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Mitochondria, responding to a wide variety of signals, including oxidative stress, are critical in regulating apoptosis 

that plays a key role in the pathogenesis of a variety of cardiovascular diseases. A number of mitochondrial proteins 

and pathways have been found to be involved in the mitochondrial dependent apoptosis mechanism, such as optic 

atrophy 1 (OPA1), sirtuin 3 (Sirt3), deacetylase enzyme and cAMP signal. In the present work we report a network 

among OPA1, Sirt3 and cAMP in ROS-dependent apoptosis. Rat myoblastic H9c2 cell lines, were treated with tert-butyl 

hydroperoxide (t-BHP) to induce oxidative stress-dependent apoptosis. FRET analysis revealed a selective decrease of 

mitochondrial cAMP in response to t-BHP treatment. This was associated with a decrease of Sirt3 protein level and 

proteolytic processing of OPA1. Pretreatment of cells with permeant analogous of cAMP (8-Br-cAMP) protected the 

cell from apoptosis preventing all these events. Using H89, inhibitor of the protein kinase A (PKA), and protease 

inhibitors, evidences have been obtained that ROS-dependent apoptosis is associated with an alteration of 

mitochondrial cAMP/PKA signal that causes degradation/proteolysis of Sirt3 that, in turn, promotes acetylation and 

proteolytic processing of OPA1.  

.  

 

1. Introduction  

Apoptosis plays a key role in the pathogenesis of cardiovascular dis-

eases. Cardiac myocytes undergoing apoptosis have been identified in 

tissue samples from patients suffering from myocardial infarction, dia-

betic cardiomyopathy, and end-stage congestive heart failure. Notably, 

apoptosis inhibition is cardio-protective under many conditions. Apo-

ptosis is activated in cardiac myocytes by multiple stressors, commonly 

seen in cardiovascular diseases, such as cytochine production [1],DNA 

damage [2] and oxidative stress [3]. Oxidative stress has been associated 

with loss of cells in cardiac diseases [4] and, on the other hand, increased 

generation of reactive oxygen species (ROS) was associated with mito-

chondrial dysfunction [5,6] and apoptosis [7]. Mitochondria play a main 

role in both life and death of cardiac myocytes. Their primary function is 

to provide ATP, through oxidative phosphorylation, depending on the 

energy demand of the beating heart. At the same time, mitochondria are 

sensible to oxidative stress and are critical in regulating apoptosis 

responding themselves to a wide variety of stress signals. Many of 

mitochondrial proteins have been found to be involved in mitochondrial 

induced apoptosis and are commonly used as targets for studying 

apoptosis [4]. Recently, other proteins and signals have been found to be 

involved in the mitochondrial dependent apoptosis mechanism, such as 

optic atrophy 1(OPA1) [8,9], sirtuin 3 (Sirt3) deacetylase enzyme [10] and 

3′,5′-cyclic adenosine monophosphate (cAMP) signal [11].  

OPA1 is a conserved GTPase of the dynamin family that mediate mi-

tochondrial fusion and fission. Loss of OPA1 impairs mitochondrial fusion, 

perturbs cristae structure, and increases the susceptibility of cells toward 

apoptosis [8]. During apoptosis an alteration of mitochondrial 

morphology has been observed associated with deregulation of OPA1 and 

dynamin-related protein 1 (DRP-1), two proteins involved in the balance 

of mitochondrial fission/fusion [12,13]. A decrease of OPA1 and an 

increase in small mitochondria are reported in vivo models of heart 

failure [14]. OPA1 also undergoes constitutive processing leading  

to the conversion of the uncleaved long OPA1 (L-OPA) in a cleaved short 

OPA1 (S-OPA) form. Various stress conditions, including apoptotic stim-

ulation, trigger the complete conversion of L.-OPA1 into S-OPA1 [15]. Two 

mitochondrial proteases, OMA1 and YMEL1 cleave OPA1 from L to S form 

[16] and their activity is regulated by reciprocal degradation to adapt 
mitochondrial function to specific cellular stress [17].  

Sirt3 is a major mitochondrial deacetylase, that not only modulates 

cellular metabolism by deacetylation of enzymes involved in fatty acid β-

oxidation, amino acid metabolism, electron transport chain, and anti-

oxidant defenses, but also plays an important role in apoptosis [18], 

tumor growth [19],aging [20] and cardiac diseases [10].Sirt3 prevents 

apoptosis by lowering ROS and inhibiting components of the mitochon-

drial permeability transition pore.  

cAMP is a ubiquitous second messenger critically involved in the 

regulation of heart function [21] and many other cellular process includ-

ing mitochondrial homeostasis [22–25]. In mammalian cells, cAMP can be 

generated by two distinct form of adenylyl cyclase: a family of trans-

membrane adenylyl cyclase (tmAC) and soluble adenylyl cyclase (sAC) 

that produces cAMP in different intracellular microdomains including 
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mitochondria [25]. Previous works have shown that the activation of cy-

tosolic pathway of cAMP/PKA increases the activity of the respiratory 

chain complex I [5,6,26] and sAC-dependent cAMP production in mito-

chondria promotes cytochrome c oxidase activity [27],ATP production 

[23,28], the turnover of nuclear-encoded subunits of complex I and its 

activity [29] and regulates the functional activity and structural organi-

zation of FOF1 ATP synthase [28]. The cAMP signaling pathway also plays 

an essential role in modulating the apoptotic response to various stimuli 

and changes of cellular cAMP level can lead to induction or suppression of 

apoptosis depending on cell types [30–33].  

