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Background-—Diabetes mellitus (DM) is associated with mitochondrial oxidative stress. We have shown that myocardial oxidative
stress leads to diastolic dysfunction in a hypertensive mouse model. Therefore, we hypothesized that diabetes mellitus could cause
diastolic dysfunction through mitochondrial oxidative stress and that a mitochondria-targeted antioxidant (MitoTEMPO) could
prevent diastolic dysfunction in a diabetic mouse model.

Methods and Results-—C57BL/6J mice were fed either 60 kcal % fat diet (high-fat diet [HFD]) or normal chow (control) for
8 weeks with or without concurrent MitoTEMPO administration, followed by in vivo assessment of diastolic function and ex vivo
studies. HFD mice developed impaired glucose tolerance compared with the control (serum glucose=495�45 mg/dL versus
236�30 mg/dL at 60 minutes after intraperitoneal glucose injection, P<0.05). Myocardial tagged cardiac magnetic resonance
imaging showed significantly reduced diastolic circumferential strain (Ecc) rate in the HFD mice compared with controls
(5.0�0.3 1/s versus 7.4�0.5 1/s, P<0.05), indicating diastolic dysfunction in the HFD mice. Systolic function was comparable in
both groups (left ventricular ejection fraction=66.4�1.4% versus 66.7�1.2%, P>0.05). MitoTEMPO-treated HFD mice showed
significant reduction in mitochondria reactive oxygen species, S-glutathionylation of cardiac myosin binding protein C, and diastolic
dysfunction, comparable to the control. The fasting insulin levels of MitoTEMPO-treated HFD mice were also comparable to the
controls (P>0.05).

Conclusions-—MitoTEMPO treatment prevented insulin resistance and diastolic dysfunction, suggesting that mitochondrial
oxidative stress may be involved in the pathophysiology of both conditions. ( J Am Heart Assoc. 2016;5:e003046 doi: 10.1161/
JAHA.115.003046)
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A pproximately half of patients with heart failure have a
preserved ejection fraction,1,2 and their prognosis is as

poor as those with heart failure with reduced ejection fraction.
Currently, there is no specific treatment for this condition.

Although diastolic dysfunction appears to play an important
role, there has been poor understanding of the underlying
pathophysiology.2 Several epidemiologic studies have shown
that type 2 diabetes mellitus (DM) and hypertension are closely
associated with heart failure with preserved ejection fraction.3,4

We have shown that increased oxidative stress in
cardiomyocytes causes S-glutathionylation of the myofibrillar
protein, cardiac myosin binding protein C (cMyBP-C), leading
to hypertension-induced diastolic dysfunction.5 Administra-
tion of tetrahydrobiopterin (BH4), a cofactor of nitric oxide
synthase (NOS), can prevent S-glutathionylation of cMyBP-C
and diastolic dysfunction.6 Furthermore, we have shown that
other conditions that can increase oxidative stress in
cardiomyocytes, such as angiotensin II exposure and mito-
chondrial manganese superoxide dismutase (MnSOD) deple-
tion, also lead to diastolic dysfunction.5

Mitochondrial oxidative stress plays a major role in the
pathophysiology of type 2 DM and its complications.7,8 In
humans and animal models, insulin resistance and type 2 DM
are associated with increased production of free radicals or
impaired antioxidant defenses.7–9 Therefore, we hypothesized
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that DM leads to mitochondrial oxidative stress in cardiomy-
ocytes and S-glutathionylation of cMyBP-C, leading to dias-
tolic dysfunction.

Methods

High-Fat Diet (HFD)–Induced Obesity and Insulin
Resistance
Animal care and interventions were provided in accordance
with the National Institutes of Health Guide for the Care and
Use of Experimental Animals, and all animal protocols were
approved by the Institutional Animal Care and Use Commit-
tees of the University of Illinois at Chicago and Lifespan. Six-
week-old male C57BL6/J mice were purchased from Jackson
Laboratory (Bar Harbor, MA). The HFD group was fed 60 kcal
% fat diet (Research Diets Inc, New Brunswick, NJ) for
8 weeks. The age- and gender-matched control group was fed
normal chow (Harlan, Indianapolis, IN) for 8 weeks. Mito-
TEMPO (2-(2,2,6,6-tetramethyl-piperidin-1-oxyl-4-ylamino)-2-
oxoethyl-triphenylphosphonium chloride) was administered
at 0.5 mg/kg twice a day intraperitoneally for 8 weeks while
mice continued HFD. Pioglitazone was administered at
30 mg/kg by oral lavage once a day for 8 weeks. Following
8 weeks of HFD, mice underwent cardiac magnetic resonance
(CMR) followed by euthanasia to harvest tissues for ex vivo
studies. Body weight and food intake were determined weekly
for 8 weeks during the midportion of the light cycle.
Preweighed food was placed in the food hoppers and
measured on a per-cage basis every week. Food intake was
determined as grams consumed per day.

Measurement of Plasma Glucose and Insulin
Serum glucose levels were measured by a glucometer (ACCU-
CHEK; Roche Applied Science, Indianapolis, IN) after drawing
blood from the tail vein. After euthanasia, blood was also
collected by cardiac puncture and centrifuged to separate
plasma. Plasma insulin level was measured using an enzyme-
linked immunosorbent assay kit (Millipore, Billerica, MA).
Glucose tolerance test was performed after 8-hour fasting.

