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Aims Mitochondrial fusion and fission are essential processes for preservation of normal mitochondrial
function. We hypothesized that fusion proteins would be decreased in heart failure (HF), as the mito-
chondria in HF have been reported to be small and dysfunctional.
Methods and results Expression of optic atrophy 1 (OPA1), a mitochondrial fusion protein, was
decreased in both human and rat HF, as observed by western blotting. OPA1 is important for maintaining
normal cristae structure and function, for preserving the inner membrane structure and for protecting
cells from apoptosis. Confocal and electron microscopy studies demonstrated that the mitochondria in
the failing hearts were small and fragmented, consistent with decreased fusion. OPA1 mRNA levels did
not differ between failing and normal hearts, suggesting post-transcriptional control. Simulated ischae-
mia in the cardiac myogenic cell line H9c2 cells reduced OPA protein levels. Reduction of OPA1
expression with shRNA resulted in increased apoptosis and fragmentation of the mitochondria. Overex-
pression of OPA1 increased mitochondrial tubularity, but did not protect against simulated ischaemia-
induced apoptosis. Cytochrome c release from the mitochondria was increased both with reduction in
OPA1 and with overexpression of OPA1.
Conclusion This is the first report, to our knowledge, of changes in mitochondrial fusion/fission proteins
in cardiovascular disease. These changes have implications for mitochondrial function and apoptosis,
contributing to the cell loss which is part of the downward progression of the failing heart.
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1. Introduction

Apoptosis is an important mechanism of cell death in both
heart failure (HF) and cardiac ischaemia; however, the
underlying mechanisms by which the heart loses myocytes
in HF are not completely understood. Mitochondria have a
critical role in regulating apoptosis. Cardiac myocytes func-
tion at a high metabolic state, requiring large amounts of
high-energy phosphates, and as a consequence, mitochon-
dria are abundant in these cells. Mitochondrial fission and
fusion, described relatively recently and most extensively
in yeast, occur constantly and are thought to be critical
for normal mitochondrial function.1–3 If fission is inter-
rupted, large networks of fused mitochondria occur. If
fusion fails, the mitochondria become small and fragmen-
ted. Abnormalities in fission and fusion can lead to apopto-
sis,4,5 which is an important mechanism of cardiac
myocyte loss in HF.6–8

Optic atrophy 1 (OPA1) is a protein that is essential for
normal mitochondrial fusion. In the nervous system, which
has a high metabolic rate similar to the heart, mutations

in OPA1 are associated with inherited neuropathies, but
studies on OPA1 and cell function outside the nervous
system are limited.9,10 Fission and fusion proteins have not
been systematically studied in the heart. We hypothesized
that both HF and ischaemia would be associated with
abnormalities of fission and fusion that would contribute
to cardiac cell death.

Three GTPases are involved in fusion, OPA1, MFN1, and
MFN2, and two proteins in fission, DRP1 and Fis1. Mutations
in these proteins are associated with inherited neuropa-
thies, such as Charcot–Marie–Tooth disease.11 Reduction of
OPA1, MFN1, or MFN2 results in impaired mitochondrial func-
tion. MFN1 and MFN2 are able, at least in part, to accommo-
date for a deficiency in one or the other; in contrast,
deficiency of OPA1 is associated with mitochondrial respirat-
ory dysfunction.12 The dynamin-related protein OPA1,
located on the inner mitochondrial membrane, protects
against apoptosis by preventing release of cytochrome c
from the mitochondria.13 Because of the important func-
tions of fission/fusion proteins and their mitochondrial
location, we investigated the effect of HF on OPA1 and
related proteins using explanted human hearts and a rat
model of HF. As ischaemic cardiomyopathy (ICM) was associ-
ated with a decrease in OPA1, simulated ischaemia in
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cultured cells was used to investigate the underlying
mechanisms.

2. Methods

See Supplementary material online for full Methods.