Here a network among mitochondrial cAMP, Sirt3 and OPA1 in ROS-

dependent apoptosis in cardiac myoblast cells is reported. Apoptosis was 

induced in the rat myoblastic H9c2 cell line, widely used as a surrogate for 

cardiac cells [34], by treatment with tert-butyl hydroperoxide (t-BHP). 

The results show that increased ROS trigger apoptosis mechanism 

associated with a decrease of mitochondrial cAMP, Sirt3 protein level and 

OPA1 proteolytic processing. All these effects were prevented by 8-Br-

cAMP. Using H89, inhibitor of the protein kinase A (PKA), and protease 

inhibitors, evidences have been obtained that, in ROS-induced apoptosis 

in cardiac myoblasts, an alteration of mitochondrial cAMP/ PKA signal 

takes place which causes degradation/proteolysis of Sirt3 that, in turn, 

promotes hyperacetylation of OPA1 and its proteolytic processing.  

2. Materials and methods  

2.1. Cell cultures and treatments  

The H9c2 cell line, derived from embryonic rat heart, was purchased 

from American Type Culture Collection (A.T.T.C.#CRL1446, Manassas, 

VA). Cells were grown in DMEM supplemented with 10% fetal bovine 

serum (FBS), plus 2 mM glutamine, 100 IU/ml penicillin and 100 IU/ml 

streptomycin at 37 °C, 10% CO2.Once at70% confluence, cells were treated 

with 50 or 100 μM t-BHP. After 45 min of treatment, the medium was 

changed and the cells cultured for further 2 h, before being used for the 

analyses. Where indicated 100 μM8-Br-cAMP, 1 μM isoproterenol, 5 μM 

H89, 100 μM 8-pCPT-2′-O-Me-cAMP (8-(4Chlorophenylthio)-2′-O-

methyladenosine3′,5′-cyclic monophosphate monosodium hydrate), 10 

μM MG132 or 5 μMepoxomicin were added 30 min before the t-BHP 

treatments. Further specifications are given in the legends to figures.  

2.2. Annexin V and PI binding assay  

Annexin V and PI fluorescein staining kit (Invitrogen) was utilized to 

measure H9c2 cell apoptosis by following the manufacturer's instruction. 

Briefly, 1 × 10
6 cells were suspended in 200 μlbinding buffer (10 mM 

HEPES pH 7.4, 140 mM NaCl, 2.5 mM CaCl2). Cells were then incubated 

with Annexin V-FITC (1:20) for 3 min followed by incubation with 

propidium iodide (PI, 1 mg/ml) for 15 min. Apoptosis rate was evaluated 

by Flow Cytometry (BD FACSCalibur).  

2.3. Diamidino-2-phenylinole (DAPI) staining  

H9c2 cells were grown onto fibronectin-coated glass-bottom dishes. The 

living cells were incubated for 5 min with 0.3 μM DAPI, washed with PBS 

and examined by Laser Scanner Confocal Microscope (LSCM). Images 

were collected using a 40× objective. The blue fluorescence intensity of 

DAPI was analyzed by exciting the sample with laser 405 nm. Acquisition, 

storage, and data analysis were done using Leica software.  

2.4. Measurement of mitochondrial membrane potential  

The mitochondrial membrane potential in H9c2 cells was measured using 

LSCM. Images were collected using a 60× objective on cells seeded onto 

fibronectin-coated glass-bottom dishes. The living cells were incubated for 

15 min with 0.3 μM MitoTracker probe (554 nm excitation and 576 nm 

emission wavelength), washed with Krebs' buffered salt solution (20 mM 

Hepes, pH 7.4, 135 mM NaCl, 5 mM KCl, 0.4 mM KH2PO4, 1 mM MgSO4, 

0.1% w/v glucose, 1 mM CaCl2), and examined by LSCM. The red 

fluorescence intensity of MitoTracker was analyzed by exciting the sample 

with a solid state laser 552 nm. Acquisition, storage, and data analysis 

were done using Leica software.  

