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Background:Mitochondrial dysfunction may influence myocardial remodeling in diabetes.
Results: Impaired respiratory complex activity and energy depletion without mitochondrial uncoupling was identified in a new
conplastic rat model of diabetes.
Conclusion:mtDNA mutations are a risk factor for developing myocardial dysfunction in diabetes.
Significance: Identifying mtDNA background is important for recognizing patients at risk for heart diseases.

Myocardial remodeling and dysfunction are serious compli-
cations of type 2 diabetes mellitus (T2DM). Factors controlling
their development are not well established. To specifically
address the role of the mitochondrial genome, we developed
novel conplastic rat strains, i.e. strains with the same nuclear
genomebut a differentmitochondrial genome.Thenewanimals
were namedT2DNmtFHH and T2DNmtWistar, where the acronym
T2DN denotes their common nuclear genome (type 2 diabetic
nephropathy (T2DN) rats) and mtFHH or mtWistar the origin
of their mitochondria, Fawn Hooded Hypertensive (FHH) or
Wistar rats, respectively. The T2DNmtFHH and T2DNmtWistar

showed a similar progression of diabetes as determined by
HbA1c, cholesterol, and triglycerides with normal blood pres-
sure, thus enabling investigation of the specific role of themito-
chondrial genome in cardiac function without the confounding
effects of obesity or hypertension found in other models of dia-
betes. Echocardiographic analysis of 12-week-old animals
showed no abnormalities, but at 12 months of age the
T2DNmtFHH showed left ventricular remodeling that was veri-
fied by histology. Decreased complex I and complex IV but not
complex II activity within the electron transport chain was
found only in T2DNmtFHH, which was not explained by differ-
ences in protein content. Decreased cardiac ATP levels in
T2DNmtFHH were in agreement with a lower ATP synthetic
capacity by isolated mitochondria. Together, our data provide
experimental evidence thatmtDNAsequence variations have an
additional role in energetic heart deficiency. Themitochondrial
DNA background may explain the increased susceptibility of
certain T2DM patients to develop myocardial dysfunction.

Type 2 diabetes mellitus (T2DM)2 is a complex and hetero-
geneous disorder with a prevalence nearing epidemic propor-
tions worldwide. Myocardial dysfunction and heart failure are
serious complications developing in many cases independently
of coronary artery disease and hypertension. It is considered
that molecular alterations at the myocyte level may be a key
factor in the development of myocardial dysfunction. The
pathogenesis of ventricular dysfunction has been examined
previously in genetic animal models of T2DM (1–3). Because
these models present with a variety of metabolic disorders, it
has been impossible to isolate the influence of intrinsic mito-
chondrial impairments in disease mechanisms.
A new ratmodel of type 2 diabetesmellitus was developed by

crossing diabetic male Goto-Kakizaki (GK) rats with female
FawnHoodedHypertensive (FHH) rats (4). This newT2DMrat
model was named T2DN, which is a non-obese rat model that
develops diabetes spontaneously as GK rats but with protein-
uria and abnormal renal histological findings (4). Genetic anal-
ysis indicated that the two major differences between GK and
T2DN are passenger loci (3%) and mtDNA (4). Specific
sequence analysis of mtDNA showed that the T2DN rats carry
mitochondria fromFHH,whereas theGK carriesmitochondria
fromWistar Kyoto (WKY/NCrl) rats (5). To better understand
the relationship between different mtDNA genomes and phe-
notypical manifestations in the setting of diabetes, we trans-
ferred the mitochondrial genome from GK to T2DN rats. This
crossing produced a progeny with comparable nuclear genome
(T2DN) as judged by genome scan but with a total change in
mtDNA from FHH to Wistar. In this work, we refer to these
new conplastic models as T2DNmtFHH and T2DNmtWistar,
which denote their common nuclear genome but different
mitochondrial background.
Previous work has shown that mild cardiac dysfunction in
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can be induced by hypoxia supporting the notion that func-
tional alteration at the mitochondrial level is a proximal cause
of myocyte dysfunction (6). In patients with diabetes, the prev-
alent utilization of fatty acids to glucose is thought to promote
energy deficiency resulting from mitochondrial lipotoxicity,
decreased biogenesis, and uncoupling (1, 7). Whether a defec-
tive ability of the heartmitochondria to supply critical energetic
demand plays a role in cardiac remodeling is still an unresolved
matter. The availability of T2DNmtFHH and T2DNmtWistar rats
offers a unique opportunity to address the influence of mito-
chondrial genome in the cardiac energy state and the suscepti-
bility to ventricular dysfunction in the setting of T2DM. Here,
we report that T2DNmtFHH is energetically deprived and dem-
onstrates adverse cardiac remodeling when compared with
T2DNmtWistar hearts. The cardiac remodeling develops with an
increase in myocyte diameter but in the absence of myocardial
fibrosis. These data provide experimental evidence for the con-
cept that mtDNA influences energetic deficiency leading to an
increased susceptibility to cardiac dysfunction.

