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February 23, 2011; doi:10.1152/ajpregu.00437.2010.—Mitochondria
are crucial organelles in cell life serving as a source of energy
production and as regulators of Ca2⫹ homeostasis, apoptosis, and
development. Mitochondria frequently change their shape by fusion
and fission, and recent research on these morphological dynamics of
mitochondria has highlighted their role in normal cell physiology and
disease. In this study, we investigated the effect of high glucose on
mitochondrial dynamics in neonatal cardiac myocytes (NCMs). Highglucose treatment of NCMs significantly decreased the level of optical
atrophy 1 (OPA1) (mitochondrial fusion-related protein) protein expression. NCMs exhibit two different kinds of mitochondrial structure: round shape around the nuclear area and elongated tubular
structures in the pseudopod area. High-glucose-treated NCMs exhibited augmented mitochondrial fragmentation in the pseudopod area.
This effect was significantly decreased by OPA1 overexpression.
High-glucose exposure also led to increased O-GlcNAcylation of
OPA1 in NCMs. GlcNAcase (GCA) overexpression in high-glucosetreated NCMs decreased OPA1 protein O-GlcNAcylation and significantly increased mitochondrial elongation. In addition to the morphological change caused by high glucose, we observed that high
glucose decreased mitochondrial membrane potential and complex IV
activity and that OPA1 overexpression increased both levels to the
control level. These data suggest that decreased OPA1 protein level
and increased O-GlcNAcylation of OPA1 protein by high glucose
lead to mitochondrial dysfunction by increasing mitochondrial fragmentation, decreasing mitochondrial membrane potential, and attenuating the activity of mitochondrial complex IV, and that overexpression of OPA1 and GCA in cardiac myocytes may help improve the
cardiac dysfunction in diabetes.
hyperglycemia; mitochondrial dynamics; membrane potential;
GlcNAcase; mitochondrial fission and fusion

to compromised myocardial contractile function and energy metabolism, which leads to enhanced
morbidity and mortality in diabetes. Increasing evidence has
shown that hyperglycemia is associated with attenuated mitochondrial Ca2⫹ homeostasis and altered mitochondrial membrane
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potential in cardiac myocytes, which subsequently induces dysfunction in cardiac myocytes (27, 38, 40, 45).
Recent work has highlighted the importance of mitochondrial morphological dynamics in cells and animal physiology.
Because mitochondria constantly fuse and divide, an imbalance of these two processes dramatically alters overall mitochondrial morphology (4), and it is now clear that mitochondrial dynamics play important roles in mitochondrial function,
including development, apoptosis, and functional complementation of mitochondrial DNA mutations by content mixing (5,
6, 19, 30, 32, 35, 43). Fused networks of connected mitochondria may also facilitate the transmission of Ca2⫹ signals and
membrane potential within cells (39, 41).
Mitochondrial fusion in mammals requires at least three
proteins: optical atrophy 1 (OPA1) and mitofusins 1 and 2
(MFN1, MFN2) (10). Dynamin-related protein 1 (DRP1), and
fission 1 (FIS1) are essential for mitochondrial fission (5, 14),
and it has been suggested that FIS1 recruits DRP1 from the
cytosol to mitochondria for the fission reaction (29, 46). Each
protein is associated with different kinds of disease, most of
which are related to neuropathy (7, 8, 11, 13, 49). One study
showed a change in DRP1 protein expression by hyperglycemia (25), while another study indicated a close relationship
between MFN2 and type 2 diabetes and obesity (2, 3).
Activation of the hexosamine biosynthetic pathway by
diabetes results in O-linked ␤-N-acetylglucosaminylation
(O-GlcNAcylation) of Ser/Thr residues of cytoplasmic and nuclear proteins. Attachment of O-GlcNAc is reversible, with enzymes catalyzing addition (O-GlcNAc transferase) and removal
[O-GlcNAcase (GCA)] (17, 42). Protein functions are regulated
by post-translational modification, including O-GlcNAcylation.
So far, more than 500 proteins have been found to be O-GlcNAcylated (26, 48), and the hyperglycemia of diabetes promotes
further increase in protein O-GlcNAcylation. There is, however,
no direct evidence demonstrating the morphological and functional change in mitochondria by protein O-GlcNAcylation.
In this study, we demonstrate that high-glucose treatment
increases mitochondrial fragmentation, decreases OPA1 protein expression, and augments OPA1 O-GlcNAcylation in
neonatal cardiac myocytes (NCMs). Furthermore, the decrease
in protein O-GlcNAcylation by GCA overexpression increases
mitochondrial tubular formation. OPA1 overexpression restores mitochondrial membrane potential, suggesting that the
decrease in mitochondrial fragmentation by GCA overexpres-
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sion in cardiac myocytes has a beneficial effect on mitochondrial function in diabetes.
MATERIALS AND METHODS