2.5. Electrophoretic procedures and western blotting  

The H9c2 cells were harvested from Petri dishes with 0.05% trypsin, 

0.02% EDTA, pelleted by centrifugation at 500 ×g and then resuspended 

and lysed in RIPA buffer containing 150 mM NaCl, 5 mM EDTA, 50 mM 

Tris/HCl, 0.1% SDS, 1% Triton X-100, pH 7.4, in the presence of a protease 

inhibitor (0.25 mM PMSF). Proteins from cell lysate, were separated by 

8% SDS-polyacrylamide gel electrophoresis (PAGE) and transferred to a 

nitrocellulose membrane. The membrane was blocked with 5% fatty acid 

free dry milk in 500 mM NaCl, 20 mM Tris, 0.05% Tween 20 pH 7.4 

(TTBS) for 3 h at 4 °C and probed with antibodies against caspase-9 

(Thermo scientific, Pierce Antibodies), BAD (Santa Cruz Biotechnology), 

OPA1 (Thermo scientific, Pierce Antibodies), Sirt3 (Cell signaling), DRP-1 

(Santa Cruz Biotechnology), OMA1 (Abcam), cyclophilin F (Abcam), 

cytochrome c (Cell signaling), acetylated lysine (Cell signaling), ESSS 

(PRIM) and Tom 20 (Santa Cruz Biotechnology). The control loading was 

performed with antibody against β-actin (SIGMA). After being washed in 

TTBS, the membrane was incubated for 60 min with anti-rabbit or anti-

mouse IgG peroxidase-conjugate antibody (diluted 1:5000). 

Immunodetection was then performed, after further TTBS washes, with 

the enhanced chemiluminescence (ECL) (BioRad, Milan, Italy). 

Densitometric analysis was performed by VersaDoc imaging system 

(BioRad, Milan, Italy).  

2.6. FRET measurements  

H9c2 cells were transfected (transiently) with the EPAC-based FRET 

sensor target to cytosol (H96) or specifically to mitochondria (4mtH30). 

After treatments, cells were fixed with 4% paraformaldehyde (PFA) in PBS 

(pH 7.4) for 20 min at room temperature, then washed three times in PBS 

and afterwards coverslips were mounted in Mowiol (polyvinyl alcohol 4–

88; Sigma-Aldrich, Milan, Italy). Visualization of ECFP-and/or EYFP-

expressing cells and detection of FRET was performed on an inverted 

microscope (Nikon Eclipse TE2000-S) equipped with a monochromator 

controlled by MetaMorph/MetaFluor software. ECFP was excited at 433 

nm and EYFP at 512 nm. Each image was further corrected for ECFP 

crosstalk and EYFP cross-excitation as shown by Rodighiero et al. [35]. 

Briefly, images were aligned and corrected for background in the  

emission windows for FRET (535/30 nm), ECFP (475/30 nm) and 

acceptor. The obtained netFRET values were analyzed using EYFP 

(535/26 nm). Each image was further corrected for ECFP MetaMorph and 

Microsoft Excel software. cross-talk and EYFP cross-excitation. Thus, 

netFRET = [IFRETbg − ICFPbg × k1 − IYFPbg (K2-αK1)] / (1-K1δ), where 

IFRETbg, ICFPbg, 2.7. Immunofluorescence and IYFPbg are the 

background-corrected pixel gray values measured in the FRET, ECFP and 

EYFP windows, respectively; K1, K2, α Immunocytochemistry was 

performed as described in [36].Briefly, and δ are calculated to evaluate the 

crosstalk between donor and cells were grown and treated as described 

above. The living cells wereincubated with MitoTracker probe (see 

Section 2.4) and then fixed for 15 min with 4% paraformaldehyde in PBS. 

Cells were permeabilized with 0.1% Triton X-100 in PBS for 5 min, 

blocked with 1% PBS-BSA for 30 min, and incubated for 2 h with 

antibodies specificfor DRP-1  

(1:50 dilution) or cytochromes c (1:50 dilution). After washing, cells were 

incubated with 1:1000 diluted donkey anti-mouse or donkey anti-rabbit 

antibodies coupled to Alexa-555. The coverslips were mounted on glass 

slides with Mowiol mounting medium. The fluorescence signals were 

detected by a confocal microscope Leica.  

2.8. Immunoprecipitation  

H9c2 cells (0.5 mg protein) were sonicated and 500 μgof protein was 

incubated at 4 °C in 250 μl of RIPA buffer in the presence of 5 μgof 



antibody against OPA1. After 12 h incubation, 50 mg of protein A-sepha-

rose was added to the mixture and the immunocomplex was pelleted by 

centrifugation and washed with RIPA buffer supplemented with the 

protease inhibitor cocktail. To separate the protein A-sepharose-antibody 

complex, the pellet was suspended in 100 mM glycine, pH 2.5 and then  

centrifuged at 2000 × g for 5 min at 4 °C. The supernatant containing the 

released OPA1 protein was finally collected, separated by SDS-PAGE, 

transferred to a nitrocellulose membrane and immunoblotted with anti-

bodies against OPA1 and acetyl-lysine.  

2.9. Data analysis  

All data are presented as means + SEM (standard error of mean). n 

value denotes the number of independent experiments. Statistical dif-

ference was determined by Student' t-test. p-Value of 0.05 was consid-

ered as statistically significant (**p b 0.01; *p b 0.05).  

3. Results  

3.1. t-BHP treatment results in a significant accumulation of cellular ROS 

and induces apoptosis in H9c2 cell cultures  

The treatment of H9c2 cell cultures with 50 or 100 μM t-BHP for 45 min resulted, at 2 h by the end of treatment, in a dose dependent increase of the 

cellular H2O2 level, as detected by the redox-sensitive fluorescent probe H2DCFDA (Fig. S1a). Confocal microscopy analysis showed that the t-BHP 

treatment of H9c2 cell cultures also induced increase in the mitochondrial level of oxygen superoxide detected by the mitoSOX fluorescent probe (Fig. S1b).  