EXPERIMENTAL PROCEDURES

Animals

All animal use protocols were approved by the Institutional
Animal Care and Use Committee (IACUC) of theMedical Col-
lege of Wisconsin and conform to the Guide for the Care and
Use of Laboratory Animals published by theNational Institutes
of Health (NIH Publication no. 85-23, revised 1996). Rats were
maintained with 12-h light/12-h dark periods with free access
towater and standard chow (Purina). Young 12-week-oldmales
were used for the biochemical studies. Both 12-week- and
12-month-old animals were used for the echocardiographic
studies.

Blood Analysis

All procedures were performed in the mornings at the same
time to minimize diurnal variation. Blood was obtained at the
moment of tissue collection by heart puncture after fasting
overnight. Measurement of plasma glucose, serum cholesterol,
and triglyceride concentrations were performed by Marshfield
Laboratories (Marshfhield, WI) as described previously (8).
Plasma glucose levels weremeasured by standard procedures as
described (4). Glycosylated hemoglobin (HbA1c) wasmeasured
using in2itTM (Bio-Rad) according to the manufacturer’s pro-
tocol. T2DN rats were subjected to an intraperitoneal glucose
tolerance test. Before the test, all animals were subjected to two
to three training sessions. After the determination of fasting (12
h) glucose levels, the animals received an injection of 1.0 g/kg of
glucose intraperitoneally. Approximately 10-�l blood samples
were collected from an incision in the tail at 30, 60, 90, and 120
min after the glucose load. Glucose levels were measured using
reagent strips read with a Bayer� glucometer (Elkhart, IN).

Assessment of Cardiac Function by Echocardiography

Twelve-week- and 12-month-oldmale T2DN rats were eval-
uated by noninvasive two-dimensional echocardiography.
Echocardiograms were recorded under isoflurane anesthesia
using a General Electric Vivid 7 system (Waukesha, WI)

equipped with an 11 MHz M12L linear transducer. In brief,
standard parasternal short axis images were obtained at the
mid-left ventricular level (papillary muscles served as markers)
by two-dimensional echocardiography with image depth at
2–2.5 cm, 234–256 frames/s acquisition, harmonic imaging,
and with electrocardiographic gating. The images were trans-
ferred to a workstation for image analysis (EchoPAC worksta-
tionwithQ analysis software, General Electric,Waukesha,WI).
Anatomical M-mode from the two-dimensional images was
performed tomeasure LV dimensions in diastole and systole as
well as anterior and posterior wall thickness in diastole. Frac-
tional shortening (FS) was calculated as follows: %FS � (end
diastolic LV dimension� end systolic LV dimension)/(end dia-
stolic LV dimension)� 100%. Left ventricular mass (LVM) was
calculated using the following formula: LVM � 0.8(1.04{(pos-
terior wall thickness � LV internal diameter � anterior thick-
ness)3 � LV internal diameter thickness3}) � 0.6 (9). Ejection
fraction was derived using the Teicholz formula. Global radial
and circumferential strain were averaged over six equidistant
left ventricular regions using speckle tracking strain imaging
as described previously (10–12). Investigators remained
blind as to group allocation throughout the echocardio-
graphic measurements.

Histology

Cardiac histology was assessed in perfused T2DN rats at 12
months of age. Whole hearts were excised, weighed, and fixed
in 10% formalin solution. Post-fixation, samples were embed-
ded in paraffin, cut into 4-�m-thick sections and stained with
hematoxylin & eosin and Masson’s trichrome. The sections
were examined by light microscopy at �10 and �20 magnifi-
cation. The diameters of the myocytes were analyzed at the
longitudinal line of the myocyte nucleus. Approximately 100
cells were measured and analyzed in each section using
MetaMorph�.

Transmission Electron Microscopy

Freshly isolated hearts before fixation were perfused by 1%
glutaraldehyde and 4% paraformaldehyde in 0.1 M sodium
phosphate buffer, pH 7.4. A portion of apexwas rapidly cut into
1-mm3 pieces and placed in cold 2.5% glutaraldehyde fixative in
0.1 mol/liter cacodylate buffer, pH 7.4, and stored at 4 °C. Post-
fixation, tissues were embedded in EmBED812 epoxy resin, and
sections were cut at a thickness of 60 nm and mounted on 200
mesh copper grids, stained in uranyl acetate and lead citrate,
observed, and digital images recorded using �8000 and
�29,000 magnifications at the MCW Electron Microscopy
Core Facility.