Myocardial Tagged Magnetic Resonance Imaging
While mice were receiving general anesthesia using 1% to
1.5% isoflurane, myocardial tagged CMR was performed on a
600-MHz Bruker Avance console (Bruker Biospin, Billerica,
MA) equipped with an actively shielded 14.1-T, 89-mm-bore
vertical magnet and a 1000-mT/m, 110-ls rise-time
microimaging gradient system.10 Three short-axis cine slices
(1 mm thickness) were acquired covering the entire left
ventricle (LV) with cardiac and respiratory gating. From these

cine images, LV volume and mass were calculated by
contouring the endo- and epicardium using Osirix imaging
software (Geneva, Switzerland). In addition, these cine images
allowed accurate timing of end-systole, which was defined as
the smallest LV cavity volume. A myocardial tagged midven-
tricular short-axis image was obtained using a cardiac- and
respiratory-gated spatial modulation of magnetization
sequence.11 After tagging-grid generation, multiple tagged-
images were acquired from end systole throughout LV
diastole with a temporal resolution of 5 ms. Image analyses
were processed using Matlab (MathWorks, Natick, MA). Serial
motions of the tagging grids were tracked manually.
Deformed tagging square-like elements were divided into 2
adjacent triangles for homogeneous strain calculations from
the reference time point of end-systole.12,13 Maximal circum-
ferential strain rate (Ecc) rate during the rapid filling phase
was calculated to assess diastolic function.14,15

Echocardiography
Mitral inflow velocity (E) and longitudinal tissue velocity of the
mitral anterior annulus (E0) were assessed in the subcostal 4-
chamber view using a Vevo 770 high-resolution in vivo
imaging system (Visual Sonics, Toronto, Canada).6 During the
image acquisition, mice were anesthetized with 1% to 1.5%
isoflurane so that a heart rate of 350 to 390 beats/min was
maintained.

Invasive Hemodynamic Measurement
With mice under the general anesthesia using 1% to 1.5%
isoflurane, a pressure-volume catheter was inserted into the
right common carotid artery and advanced into the LV.
Inferior vena cava occlusion was performed via a diaphragm
incision. Following calibration of volume and parallel con-
ductance, baseline hemodynamic measurements were
obtained. Multiple pressure-volume loops were acquired
during compression of the inferior vena cava. End-diastolic
pressure volume relationship was calculated using linear
regression.5

Assessment of Mechanical Properties of
Cardiomyocytes
Hearts were excised from anesthetized mice and perfused
with buffer (NaCl 113, KCl 4.7, Na2HPO4 0.6, KH2PO4 0.6,
MgSO4 1.2, Phenol Red 0.032, NaHCO3 12, KHCO3 10,
HEPES 10, and taurine 30, 2-3-butanedione monoxime
10 mmol/L) and digested with collagenase II (Worthington
Biochemical Co., Lakewood, NJ) for 10 minutes at 37°C
(N=6–8 in each group, 5–10 myocytes in each mouse).
Following washing with control buffers (NaCl 133.5, KCl 4,

DOI: 10.1161/JAHA.115.003046 Journal of the American Heart Association 2

MitoROS Mediates Diastolic Dysfunction in Diabetes Mellitus Jeong et al
O
R
IG

IN
A
L
R
E
S
E
A
R
C
H



Na2HPO4 1.2, HEPES 10, MgSO4 1.2 mmol/L and 0.1% BSA)
at serially increasing Ca2+ concentrations (0.2, 0.5, and
1 mmol/L), cardiomyocytes were suspended in Modified
Eagle’s Medium with 1% insulin-transferrin-selenium, 0.1%
BSA, and 1% glucose in a 95% O2/5% CO2 incubator at 37°C.

6

The mechanical properties of cardiomyocytes were
assessed using an IonOptix Myocam System (IonOptix Inc.,
Milton, MA).16 Unloaded cardiomyocytes placed on a glass
slide for 5 minutes were imaged with an inverted microscope
and perfused with a normal Tyrode’s buffer (NaCl 133, KCl
5.4, MgCl2 5.3, Na2PO4 0.3, HEPES 20, glucose 10 mmol/L,
pH 7.4) containing 1.2 mmol/L calcium held at 37°C with a
temperature controller. Cardiomyocytes were paced with
10 V, 4-ms square-wave pulses at 1.0 Hz, and sarcomere
shortening and relengthening were assessed using the
following indices: diastolic sarcomere length (lm), peak
fractional shortening (%), relaxation time constant s (calcu-
lated as a0+a1e

t/s where t=time, s), relengthening time (s),
and maximum relaxation velocity (dL/dt, lm/s).

Cardiomyocytes were loaded with 1 lmol/L fura 2-
acetoxymethyl (AM) ester for 15 minutes and de-esterized
for additional 15 minutes at 37°C. After loading, cells were
washed twice and then imaged with an inverted microscope. To
mimic HFD conditions, cells were perfused with a modified
Tyrode’s buffer containing 1.2 mmol/L calcium, 1.0 mmol/L
pyruvate, and 1% fatty acids mixture (Sigma-Aldrich) including
2 ng/mL arachidonic and 10 ng/mL each linoleic, linolenic,
myristic, oleic, palmitic and stearic, 0.22 lg/mL cholesterol
fromNew Zealand sheep’s wool, 2.2 lg/mL Tween-80, 70 ng/
mL tocopherol acetate, and 100 lg/mL Pluronic F-68 and
under 37°C perfusion. Cardiomyocytes were paced at 1.0 Hz
for 10-ms duration and the fluorescence measurements were
recorded with a dual-excitation fluorescence photomultiplier
system. Cardiomyocytes were exposed to light emitted by a 75-
W Xenon lamp and passed through either a 340- or 380-nm
wavelength filter. The emitted fluorescence was detected at
510 nm. To take into account any interference, the background
fluorescence for each cardiomyocyte was determined by
moving the cardiomyocyte out of the view and recording the

fluorescence from the bath solution alone. The time course of
the fluorescence signal decay was fit to a single exponential
equation, and the time constant (s) was used as a measure of
the rate of intracellular Ca2+ decay.

