Disruption of

this connection stems from mitochondrial dysfunction and

damage to mitochondrial DNA occurring in the metabolic

syndrome or during damage to mtDNA with mt-tat-ExoIII.

Repair of fragmented mitochondrial DNA in the metabolic

syndrome restored the connection between cardiac work

and myocardial blood flow. Another important observation

was that mitochondrial function is critical for the produc-

tion of key vasodilator metabolites. Deterioration in mito-

chondrial function results in a loss of key purine

vasodilator metabolites. These observations and conclu-

sions should be considered from the perspective of previ-

ous observations we have made as well as cogent

observations in the literature.

Fig. 4 Immunostaining of

myocardial sections for

Hypoxyprobe after cardiac

stress with norepinephrine. Note

the presence of areas of hypoxia

(white arrows) in ZOF,

ZLN ? mt-tat-ExoIII groups

(b, c). Repair of mitochondrial

DNA damage attenuated the

development of hypoxic regions

in the group ZOF ? mt-tat-

EndoIII (d). ZLN (a) did not

exhibit a clear hypoxic signal,

as evidenced by the absence of

fluorescence. N = 1 per group

Fig. 5 Vasodilation induced by conditioned buffer (CB) obtained

from cardiomyocytes isolated from ZLN and ZOF (N = 8, each

group). CB was obtained from myocytes stimulated at 400/min for

20 min, and was added to the bath of coronary arterioles (Art) from

ZOF and ZLN (N = 8 each group). ZOF-CB was less effective in

inducing vasodilation than ZLN-CB. ZOF-Art responded equivalently

to ZLN-Art to CB isolated from ZLN. N = 6–9 per group/treatment
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In the literature, there are many disparate results

regarding mitochondrial function in ZOF rats ranging from

normal [3, 13] to dysfunction [28, 38]. These discrepant

observations can be explained by the study of different

ages of animals. Studies reporting normal mitochondrial

function have used obese animals about 3 months of age;

whereas in the present study the rats were between 8 and

12 months. We have observed that mitochondria from ZOF

rats produce elevated amounts of reactive oxygen species

[29, 30] and the present study we found evidence for

mitochondrial dysfunction in ZOF (reduced state 3 respi-

ration, reduced uncoupled respiration, increased O2̇
- gen-

eration). Restoration of mtDNA integrity by mt-tat-EndoIII

in ZOF improved mitochondrial function compared to

untreated ZOF rats. Also, damage of mtDNA in ZLN by

mt-tat-ExoIII, reduced mitochondrial function compared to

ZLN. Based on these data, we propose that restoration of

mtDNA integrity may be a strategy to restore mitochon-

drial and vascular functions in the metabolic syndrome.

Although we cannot unequivocally exclude an effect of the

recombinant proteins on cells other than cardiac myocytes,

results from the isolated cardiac myocytes would not be

influenced by other cell types. This suggests that cardiac

myocytes were the principal target in the responses we

measured.

The literature is also mixed about cardiac function in

ZOF rats [4, 23, 38]. Our results were somewhat muted in

that parameters of systolic function were not reduced in

ZOF compared to ZLN, but the measure of diastolic

function, E/A ratio, was significantly lower in ZOF and in

ZLN following mt-tat-ExoIII vs. ZLN (P\ 0.05).

Although, resting levels of myocardial perfusion were

equivalent in all groups of rats, when subjected to a

metabolic challenge, hyperemia was impaired in ZOF and

ZLN ? mt-tat-ExoIII rats. Perhaps this insufficient flow

would lead to diffuse fibrosis and diastolic dysfunction.

Although, the E/A ratio offers a limited view of diastole,

our major goal was not to grade diastolic function, but to

assess if mitochondrial dysfunction would impair the

relationship between MBF and CW.