Biochemical Measurements

Adenine Nucleotide Levels—The tissue adenine nucleotide
pool was quantified by high performance liquid chromatogra-
phy (HPLC) with UV detection (Agilent 1100, diode array) in
freshly isolated hearts. Briefly, a section of beating heart tissue
from 12-week-old T2DN rats (�50 mg) was transferred to a
2-ml microcentrifuge tube containing ice-cold perchloric acid
(5%) (13). The tissue was immediately homogenized, and the
acidic homogenate was kept on ice for 30 min. It was then neu-
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tralized with 1 M K2HPO4 and kept on ice for an additional 30
min to promote protein precipitation. Finally, the mixture was
centrifuged at 12,000 � g for 10 min. Supernatants were used
for HPLC assay, and the pellet was used for protein assay (13).
Samples were resolved on a Kromasil C-18 column using a gra-
dient of tetrabutylammoniumbisulfate in phosphate buffer, pH
6.0, and methanol as described before (14). Pellets were dis-
solved in 0.5 M NaOH and protein content was determined
using the Bio-Rad protein assay protocol. Concentrations of
ATP, ADP, and AMP were calculated using authentic
standards.
PCR Analysis of mtDNA—The copy number of mtDNA and

nuclear DNA was determined by quantitative real time PCR,
and the ratio of genomic nuclear DNA (nDNA) to mtDNAwas
calculated. Amplification of specific mtDNA sequences was
optimized, and the best results were obtained with the follow-
ing primers: forward, 5�-CAATTCTCCTAGCACAAGTG,
and reverse, 5�-CCCAACCGAAATTTTTTAGTTC, which
amplified mitochondrial 16 S rRNA. The Sh2b3 genomic
sequence was amplified utilizing the following primers: for-
ward, 5�-GAGCTTGAGTCTGTGAGCAGTG and reverse,
5�-AATGAAGCTACAGGGAAGGACA, which served as an
internal control. Amplification curves generated using Quanti-
Tect SYBR Green kit (Qiagen) were analyzed using qBase soft-
ware (15).

Mitochondrial Isolation

Hearts from 12-week- and 12-month-old rats were pro-
cessed immediately after excision formitochondrial isolation at
4 °C, which was performed using standard differential centrif-
ugation techniques as described with slight modifications (16).
Briefly, heart tissuewas collected and homogenized inmodified
Chappell Perry medium: 10 mM HEPES, 100 mM KCl, 1 mM

EGTA, 5mMMgSO4, 1mMATP, and 0.2%BSA, pH 7.4. Homo-
genates were centrifuged at 700 � g for 15 min at 4 °C (Sorvall
High speed, SA600 rotor). The supernatant was transferred to a
cold clean tube (Nalgene) and subjected to a high speed centrif-
ugation (10,000 � g, 15 min, 4 °C). The final supernatant was
discarded, and the mitochondrial pellet was washed twice.
Finally, the pellets were resuspended in storage buffer: 10 mM

HEPES, 100 mM KCl, and 1 mM EGTA, pH 7.4. Mitochondrial
preparation was used immediately for functional assays or
stored at �80 °C for immunoblot and enzyme assay.

Mitochondrial Proteins Immunoblot

The expression levels of total respiratory complexes in the
mitochondria of the T2DN rats were analyzed byWestern blot-
ting using the total OXPHOS rodent Western blot antibody
mixture (MitosciencesMS604). Briefly, mitochondrial proteins
were solubilized into RIPA buffer (50 mM Tris-HCl, pH 7.4, 0.1
mMEDTA, 0.1mMEGTA, 0.1% SDS, 0.1% deoxycholic acid, 1%
IGEPAL CA630, and protein inhibitor mixture). Samples were
loaded onto 10–20% Ready gels (Bio-Rad) using a loading
buffer without heat treatment. Resolved proteins were trans-
ferred to a nitrocellulose membrane and probed with specific
antibody mixture. Detection of the reactive protein-antibody
complex was performed according to the manufacturer’s

instructions using the ECL Western blot detection kit and the
autoradiographic signals analyzed by ALPHA imager.

Measurement of Mitochondrial Enzyme Activities

The electron transport complex activities in mitochondrial
heart preparation were measured spectrophotometrically (17,
18).
NADH:Coenzyme Q Reductase (Complex I � III)—Activity

was measured by incubating mitochondrial protein (25 �g) in
the presence of 50 mMKH2PO4, 5 mMMgCl2, 5 g/liter BSA, 0.2
mMKCN, and 0.12 mM ferricytochrome c, pH 7.5. NADH (0.15
mM) was added, and the oxidation of NADH by complex I was
monitored at 340 nm for 10min before and after the addition of
rotenone (2 mg/liter), and the rotenone-sensitive activity was
calculated from the linear portion of the slope using an extinc-
tion coefficient of 6.2 mM�1 cm�1.
Succinate:Cytochrome c Reductase (Complex II� III)—Mito-

chondrial protein (25 �g) was added to the buffer consisting of
50 mM KH2PO4, 5 mM MgCl2, 5 g/liter BSA, 0.2 mM KCN, 30
mM succinate, 2 mg/liter rotenone, and 0.12 mM ferricyto-
chrome c, pH 7.5. Enzyme-catalyzed reduction of cytochrome c
wasmonitored at 550 nm for 10min. Concentration was calcu-
lated from the initial linear portion of the slope using an extinc-
tion coefficient of 21 mM�1 cm�1.
Cytochrome cOxidase (Complex IV)—Activity wasmeasured

following the oxidation of ferrocytochrome c. Ascorbic acid in
10 mM phosphate buffer, pH 7.0, was used to reduce cyto-
chrome c. Excess ascorbate was removed by dialyzing against
phosphate buffer for 18–24 h at 4 °C with three changes of
buffer. Mitochondrial protein (25 �g) was incubated in 50 mM