Measurement of Mitochondrial Oxidative Stress
Following isolation of cardiomyocytes as described above,
cells were stained with both MitoSOX (5 lmol/L) and
MitoTracker green (100 nmol/L) (Molecular Probe, Carlsbad,
CA) for 15 minutes at 37°C and washed twice. Flow

Table 1. Metabolic Characteristics of HFD Mice

Control HFD P Value

Diet intake, g/day 4.5�0.7 4.0�0.4 0.53

Body weight, g 27.5�0.5 31�0.6 <0.01†

Body surface area, cm2 89�1 93�1 0.03*

Random serum glucose, mg/dL 223�25 357�23 <0.01†

Fasting serum glucose, mg/dL 203�30 239�9 0.16

Fasting serum insulin, ng/mL 1.2�0.1 1.9�0.1 <0.01†

Data represent mean�SEM. HFD indicates high-fat diet.
P value note, *P<0.05; †P<0.01. N=8 in each group.

Figure 1. Intraperitoneal glucose tolerance test
and insulin level in HFD mice. A, Serial measure-
ments of serum glucose level following intraperi-
toneal challenge of glucose at 2 g/kg of body
weight. B, Random serum insulin level at 8 weeks
of HFD (N=5 in control, N=7 in the HFD group). C,
Body weight. (N=9 in each group; Data are
mean�SD). *P<0.05, and ***P<0.001 using the
Mann–Whitney test. HFD indicates high-fat diet.
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cytometry evaluated cardiomyocytes using the Cyan ADP
analyzer (Beckman Coulter, Brea, CA). Five thousand car-
diomyocytes were selected by appropriate forward and side
scatter gating. After a second gating by pulse-width, MitoSOX

fluorescence was detected. Unstained cells were used as a
reference standard. The mean of the fluorescence intensity
was obtained from the MitoSOX histogram. For confocal
microscope images, isolated cardiomyocytes were attached
by laminin-coated glass dish. Confocal images were obtained
using 963 magnification objective by LSM 510M (Carl Zeiss,
Inc, Thornwood, NY).17

The cell-permeant dye 20,70-dichlorodihydrofluorescein
diacetate (H2DCFDA; Life Technologies, Grand Island, NY)
was used to measure generalized oxidative stress in car-
diomyocytes. Isolated cardiomyocytes (10 000 cells) from
each group (N=5 in each group) were plated in laminin-coated
plate with MEM medium including 1% insulin, transferrin,
selenium, 5% FBS, and 1% lipid mixture (Sigma) with or
without fresh-dissolved antioxidants, mitoTEMPO (10 lmol/
L), BH4 (10 lmol/L), and apocynin (100 lmol/L) for 1 hour.
After washing twice with plating medium, cells were incubated
with H2DCF-DA (5 lmol/L) for 15 minutes at 37°C, and then
washed twice with medium. Fluorescence intensity was read
every 2 minutes for 20 minutes using a microplate reader
(Synergymx, Winooski, VT) at 495/530 nm and 37°C. After
reading, cells were fixed with 4% paraformaldehyde for
15 minutes, and DAPI was added (0.5 lg/mL). Fluorescence
data were normalized by DAPI-positive cell counts.

Table 2. Cardiovascular Characteristics

Control HFD P Value

Systolic blood pressure, mm Hg 101�3 107�3 0.2

Diastolic blood pressure, mm Hg 73�3 75�2 0.5

Heart rate, bpm 518�14 555�8 0.02*

End-diastolic volume, mm3 35.1�1.4 30.3�1.1 <0.01†

End-systolic volume, mm3 11.2�0.5 10.5�0.3 0.26

Stroke volume, mm3 23.1�1.2 20.1�1.0 <0.01†

Ejection fraction (%) 67�1 67�0.8 0.93

Cardiac output, mL/min 11.2�0.4 12�0.3 0.62

Cardiac index, mL/min per m2 1.3�0.05 1.3�0.04 0.76

LV mass, g 32.5�1.2 39.3�1 <0.01†

LV mass index, g/m2 3.6�0.1 4.2�0.1 <0.01†

Data represent mean�SEM. HFD indicates high-fat diet; LV, left ventricle.
P value note, *P<0.05; †P<0.01. N=8 in each group.

Figure 2. Measurement of diastolic function in HFD mice by CMR imaging. A, Myocardial tagging CMR imaging. Tagged images were obtained
from end-systole (a) to end-diastole (b) at 5-ms intervals. Intersections of tagging-grid lines were traced manually (c). Endocardium and
epicardium were contoured by the B-spline method (d). Triangulation of grid lines enabled harmonic phase analyses for circumferential and radial
strain calculations (e). B, Circumferential strain (Ecc) rate during the rapid filling phase in control and HFD mice (8 weeks; N=8 in control, N=13
in the HFD group). C, Longitudinal assessment of Ecc rate at 4 and 8 weeks (N=10 in control, N=13 in the HFD group). D, Longitudinal
assessment of LV mass. N=10 to 13 in each group. ***P<0.001. CMR indicates cardiac magnetic resonance; Ecc, circumferential strain rate;
HFD, high-fat diet; LV, left ventricular.
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Figure 3. Echocardiography and hemodynamics in the HFD mice. A through D, Noninvasive transthoracic echocardiography. Tissue Doppler
imaging and pulse-wave Doppler measured mitral inflow from the apical four-chamber view. A, E0/A0 ratio. B, E/E0 ratio. C, peak systolic velocity of
the myocardial segment, Sm. D, Representative tissue Doppler images in control and HFDmice. *P<0.05. ***P<0.001 using an unpaired Student t
test (N=6–10). E, Invasive hemodynamic measurement of multiple loops of EDPVR (N=5 in control, N=6 in the HFD group). F, Spearman correlation
of CMR imaging strain rate, Ecc rate, and hemodynamics, EDPVR (N=8). G, Spearman correlation of CMR imaging strain rate, Ecc rate, and
echocardiography, E0/A0 ratio (N=8). H, Trichrome staining (N=4 each). I, Advanced glycosylation end products immunohistochemistry staining.
(N=4 each). CMR indicates cardiac magnetic resonance; Ecc, circumferential strain rate; EDPVR, end-diastolic pressure-volume relationship; HFD,
high-fat diet; Sm, peak systolic motion of the myocardial segment; ns,not significant.
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Transmission Electron Microscopy
Tissues were washed with cold PBS and fixed with electron
microscopy grade 4% glutaraldehyde in 0.1 mol/L cacody-
late buffer (pH 7.4). Fixed tissues were incubated with 1%
osmium tetroxide in cacodylate buffer for 2 hours and
processed for embedding. Ultra-thin sections were cut at
83 nm, placed on 200 mesh copper grids, and stained with
uranyl acetate and lead citrate. All materials were