Quantitative analysis, using flow cytometry of H9c2 cells stained with Annexin V and PI, showed that the treatment with 50 μM t-BHP significantly 

increased the number of apoptotic cells (Fig. 1a) comparing to the untreated cells. The treatment with 100 μM t-BHP further increased apoptosis (Fig. 1a). 

LSCM analysis showed that both concentration of t-BHP increased the DAPI staining of cellular nuclei (Fig. 1b), in agreement with cytofluorimetric analysis. 

Fig. 1c shows the effects of t-BHP treatments on the mitochondrial membrane potential, monitored by confocal microscopy using the MitoTracker probe. 

LSCM showed that the treatment of H9c2 cell cultures with 50 or 100 μM t-BHP resulted in a decrease of mitochondrial membrane potential. The images at 

high magnification show that the mitochondria appeared well networked in untreated cells, and fragmented and punctuated in t-BHP treated cells (Fig. 1c). 

Immunofluorescence analysis using MitoTracker and cytochrome c antibody showed, as expected, a cytochrome c mitochondrial localization in untreated 

cells and the release of this protein in the cells treated with 50 and 100 μM t-BHP (Fig. 1d). Immunofluorescence analysis with MitoTracker and DRP-1 

antibody showed an increased translocation of DRP-1 into mitochondria in the cells treated with 50 and 100 μMBHP (Fig. 2a).  

We next examined the cleavage of caspase-9 and BAD proteins, involved in apoptosis pathway, by western blot analysis with specific antibodies. 

Decreased levels (proteolysis/activation) of caspase-9 and BAD proteins (Fig. 2b), in t-BHP treated cells were observed with respect to untreated cells. 

Western blotting analysis with an antibody that recognizes L-OPA1 and S-OPA1 forms revealed that the treatment with t-BHP resulted in appearance of S-

OPA1 form (Fig. 2c). No change was observed in OPA1 total protein level (data not shown). Western blotting analysis of Sirt3 showed that the treatment of 

H9c2 cells, with 50 or 100 μM t-BHP, resulted in a decreased level of this protein (Fig. 2d). All the apoptotic parameters analyzed, were t-BHP dose-

dependent (Figs. 1 and 2). Analysis by western blotting of Tom 20 (protein of outer mitochondrial membrane), ESSS (protein of inner membrane) and 

cyclophilin F (protein of the matrix space) showed that the total mitochondrial protein levels were not affected by t-BHP treatments (Fig. S2).  

3.2. FRET analysis of cytosolic and mitochondrial cAMP reveals a selective decrease of mitochondrial cAMP in response to t-BHP treatments  

It has been reported that mitochondrial and cytosolic cAMP are involved in apoptosis mechanism [32,37] thus we evaluated their possible changes after t-

BHP treatments. Normalized FRET (netFRET) signals in cells transfected with the selective mitochondrial (4mtH30) probe were found to be significantly 

higher at 5 and 10 min of treatment with 50 μM(Fig. 3a) or 100 μM(Fig. 3b) t-BHP and restored at 45 min. Based on FRET probe features, these 

observations are consistent with a significant decrease of the mitochondrial level of cAMP upon t-BHP treatments. No changes in FRET signals were 

measured in cells transfected with the FRET probe to detect cytosolic cAMP (Fig. 3a, b).  

3.3. 8-Br-cAMP prevents apoptosis in H9c2 cell cultures  

Based on these results, we have tested the effect of pretreatment (30 min) of H9c2 cell cultures with β-agonist isoproterenol or 8bromoadenosine 3′,5′-

cyclic monophosphate (8-Br-cAMP) on apoptosis induced by t-BHP. Interestingly, confocal analysis showed that the bright DAPI staining of the cells treated 

with 50 or 100 μM t-BHP was prevented by 8-Br-cAMP, but not by isoproterenol (Fig. 4a). The prevention effect exerted by 8-Br-cAMP was observed also 

in cytofluorimetric anexin + PI test (Fig. 4b) and mitochondrial membrane potential analysis (Fig. 4c). Furthermore the pretreatment with 8-Br-cAMP 

prevents the appearance of fragmented mitochondria in t-BHP treated cells (Fig. 4c). Western blotting analysis with antibodies against caspase-9 and BAD 

proteins showed that 8-Br-cAMP, but not isoproterenol, prevented the t-BHP-induced decrease of these proteins (Fig. 4d), confirming the prevention of 

apoptosis by 8-Br-cAMP. As shown in Fig. 5 the pretreatment with 8-Br-cAMP also prevented the appearance of S-OPA1 form (Fig. 5a) and the decrease of 

Sirt3 protein level (Fig. 5b)in t-BHP treated cells. No effect was observed in the presence of isopro-conditions (Fig. S3). The effects of 8-Br-cAMP and 

isoproterenol have terenol (Fig. 5a). OMA1 is involved in proteolytic processing of OPA1 been analyzed on H9c2 control cells (untreated). Western blotting 

analand its degradation/activation has been reported in stress condition, yses showed that the total mitochondrial proteins (Tom 20, ESSS and thus we 

examined the protein level of OMA1. Western blotting analysis cyclophilin F proteins) (Fig. S2), caspase-9, BAD, OPA1 and Sirt3 (Fig. showed that no 

change in OMA1 level was present in our experimental S4) were not affected by these treatments.  