KH2PO4, pH 7.5, 0.03 mM ferrocytochrome c, and 2 mg/liter
rotenone. Complex IV activity was measured at 550 nm for 10
min, and the rate was calculated from the initial linear portion
of the slope using an extinction coefficient of 21 mM�1 cm�1.

Mitochondrial Respiration

Mitochondrial oxygen consumption was monitored at 37 °C
in a thermostatically controlled chamberwithmagnetic stirring
equipped with a Clarke oxygen electrode (Rank Brother’s Ltd.,
DigitalModel 10) (16). Freshly isolatedmitochondria (1mg/ml)
were resuspended in respiration buffer: 10 mM Tris-HCl, 5 mM

MgCl2, 2 mM KH2PO4, 20 �M EGTA, and 250 mM sucrose, pH
7.4 (16). Glutamate (10 mM), malate (5 mM), succinate (5 mM),
and palmitoylcarnitine (1 mM) were used to initiate maximal
respiration, and state-3 respiration was obtained in the pres-
ence of ADP (100 �M) and state-4 respiration after ADP
exhaustion. The respiratory rates were normalized to protein
content.

Rate of ATP Production in Isolated Mitochondria

Freshly isolated mitochondria (1 �g/�l) in storage buffer: 10
mM HEPES, 100 mM KCl, and 1 mM EGTA, pH 7.4, was incu-
bated in ATP assay mix (Sigma, Luciferase Assay Kit) contain-
ing luciferase, luciferin, MgSO4, DTT, EDTA, bovine serum
albumin (BSA), and Tricine buffer salts as per manufacturer’s
protocol. ATP production was stimulated by addition of gluta-
mate (10 mM), malate (5 mM), and ADP (10 �M) at room tem-
perature. ATP-stimulated luciferase activity was followed by
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the emitted light from luciferin adenylate oxidation, and meas-
urementswere performed in a luminometer (BeckmanCoulter,
DTx 880,Multimode detector) every 20 s for 10min. A calibra-
tion curve was obtained using authentic ATP in the range of
5–25 �M following the same procedure.

Statistics

Results are reported as means � S.D. Student’s paired t test
was used to compare continuous variables, and differences
betweenmeanswere considered statistically significant at p val-
ues �0.05.

RESULTS

Metabolic Parameters in T2DN Rats—Fasting blood glucose
and HbA1c levels indicated the influence of mitochondrial
genomes (mtFHH versusmtWistar) on the severity of diabetes.
We found similar increased plasma glucose levels along with
HbA1c in both strains indicating that these animals endure
comparable extended periods of hyperglycemia at 12 weeks of
age (supplemental Table S1). Also, intraperitoneal glucose tol-
erance test at age 52 weeks (12 months) revealed equivalent
responses between them (supplemental Fig. S1). The levels of
triglycerides were found to be elevated but not significantly
different. Body weight was maintained in the normal ranges at
all ages (supplemental Table 2).
Assessment of Heart Function—Echocardiographic analysis

was carried out on 12-week- and 12-month-old T2DN male
rats. Analysis of mean arterial blood pressure through a cathe-
ter implanted into the left femoral artery was normal, and heart
rate showed no significant differences between the two age
groups (supplemental Table S2). At 12 weeks, there was no
evidence of cardiac remodeling. However, at 12 months,

T2DNmtFHH showed an increase in left ventricular (LV) dia-
stolic and systolic dimension signifying cardiac dilation and
remodeling (Fig. 1 and supplemental Table S2). The LV altera-
tions did not coincide with the atrial dimensions suggesting
that the adverse LV remodeling has not caused enough left
atrium pressure increase to result in a marked left atrium
enlargement (Fig. 1). Despite the dilation in the left ventricle,
there was preservation of overall left ventricular systolic func-
tion as measured by fractional shortening, ejection fraction
(supplemental Table S2), global radius, and global longitudinal
strain 36 � 6 versus 35 � 4% (p � 0.86) and �14 � 2 versus
�12 � 1% (p � 0.43) in T2DNmtWistar versus T2DNmtFHH,
respectively. Left ventricular mass was not significantly differ-
ent between the two groups, despite the increased LV size in
T2DNmtFHH rats.
Myocardial Fibrosis—Histological analysis of heart tissue

obtained from 12-month-old rats was performed to establish
whether LV remodeling in T2DNmtFHH detected in the echo-
cardiographic analysis could be explained by abnormalmyocar-
dial fibrosis. There was no significant evidence of increased
collagen deposition in the heart samples (Fig. 2). A significant
increase in myocyte diameter, however, was found in the
T2DNmtFHH rats in comparison with T2DNmtWistar. This result
coincides with the increase in LV dimensions observed in echo-
cardiographic analysis and is consistent with previous findings
that increased cardiomyocyte length is associated with eccen-
tric left ventricular remodeling and dilation (19).
Mitochondrial Biogenesis—Slides from two transmission

electron microscopy nonserial sections at �8000 and �29,000
magnification were analyzed for mitochondrial number, distri-
bution, andmorphology (Fig. 3). Although there were nomajor