Previously, we demonstrated that metabolic dilation in

the heart is mediated in part by H2O2 [31]. The concept we

proposed is that when the flux of electrons is increased

during augmented work and oxygen demands, more O2̇
-

would be generated, and thus, more H2O2 would be gen-

erated. Similar to the previous study, our present results

Fig. 6 Assessment of the

vasodilator response of

arterioles isolated from Zucker

lean rats (N = 8) (ZLN-Art) to

conditioned buffer (CB) from

the four groups: ZLN, ZOF,

ZLN ? mt-tat-ExoIII, and

ZOF ? mt-tat-EndoIII (N = 8,

each group). Dilation to ZLN-

CB revealed two components:

catalase-inhibited and

purinergic component blocked

by 8-pSPT (a). Catalase
inhibited the dilator response of

60–70 % and the use of the A1

purinergic receptor antagonist

completely blocked the

remaining response. The

dilation to ZOF-CB was

completely inhibited by catalase

and the purinergic component

was absent (b). In ZLN ? mt-

tat-ExoIII-CB, the response was

inhibited by catalase (d);
whereas in ZOF ? mt-tat-

EndoIII-CB the purinergic

component re-emerged and the

dilation was attributed to a

catalase-inhibited component

and a purinergic component (c).
N = 7–9 per group/treatment
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also supported this concept as isolated cardiac myocytes

produced greater amount of H2O2 when electrically stim-

ulated to work. Importantly, the present results are more

than confirmatory. Our previous study did not identify

some of the other components of metabolic dilation, which

appear to be ATP and ADP. Recently several reports have

suggested that ATP is a coronary metabolic dilator,

although the investigators have made an assumption that

the ATP is released by hypoxic red blood cells [5, 6, 10,

11]. Our results would challenge the idea that ATP mea-

sured in the venous effluent is exclusively due to release

from red blood cells, as we found that cardiac myocytes

release ATP during metabolic stimulation.

An unexpected finding was the effects of mitochondrial

function on the production of metabolic dilators in the

heart; specifically, cardiac myocytes with evidence of

mitochondrial dysfunction (ZOF, ZLN ? mt-tat-ExoIII)

produced only H2O2, but those with normal aspects of

mitochondrial function (ZLN, ZOF ? mt-tat-EndoIII)

produced purines (ADP, ATP) in addition to H2O2. An

enigmatic finding is that dilation was attenuated in

response to conditioned buffer from ZOF rats (compared to

ZLN), despite higher levels of H2O2. Although H2O2 is a

critical vasodilator, it would appear that additional factors,

e.g., ATP and ADP are needed to adequately couple

myocardial blood flow to cardiac work. However, the

question of why is the release of purines impaired in the

ZOF rats or ZLN rats treated with mt-tat-EndoIII remains

unanswered. We speculate that the impairment in mito-

chondrial function would result into less ATP being pro-

duced, and less being released for metabolic dilation.

Clearly metabolic dilation and the production of

vasodilatory metabolites is dependent on proper mito-

chondrial function and mtDNA integrity in the heart. We

also emphasize that impaired dilation in the ZOF rats is not

exclusively related to decreased production of the nucleo-

tides, because responses of isolated arterioles from ZOF

rats to metabolites produced from cardiac myocytes iso-

lated from ZLN rats was also blunted. This suggests that

the impaired dilation is the net result of impaired vascular

responses and altered production of key metabolites.

Another detail critical to our study design is that the

influences of these metabolites on vasodilation may be a

response specific to coronary resistance vessels, because

Fig. 7 Top panels concentrations of ADP and ATP in conditioned

buffer from isolated rat cardiomyocytes. Myocytes were stimulated at

400/min and conditioned buffer (CB) was collected after 20 min of

stimulation. Myocytes from ZLN release ADP and ATP into the

buffer when stimulated, but the release of these purines was less in

ZOF and in ZLN ? mt-tat-ExoIII (BLD, below level of detection).

Treatment of ZOF with mt-tat-EndoIII increased the release of ATP

and ADP, approximating ZLN. AMP and adenosine were below the

level of detection. Bottom panel H2O2 production by isolated cardiac

myocytes from ZLN and ZOF rat during electrical stimulation at

400/min. The amount of H2O2 generated increased during electrical

stimulation and was significantly greater in the ZOF group than ZLN.