visualize mitochondrial morphology and then washed 3 times with
media. Images were captured with a DeltaVision deconvolution microscope system (Applied Precision, Issaquah, WA) located at the
University of California, San Diego Cancer Center microscope facility. Using a 60⫻ (numerical aperture 1.4) lens, images of ⬃50 serial
optical sections, spaced by 0.2 m, were acquired. The data sets were
deconvolved using SoftWorx software (Applied Precision) on a Silicon Graphics Octane workstation. Since cardiomyocytes have two
different types of mitochondrial structure (center: round, pseudopod
area: tubular) and we observed morphological change with HG
treatment only in the pseudopod area, we eliminated the center area
and analyzed only the pseudopod area, where thickness is less than 0.6
m. The morphological changes are described using the parameter of
roundness [(perimeter length)2/(4 ⫻  ⫻ area)] using ImageProPLUS software (Media Cybernetics, Silver Spring, MD). Fusion/
Fission ratio was calculated by number of elongated mitochondria
(roundness ⱖ3)/number of fragmented mitochondria (roundness ⬍3).
Mitochondrial membrane potential measurement. Mitochondrial
membrane potential in NCMs was measured by JC-1 (a lipophilic and
cationic dye that exhibits potential-dependent accumulation in negatively charged mitochondria). NCMs were loaded with 0.5 mM JC-1
at 37°C for 15 min and washed twice with media. The cells were
visualized under a Nikon Diaphot epi-fluorescence microscope
equipped with a 40⫻ Fluor objective interfaced to a Photon Technologies, dual-emission system, with the excitation wavelength set to 485
nm via a monocromator. Fluorescence emission was split and directed
to two photomultiplier tubes through 20-nm band-pass filters centered
at 531 and 584 nm, respectively. In addition, an aperture mechanism
allowed fluorescence to be collected from a selected portion of the
field, which was always positioned over the cytoplasmic region of
individual cells. Data were shown as a ratio (F531/F584). Mitochondrial depolarization is indicated by an increase in the green (F531)/red
(F584) fluorescence intensity ratio.
Polarographic assay to measure complex IV activity. The activity
of complex IV of the mitochondrial respiration chain was measured
according to a previously described protocol (20). After treatment
described above, NCMs were trypsinized and permeabilized by incubation with digitonin (10 g/ml) in medium A (in mmol/l: 20 HEPES,
250 sucrose, 10 MgCl2, pH 7.1) for 10 min. Protein concentration in each
sample was measured. Samples with equal amounts of protein were used
for complex function measurement. Oxygen consumption was measured
in permeabilized NCMs using a Clark-type oxygen electrode (Yellow
Springs Instruments, Yellow Springs, CO) in a thermoregulated chamber
set at 37°C. Complex IV activity is defined as the rate of oxygen
consumption in the presence of the specific substrates ascorbate and
N,N,N=,N=-tetramethyl-p-phenylenediamine. Sodium cyanide was
used as an inhibitor of complex IV. The data were calculated and
expressed as nmol O2·min⫺1·mg protein⫺1.
Statistical analysis. Values are expressed as means ⫾ SE. In the
case of mitochondrial roundness, the roundness of individual mitochondria (mitochondria number was 500 –1,500 per cell) was measured, and the average individual mitochondrial roundness per cell
was calculated. The average individual mitochondrial roundness from
each cell was used to calculate the means ⫾ SE (10 –12 cells per
experiment). Bonferroni tests for multiple statistical comparisons and
Student’s t-test for unpaired samples were carried out to identify
significant differences. Differences were considered to be statistically
significant when P ⬍ 0.05.
RESULTS