3.4. cAMP/PKA pathway and mitochondrial proteases are involved in the prevention of apoptosis  

cAMP cascade can have, as targets, PKA or exchange protein directly activated by cAMP (Epac). The downstream targets of cAMP involved in the 

prevention of apoptosis were evaluated using H89, inhibitor of PKA and 8-pCPT-2′-O-Me-cAMP (8pCPT), analog of cAMP specific for Epac activation. Fig. 6 

shows that H89 abolished the positive effect exerted by 8-Br-cAMP on apoptosis as show by DAPI staining (Fig. 6a). No change in nuclei DAPI staining after 

t-BHP treatment was observed in 8pCPT pretreated cells (Fig. 6a). Furthermore the data presented in Fig. 6b show that the pretreatment of the H9c2 cells 

with MG132, an inhibitor of proteasome, as well as, of mitochondrial Lon proteases [38,39], prevented the t-BHP-induced apoptosis (Fig. 6b) while the 

pretreatment with epoxomicin, a specific proteasome inhibitor [40] had no effect (Fig. 6b). Moreover, MG132 also prevented apoptosis in the presence of 8-

Br-cAMP plus H89 (Fig. 6b). Fig. 6c shows the effects of 8-Br-cAMP, H89, 8pCPT, MG132, epoxomicin and their combination on decreased level 

(proteolysis/activation) of caspase-9 in the t-BHP treated cells. The H89 abolished the positive effect exerted by 8-Br-cAMP on the t-BHP-dependent 

decrease of caspase-9. No effect was observed in the cells pretreated with 8pCPT or epoxomicin. Again, the pretreatment of the H9c2 cells with MG132, 

alone or in the presence of 8-Br-cAMP and H89, prevented the t-BHP-dependent decrease of caspase-9 (Fig. 6c).  



As shown by LSCM images, the t-BHP-dependent decrease of membrane potential and the t-BHP-dependent mitochondrial fragmentation (Fig. 7), as well 

as, the cytochrome c release (Fig. S5) were prevented by 8-Br-cAMP. H89 removed the positive effect exerted by 8-Br-cAMP. The cells pretreatment with 

8pCPT or epoxomicin did not prevent these mitochondrial parameters. MG132 alone or in combination with 8-BrcAMP and H89 prevented the t-BHP-

dependent decrease of mitochondrial membrane potential and t-BHP-dependent mitochondrial fragmentation (Fig. 7) and the cytochrome c release (Fig. 

S5).  

Immunofluorescence analysis of DRP-1 localization showed that the pretreatment of the cells with 8-Br-cAMP prevented the t-BHP-induced mitochondrial 

translocation (Fig. 8). The presence of H89 abolished the effect of 8-Br-cAMP. The analysis of the pretreated cells with 8pCPT showed a partially 

mitochondrial translocation and much cellular diffusion of DRP-1. In the pretreated cells with epoxomicin or MG132, alone or in combination with 8-Br-

cAMP and H89, DRP-1 appeared to be almost totally co-localizated with mitochondria with low cellular diffusion (Fig. 8).  

We next examined the effects of 8-Br-cAMP, H89, 8pCPT, MG132, epoxomicin and their combination on Sirt3 protein level. The treatment of H9c2 cell 

cultures with H89 abrogated the positive effect of 8-Br-cAMP on Sirt3 protein level (Fig. 9a), 8pCPT and epoxomicin did not avoid the decrease of Sirt3 

protein level in t-BHP treated cells. MG132 alone, or in combination with 8-Br-cAMP and H89, prevented the t-BHP-induced decrease of Sirt3 (Fig. 9a). No 

effects were observed on Sirt3 and caspase-9 protein levels and mitochondrial membrane potential and network, when 8-Br-cAMP, H89, 8pCPT, MG132, 

epoxomicin were used on untreated cells (Fig. S6). Fig. 9b shows the acetylation status of OPA1. The OPA1 was immunoprecipitated from untreated cells, t-

BHP-treated cells and pretreated cells with 8-Br-cAMP or MG132. The western blotting analysis on the immuno-precipitated samples, performed with anti-

body against acetylated lysine, showed bands at the same molecular weight of those immuno-revealed by the antibody against OPA1 (Fig. 9b). In the t-BHP 

treated cells the antibody against acetyl-lysine also immuno-revealed bands corresponding to the S-OPA1 forms that were only partially detectable in 8-Br-

cAMP or MG132 preatreated cells (Fig. 9b). The densitometric analysis shows that the acetylation bands, normalized on the amount of immuno-

precipitated OPA1, resulted more abundant in t-BHP treated cells with respect to untreated cells (Fig. 9b). The pretreatment with 8-Br-cAMP or MG132 

reduced the increase of acetylation (Fig. 9b).  

 

4. Discussion  

Cardiac diseases are associated with increased ROS level and mito-

chondrial dysfunction that bring to mitochondrial apoptosis [4,41]. 