2.1 HF models

Two models of the failing heart were used: the explanted failing
human heart removed at transplant and a high coronary ligation
rat model of HF, as previously reported.14 HF human heart
samples were the gift of Dr Guillermo Torre-Amione. This tissue
bank has IRB approval at Methodist Hospital, Houston, TX, USA.
The protocols involving human heart samples were approved by
the University of California, Davis IRB as exempt, category
4. Failing heart samples came from adults identified as having
dilated cardiomyopathy (DCM) or ICM. Significant coronary disease
was excluded in those hearts identified as DCM. Normal, adult
human heart samples were collected from brain dead donors by a
private company (T-Cubed). The rat HF model produces mild to
moderate HF at 9 weeks. Left ventricular size and fractional short-
ening were measured by echo as previously described.14 The animal
protocol was approved by the University of California, Davis Animal
Research Committee in accordance with the NIH Guide for the Care
and Use of Laboratory Animals. The left ventricle was used for all
studies.

2.2 Electron microscopy

Standard transmission electron microscopy and immuno-electron
microscopy were performed as previously described.15 Digital
images of sequential fields were collected for analysis.

2.3 Mitochondrial measurements

Digital images of samples were collected from sequential fields
during electron microscope (EM) analysis. To determine the popu-
lation and size of the mitochondria, the EM images were analysed
with Photoshop CS3, using the counting and area analysis function,
in an approach similar to that reported by other investigators.16,17

For area measurement, the mitochondria were circled by the lasso
tool and then the area of the circles were calculated and converted
to their actual values using the scale bar.

2.4 Apoptosis

Apoptosis was assessed using the Cell Death Detection assay (CDD,
Roche), which measures DNA fragmentation, and the TUNEL assay
(Roche). Cytochrome c release was investigated using cell
fractionation.14

2.5 Short hairpin RNA and constructs

A short hairpin RNA (shRNA) against rat OPA1 was ligated into
pENTR/U6. LacZ shRNA served as a control. The rat OPA1 full-length
cDNA was introduced into pIRES-EGFP (Clontech) for OPA1 overex-
pression, whereas the empty vector (EGFP alone) was used as
control. The pIRES-EGFP vector expresses both the subcloned
genes, OPA1, and EGFP.

2.6 RNA and real-time PCR

RNA was isolated from heart samples and real-time PCR was per-
formed as previously described.18

2.7 H9c2 cells (embryonic cardiac cell line)

Simulated ischaemia was carried out as previously described.19

2.8 Confocal microscopy

Mitochondria were labelled with organelle Lights Mito-Orange fluor-
escent protein (OFP) reagent (Invitrogen). To determine mitochon-
drial fusion activity, cells were visually scored into three
morphological classifications: highly tubular—cells with more than
95% of the mitochondrial mass as tubules, tubular—cells with more
than 40%, but less than 95% of the mitochondrial mass as tubules,
fragmented—cells with spherical mitochondrial fragments and no
more than 40% short tubules.

2.9 Statistics

Results were compared by ANOVA followed by a Student–Neuman–
Keuls test for multiple comparisons. For normalized data an
ANOVA on Ranks was used. The Student’s t-test was used for com-
parisons involving two groups. Results are expressed as mean+
SEM. A value for P , 0.05 was considered significant.

3. Results

Functional studies in the HF rats showed a reduced frac-
tional shortening of 14.2+1.6% compared with 45.4+
2.6% in the controls (n ¼ 5–6, P , 0.001). Left ventricular
diastolic dimension was 1.2+0.5 cm in HF vs. 0.80+3.2
(n ¼ 5–6, P , 0.005), consistent with HF. Expression of
fission and fusion proteins was analysed by western blotting
(Figure 1A). The fusion protein OPA1 was significantly
decreased in HF rats (P , 0.05). There are five splice var-
iants of OPA1. These fall between 80 and 100 kDa and are
seen on the western (Figure 1A) as two doublets and a
single band between the doublets. The bands had similar
decreases in the HF hearts. There was no difference in the
fusion proteins MFN1 and MFN2. Similarly, the fission pro-
teins DRP1 and Fis1 were unchanged. For comparison,