Exposure of NCMs to high glucose significantly decreased mitochondrial OPA1 and MFN1 protein expression, increased FIS1
protein expression, and increased mitochondrial fragmentation.
OPA1 is an essential component of the mitochondrial fusion
machinery. We tested whether high-glucose exposure of NCMs
affects mitochondrial fusion- and fission-related protein expres-
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Materials. Low-glucose Dulbecco’s modified Eagle’s medium (LDMEM), M199, antibiotic reagents, MitoTracker Green FM, and JC-1
were purchased from Invitrogen (Carlsbad, CA). Anti-OPA1, MFN1,
MFN2, DRP1, FIS1, and anti-actin from Santa Cruz Biotechnology
(Santa Cruz, CA) were used for Western blot analysis. Wheat germ
agglutinin (WGA)-conjugated beads was purchased from Vector Laboratories (Burlingame, CA). Collagenase II was purchased from
Worthington Biochemical (Lakewood, NJ). All other chemicals were
from Sigma-Aldrich, (St. Louis, MO).
Cardiomyocyte isolation and culture. Primary cultures of NCMs
were prepared as described previously (20). All investigations conformed to the Guide for the Care and Use of Laboratory Animals
published by the National Institutes of Health (NIH Publication No.
85-23, Rev. 1985), and the animal use protocols were approved by the
Institutional Animal Care and Use Committee at the University of
California, San Diego. Cells were plated onto gelatin-coated glasschamber slides. Plating medium consisted of 4.25:1 L-DMEM: M199,
10% horse serum, 5% FBS, and 1% penicillin/streptomycin/fungizone. Cells were allowed to adhere to the plates for 24 h before
changing to basic experimental culture medium (4.5:1 L-DMEM:
M199, 2% FBS, and 1% penicillin/streptomycin/fungizone).
In vitro high-glucose treatment of NCMs. For high-glucose (HG)
treatment, 30 mM glucose was added to the media (the final glucose
concentration was 35 mM). In a control group of cells, equimolar
mannitol was added to exclude the potential effect of changes in
osmolarity [normal glucose (NG): glucose concentration, 5 mM].
After 24 h, NCMs were used for the measurement of mitochondrial
fission and OPA1 protein expression.
Construction of adenoviral vectors. The mouse OPA1 was cloned
from mouse cDNA using the following primers (5=-3=): ACGGGGTACCGGATGTGGCGAGCAGGTCGGGCGGC; ACGCGTCGACCTACTTCTCCTGGTGAAGAGCTTCA. The PCR product was inserted into the E1 region of an adenoviral vector construct (SR-) using
restriction enzymes Kpn I and Sal I. The cDNA corresponding to the
human GCA, was kindly provided by G. Hart (17). This cDNA was
inserted into the E1 region of an adenoviral vector construct. Replication-deficient adenovirus particles containing the target gene or
empty vector (Control-Adv) were generated by in vivo recombination
in 293 cells, and single plaques were isolated and propagated to
achieve high titer. Adenoviral particles were CsCl purified and quantified by plaque titer assay. After NCM isolation, cells were transduced at a concentration of 100 pfu/cell for 48 h.
Western blot analysis. After culturing NCMs for 24 h in HG or NG,
cells were lysed and centrifuged at 16,000 g for 10 min at 4°C.
Supernatants were used as sample protein. Samples were separated on
SDS-PAGE and transferred to nitrocellulose membranes. Blots were
then incubated with a primary antibody (anti-OPA, anti-MFN1, antiMFN2, anti-DRP1, anti-FIS1 [1:1,000], or anti-porin [1:4,000]) followed by incubation with an HRP-conjugated secondary antibody.
The immunoblots were detected with SuperSignal West Pico reagent
(Thermo Fisher Scientific, Rockford, IL). Band intensity was normalized to actin controls and expressed in arbitrary units.
Detection of glycosylated OPA1 with WGA-conjugated beads.
WGA-conjugated beads were used to precipitate the O-GlcNAcylated
OPA1, as described previously (15). Cell lysates from NCMs were
incubated with beads overnight. After incubation, WGA-conjugated
beads were centrifuged at 2,300 g for 5 min, and resuspended with
2 ⫻ Laemmli buffer. Samples were loaded in the gel, as described
above for Western blot analysis.
Quantification of mitochondrial fission and fusion in living cells.
After 24 h of HG treatment, mitochondrial morphology was observed.
Cells were stained with 10⫺7 M MitoTracker Green FM for 30 min to
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sion and mitochondrial morphology. Figure 1 demonstrates that
high-glucose treatment of NCMs significantly decreased OPA1
and MFN1 protein expression (OPA1, NG: 1.82 ⫾ 0.09; OPA1,
HG: 1.23 ⫾ 0.08, P ⬍ 0.05 vs. NG, n ⫽ 4 for each group. MFN1,
NG: 0.99 ⫾ 0.02, MFN1, HG: 0.71 ⫾ 0.04, P ⬍ 0.05 vs. NG,
n ⫽ 3 for each group), whereas FIS1 was significantly increased
by high-glucose treatment (FIS1, NG: 0.82 ⫾ 0.06, FIS1, HG:
1.15 ⫾ 0.04, P ⬍ 0.05 vs. NG, n ⫽ 3 for each group). Mitochondria in control NCMs exhibit elongated tubular structures,
whereas NCMs treated with high glucose exhibit augmented