Although, the molecular mechanism of mitochondrial apoptosis is largely 

studied, the molecular components regulating mitochondrial network 

remain to be completed and interconnected among them. In fact, a 

number of signals and proteins have been found to be involved in this 

process. Among these, cAMP signal, OPA1 fusion protein and Sirt3 

deacetylase enzyme represent an example of signals and proteins that 

govern the mitochondrial metabolism and that are involved in the 

mitochondrial apoptosis. The present work shows a possible mechanism 

networking these main actors in cardiomyoblasts H9c2 cells.  

The oxidative stress triggers a series of events which lead to 

apoptosis of these cells, as shown by caspase proteolysis/activation, 

cytochrome c release, DRP-1 translocation, changes in the mitochondrial 

morphology, appearance of S-OPA1 form and reduction of mitochondrial 

Sirt3 protein level (Figs. 1 and 2). The analysis of cAMP levels, by FRET, 

shows a selective and rapid loss of mitochondrial cAMP which seems to 

play an important role in triggering apoptosis, no effect has been 

observed in the cytosolic cAMP level. Indeed, all the analyzed parameters 

of mitochondrial apoptotic pathway indicate that the pretreatment of the 

cells with the permeable analogous of cAMP, 8-Br-cAMP, prevents the 

triggering of events that lead to apoptosis. Interestingly pretreatment 

with β-agonist, isoproterenol, that induces activation of tmAC with 

increasing of cytosolic cAMP, had no effect in preventing apoptosis, 

indicating a specificroleof mitochondrial pool of cAMP in the prevention 

of apoptosis in H9c2 cells. Several studies report mitochondrial 

morphology changes during apoptosis with the involvement of DRP-1 and 

OPA1 [13,42],in particular OPA1 mitochondrial fusion protein is involved 

in these morphological changes during heart failure [14], and 

overexpression of OPA1 confers apoptotic resistance [43], whereas loss 

OPA1 increases the apoptotic sensitivity of cells [44]. In addition, 

apoptosis is associated to complete conversion of L-OPA1 in S-OPA1. The 

present results show that decrease of mitochondrial cAMP level is 

associated with the appearance of S-OPA1 form which was prevented by 

8-Br-cAMP, but not by isoproterenol. cAMP has as targets PKA and Epac, 

both found to be localized in the mitochondria [45–47]. The data show 

that the positive effect in the prevention of apoptosis exerted by 8-Br-

cAMP was abolished by H89, inhibitor of PKA, while Epac activation by 8-

pCPT-2′-O-Me-cAMP had no effect in the prevention of apoptosis, thus 

indicating an involvement of cAMP/PKA pathway. Our results 

demonstrate that the level of mitochondrial cAMP can control the 

processing of OPA1. In addition OPA1 is hyperacetylated under stress 

conditions and Sirt3 deacetylates and activates OPA1 [48]. The 

mitochondrial deacetylase Sirt3, regulates the activity of numerous 

mitochondrial enzymes, is portrayed as a mitochondrial fidelity protein 

[49]. We found that t-BHP treatment and apoptosis are associated with a 

decreased level of Sirt3. A previous work [50] observed that exogenous 

cAMP increased Sirt3 level and speculated about a possible susceptibly of 

Sirt3 for mitochondrial proteases under reduction of cAMP level. Further-

more, we showed that a decrease of mitochondrial cAMP resulted in an  
Fig. 8. Effect of cAMP/PKA signaling and MG132 on DRP-1 mitochondrial translocation. For 

experimental conditions see the legend to Fig. 6. Representative images by LSCM of 

immunofluorescence of H9c2 cells probed with MitoTracker and immunostained with antibody 

against DRP-1.  

activation of mitochondrial proteases [29]. Insight into the mechanism of 

the role of mitochondrial cAMP in the t-BHP-induced apoptosis is provid-

ed by the effect of the protease inhibitors on the Sirt3 protein level. In 

fact, MG132, an inhibitor of mitochondrial proteases as well as of the 

cytosolic proteasome [see refs. 38, 39] rescued the protein level of Sirt3 

and the tBHP-induced apoptosis in H9c2 cells. Epoxomicin, that inhibits 

specifically the cytosolic proteasome had no effect in these conditions. 

This indicates a role of mitochondrial proteases in t-BHP-induced 

apoptosis. Furthermore, MG132 prevented apoptosis also in the presence 

of H89 that, in turn, abolished the effect of 8-Br-cAMP on t-BHP-induced 

apoptosis, suggesting a downstream effect of MG132.MG132 

pretreatment,as well as 8-Br-cAMP, also rescued the t-BHP-induced 

mitochondrial fragmentation. The fragmentation occurring during the 

apoptotic stress appears to be associated with both OPA1 degradation 

and DRP-1 mitochondrial translocation (Figs. 1 and 2). The prevention 

effect 8-BrcAMP was exerted on both OPA1 digestion and DRP-1 

mitochondrial translocation (Figs. 5 and 8), in fact 8-Br-cAMP is a 

permeant analog of cAMP that, acting widely, can activate the cytosolic 

PKA that, in turn, phosphorylates DRP-1 inhibiting its mitochondrial 

translocation [51]. However, the activation of cytosolic cAMP cascade by 

isoproterenol did not prevent stress-induced apoptosis, as showed by 

DAPI staining and cytofluorimetric analysis (Fig. 4), and OPA1 processing 

(Fig. 5). Moreover, MG132, that prevented apoptosis (Fig. 6) and OPA1 

processing (Fig. 9) did not prevent the t-BHP-induced DRP1 

mitochondrial translocation. All these data suggest that the change of 

mitochondrial morphology is due mainly to OPA1. Furthermore, it has 

been observed an increase of the acetylation status of OPA1 in the t-BHP 

treated cells that was prevented by both 8-Br-cAMP and MG132 (Fig. 9). 