purchased from Electron Microscopy Sciences (Hatfield,
PA). Samples were visualized using a JEM-1220 Jeol
transmission electron microscopy (JEM, Peabody, MA), and
micrographs were taken using a Gatan Digital Micrograph
(Gatan Microscopy, Pleasanton, CA). Five random images
from each sample were taken for analysis in each mouse
(N=3–5 in each group). The area occupied by mitochondria
was calculated using Image J (National Institutes of Health,
Bethesda, MD).17

Figure 4. MitoTEMPO effect on insulin resistance and diastolic function. A, Body
weight. B, Glucose tolerance test. C, Serum glucose after 6 hours fasting. D, Serum
insulin after 6 hours fasting. E, CMRstrain rate. F, LVmassmeasured byCMR.G, Effect of
pioglitazone on serumglucose 90min after challenge. H, Pioglitazone effect on Ecc strain
rate. (N=4 in control, N=9 in the HFD and mitoTEMPO groups). *P<0.05, **P<0.01,
***P<0.001. CMR indicates cardiacmagnetic resonance; Ecc, circumferential strain rate;
HFD, high-fat diet; LV, left ventricular; MitoTEMPO, 2-(2,2,6,6-tetramethyl-piperidin-1-
oxyl-4-ylamino)-2-oxoethyl-triphenylphosphonium chloride); ns, not significant.
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Measurement of [NADH] and [NAD+]
Intracellular NADH and NAD+ levels ([NADH] and [NAD+]) were
detected by using the EnzyChromTM [NADH]/[NAD+] Assay Kit
(BioAssay Systems, Hayward, CA) in control and HFD heart

tissue following themanufacturer’s protocol. Twentymilligrams
of heart tissue was homogenized in assay buffer. A bicin-
choninic acid assay protein assay was performed to normalize
each group. The optical density was measured at 565 nm for
15 minutes. N=8 in each group.

Figure 5. MitoTEMPO effects on relaxation in isolated cardiomyocytes. A and B, Representative
normalized sarcomere contraction and relaxation traces in control (black) vs HFD mice (red) (A); HFD mice
vs mitoTEMPO-treated mice (blue) (B). Bar represents 0.2 seconds. C, Basal diastolic sarcomere length. D,
Relaxation constant, s. E, time to 50% relaxation. F, Fractional shortening. N=4 mice in control, N=6 mice in
the HFD and mitoTEMPO groups. Five to 10 myocytes were studied from each mouse. Total cardiomyocytes
are indicated in each bar graph. *P<0.05. HFD indicates high-fat diet; MitoTEMPO, 2-(2,2,6,6-tetramethyl-
piperidin-1-oxyl-4-ylamino)-2-oxoethyl-triphenylphosphonium chloride).
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Immunoblotting and Immunoprecipitation
Proteins (30 lg) were isolated from the frozen ventricles
(N=5–6 in each group) and separated on a 4% to 12%
SDS-PAGE gel and transferred onto a 0.2 lm polyvinyl
difluoride membrane for S-glutathionylation of cMyBP-C.
Myofibrils were prepared from mouse hearts as described
previously.6 Myofibrils were separated on a 4% to 12% SDS-
PAGE gel and transferred onto a 0.2-lm polyvinyl difluoride
membrane. Following blocking the membrane in 5% nonfat dry
milk with 2.5 mmol/L N-ethylmaleimide for 1 hour, anti-
glutathione mouse monoclonal primary antibody (Virogen,
Watertown, MA) was applied to detect for S-glutathionylation
on cMyBP-C. NOS primary antibodies (1:1000–2000) were
phospho-eNOS (Ser1177) (Cell Signaling Technology, #9571),
phospho-eNOS (Thr475) (Cell Signaling Technology, #9574),
eNOS (Cell Signaling Technology, #9586), nNOS (Ser1177)
(Cell Signaling Technology, #4231), and GAPDH as a loading
control (Abcam, ab9484). Optical density of the bands was
measured with ChemiDoc MP system (Bio-Rad, Hercules, CA)

and analyzed with Quantity One imaging analysis software
(Bio-Rad).

For slot blots of 3-nitrotyrosine, slot blot systems were
used (Bio-Rad). After hydration of nitrocellulose membrane
with Tris-tricine transfer buffer (25 mmol/L Tris, 192 mmol/L
glycine, 20% methanol pH 8.3), total lysates (5 lg) were
blotted onto a 0.2-lm nitrocellulose membrane and vacuum
dried. Proteins on slot blots were fixed at 25 V, 1.3A for
5 minutes using semidry transfer system Turbo (Bio-Rad).
Anti-3-nitrotyrosine antibody (Abcam) was used to detect
protein nitrosylation. The following procedures were the same
as for immunoblotting.