N = 4–5 for each group
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vasoactive responses to many agonists appear to be influ-

enced by the organ system from which they were isolated

[16]; thus, it is critical to study these responses in arterioles

isolated from the heart.

Another important aspect of our results is that proper

mitochondrial function is requisite in maintaining the

necessary vasodilation to match metabolic needs of the

myocardium to prevent myocardial ischemia. Production of

a metabolic stress by intravenous NE induced robust dila-

tion in normal rats (ZLN) or obese rats in which mito-

chondrial function was restored via reparation of mtDNA

(ZOF ? mt-tat-EndoIII). Importantly, the tissue levels of

hypoxia in these two groups during increased cardiac work

were significantly less than in the groups with mitochon-

drial dysfunction (ZLN ? mt-tat-ExoIII, ZOF). Figure 3

could be interpreted as cardiac efficiency is better in ZOF

or ZLN ? mt-tat-ExoIII than the other two groups,

because it appears that for the same amount of work, flow

is less. However, the period of time when the measure-

ments of flow and the double product was brief (*30 s)

after which, the preparations decompensated. This suggests

that level of flow did not sustain metabolic demands in

ZOF or ZLN ? mt-tat-ExoIII—a conclusion supported by

the elevated level of tissue hypoxia. We also would like to

mention that a long-term consequence of impaired meta-

bolic dilation may be diastolic dysfunction. We also were

struck by the results suggesting that within as little of

3 days of treatment, systolic and diastolic function was

improved in the obese rats by mt-tat-EndoIII suggesting

that impairments in mitochondrial function. Interestingly,

acute administration of mt-tat-EndoIII was found to reduce

infarct size in isolated rat hearts, suggesting that the

maintenance of mitochondrial function may also reduce

infarct size [37].

An aspect of these results pertains to the relationship

between mitochondrial function, mtDNA fragmentation

and blood flow in the context of what is causing the

impaired metabolic dilation. The impaired metabolic

dilation may be related to the mitochondrial dysfunction

and also inflammatory reactions due to fragments of

mtDNA. Although this last point is speculation, there is

a precedent for mtDNA fragments evoking such a

response [37]. As an example, we found that mt-tat-

EndoIII treatment of ZOF rats restored metabolic dila-

tion, mtDNA integrity, and cardiac function to levels

comparable to ZLN rats; yet, mitochondrial function was

still lower in the ZOF mt-tat-EndoIII rats compared to

ZLN. A similar comment can be made about the treat-

ment of ZLN with mt-tat-ExoIII. The mt-DNA frag-

mentation was as severe as that in ZOF, but attributes of

mitochondrial function were not as depressed as those in

ZOF rats. We speculate that part of these issues relate to

the duration of the treatment (3 days) vs. the chronic

condition of the rats in which the mitochondrial function

is affected for months.

We also would like to make the point that the

improvement in metabolic dilation did not seem related to

an effect on diabetes as blood glucose in the obese rats was

not affected by mt-tat-EndoIII. This treatment did reduce

triglyceride levels, which we believe is related to the

improvement in mitochondrial function, which would

result in greater lipid catabolism and thus lower triglyc-

erides. Induction of mtDNA damage and deterioration of

mitochondrial function by mt-tat-ExoIII did not affect

glucose, cholesterol or triglycerides in the lean animals.

We will admit that this could be related to the relatively

small change in mitochondrial function we observed fol-

lowing this treatment.

In conclusion, our results suggest in a compelling

manner, that normal mitochondrial function is based on the

integrity of mtDNA and is required for the proper coupling

between myocardial perfusion and cardiac work, i.e.,

coronary metabolic dilation. Impairments in mitochondrial

function, reflected by lesions and fragmentation in mtDNA,

blunt the coupling between flow and metabolism. More

studies are needed to further test the hypothesis of mito-

chondrial dysfunction involved in the development of

myocardial ischemia and whether maintenance of mtDNA

integrity is a viable therapy for cardiovascular pathologies

caused by flow limitations in the heart.
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