mitochondrial fragmentation. In addition, OPA1 overexpression
significantly increased mitochondrial elongation in high-glucosetreated NCMs (Fig. 2). These data suggest that increased mitochondrial fragmentation by high glucose might be, at least in part,
caused by OPA1 protein downregulation.
Protein O-GlcNAcylation by high glucose leads to mitochondrial fragmentation. Protein O-GlcNAcylation is involved
in posttranslational protein modification, which modulates protein function (26, 48). As shown in Fig. 3, high-glucose
treatment significantly increased OPA1 O-GlcNAcylation and

Fig. 2. Overexpression of OPA1 attenuates high-glucose-induced mitochondrial fragmentation in NCMs. A: photomicrographs show typical images of
mitochondria in NCMs. Images in boxed areas (top) were taken with a 60⫻ objective and are shown magnified below. NCMs were transduced with OPA1 Adv.
or control Adv. for 24 h. NCMs were then exposed to HG or NG for 24 h. There are elongated mitochondrial tubules in the lamellipodia of NCMs exposed to
NG, while HG exposure induced mitochondrial fragmentation. OPA1 transduction significantly attenuated HG-induced fragmentation. Mitochondrial morphological change is analyzed by the mean roundness (B) and fusion/fission ratio (fusion ⫽ roundness⬎3) (C). For each group, n ⫽ 10 –12 NCMs. Data are expressed
as means ⫾ SE. *P ⬍ 0.05 vs. NG. †P ⬍ 0.05 vs. control Adv.
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Fig. 1. High-glucose treatment in neonatal cardiac myocytes
(NCMs) significantly decreased optical atrophy 1 (OPA1) and
mitofusins 1 (MFN1) protein expression, while fission 1 (FIS1)
protein expression was significantly increased. NCMs were
exposed to high glucose (HG; 35 mM glucose), and protein
expression level was determined by Western blot analysis. To
maintain the osmolarity of the control NCMs, we added
equimolar mannitol to the normal glucose media (NG; final
glucose concentration is 5 mM). OPA1, MFN1, and FIS1
protein expression were significantly altered by HG. Data are
expressed as means ⫾ SE. OPA1; n ⫽ 4, other proteins; n ⫽ 3.
*P ⬍ 0.05 vs. NG. **P ⬍ 0.01 vs. NG.

HYPERGLYCEMIA AND MITOCHONDRIAL FRAGMENTATION

GCA overexpression decreased OPA1 O-GlcNAcylation (NG:
0.81 ⫾ 0.01, HG: 1.25 ⫾ 0.10, HG⫹GCA: 0.63 ⫾ 0.02, P ⬍
0.05 vs. NG, P ⬍ 0.05 vs. HG, n ⫽ 3 for each group).
Interestingly, the decrease in protein O-GlcNAcylation by
GCA transfection significantly increased mitochondrial elongation in high-glucose-treated NCMs (Fig. 4), suggesting that
not only decreased OPA1 protein expression but also increased
OPA1 O-GlcNAcylation contributes to the increase in mitochondrial fragmentation under high-glucose treatment.
High-glucose treatment of NCMs decreases mitochondrial
membrane potential, and OPA1 or GCA overexpression increases the value close to the level in the control cells.
Decreased mitochondrial membrane potential attenuates mitochondrial Ca2⫹ release from the mitochondria, and it is one of
the causes of contractile dysfunction in cardiac myocytes in
diabetes. To investigate whether mitochondrial fusion contributes to the determination of mitochondrial membrane potential,