Total lysates (200 lg) were incubated with monoclonal
MnSOD (SOD2) antibody (2 lg, Abcam) and 10 lL of
antibody capture affinity ligand (Millipore, capture and release
reversible immunoprecipitation kit) for 30 minutes at room
temperature. After washing of the spin column, precipitated
MnSOD was eluted and immunoblotted with acetylated lysine
antibody (Cell Signaling #9441). The immunoblotting proce-
dure was the same as previously described.

Figure 6. Ca2+ transient data from isolated cardiomyocytes. A, Amplitude of the Ca2+ transient. B,
Diastolic Ca2+ decay constant s (ms). C, Resting Ca2+ (F/F0) in each group. D, Representative Ca2+

transients from HFD and control myocytes. Isolated cardiomyocytes were loaded with Fura-2AM and paced
at 1.0 Hz. *P<0.05. N=18 to 21 cells in each group. N=4 mice in each group. HFD indicates high-fat diet;
SR, sarcoplasmic reticulum.
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Statistical Analysis
Descriptive statistics are mean�SEM or mean�SD where
indicated. Comparisons for each group were performed using
nonparametric Mann–Whitney test (Wilcoxon rank sum) or
unpaired Student t tests. For comparisons between multiple
groups, one-way ANOVA with post hoc Bonferroni’s multiple
comparison test comparing all groups was used for single
cardiomyocytes data. Ecc rate was correlated with invasive
hemodynamics and echocardiographic tissue Doppler imaging
by the nonparametric Spearman correlation method. All data
analyses were performed using Graphpad Prism 5.0, Origin 8.5,
or SPSS 16.0. Significance was definedwhen P<0.05. *denotes
P<0.05, **denotes P<0.01, and ***denotes P<0.001.

Results

HFD-Induced Metabolic Syndrome and Type 2 DM
HFD mice developed significant obesity following 8 weeks of a
HFD as shown in Table 1 and Figure 1. Random serum glucose

was significantly elevated compared to controls. Although
fasting serum glucose levels were similar in both groups, fasting
serum insulin levels were significantly higher in HFD mice,
indicating insulin resistance. Glucose tolerance tests showed
significantly increased serum glucose in the HFD mice com-
paredwith the control as follows: 566�20 versus 375�24 mg/
dL at 30 minutes, 595�6.1 versus 256�15 mg/dL at 60 min-
utes, 597�3.7 versus 229�23 mg/dL at 90 minutes, and
509�42 versus 249�4.4 mg/dL at 120 minutes (N=5 in
control, N=7 in HFD) following intraperitoneal glucose admin-
istration. These results demonstrate that HFD mice developed
metabolic alterations similar to metabolic syndrome and type
2 DM.

HFD Induced Diastolic Dysfunction
To evaluate the effect of these metabolic alterations on
cardiac structure and function, myocardial tagged CMR was

Figure 7. Cytoplasmic ROS measured by H2DCF-DA. A and B,
Isolated cardiomyocytes from HFD and matched controls with or
without in vivo treatment with mitoTEMPO, BH4, apocynin, or
allopurinol to inhibit mitochondrial, uncoupled nitric oxide
synthase, NADPH oxidase, or xanthine oxidase-dependent ROS.
Data were represent as mean�SEM. *P<0.05,**P<0.01,
***P<0.001. N=5 for each treatment. DCF-DA indicates 2’,7’-
dichlorofluorescin diacetate; HFD, high-fat diet; ROS, reactive
oxygen species; MitoTEMPO, 2-(2,2,6,6-tetramethyl-piperidin-1-
oxyl-4-ylamino)-2-oxoethyl-triphenylphosphonium chloride).

Figure 8. Mitochondrial ROS scavenged by mitoTEMPO. A,
Confocal microscopy showing mitochondrial ROS. MitoSOX was
used to probe for mitochondrial superoxide, and MitoTracker
green was used to identify mitochondria. Bar represents 20 lm.
B, Flow cytometry with mitoSOX staining. Mean of fluorescence
intensity was recorded on the red channel. N=3 in control, N=4 in
HFD and mitoTEMPO groups. *P<0.05. HFD indicates high-fat
diet; MitoTEMPO, 2-(2,2,6,6-tetramethyl-piperidin-1-oxyl-4-yla-
mino)-2-oxoethyl-triphenylphosphonium chloride); ROS, reactive
oxygen species.
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performed following 8 weeks of a HFD. HFD mice showed
significant left ventricular hypertrophy (LVH) compared with
controls (Table 2) despite comparable systolic blood pres-
sure. Systolic function was preserved as shown by similar
ejection fractions in both groups. In addition, cardiac output
and cardiac index were also similar in both groups. These
results show that HFD mice developed concentric LVH with
preserved systolic function compared with controls.

Diastolic function was assessed using 3 different modal-
ities as demonstrated in Figures 2 and 3. CMR enabled direct
measurement of myocardial strain during diastole (Figure 2A).
Ecc rate was significantly reduced during diastole in HFD mice
(4.85�0.15 1/s) compared with controls (7.02�0.59 1/s,
P<0.05), indicating significant relaxation impairment in HFD
mice. During HFD feeding, longitudinal assessment of dias-
tolic function by myocardial tagged CMR revealed progression
of diastolic dysfunction (Figure 2C). LVH also progressed
similarly in the HFD group (Figure 2D). Echocardiography
showed E/E0 was significantly increased in the HFD group
compared with controls (42�1.4 versus 8.6�3.3, P<0.01,
Figure 3A through 3D). Finally, invasive hemodynamic assess-
ment revealed that the slope of end-diastolic pressure volume
relationship was significantly higher in the HFD mice
(0.37�0.04) compared with the control (0.21�0.03,
P<0.05; Figure 3E). Ecc rate was highly correlated with
invasive hemodynamics (Figure 3F) and echocardiographic
tissue Doppler imaging by nonparametric Spearman correla-
tion (Figure 3G). All 3 modalities indicated that HFD mice
developed significant diastolic dysfunction compared with
control animals.