FIGURE 1. Cardiac remodeling evidenced as increased left ventricular internal diameter in diastole and systole in 12-month-old T2DNmtFHH by
two-dimensional echocardiography analysis. Cardiac function and structural features were assessed in 12-week- and 12-month-old T2DN rats fed a regular
diet. Echocardiograms were recorded under anesthesia and temperature controlled conditions. Increased left ventricular internal diameter (LVID) dimensions
at 12 months were observed in T2DNmtFHH rats at systole (A) and diastole (B). Left atrial dimension (LAD) was unchanged in T2DNmtFHH hearts (C). The ratio of
ventricular weight to body weight in 12-week- and 12-month-old T2DN rats remained unaltered at both age groups (D). Values are mean � S.E., n � 4; *, p �
0.05.
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morphological changes in either of the sections, we found that
mitochondria from T2DNmtFHH were disarranged in compari-
son with T2DNmtWistar (Fig. 3A). At a largermagnification (Fig.
3A, panels c and d), mitochondria from T2DNmtFHH appeared

swollen along with an enlargement of the myofibrils that may
reflect the changes in myocyte dimension. There was also a small
increase in glycogen deposits in the T2DNmtFHH rats that are not
found in the T2DNmtWistar rats (Fig. 3A). The distribution and

FIGURE 2. Histological analysis of cardiac phenotype in conplastic T2DN rats indicates cardiac remodeling without significant fibrosis. A, hematoxylin
& eosin-stained sections showed no significant fibrosis in T2DN hearts. B, Masson trichrome-stained sections �10 magnification (panels a and b) and �20
magnification (panels c and d) confirmed minor changes in collagen accumulation. C, heart weight (HWt) to body weight (BWt) ratio was comparable between
T2DNmtFHH and T2DNmtWistar rats at 12 months of age. D, quantitative analysis at �20 magnification of Masson trichrome-stained sections using MetaMorph�
revealed increased myocyte diameter in 12-month-old T2DNmtFHH compared with T2DNmtWistar at the same age and same degree of diabetes. Values represent
mean � S.D., *, p � 0.05.

FIGURE 3. Difference between mitochondrial genome in diabetic T2DN rats is associated with variation in cardiac morphology but not mitochondrial
DNA content. A, representative transmission electron micrographs from left ventricles of 12-month-old T2DNmtFHH and T2DNmtWistar rats. Tissue sections were
analyzed at �8000 magnification (panels a and b) showing normal myocardial fine structure with myofibrils presenting regular and continuous sarcomere in
T2DNmtWistar rats that are disrupted in T2DNmtFHH rats presenting randomly distributed mitochondria between poorly organized myofibrils (thick black arrow);
panels c and d, �29,000 magnification showing rows of mildly electron-dense T2DNmtFHH mitochondria with accumulation of glycogen granules (G, thin black
arrows). B, nonsignificant (N.S.) differences in left ventricular mitochondrial DNA copy number between T2DNmtFHH and T2DNmtWistar as verified by quantitative
real time PCR. Values are mean � S.E., n � 5. *, p � 0.05.
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contentofmitochondria inboth the sarcolemmaland interfibrillar
areaswereequivalent aswasverifiedbycounting.Totalmitochon-
drial number, an index of mitochondrial biogenesis, was also
determined by counting the number ofmitochondria present in a
given area at comparison with�8000magnification. As shown in
supplemental Fig. S2, no significant differences were found. We
further verified the differences in the mitochondrial number by
measuring the ratio of mtDNA relative to genomic nuclear DNA
(mtDNA/nDNA), which was 3.7 � 0.28 and 3.4 � 0.21 in
T2DNmtWistar andT2DNmtFHH, respectively (Fig. 3B). These find-
ings showed that mitochondrial biogenesis in the heart of these
twomodels occurs at similar rates.
Myocardial Energy State in T2DNmtFHH and T2DN mtWistar—