Figure 1 Expression of fission and fusion proteins in heart failure (HF).
(A) Westerns from same blot showing relative expression of OPA1, MFN1,
MFN2, DRP1, Fis1 in HF rat heart. GAPDH shown as control. (B) Expression
of fission and fusion proteins in explanted human hearts compared with
normal hearts. Same western shown for all five proteins and GAPDH
(loading control). Graphs summarize the relative protein levels normalized
to GAPDH. ICM, ischaemic cardiomyopathy; DCM, non-ischaemic cardiomyo-
pathy. n ¼ 3–5/group. *P , 0.05; ***P , 0.001.
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fission and fusion proteins were analysed in failing human
hearts and five normal human hearts. OPA1 was markedly
decreased in the hearts with ICM (Figure 1B, P , 0.001).
MFN1 and MFN2 were both increased (P , 0.05). Five
bands were present for OPA1 as a combination of doublets
and a single band. The fission protein DRP1 was increased,
whereas Fis1 was unchanged. In contrast, in DCM hearts
OPA1 was not changed, but both MFN1 and MFN2 were
increased (P , 0.05). DRP1 was increased (P , 0.001) and
Fis1 unchanged. As OPA1 was decreased in both failing
human and rat hearts, this suggests an important role for
OPA1 in the progressive deterioration of the failing heart,
particularly in ischaemia-induced HF.

EM was used to analyse fission and fusion changes in rat HF.
The mitochondria in the HF rat heart were disorganized and
smaller (Figure 2A). The absolute number of mitochondria
per area was significantly increased and the individual

mitochondrial cross-sectional areas were significantly
decreased in the rat HF hearts (P , 0.05 and P , 0.001,
respectively, Figure 2B). Immuno-electron microscopy
demonstrated that there was less OPA1 in rat HF mitochondria
compared with sham controls (Figure 2C). These results are
consistent with depressed fusion and implicate the reduction
in OPA1 as a possible mechanism of apoptosis and cell loss.12,20

To further investigate the underlying aetiology for
decreased OPA1 in HF, OPA1 mRNA levels were determined
by real-time PCR. OPA1 mRNA levels did not differ
between human ICM hearts and normal controls
(Figure 2D). Similarly, rat HF hearts had the same amount
of OPA1 mRNA as controls.

In vivo models of HF showed a decrease in OPA1 and an
increase in small mitochondria, which would be seen with
a loss of the fusion/fission balance. To further investigate
this, H9c2 cells, a cardiac myogenic cell line, were used as

Figure 2 (A) Representative EM of sham-operated control and HF rat hearts. (B) Graphs summarize the mitochondria per area (left panel) and average mito-
chondrial size (right panel). n ¼ 3 hearts/group. (C) (1) Sham-operated control heart showing mitochondrial OPA1 by immuno-EM. (2) Representative image of HF
rat heart showing reduced mitochondrial OPA1. (3 and 4) Show enlargement of area outlined in panels (1 and 2). Arrows—5 nM gold particle-antibody bound to
OPA1. (D) Upper panel—real-time PCR was done to compare OPA1 mRNA in failing vs. normal human heart samples. Lower panel—real-time PCR for OPA1 mRNA in
failing rat hearts vs. sham-operated controls. Results normalized to GAPDH. n ¼ 3–5/group. Bar ¼ 100 nM. *P , 0.05; ***P , 0.001.
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a model of ischaemic injury. The cells were subjected to
simulated ischaemia for 10 h, depriving the cells of oxygen
and metabolic substrates. Ischaemia/reoxygenation was suf-
ficient to depress expression of OPA1 to less than one-third
of control (P , 0.05, Figure 3A). Studies of the mitochondria
using OFP, a mitochondrial localizing fluorescent probe,
showed loss of the normal mitochondrial network with simu-
lated ischaemia (Figure 3B). Mitochondria were scored as
tubular/connected vs. fragmented (Figure 3C) by a reviewer
blinded to treatment group. In normal cells, less than 20% of
the mitochondria were fragmented, increasing to over 60%
following simulated ischaemia (P , 0.05). These mitochon-
drial changes correlated with an increase in DNA fragmenta-
tion by the CDD (Figure 3D, P , 0.001) and TUNEL assays
(Figure 3E, P , 0.001).