A Mitochondrial-Targeted Antioxidant Improved
Glucose Tolerance and Insulin Resistance
The MitoTEMPO-treated HFD group had similar body weight to
the controls (Figure 4A). Glucose tolerance tests revealed
significantly reduced serum glucose levels in the MitoTEMPO-
treated HFD group at 60 minutes after intraperitoneal glucose

challenge when compared with the nontreated HFD group
(Figure 4B). Despite differences in glucose tolerance, 6-hour
fasting serum glucose levels were not significantly different
between groups (Figure 4C). Nevertheless, the 6-hour fasting
serum insulin levels were significantly elevated in the HFD
group and significantly reduced in the MitoTEMPO-treated
group (Figure 4D).

MitoTEMPO Prevented Diastolic Dysfunction
MitoTEMPO-treated HFD mice showed an Ecc rate
(6.4�0.4 1/s) that was similar to controls (7.0�0.6 1/s,
P=0.35; Figure 4E). MitoTEMPO-treated HFD mice also
showed a LV mass (30.7�1.9 mg) comparable to controls
(32.7�1.8 mg, P=0.35; Figure 4F). Glucose lowering alone
did not affect diastolic dysfunction. Although pioglitazone
lowered blood glucose level in HFD mice at 90 minutes after
glucose challenge (600.4�2.6 mg/dL HFD versus
478.8�12.97 mg/dL pioglitazone-treated HFD, P<0.05; Fig-
ure 4G), diastolic dysfunction was similar in both groups (HFD
Ecc rate 4.8�0.1 1/s, N=13 versus pioglitazone-treated HFD
Ecc rate 5.4�0.1 1/s, N=6, P=0.71; Figure 4H).

Figure 9. [NADH] and [NAD+] levels in HFD hearts. A, [NADH] level. B, [NAD+] level. C, ratio of [NADH]/[NAD+]. Data represent mean�SEM.
*P<0.05. N=8 in each group. HFD indicates high-fat diet.

Figure 10. 3-Nitrotyrosine (3-NT) level in HFD heart. A, Slot
blots were performed using a 3- NT antibody. B, Representative
densitometry analysis. Data represent mean�SEM. *P<0.05. N=6
in each group. HFD indicates high-fat diet; MT, mitoTEMPO.
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To assess diastolic dysfunction at the cellular level,
sarcomeric contraction and relaxation was measured.
Averaged sarcomere length was normalized and compared
in control versus HFD mice (Figure 5A) and HFD mice
versus mitoTEMPO-treated HFD mice (Figure 5B). Diastolic
sarcomere length was significantly shortened in the HFD
mice (1.73�0.01 lm) compared with controls
(1.80�0.01 lm, P<0.01). MitoTEMPO-treated mice showed

comparable diastolic sarcomere length (1.81�0.01 lm) to
the HFD mice (Figure 5C). Relaxation s was also signifi-
cantly increased in the HFD mice compared to controls
(0.13�0.01 versus 0.10�0.01, P<0.05) and restored to the
level of the controls by MitoTEMPO treatment (0.08�0.01,
P=0.22 versus control; Figure 5D). Time to 50% relaxation
was significantly increased in the HFD mice (267�18 ms),
compared with the controls (197�15 ms, P<0.01).

A

a b c

d e f

B C

Figure 11. Electron microscopy of mitochondrial morphology with HFD. A, Transmission electron
micrographs of hearts from control, HFD mice, and HFD mice treated with mitoTEMPO. a and d, control; b
and e, HFD; c and f, mitoTEMPO-treated HFD mice. a, b, and c, 95780. d, e, and f, 911 600 magnification.
Arrowhead indicates typical mitochondria in each group. Bar indicates 10 lm. B, Averaged numbers of
mitochondria in each field. C, Quantification of total mitochondrial areas in each field. N=3 to 5 in each
group. *P<0.05. HFD indicates high-fat diet; MitoTEMPO, 2-(2,2,6,6-tetramethyl-piperidin-1-oxyl-4-ylamino)-
2-oxoethyl-triphenylphosphonium chloride).
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MitoTEMPO-treated mice showed similar time to 50%
relaxation (195�11 ms) to the controls (P=0.9; Figure 5E).
Fractional shortening was similar throughout all these
groups, indicating preserved systolic function in all groups
(Figure 5F). These results suggested that HFD mice devel-
oped diastolic dysfunction without systolic impairment at
the cellular level, consistent with the in vivo CMR and
echocardiographic findings.

Ca2+ transient data were measured in isolated cardiomy-
ocytes (Figure 6). Although Ca2+ amplitude was modestly
reduced in HFD mice compared to the control group, Ca2+

decay rate and baseline cytosolic resting Ca2+ were not
significantly changed when compared to untreated controls.
Moreover, MitoTEMPO treatment in HFD mice did not
significantly change these measures, suggesting that changes
in Ca2+ handling were not the main mechanism whereby
mitoTEMPO improved diastolic dysfunction.