The steady state level of total adenine nucleotides (TAN) was
examined to evaluate the energetic proficiency of the hearts.
TAN was detected by HPLC in freshly isolated left ventricles
where phosphorylated nucleotides were quenched by acid
treatment during isolation (13). It was determined that TAN
in T2DNmtFHH was decreased by �35% compared with
T2DNmtWistar (Fig. 4A). This decrease was mainly due to a sig-
nificant decrease in the ATP. The ADP and AMP levels were
comparable in both strains. The sameTANvalueswere found if
the beating hearts were snap-frozen before perchloric acid

treatment. It was found, however, that TAN values in nondia-
betic 12-week-old rat hearts were significantly higher (50.8 �
8.3 nmol of ATP/mg of protein, 35.4� 18.1 nmol of ADP/mg of
protein, and 5.4 � 0.5 nmol of AMP/mg of protein) than in
T2DN hearts and that T2DNmtFHH is significantly energy
impaired (data not shown).
Isolated Mitochondrial ATP Production and Oxygen

Consumption—Mitochondrial uncouplingmay explain the rel-
ative energetic deficiency in the T2DNmtFHH hearts. Thus, we
examined bothATP synthesis and oxygen consumption rates in
freshly isolated heart mitochondria. Using glutamate � malate
as respiratory substrates, it was found that T2DNmtFHH mito-
chondria consumed oxygen at a lower rate than T2DNmtWistar.
The ADP-stimulated mitochondrial oxygen consumption
(State 3 respiration) was decreased by 21%, and no differences
were found in ADP-exhausted respiration (State 4 respiration)
(Table 1). Interestingly, this decrease in respiration rate was
evident only with glutamate and malate and not with succinate
or palmitoylcarnitine. This suggests that a decrease in oxygen
consumptionwasmore pronounced through complex I-depen-
dent respiration as glutamate � malate provide electrons to
complex I and succinate provides electrons to complex II. Also,
palmitoylcarnitine via �-oxidation and the TCA cycle provide
electrons through both complex I and II. Therefore, even if
complex I is compromised, complex II-mediated respiration
occurs at normal rates. The maximal ATP synthetic capacity of
the T2DNmtFHH mitochondria measured with glutamate �
malate as substrate was also decreased with respect to
T2DNmtWistar mitochondria (Fig. 4B). The decreased oxygen
consumption followed by a decreased maximal rate of ATP
synthesis using glutamate � malate indicates that mitochon-
drial uncoupling is unlikely the mechanism of defective energy
production in the T2DNmtFHH hearts.
Mitochondrial Enzyme Activities in Mitochondria from

T2DN Rats—Knowing that mtDNA of FHH carries mutations
affecting mitochondrially encoded NADH dehydrogenase 2
(mt-ND2), NADH dehydrogenase 4 (mt-ND4), cytochrome b
(mt-CyB), and ATP synthase 6 (mt-ATP6) genes, which are not
found in mtDNA from Wistar (5), we hypothesized that
changes inATPproductionwere linked to defective respiratory
complex activity. It was established that mitochondrial respira-
tory complex expression levels were similar between both
T2DNmtWistar and T2DNmtFHH mitochondria (supplemental
Fig. S3). Furthermore, on examination of the activity of respi-
ratory complexes, it was found that NADH consumption in
mitochondrial preparations supplemented with cytochrome c
as an acceptor proceeded at lower rates in the T2DNmtFHH than
the T2DNmtWistar rats (Fig. 5). This activity was inhibited by
rotenone, which indicated the specific contribution of complex
I. The succinate-dependent reduction of cytochrome c (com-
plex II � III) was the same between these mitochondria. Cyto-
chrome c oxidase activity (complex IV) wasmeasured by deter-
mining the cytochrome c oxidation, which was also decreased
in the T2DNmtFHH mitochondria when compared with the
T2DNmtWistar. Thus, T2DNmtFHH mitochondria show a signif-
icant loss of respiratory complex activity compared with
T2DNmtWistar. In summary, a defective energy supply in the
T2DNmtFHH is related to a change in respiratory complex activ-

FIGURE 4. T2DNmtFHH has lower steady state cardiac ATP levels and ATP
synthetic capacity than T2DNmtWistar. Steady state concentrations of ade-
nine nucleotides in 12-week-old hearts were determined in freshly obtained
tissue immediately stabilized in ice-cold 5% perchloric acid. A, samples were
analyzed by reverse phase HPLC and UV integrated values compared with
standards are expressed in nanomoles (ATP, ADP, AMP, respectively)/mg of
protein. Values represent mean � S.D., n � 6 hearts; *, p � 0.05. B, ATP syn-
thesis rate determined in freshly isolated mitochondria in isolation buffer: 10
mM HEPES, 100 mM KCl, 1 mM EGTA, 5 mM MgSO4, 1 mM ATP, and 0.2% BSA, pH
7.4, and diluted in storage buffer: 10 mM HEPES, 100 mM KCl, and 1 mM EGTA,
pH 7.4. ATP synthesis was stimulated by addition of ADP (10 �M) to reaction
mixture containing glutamate (10 mM), malate (5 mM) at room temperature.
ATP-dependent bioluminescence was measured using luciferase-luciferin
assay (Sigma) in manufacturer-provided buffer containing MgSO4, DTT,
EDTA, bovine serum albumin (BSA), and Tricine buffer, pH 7.8. Results are
expressed as mean � S.D., n � 4. *, p � 0.05.
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ity. This finding is the most significant observation that can
sustain myocardial remodeling in T2DNmtFHH hearts, which
otherwise diabetes alone cannot fully explain.