An OPA1 shRNA was designed to investigate the effect of iso-
lated reduction of OPA1. LacZ shRNAwas used as a control. The
sequences were screened against GenBank for unexpected
matches. The shRNA-OPA1 decreased OPA1 by more than 80%
at 48 h in H9c2 cells (Figure 4A, P , 0.05). The constructs for
shRNA also expressed EGFP, which was used to identify trans-
fected cells. EGFP-positive cells treated with shRNA-OPA1
showed increased mitochondrial fragmentation compared
with cells transfected with shRNA-LacZ (Figure 4B and C).
Simulated ischaemia increased mitochondrial fragmentation.
Control cells after simulated ischaemia showed levels of mito-
chondrial fragmentation similar shRNA-OPA1 treated cells.
Simulated ischaemia plus shRNA-OPA1 treatment resulted in
fragmentation of 90% of the mitochondria. OPA1 reduction
resulted in apoptosis with increased DNA fragmentation and
TUNEL-positive nuclei (Figure 4D and E, P , 0.001 and P ,

0.01). As would be expected, simulated ischaemia increased
apoptosis in control cells, but to an even greater extent in
cells with reduced OPA1 (Figure 4D and E).

Reduction in OPA1 resulted in increased fragmentation of
mitochondria, increased apoptosis, and increased sensitivity
to simulated ischaemia. To determine whether increased
OPA1 would be protective, OPA1 was co-expressed with
EGFP in H9c2 cells using an OPA1-pIRES-EGFP vector with a
ribosomal re-entry site. Control cells were transfected
with the empty vector and thus expressed EGFP alone. The
amount of OPA1 was increased by 50% (P , 0.01,
Figure 5A). With ischaemia, OPA1 levels dropped in cells
expressing EGFP alone and in those expressing OPA1 and
EGFP; however, OPA1 levels were significantly higher after
ischaemia in the cells overexpressing OPA1. At baseline,
cells overexpressing OPA1 showed increased mitochondrial
tubularity compared with cells transfected with EGFP
alone (Figure 5C). With simulated ischaemia, less mitochon-
drial fragmentation occurred in the cells overexpressing
OPA1 (Figure 5C). However, the increase in OPA1 did not
prevent ischaemia-induced apoptosis (Figure 5D and E).

To further investigate the effect of OPA1 protein levels on
the mitochondria and apoptosis, cytochrome c release was
compared among cells treated with shRNA to OPA1 or
LacZ, cells overexpressing OPA1 and EGFP or EGFP alone.
Reduction in OPA1 with shRNA resulted in the release of
cytochrome c from the mitochondria at baseline
(Figure 6A). Simulated ischaemia resulted in greater
release of cytochrome c in the OPA1 shRNA treated cells
compared with cells treated with shRNA-LacZ. Unexpect-
edly, cells overexpressing OPA1 had release of cytochrome

Figure 3 (A) Western showing expression of the two main OPA1 variants in normal and post-simulated ischaemia H9c2 cells. GAPDH shown in lower panel. Graph
summarizes the relative OPA1 expression normalized to GAPDH. (B) Cells were transfected with an OFP construct. OFP is a fluorescent protein, which localizes to
the mitochondria. Normal cells show tubular network, which is lost post-simulated ischaemia (lower panel). (C) Images of cells were collected and analysed for
the amount of tubular vs. fragmented mitochondrial network (see Methods for details). (D) Apoptosis post-simulated ischaemia as determined by CDD assay.
(E) Graph shows percent of cells that were TUNEL positive. n ¼ 3–12/group. *P , 0.05; ***P , 0.001.

L. Chen et al.94



c at baseline, which was increased after simulated ischae-
mia, compared with cells overexpressing EGFP alone.
Thus, overexpression of OPA1 was not protective against
apoptosis, and in fact induced apoptosis.

As shown above, simulated ischaemia reduced expression
of OPA1 (Figure 5A). Cyclosporin A (CsA) reduces mitochon-
drial injury in ischaemia/reperfusion and blocks the mito-
chondrial permeability transition pore (PTP).21,22 To
investigate the role of mitochondrial injury and the PTP in
OPA1 reduction, cells were pretreated with CsA prior to
simulated ischaemia. Pretreatment with CsA blocked the

reduction of OPA1 that occurred with simulated ischaemia
(Figure 6B). In the absence of ischaemia, CsA had no
effect on OPA1 levels and also did not affect levels of
OPA1 in cells treated with OPA1 shRNA. CsA protected the
increased OPA1 (in cells overexpressing OPA1) from simu-
lated ischaemia (Figure 6B).