we tested the effect of OPA1 overexpression on mitochondrial
membrane potential in NCMs. High-glucose treatment significantly decreased mitochondrial membrane potential. This decrease was prevented by OPA1 overexpression (Fig. 5A),
suggesting that mitochondria preserve membrane potential by
maintaining an elongated conformation. In addition, GCA
overexpression in high-glucose-treated NCMs increased mitochondrial membrane potential close to the control levels (Fig.
5B), implying that the decreased OPA1 O-GlcNAcylation by
GCA overexpression restores the elongated mitochondrial conformation, and subsequently improves mitochondrial membrane potential under hyperglycemia.
OPA1 overexpression increases the activity of mitochondrial
complex IV in high-glucose-treated NCMs. Activity of mitochondrial complex IV was measured in NCMs treated with
normal glucose, high glucose, or high glucose ⫹ OPA1 Adv
(Fig. 6). High-glucose treatment significantly decreased the
activity of mitochondrial complex IV, and OPA1 transduction
significantly increased the activity to the control level. Those
data suggest that the increase in mitochondrial fusion by OPA1
transduction helps restore mitochondrial function in highglucose-treated NCMs.
DISCUSSION

The major findings of our study are that high glucose leads to
mitochondrial fragmentation and decreased mitochondrial membrane potential and that decreasing protein O-GlcNAcylation by
GCA overexpression restores the mitochondrial morphological
changes, which subsequently increases mitochondrial membrane
potential and might improve mitochondrial function.
Mitochondria are dynamic organelles that move, fuse, and
divide and can appear as a network of elongated and interconnected filaments, as a collection of particles, or as a mixture of
both. The length and interconnectivity of mitochondria is
determined by the equilibrium of fusion and fission reactions

Fig. 4. Overexpression of GCA attenuates high-glucose-induced mitochondrial fragmentation in NCMs. A: photomicrographs show typical images of
mitochondrial morphology in NCMs. Images in boxed areas (top) were taken with a 60⫻ objective and are shown magnified below. NCMs were transduced with
GCA Adv. or control Adv. for 24 h. NCMs were then exposed to HG or NG for 24 h. GCA transduction significantly attenuated HG-induced fragmentation.
Mitochondrial morphological change is analyzed by the mean roundness (B) and fusion/fission ratio (fusion ⫽ roundness ⬎ 3) (C). Data are expressed as
means ⫾ SE; n ⫽ 12 NCMs. *P ⬍ 0.05 vs. NG. †P ⬍ 0.05 vs. control Adv.
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Fig. 3. High glucose increases OPA1 glycosylation, which is restored by GCA.
NCMs were infected by control or GlcNAcase (GCA) Adv for 24 h. Cells were
washed and treated with NG or HG for 24 h. Glycosylated proteins were
immunoprecipitated using WGA beads, and Western blot analysis was performed with the OPA1 antibody. For each group, n ⫽ 3. Data are expressed as
means ⫾ SE. *P ⬍ 0.05 vs. NG. #P ⬍ 0.05 vs. HG.
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(24, 36); however, we cannot infer whether fragmentation
results from increased fission, decreased fusion, or both. Recent reports have shown that OPA1 and MFN 1 and 2 are
essential for mitochondrial fusion, whereas FIS1 and DRP1 are
essential for mitochondrial fission (5, 10, 14). There is increasing evidence to show that increased mitochondrial fission
disrupts normal function of different kinds of cells and may
cause organ failure and systemic disease. The predominant
gene responsible for autosomal-dominant optic atrophy has
been identified as OPA1 (11, 13). Another study shows a
naturally occurring neuropathy is associated with MFN2 mutation (49). In addition, MFN2 was identified as a suppressor of
obesity (2, 3) and hypertension (8). We have recently demonstrated that mitochondrial fragmentation in coronary endothelial cells is associated with altered protein expression of DRP1
and OPA1 in diabetes (28). In this study, we demonstrate that
high-glucose treatment significantly decreases OPA1 protein
expression and increases mitochondrial fragmentation in
NCMs. In addition, overexpression of OPA1 restores highglucose-induced mitochondrial fragmentation (Figs. 1 and 2),
suggesting that the decrease in OPA1 protein expression might
be, at least in part, one of the causes of increased mitochondrial
fragmentation by high glucose. In addition to fusion/fissionrelated proteins, high-glucose-induced mitochondrial fragmen-