MitoTEMPO Reduced Reactive Oxygen Species
(ROS), Preserved Mitochondrial Ultrastructure,
Prevented MnSOD Acetylation, and Altered NOS
Confocal microscopy and flow cytometry indicate that HFD
mice have significantly increased mitochondrial and cytosolic
reactive oxygen species (ROS) compared to controls without
significant changes in mitochondrial mass as measured by
MitoTracker (Figure 7). Mitochondrial superoxide was mea-
sured by MitoSOX, and general cytosolic hydrogen peroxide
(H2O2) was measured by H2DCF-DA. Quantitative assess-
ment of the corresponding flow cytometry data showed a
significant increase in the MitoSOX signal from the HFD
mice (137�7) compared with the controls (91�3, P<0.01)
or the MitoTEMPO-treated group (100�6, P<0.01; Fig-
ure 7B). General cellular ROS levels were measured using
H2DCF-DA and were significantly elevated in HFD hearts
(HFD, 3473�200 a.u. versus control 1562�37 a.u.,
P<0.001, Figure 8). MitoTEMPO-treated HFD mice had a
reduced ROS level (1985�145, P<0.001). The major ROS
source was detected using each scavenger, including
mitoTEMPO for mitochondrial ROS, BH4 for NOS uncoupling,
allopurinol for xanthine oxidase, and apocynin for NADPH
oxidase. The rates of hydrogen peroxide accumulation were
significantly inhibited by mitoTEMPO and BH4, indicating
mitochondria and uncoupled NOS are the major ROS
sources. To further verify the mitochondrial ROS effect, we
measured the NADH level. The ratio of [NADH]/[NAD+] was
increased in HFD mice (3.60�0.78 HFD versus 2.02�0.23
control, P<0.05), consistent with increased mitochondrial
oxidative stress (Figure 9).18 Consistent with a general
increase in cellular oxidation, total protein 3-nitrotyrosine
level was increased with HFD and decreased by mitoTEMPO
treatment (Figure 10).

Mitochondrial ultrastructure of HFD mouse hearts from
electron microscopy showed evidence of morphological
abnormalities (Figure 11). MitoTEMPO treatment improved
mitochondrial ultrastructure. Paralleling the ultrastructural
changes, MnSOD lysine-acetylation levels were increased
significantly in the HFD group as compared to controls, and
this increase was prevented by mitoTEMPO treatment
(Figure 12). Since acetylation decreases MnSOD activity,19

this observation may provide an explanation for the increase
in mitochondrial ROS with DM.

Previously, we have implicated reduced nitric oxide (NO) in
the pathogenesis of diastolic dysfunction.5,16 To evaluate the
role of NO in HFD-induced diastolic dysfunction, NOS levels
and regulatory phosphorylation were assessed. Figure 13
shows that mitoTEMPO was sufficient to suppress most of the
cardiac oxidative stress produced by HFD. Nevertheless, HFD
did cause changes in the NOS/NO pathway. Figure 7 shows
that BH4 reduced ROS to a lesser extent than MitoTEMPO. In
Figure 13, HFD reduced eNOS S1177 phosphorylation with-
out alteration in T495 phosphorylation, suggesting that eNOS
activity may be downregulated with HFD. The change in eNOS
1177 was partially reversed by mitoTEMPO. There was no
change in eNOS expression with HFD, but HFD reduced nNOS
expression slightly. This was reversed by mitoTEMPO. These
results suggested an interplay between mitochondrial ROS
and the NO system. Therefore, we treated cardiomyocytes
isolated from diabetic hearts with an NO donor, SNAP (S-
Nitroso-N-Acetyl-D,L-Penicillamine). SNAP increased resting
sarcomere length, decreased diastolic relaxation time, and

Figure 12. MnSOD and its acetylation in HFD heart. A,
Immunoprecipitation (IP) was performed using a MnSOD antibody,
and then immunoblotted (IB) with an acetylated-lysine antibody.
Acetylation of MnSOD was normalized by the total expression
level of MnSOD. B, Densitometry was normalized by MnSOD. Data
represent mean�SEM. *P<0.05, ***P<0.001. N=4 to 5. Ac-
MnSOD indicates acetylated manganese superoxide dismutase;
HFD, high-fat diet; MT, mitoTEMPO.
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improved fractional shortening (Figure 14), suggesting that
reduced NO may be part of the pathology of diastolic
dysfunction in DM.

MitoTEMPO Reduced cMyBP-C S-
Glutathionylation
Previously, we have shown S-glutathionylation of cMyBP-C
leads to increased myofilament calcium sensitivity and

diastolic dysfunction in the hypertensive mouse model.6

Similarly, the HFD mice showed significantly increased
cMyBP-C S-glutathionylation compared to the control group
(P<0.05 in both of total cMyBP-C and actin normalized
immunoblotting, Figure 15). MitoTEMPO treatment prevented
this oxidant-mediated S-glutathionylation. The mitochondrial
ROS level was significantly and positively correlated with
diastolic dysfunction (relaxation constant, slope 26.12�
10.01. R2=0.5767, P<0.05) and myofilament oxidative

Figure 13. Changes in nitric oxide synthases (NOSs) with HFD. A, Immunoblot images shown as
phospho-eNOS (Ser1177), phospho-eNOS (Thr495), total eNOS, total nNOS, and GAPDH. B and C,
Densitometry data of stimulatory phospho-eNOS (Ser1177) (B) and inhibitory phospho-eNOS (Thr495) (C)
were normalized by total eNOS, (D and E). Densitometry data of total eNOS (D) and total nNOS were
normalized by GAPDH. Data represent mean�SEM. *P<0.05, **P<0.01. N=5 to 6. HFD indicates high-fat
diet; MT, mitoTEMPO.
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modification, S-glutathionylated cMyBP-C level (slope
0.23�0.02, R2=0.9751, P<0.05).