4. Discussion

OPA1 protein levels were decreased in both rat and human
ischaemic HF, but mRNA levels were unaltered suggesting

Figure 4 Effect of OPA1 shRNA on the mitochondrial network and cell viability. (A) Western shows OPA1 expression after 48 h of treatment with OPA1 shRNA or to
LacZ shRNA (control). Lower panel—GAPDH as control. Right panel shows relative OPA1 expression in control cells (expressing shRNA-LacZ) vs. shRNA-OPA1 cells.
Values normalized to GAPDH. (B) Confocal microscopy showing mitochondrial network after OFP expression in cells transfection with shRNA-LacZ or shRNA-OPA1.
shRNA constructs also expressed EGFP, so cells with shRNA were clearly identifiable. Left panel shows EGFP, second panel shows OFP expression in the mitochon-
dria, right panel shows enlarged image of mitochondria and far right panel shows merged image of OFP and EGFP. (C) Images of cells were collected and analysed
for the amount of tubular vs. fragmented mitochondrial network (see Methods for details). (D) Apoptosis post-simulated ischaemia by CDD assay. (E) Graph shows
percent of cells that were TUNEL positive. n ¼ 3–12/group. *P , 0.05; **P , 0.01; ***P , 0.001.
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post-transcriptional regulation of OPA1 expression. OPA1
levels were overall unchanged in human DCM hearts,
although some hearts showed a marked reduction in OPA1
that reflects the heterogeneity of this disease classifi-
cation.8,23–25 The mitochondria in the failing rat hearts
were small and fragmented compared with normal hearts,
consistent with decreased fusion.12,20 OPA1 levels decreased
in response to simulated ischaemia, but overexpression of
OPA1 during simulated ischaemia did not prevent apoptosis.

Reduction of OPA1 with shRNA increased mitochondrial frag-
mentation and decreased tubularity of the mitochondria
compared with the increased tubularity with overexpression
of the protein. These changes were associated with
increased apoptosis at baseline, and a further increase in
apoptosis with simulated ischaemia. Most significantly, cyto-
chrome c release was greater both with reduction in OPA1
and with overexpression of OPA1. CsA treatment inhibited
the reduction in OPA1 in ischaemia.

Figure 5 (A) Western demonstrating the changes in OPA1 with overexpression and following ischaemia. Cells expressed either OPA1 and EGFP or EGFP alone.
Graph summarizes multiple experiments. (B) Confocal immunocytochemistry of cells overexpressing OPA1 and EGFP or EGFP alone. Mito-OFP was used as a mito-
chondrial marker. Greater tubularity is visible with OPA1 overexpression (lower panel). (C) Mitochondrial morphology was quantified, as described in Methods.
Effect of OPA1 plus EGFP overexpression vs. EGFP alone. (D) Effect of OPA1 overexpression on apoptosis (DNA fragmentation) after simulated ischaemia. (E)
Percent of cells undergoing apoptosis (TUNEL) after simulated ischaemia. Comparison of OPA1 overexpressing cells vs. EGFP alone. n ¼ 4–12/group.
**P , 0.01; ***P , 0.001.
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4.1 Differences in HF models

Three models of HF were used. The rat coronary ligation
model is similar to human ischaemic HF, which is secondary
to coronary artery disease. Both models involve ischaemia,
and ischaemia is likely a key cause of OPA1 loss, as discussed
below. Human DCM, the third model, is a heterogenous
disease classification where the distinguishing characteristic
is the absence of significant coronary disease.24,25 The
human DCM hearts did not show reduced OPA1 levels; this
may be secondary to the absence of ischaemia in this
model. Both human models had an increase in MFN1 and
MFN2 as well as in DRP1. None of these were changed in
the rat model. Increased DRP1 can cause apoptosis, but
translocation to the mitochondria is necessary for this
effect.26,27 Mitochondrial fusion in mammalian cells is con-
trolled by MFN1, MFN2, and OPA1, and elimination of any
of these proteins induces mitochondrial fragmentation.20

The increase in MFN1 and MFN2 may be in compensation

for the reduction in OPA1. Regulation of the MFN1, MFN2,
and DRP1 expression may differ between rat and human,
or the much longer duration of the human disease (years
vs. weeks), and concomitant use of multiple medications
may alter gene expression. Virtually all humans with HF
are treated with powerful medications including
angiotensin-converting enzyme inhibitors and beta-
blockers, which may influence gene expression.28