However, even if the OPA1 processing is prevented by MG132, its 

acetylation status, although reduced with respect to t-BHP-treated cells, 

according to the increased Sirt3 level, appears to be abundant indicating 

that another additional mechanism could take place in the presence of 

MG132.  

Thus, our data indicate that the reduction of mitochondrial cAMP pool 



lead to reduction of Sirt3 protein level by its degradation that, in turn, 

causes a hyperacetylation of OPA1 [48]. This triggers the conversion of L.-

OPA1 into S-OPA1 and consequent mitochondrial apoptosis. The 

sustained level of cAMP, by a preventive addition to H9c2 cell cultures of 

8-Br-cAMP, reduces the number of cells undergoing apoptosis promoting 

cell life. In conclusion this study correlates the two main post-

translational modifications, phosphorylation and acetylation, that regulate 

the mitochondrial activities.  
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Figure legends: 



 
Fig. 1. t-BHP treatment results in increase of number of apoptotic cells, decrease of mitochondrial membrane potential and release of cytochrome c. 
Experimental conditions: the H9c2 cells were cultured in standard condition (untreated (UN)) or treated with 50 or 100 μM t-BHP. After 45 min of 
treatment with t-BHP, the medium was changed and the cells cultured for further 2 h, before being used for the analyses. 
(a) The cytofluorimetric analysis of cells double labelled with Fluorescein Annexin V/PI, was performed to detect the percentage of apoptotic H9c2 cells 
untreated (UN) or treated with t-BHP. The histograms represent the means of values ± SEM (standard error of the mean) of different experiments (n = 5). 
(b) Representative images by LSCM of DAPI stained cells. The analysis of intensity of fluorescence was obtained by Leica software. The histograms 
represent the means of values of arbitrary units of fluorescence (AUF) ± SEM of different experiments (n = 5). 
(c) Representative images of mitochondrial membrane potential, monitored by confocal microscopy using the MitoTracker probe. LSCM images are shown 
at low and high magnification. The analysis of intensity of fluorescence was obtained by Leica software. The histograms represent the means of values of 
AUF ± SEM of different experiments (n = 5). 
(d) Representative images by LSCM of immunofluorescence obtained probing H9c2 cells with MitoTracker and antibody against cytochrome c. 
 
Fig. 2. t-BHP treatment results in DRP-1 translocation, decrease of caspase-9, Bad and Sirt3 protein levels and processing of OPA1. For experimental 
conditions see Fig. 1. (a) Representative images by LSCM of immunofluorescence of H9c2 cells probed with MitoTracker and immunostained with antibody 
against DRP-1. (b–d) Proteins of cellular lysate were loaded on 8% SDS-PAGE, transferred to nitrocellulose membranes and immunoblotted with the 
antibodies indicated in the figure. Protein loading was assessed with the β-actin antibody. The histograms of caspase-9 (b), BAD (b) and Sirt3 (d) represent 
the percentage changes with respect to the arbitrary densitometric units (ADU) of untreated H9c2 cells (UN). The histograms of OPA1 (c) represent the 
percentage of ADU of L and S forms of OPA1 in each lane. The values are means ± SEM of different experiments (n = 5), *p < 0.05, **p < 0.01. Student's t-
test. For other details see under Materials and methods. 
 
Fig. 3. The t-BHP treatment induces decrease of mitochondrial cAMP level. (a and b) H9c2 cells were transfected (transiently) with the EPAC-
based FRET sensor target to cytosol (H96) or specifically to mitochondria (4mtH30). After 24 h, where indicated the cells were treated for 45 min with t-
BHP at 50 or 100 μM. The FRET analyses were performed at the time indicated. The histograms represent the means values ± SEM of net% FRET observed 
in different experiments (n = 4), *p < 0.05. Student's t-test. For other details see under Materials and methods. 
 