Discussion
Epidemiological risk factors for diastolic dysfunction include
type 2 DM, hypertension, obesity, and age. Diastolic dysfunc-
tion is observed in 40% to 75% of asymptomatic, normo-
glycemic patients with type 2 DM patients.2,20,21 Previous
reports indicate that diastolic dysfunction represents the
earliest preclinical manifestation of diabetic cardiomyopathy
and that this can progress to symptomatic heart failure.22 In
this study, we demonstrated HFD-induced insulin resistance
results in diastolic dysfunction at the organ and cellular levels.
Diastolic dysfunction was associated with mitochondrial
oxidative stress, mitochondrial morphological changes, and
myofilament cMyBP-C S-glutathionylation. Treating HFD mice

with a mitochondrial antioxidant, MitoTEMPO, was able to
prevent HFD-induced diastolic dysfunction.

We have demonstrated that hypertension-associated dias-
tolic dysfunction is caused by uncoupled NOS-dependent
oxidative stress leading to S-glutathionylation of cMyBP-C,
slower myofilament relaxation kinetics, and increased myofil-
ament Ca2+ sensitivity.6 In this study, HFD-associated dias-
tolic dysfunction was also associated with increased oxidative
stress and S-glutathionylation of cMyBP-C. Moreover, the
oxidative stress appears to have arisen as the result of
mitochondrial dysfunction. This is consistent with the known
effect of HFD on mitochondrial ROS and suggests that
oxidative modification of cMyBP-C may be a final common
mechanism to cause diastolic dysfunction associated with
hypertension or DM.23

There has been considerable debate about the most
suitable noninvasive method for evaluating diastolic function
in small animals.5 Our experiments showed close correlation

Figure 14. NO donor effect on diastolic impairment in HFD cardiomyocytes. Single isolated cardiomyocytes were treated with SNAP, an NO
donor (1 mmol/L). A and B, Sarcomere length before and after treatment with SNAP are shown in (A) and averaged in (B). C, Resting sarcomere
length; (D) 50% of diastolic relaxation time; and (E) fractional shortening as a function of SNAP. Data represent mean�SEM. *P<0.05, **P<0.01.
N=8. HFD indicates high-fat diet; SNAP, S-Nitroso-N-Acetyl-D,L-Penicillamine.
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of both CMR and echocardiography, compared to the “gold
standard” of invasive hemodynamics.

Several small studies have suggested that elevated serum
glucose may not be a cause of diastolic dysfunction.24–27 In
this study we have shown that although pioglitazone lowered
blood glucose levels, it did not improve diastolic dysfunction.
On the other hand, mitoTEMPO was able to improve glucose
tolerance and diastolic dysfunction, suggesting that glucose
lowering alone was insufficient to prevent impaired cardiac
relaxation.

Our findings suggest that HFD-mediated diastolic dysfunc-
tion was associated with mitochondrial morphological
changes and increased ROS production. Recent studies have
shown that insulin resistance is accompanied by reduced
mitochondrial function and enhanced mitochondrial oxidative
stress.28 In addition to preserving diastolic function, our
experiments showed that mitochondrial superoxide scaveng-
ing protects HFD mice from weight gain, insulin resistance,
and LVH. This suggests that mitochondrial superoxide may
mediate insulin resistance, glucose intolerance, weight gain,
LVH, and diastolic dysfunction in response to excessive
calorie intake. These results are similar to a study showing

that metallothionein overexpression or resveratrol adminis-
tration can prevent diabetic mice from developing diastolic
dysfunction and LV hypertrophy.29,30 Our work is consistent
with that of Anderson et al, who suggest that HFD is linked to
insulin resistance by mitochondrial ROS production, specifi-
cally H2O2.

31 In our case, we found that HFD resulted in
excess mitochondrial and cytoplasmic oxidative stress that
contributed to diastolic dysfunction.

Another potential mechanism for diastolic dysfunction in
the type 2 DM might be altered calcium transients. Never-
theless, it appears that changes in calcium cycling did not
play a major role in diastolic dysfunction or the effect of
mitoTEMPO in this HFD mouse model. This is consistent with
reports by Flagg et al29,32 Nevertheless, this mechanism
cannot be entirely excluded.

In the current study, we demonstrated that MitoTEMPO
also prevented the HFD mice from developing LVH. Although
the LVH was not the main scope of our study, previous clinical
and small animal studies have shown a significant link
between diastolic dysfunction, LVH, and oxidative stress
in DM.14,33–35 The mechanism for this association is
unknown.

Figure 15. Immunoblotting for S-glutathionylated cMyBP-C. S-Glutathionylation of cMyBP-C in control,
HFD, and HFD mice treated with mitoTEMPO. N=4 to 7 in each group. *P<0.05. cMyBP-C indicates cardiac
myosin binding protein-C; HFD, high-fat diet; MitoTEMPO, 2-(2,2,6,6-tetramethyl-piperidin-1-oxyl-4-
ylamino)-2-oxoethyl-triphenylphosphonium chloride).
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We did not perform a detailed investigation of potential
side effects of MitoTEMPO in the current study. Nevertheless,
none of the MitoTEMPO-administered HFD mice showed any
signs of significant systemic toxicity, and MitoTEMPO-treated
control animals showed no changes in hemodynamic param-
eters, consistent with our previous use of this drug.17

Conclusions
We have shown that a HFD leads to insulin resistance, glucose
intolerance, mitochondrial ROS production, modification of
cMyBP-C, and diastolic dysfunction. These changes can be
prevented by a mitochondria-targeted antioxidant. This sug-
gests that mitochondrial ROS contributes to glucose intoler-
ance and diastolic dysfunction. Mitochondrial antioxidants may
have a role in treatment or prevention of diastolic heart failure.
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