4.2 OPA1 localization and function

OPA1 is essential for normal fusion.9 In addition, OPA1 has a
role in maintaining cristae structure within the mitochon-
dria, in maintaining inner membrane (IM) integrity and IM
potential, and in preventing release of cytochrome c from
the cristae.13 The effect of changes in OPA1 on mitochon-
drial energetics remains unclear. There have been two
different approaches: (i) reduction in OPA1 levels with
RNAi or knockout (heterozygote, homozygote embryonic
lethal) and (ii) the study of patient (with OPA1
mutations)—derived cells, primarily fibroblasts. A number
of studies are summarized in Table 1. In mouse embryonic
fibroblasts (MEF) cells, a 90% reduction in OPA1 resulted in
loss of DCm (mitochondrial membrane potential) and
severe reduction in endogenous respiration.12 More recently,
Drosophila that are heterozygous for knockout of OPA1 have
been reported to have decreased complex II and III function,
but normal complex I and IV function.29 These flies also have
increased reactive oxygen species, decreased resistance to
oxidative stress, and decreased life span. Antioxidants
improved the reduction in life span in males, but not
females.

In a second approach, investigators have examined the
effect of various OPA1 mutations on mitochondrial function
(Table 1). One problem is that the mutations vary widely
from point mutations involving a single amino acid substi-
tution to truncated proteins. It is not known whether
these truncated proteins retain any function. An in vivo
study demonstrated that the c.2708-2711delTTAG mutation
resulted in prolonged recovery of phosphocreatine after
exercise.30 Other studies have looked at cells cultured
from skin biopsies and lymphoblastic cell lines derived
from patient leucocytes.9,31–33 As summarized (Table 1),
the genetic mutations involved and results are both hetero-
geneous. Mitochondrial energetics ranged from reduced to
normal.9,31–33 It is difficult to arrive at a unifying conclusion
as to the role of OPA1 in mitochondrial energetics from these
data. Furthermore, cultured fibroblasts are not high-energy
cells, and any defects may be less apparent. In the current
study, OPA1 was decreased in the mitochondria in ischaemic
HF, and based on the studies in the Drosophila and MEF cells,
this might be expected to impair function, consistent with
the decrease in ATP levels seen in HF.12,29 To better under-
stand the function of OPA1, further studies are needed on
the effect of changing OPA1 levels in intact organs as well
as in cells. Other cell types with high-energy requirements,
such as heart or muscle cells, need to be studied. Only with
more focused work will we have a clear picture of the role of
OPA1 in mitochondrial function in the mammalian cell.

4.3 Splice variants and OPA1 loss

Both normal and failing hearts expressed five splice variants,
although the two doublets are difficult to see clearly when

Figure 6 (A) Effect of changes in OPA1 expression on cytochrome c release
with ischaemia—Cytochrome c release was compared with shRNA treatment
vs. OPA1 overexpression. Representative western compares release from
the treatment groups with and without simulated ischaemia. Graph summar-
izes multiple experiments. Densitometric values for all were normalized to
control with shRNA-LacZ. Reduction in OPA1 with shRNA caused cytochrome
c release and this increased with simulated ischaemia. OPA1 overexpression
increased the release of cytochrome c. (B) Effect of CsA (500 nM) on OPA1
levels during simulated ischaemia. Upper panels demonstrate protective
effect of CsA on OPA1 levels in simulated ischaemia, whereas it has no
effect in ischaemia if OPA1 already reduced with shRNA. Lower panels show
that even with OPA1 overexpression CsA protects OPA1 during simulated
ischaemia. n ¼ 4/group. *P , 0.05; **P , 0.01.
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the westerns are exposed long enough to visualize the fifth
band. The presence of five splice variants is considered to
be the standard, though many of these studies were in cul-
tured cell lines.20 The number of published splice variants in
mammalian cells varies, with a number of authors showing
only two protein bands by western blotting.9,31 Our data
showed differential changes in OPA1 splice variants in
neither the failing heart samples nor during simulated
ischaemia. Although OPA1 expression was decreased in
ischaemic HF, the decrease was across all splice variants.
Opening of the PTP caused OPA1 cleavage in isolated mito-
chondria, and the key mediating event was loss of ATP;34

in the current study, CsA, which blocks PTP opening,
reduced the decrease in OPA1 seen with ischaemia.35 We
found no difference in mRNA levels for OPA1 between
normal and HF hearts, supporting the concept that ischae-
mia promotes the loss of OPA1 protein post-translationally,
most likely through degradation by proteases activated by
ATP loss during ischaemia.34