Fig. 4. 8-Br-cAMP prevents apoptosis in H9c2 cell cultures. Experimental conditions: the H9c2 cells were cultured in standard condition (untreated (UN)) 
or treated with 50 or 100 μM t-BHP as described in the legend to Fig. 1. Where indicated, before of t-BHP treatments, the cells were treated for 30 min with 
100 μM 8-Br-cAMP (8Br) or 1 μM isoproterenol (ISO) then the medium was changed and t-BHP treatment performed as described above. (a) 
Representative images of LSCM of DAPI stained cells. The analysis of intensity of fluorescence was obtained by Leica software. The histograms represent 
the means values of AUF ± SEM of different experiments (n = 5). Student's t-test. (b) The cytofluorimetric analysis of cells double labelled 
with Fluorescein Annexin V/PI, was performed to detect the percentage of apoptotic H9c2 cells treated with 8-Br-cAMP + t-BHP with respect to t-BHP at 
concentration indicated. The histograms represent the means of values ± SEM of different experiments (n = 5). (c) Representative images of mitochondrial 
membrane potential, monitored by confocal microscopy using the MitoTracker probe. LSCM images are shown at low and high magnification. (d) Proteins 
of cellular lysate were loaded on 8% SDS–PAGE, transferred to nitrocellulose membranes and immunoblotted with the antibodies against caspase-9 or 
BAD. Protein loading was assessed with the β-actin antibody. The histograms represent the percentage changes with respect to the ADU of untreated H9c2 
(UN). The values are means ± SEM of different experiments (n = 5), *p < 0.05, **p < 0.01. Student's t-test. For other details see under Materials and 
methods. 
 
Fig. 5. 8-Br-cAMP prevents the appearance of S-OPA1 form and the decrease of Sirt3 protein level. For experimental conditions see legends to Fig. 1, Fig. 4. 
(a, b) Proteins of cellular lysate were loaded on 8% SDS–PAGE, transferred to nitrocellulose membranes and immunoblotted with the antibodies 
against OPA1 and Sirt3. Protein loading was assessed by reprobing the blots with the β-actin antibody. (a) The histograms represent the percentage of ADU 
of L and S forms of OPA1 in each lane. (b) The histograms represent the percentage changes with respect to the ADU of untreated H9c2 (UN). The values 
are means ± SEM of different experiments (n = 4), *p < 0.05, **p < 0.01. Student's t-test. For other details see under Materials and methods. 
 
Fig. 6. cAMP/PKA signaling and mitochondrial protease inhibitor prevent DAPI staining and proteolysis/activation of caspase-9. Experimental conditions: 
the H9c2 cells were cultured in standard condition (untreated (UN)) or treated with 50 μM t-BHP. After 45 min of treatment with t-BHP, the medium was 
changed and the cells cultured for further 2 h, before being used for the analyses. Where indicated, before of t-BHP treatment, the cells were treated for 
30 min with 100 μM 8-Br-cAMP (8Br) or 8Br plus 5 μM H89 or 100 μM 8-pCPT-2′-O-Me-cAMP (8-pCPT) or 10 μM MG132 or 5 μM Epoxomicin (Epox) or 
8Br plus H89 plus MG132, then the medium was changed and t-BHP treatment performed as described above. (a and b) Representative images of LSCM of 
DAPI stained cells. (c) Proteins of cellular lysate were loaded on 8% SDS–PAGE, transferred to nitrocellulose membranes and immunoblotted with the 
antibody against caspase-9. Protein loading was assessed by the β-actin antibody. The histograms represent the percentage changes with respect to the 
ADU of untreated H9c2 (UN). The values are means ± SEM of different experiments (n = 5), *p < 0.05, **p < 0.01. Student's t-test. For other details see 
under Materials and methods. 
 
Fig. 7. cAMP/PKA signaling and MG132 prevent the decrease of mitochondrial membrane potential and mitochondrial fragmentation. For experimental 
conditions see the legend to Fig. 6. Representative images of mitochondrial membrane potential, monitored by confocal microscopy using the MitoTracker 
probe. LSCM images are shown at low and high magnification. 
 
Fig. 8. Effect of cAMP/PKA signaling and MG132 on DRP-1 mitochondrial translocation. For experimental conditions see the legend to Fig. 6. Representative 
images by LSCM of immunofluorescence of H9c2 cells probed with MitoTracker and immunostained with antibody against DRP-1. 
 
Fig. 9. cAMP/PKA signaling and MG132 prevent the decrease of protein level of Sirt3 and control the acetylation of OPA1 (a) For experimental conditions 
see the legend to Fig. 6. Proteins of cellular lysate were loaded on 8% SDS–PAGE, transferred to nitrocellulose membranes and immunoblotted with the 
antibody against Sirt3. Protein loading was assessed by immunoblotting with the β-actin antibody. The histograms represent the percentage changes with 
respect to the ADU of untreated H9c2 (UN). The values are means ± SEM of different experiments (n = 4). (b) Experimental conditions: the H9c2 cells were 
cultured in standard condition (untreated (UN)) or treated with 50 μM t-BHP. After 45 min of treatment with t-BHP, the medium was changed and the cells 
cultured for further 2 h, before being used for the analyses. Where indicated, before of t-BHP treatment, the cells were treated for 30 min with 8-Br-cAMP 
(8Br) or MG132, then the medium was changed and t-BHP treatment performed as described above. Proteins of cellular lysate were immunoprecipitated 
with antibody against OPA1, loaded on 8% SDS–PAGE, transferred to nitrocellulose membranes and immunoblotted with the antibodies against OPA1 and 
acetylated-lysine. The histograms represent the percentage changes with respect to the ADU of untreated H9c2 (UN). The values are means ± SEM of 
different experiments (n = 3), *p < 0.05, **p < 0.01. Student's t-test. For other details see under Materials and methods. 