DISCUSSION

The diabetic heart endures several metabolic challenges dur-
ing the progression from early to established disease. Generally
hyperglycemia and dyslipidemia have been connected tomech-
anisms of ventricular dysfunction in the absence of coronary
artery disease or hypertension (20). Directing these adaptive
responses to variations in energy sources is mitochondria itself.
Previous work by others supports the notion that decreased
glucose utilization in favor of fatty acid by the mitochondria
explains cellular damage and loss of function of the heart (6, 21,
22).Mitochondrial dysfunction appears to be an accompanying
phenomenon via increased expression of uncoupling proteins
and oxidative stress (23, 24). Other mechanisms of mitochon-
drial dysfunction are related to altered biogenesis (1, 25, 26).

Several of these mechanisms have been examined in animal
models of diabetes following detailed metabolic and functional
assessment. A question that remains not properly addressed,
however, is what factor(s) determine(s) patient susceptibility to
develop cardiac dysfunction considering that not all diabetic
patients will develop cardiac dysfunction and some patients
develop dysfunction even with their diabetes being well con-
trolled (27, 28).
Molecular clinical findings indicate that some forms of

dilated cardiomyopathy are linked to mitochondrial mtDNA
defects (29, 30). The changes at the mtDNA level vary from
deletions to point mutations, which generally correspond with
the severity of disease. Deletions in mtDNA cause severe forms
of the disease with early lethality, and point mutations can
cause a whole range of disorders depending on their impact in
specific protein and respiratory complexes (30). The signifi-
cance ofmtDNApointmutations in disease is often overlooked
as a mechanism because it is difficult to study. In this work, we
reasoned that the T2DN rat model of type 2 diabetes mellitus
with an identical nuclear genome and a similar level of diabetes
but different susceptibility to cardiac remodeling as shown by
the echocardiographic analysis could be explained by their dif-
ferent mitochondrial background.
Twelve weeks (when both hyperglycemia and dyslipidemia

are borderline high) seems to be an appropriate age to examine
themitochondrial impact on cardiac energy supply. At this age,
metabolic changes are just occurring; thus, it is expected to be
less influential to the overall energetic proficiency compared
with 12-month-old hearts that have undergone changes to
accommodate their long periods of hyperglycemia and dyslipi-
demia. We found that T2DNmtFHH hearts have a decreased tis-
sue ATP level that appears connected to mitochondrial inabil-
ity to maintain ATP production. Previous work with diabetic
mitochondria has indicated the occurrence of mitochondrial
uncoupling as a mechanism for low ATP synthetic capacity,
mitochondrial damage, and cardiomyocyte death (31, 32).
Increased oxygen consumption in T2DNmtFHH mitochondria
compared with T2DNmtWistar could not be found indicating
that uncoupling is not a likely mechanism. Lower ATP syn-
thetic capacity with diminished activity of the mitochondrial
respiratory proteins was also evident. The specific activity of
both complex I and complex IV was found to be decreased in
T2DNmtFHH with respect to T2DNmtWistar. These changes,

TABLE 1
Reduced cardiac T2DNmtFHH mitochondrial State 3 respiration rates with glutamate � malate but not succinate and palmitoylcarnitine � malate
attest to the deficient mitochondrial complex I activity
Respiration rates were determined in freshly isolated mitochondria from T2DN rat hearts using isolation buffer: 10 mM HEPES, 100 mM KCl, 1 mM EGTA, 5 mM
MgSO4, 1 mM ATP, and 0.2% BSA, pH 7.4. Final purified mitochondrial pellets were resuspended in respiration buffer: 10 mM Tris-HCl, 5 mM MgCl2,
2 mM KH2PO4, 20 mM EGTA, and 250 mM sucrose, pH 7.4. Respiration assays were performed at 37 °C with mitochondrial incubations supplemented
with the following: (i) 10 mM glutamate and 5 mMmalate; (ii) 5 mM succinate; or (iii) 1 mM palmitoylcarnitine plus 5 mMmalate and State 3 respiration
initiated by the addition of 10 �M ADP. State 4 respiration was calculated after ADP exhaustion from the medium. Values are in nanomoles of oxygen
per min per mg of mitochondrial protein. Calculated values represent means � S.D. from four samples in each group. Respiratory control ratio (RCR)
represents the ratio between respiration rate in State 3 and State 4.