4.4 OPA1 and apoptosis

Reduction in OPA1 increased apoptosis both at baseline and
after simulated ischaemia. Reduction of OPA1 in a cancer
cell line increased mitochondrial fragmentation and the sen-
sitivity to apoptotic stimuli.4 Unexpectedly, OPA1 overex-
pression did not protect against apoptosis: instead, it
amplified cytochrome c release. Increased OPA1 did result
in greater tubularity of the mitochondria. Others have
reported that overexpression of OPA1 is anti-apoptotic.13,36

However, both of these studies used isolated mitochondria
and one also used intact 293T cells. Yamaguchi et al.36

recently proposed that OPA1 forms a reverse purse string
that prevents cytochrome c release from the cristae when
loose. The current work used a physiological injury and
assayed cytochrome c release from mitochondria in situ.
Our results suggest that OPA1 is needed for function, but

more OPA1 does not protect the mitochondria. Possibly,
excess OPA1 interferes with the purse string at the base of
the cristae, but others did not find this to be the case.36

The differences in results may be secondary to different
cell types, 293T vs. H9c2 cells. CsA, which blocks PTP
opening, mitochondrial calcium overload and the drop in
ATP, prevented the decrease in OPA1 seen in cells with
normal and high levels of OPA1 after ischaemia.21,35 Thus,
CsA protects the mitochondria against ischaemic injury,
but OPA1 does not, even though it is necessary for normal
mitochondrial function.

4.5 Study limitations

Experimental sample sizes ranged from 3 to 12. Thus, there
is the possibility of a type II statistical error.

5. Conclusions

HF in both human and rat ICM was characterized by a
marked decrease in OPA1. Loss of OPA1 leads to apoptosis,
and in the current study decreasing OPA1 resulted in apopto-
sis. Ischaemia markedly depressed OPA1 levels, and this can
lead to further apoptosis. Apoptotic cell death via reduction
of OPA1 and mitochondrial fusion may contribute to HF pro-
gression, which is characterized by progressive loss of
cardiac myocytes. Much remains to be understood about
OPA1’s anti-apoptotic role and its role in mitochondrial
energetics.

Supplementary material

Supplementary material is available at Cardiovascular
Research online.

Table 1 Summary of studies on OPA1 and mitochondrial function

Model/cell type OPA1 Endpoints

Chen et al.12 Primary MEF RNAi reduction in OPA1 RNAi-loss of DCm, severe reduction in
endogenous respiration/O2 consumption

Tang et al.29 Drosophila Heterozygote for OPA1 knockout Decreased resistance to oxidative stress;
decreased lifespan improved by antioxidants
in males only, increased reactive oxygen
species; reduced complex II and III function

Lodi et al.30 31p-MRS, skeletal mm function in
vivo in patients

c.2708-2711delTTAG truncated
protein lacking 56 C-terminal aa

Prolonged phosphocreatine post-exercise
recovery time

Zanna et al.9 Cultured skin fibroblasts c.2708-2711delTTAG and four other
mutations two c.2819-2A.C

Decreased complex I activity and mGPD activity

Spinazzi
et al.31

Fibroblasts and myotubes from
biopsy

c1410_1443 þ 4del38 truncated 481
aa protein, not detected by
commercial abs

Abnormal morphology, normal OXPHOS activity,
normal DCm, normal complex I activity in
fibroblasts

Myorov
et al.32

Lymphoblastic cell lines—
transformed leucocytes from
patients with OPA1 mutations

Six mutations, one c.2708delTTAG No difference in energetics, wide range in
function, particularly complex I

Chevrollier
et al.33

Cultured fibroblasts from skin
biopsies

Six different OPA1 mutations Complex IV decreased function, increased
F1-ATPase activity, reduced DCm, reduced
OXPHOS efficiency

MEF, mouse embryonic fibroblasts; p-MRS, phosphorus magnetic resonance spectroscopy; Aa, amino acids; C-terminal, carboxyl terminus; OXPHOS, oxi-
dative phosphorylation; DCm, mitochondrial membrane potential.
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