Fig. 6. Activity of mitochondrial complex IV was significantly attenuated by
high-glucose treatment and the attenuation was improved by OPA1 transduction in NCMs. Data are expressed as means ⫾ SE; n ⫽ 3. *P ⬍ 0.05 vs. NG.
#P ⬍ 0.05 vs. HG.
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Fig. 5. High glucose decreases mitochondrial membrane potential, and OPA1
or GCA overexpression increases the level to the control level. NCMs were
transduced with control Adv., OPA1 Adv., or GCA Adv. for 24 h. Cells were
washed and treated with normal glucose (5 mM) or high glucose (15 mM or 35
mM) for 24 h. High-glucose treatment significantly decreased mitochondrial
membrane potential and OPA1 (A, B) or GCA (C, D) overexpression significantly increased membrane potential in high-glucose-treated cells. Data are
expressed as means ⫾ SE; n ⫽ 26 –31 NCMs. *P ⬍ 0.05 vs. 5 mM
glucose-treated NCMs. **P ⬍ 0.01 vs. 5 mM. ***P ⬍ 0.001 vs. 5 mM. #P ⬍
0.05 vs. 15 mM or 35 mM. ##P ⬍ 0.01 vs. 35 mM.

tation can also be caused by other mediators [e.g., reactive
oxidative species (28, 37, 47) and mitochondrial membrane
potential, as described below].
Posttranslational modifications of fusion/fission proteins
also regulate mitochondrial morphology. It has been shown
that DRP1 S-nitrosylation augments the DRP1-induced mitochondrial fragmentation (9). The stimulation of small ubiquitin-like modifier-1 conjugation to DRP1 (sumoylation of
DRP1) stabilizes the association of DRP1 with mitochondrial
membranes (44). Figure 3 shows that high-glucose treatment
significantly increases OPA1 O-GlcNAcylation, and GCA
overexpression decreases the level of OPA1 O-GlcNAcylation.
It remains unclear whether O-GlcNAcylation of OPA1 affects
the function of OPA1 and which residues are O-GlcNAcylated
in the OPA1 protein. Additional experiments are required to
explore the details. In this study, we show that high-glucoseinduced protein O-GlcNAcylation regulates mitochondrial
morphology, and the decrease in protein O-GlcNAcylation by
GCA overexpression helps to increase mitochondrial elongation in high-glucose-treated NCMs (Fig. 4).
Mitochondrial membrane potential is the central bioenergetic parameter that controls respiratory rate, ATP synthesis,
and the generation of reactive oxygen species, and is itself
controlled by electron transport and proton leaks (31). We first
measured and compared the mitochondrial membrane potential
between normal-glucose- and high-glucose-treated NCMs. As
shown in Fig. 5A, high glucose significantly decreased mitochondrial membrane potential. It is, however, unclear whether
the decrease in mitochondrial membrane potential by high
glucose is caused by mitochondrial fragmentation or by other
mediators at this moment. Interestingly, OPA1 overexpression
significantly increased mitochondrial membrane potential in
high-glucose-treated NCMs, suggesting that this increase in
mitochondrial membrane potential is, at least in part, the result
of mitochondrial fusion. In addition, GCA overexpression was
able to restore the mitochondrial membrane potential in highglucose-treated NCMs. The recovery of membrane potential by
GCA overexpression in high-glucose-treated NCMs might be
not only due to augmented mitochondrial fusion through decreased OPA1 protein O-GlcNAcylation, but also due to decreased O-GlcNAcylation of other proteins. Further experimentation is required to define the role of OPA1 protein
O-GlcNAcylation in the regulation of mitochondrial membrane
potential.

HYPERGLYCEMIA AND MITOCHONDRIAL FRAGMENTATION

Perspectives and Significance
In summary, hyperglycemia increases mitochondrial fragmentation and causes dysfunction in cardiac myocytes; overexpression of OPA1 or reduction of OPA1 O-Glycosylation by
GCA transfection leads to increased mitochondrial fusion and
subsequently helps attenuate cardiac dysfunction in diabetes.
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