Respiration Glutamate � malate Succinate Palmitoylcarnitine � malate
T2DNmtWistar T2DNmtFHH T2DNmtWistar T2DNmtFHH T2DNmtWistar T2DNmtFHH

nmol of oxygen/min/mg protein
State-3 66.4 � 4.5 54.6 � 8.6a 73.0 � 5.7 68.4 � 6.0 60.8 � 9.2 56.5 � 9.0
State-4 16.5 � 4.8 18.3 � 3.6 17.8 � 6.5 22.8 � 5.5 18.2 � 3.7 23.7 � 4.0
RCR 4.2 � 0.9 3.1 � 0.9 4.5 � 1.7 3.2 � 1.1 3.5 � 1.2 2.4 � 0.4

a p � 0.05.

FIGURE 5. Reduced electron transport chain complex I and complex IV
activity in T2DNmtFHH cardiac mitochondria compared with T2DNmtWistar.
Mitochondria were isolated from 12-week-old T2DN left ventricles and
homogenized in isolation buffer: 10 mM HEPES, 100 mM KCl, 1 mM EGTA, 5 mM

MgSO4, 1 mM ATP, and 0.2% BSA, pH 7.4. The purified mitochondrial pellet
was dissolved in storage buffer: 10 mM HEPES, 100 mM KCl, and 1 mM EGTA, pH
7.4. Respiratory complex I � III activities were measured spectrophotometri-
cally at 340 nm in assay buffer: 50 mM KH2PO4, 5 mM MgCl2, 5 g/liter BSA, pH
7.5, supplemented with 0.2 mM KCN, 0.12 mM ferricytochrome c, and 0.15 mM

NADH. Complex II � III activities were measured in the same assay buffer
supplemented with 0.2 mM KCN, 30 mM succinate, 2 mg/liter rotenone,
and 0.12 mM ferricytochrome c. The reduction of ferricytochrome c was
monitored at 550 nm. Complex IV activity was measured in assay buffer
supplemented with 0.03 mM ferrocytochrome c. The reaction was followed at
550 nm, and the amount of ferrocytochrome c oxidized was calculated using
an extinction coefficient of 21 mM

�1 cm�1. Values represent mean � S.D., n �
5 mitochondrial preparations in each group. *, p � 0.05.
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however, were not related to a different protein expression lev-
els. Also, this was not associated with alterations in mitochon-
drial biogenesis, mitochondrial number, or sarcolemmal and
interfibrillar distribution.
Sequencing data showed variants in the mtFHHDNA in two

genes (mt-ND2 and mt-ND4) that code for proteins forming
part of complex I that is constituted by 25 total subunits of
which 7 are encoded by mtDNA. Here, we showed that these
mutations lead to impaired NADH electron transport ability of
the complex resulting in low complex I activity and also
decreased ATP synthesis. However, mutations in CytB did not
show any effect on the activity of complex III. Although there
were no sequence variants for complex IV, its activity was sig-
nificantly decreased in T2DNmtFHH mitochondria. Further-
more, the decrease in complex IV activity was more marked
than for complex I activity. The exact reasons for this difference
are not presently known, but the interdependence in activity of
the respiratory complexes has been reported previously (33).
This phenomenon establishes that complex I influences the
behavior of other respiratory complexes typically complex III
and/or complex IV. This observation lends support to the
notion that formation of supercomplexes of mitochondrial res-
piratory complexes (respirasomes) is logical for optimization of
their electron transfer and energy production (34, 35). A similar
mechanismmay explain our data on loss of complex IV activity
in T2DNmtFHH mitochondria. Further studies on the organiza-
tion of mitochondrial respirasomes in the T2DNmtFHH hearts
will address this important possibility.
We have demonstrated that T2DNmtFHH rats harboring

mtDNA point mutations resulting in amino acid substitutions
in mt-ND2 (A265T, T304M, and *318H), mt-ND4 (I23T and
T356M),mt-cyB (D214N), andmt-ATP6 (E35K) show a defec-
tive mitochondrial ATP production. The mutations affecting
complex I are suggested to exert a dominant negative effect
over the activity of other respiratory complexes like complex IV
activity in T2DNmtFHH, which cannot be explained by muta-
tions or mitochondrial uncoupling. The overall effect is to
worsen energetic deficiency in the already compromised dia-
betic hearts.
Although hyperglycemia is an important factor in cardiac

remodeling, it is clear that it is not the only driving factor
because T2DNmtWistar has a better outcome than T2DNmtFHH

hearts. Recent studies checking for pathogenic mutations have
identified nonsynonomous mutations in mitochondrial genes
encoding mt-ND4 and mt-CyB, cytochrome c oxidase I (mt-
CO1), and mt-ATP6 in patients with confirmed and suspected
cardiomyopathy (36). Like in T2DNmtFHH, the presence of
these mutations in humans may indicate increased susceptibil-
ity to undergo cardiac remodeling in a setting of T2DM. Thus,
it is possible thatmtDNAmutations are the predisposing factor
for the development of diabetic cardiomyopathy and further
characterization may be helpful in distinguishing patients at
increased risk.
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