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The cAMP signaling pathway plays an essential role in mod-
ulating the apoptotic response to various stress stimuli. Until
now, it was attributed exclusively to the activity of the G-pro-
tein-responsive transmembrane adenylyl cyclase. In addition to
transmembrane AC, mammalian cells possess a second source
of cAMP, the ubiquitously expressed soluble adenylyl cyclase
(sAC). However, the role of this cyclase in apoptosis was
unknown. A mitochondrial localization of this cyclase has
recently been demonstrated, which led us to the hypothesis that
sAC may play a role in apoptosis through modulation of mito-
chondria-dependent apoptosis. To prove this hypothesis, apo-
ptosis was induced by simulated in vitro ischemia or by acidosis,
which is an important component of ischemia. Suppression of
sACactivitywith the selective inhibitorKH7or sACknockdown
by small interfering RNA transfection abolished endothelial
apoptosis. Furthermore, pharmacological inhibition or knock-
down of protein kinase A, an important cAMP target, demon-
strated a significant anti-apoptotic effect. Analysis of the under-
lying mechanisms revealed (i) the translocation of sAC to
mitochondria under acidic stress and (ii) activation of the mito-
chondrial pathway of apoptosis, i.e. cytochrome c release and
caspase-9 cleavage. sAC inhibition or knockdown abolished the
activation of the mitochondrial pathway of apoptosis. Analysis
of mitochondrial co-localization of Bcl-2 family proteins dem-
onstrated sAC- and protein kinase A-dependent translocation
of Bax to mitochondria. Taken together, these results suggest
the important role of sAC in modulating the mitochondria-de-
pendent pathway of apoptosis in endothelial cells.

Increasing evidence suggests that apoptosis of endothelial
cells (EC)3 may be responsible for acute and chronic vascular
diseases, e.g. through atherogenesis (1), endothelial dysfunction
(2), or thrombosis (3). Within several signaling mechanisms, a

cAMP-dependent signaling pathway plays a substantial role in
mediating apoptotic cell death induced by various stress fac-
tors. Elevation of the cellular cAMP either by forskolin-induced
stimulation of the G-protein-responsive transmembrane aden-
ylyl cyclase (tmAC) or by treatment with cAMP analogs has
been shown to lead to both induction and suppression of apo-
ptosis in different cell types (4–7). This discrepancymay be due
to differences in cell types and experimental models. Alterna-
tively, a lack of specificity of tmAC-induced signals, especially
directed to distant intracellular targets like mitochondria, may
be a cause of the discrepancy. Indeed, the classical model of
cAMP signaling requires the diffusion of cAMP from plasma
membrane-localized tmAC to targets localized throughout the
cell. Diffusion of cAMP throughout the cytosol makes it diffi-
cult to selectively activate distally localized targets without also
activating more proximal targets. Therefore, such diffusion of
cAMP would likely diminish specificity, selectivity, and signal
strength. This model is further complicated by the presence of
phosphodiesterases, which degrade cAMP, thus preventing its
diffusion.
In addition to tmAC, a second source of cAMP, soluble ad-

enylyl cyclase (sAC), was demonstrated formammalian cells (8,
9). Cytosolic localization of sAC provides both specificity and
selectivity by permitting generation of cAMPproximal to intra-
cellular targets. Furthermore, this model for cAMP action
incorporates phosphodiesterases, which would act to limit dif-
fusion and prevent nonspecific effector activation.
Whether sAC participates in apoptosis was unknown. A pre-

vious report demonstrated that sAC is co-localized with mito-
chondria (10). Becausemitochondria play a fundamental role in
apoptosis (11), we hypothesized that sAC may influence the
development of apoptosis by modulating the mitochondrial
pathway of apoptosis. Therefore, we aimed to examine the role
of sAC in apoptotic cell death, especially its role in the modu-
lation of the mitochondria-dependent pathway of apoptosis.
For this purpose, apoptosis was induced in rat coronary EC by
simulated in vitro ischemia or by acidosis. By applying pharma-
cological inhibition of sAC or small interfering RNA (siRNA)-
mediated sAC knockdown, we found that sAC activity is
required for the induction of apoptosis by ischemia or acidosis.
Additionally, translocation of sAC to mitochondria and the sAC-
dependent release of cytochrome c suggest that this cyclase spe-
cifically regulates the mitochondrial pathway of apoptosis.

EXPERIMENTAL PROCEDURES

Cell Culture—Coronary EC were isolated from 250–300-g
male Wistar rats and maintained in Earle’s minimal essential
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medium 199 supplemented with 10% fetal calf serum and 10%
newborn calf serum (12). The purity of the cell culture (�98%
EC) was confirmed by immunochemical staining with antibod-
ies against vonWillebrand factor and by uptake of 1,1�-diocta-
decyl-3,3,3�,3�-tetramethylindocarbocyanine perchlorate-la-
beled acetylated lowdensity lipoprotein as described previously
(13). Experiments were performed with monolayers reaching
90% confluence.
Experimental Protocols—To induce apoptosis, cells were

exposed to acidosis (pH 6.4) in M199 medium supplemented
with 2% serum for 3 h at 37 °C. Analysis of the buffer pH after
acidic treatment did not reveal any significant alteration. Alter-
natively, apoptosis was induced by treatment with simulated
ischemia (glucose-free anoxia at pH 6.4) for 2 h at 37 °C as
described previously (14). KH7 (10 �mol/liter; ChemDiv Inc.)
(15), 2�,5�-dideoxyadenosine (50 �mol/liter; Calbiochem),
H-89 (3 �mol/liter; Calbiochem), or adenosine cyclic 3�:5�-
monophosphorothioate (30 �mol/liter; Calbiochem) was applied
simultaneously with acidosis or simulated ischemia. At the end of
the experiments, floating cells were collected and used together
with attached cells for further analyses.We found that�5%of the
cells were floating at the end of the experiments.
Caspase-3 Activity Assay—Caspase-3 activity in cell extracts

was detected using a colorimetric caspase-3 cellular activity
assay kit (Calbiochem) based on the cleavage of the synthetic
caspase substrate-1 linked to the chromophore p-nitroanilide
(acetyl-DEVD-p-nitroanilide). Preparation of cell extracts and
analysis of caspase-3 activity were performed according to the
manufacturer’s protocol. The amount of hydrolyzed substrate
was measured as absorbance at 405 nm. The activity of
caspase-3was calculated as themaximal increase in absorbance
per 0.5 � 106 cells within 30 min.
Hoechst 33342 and Propidium Iodide Staining—To distin-

guish between apoptotic and necrotic cells, nuclei were stained
with Hoechst 33342 and propidium iodide as described previ-
ously (16). For quantitative assay, a blind analysis of 200–300
nuclei from four to five randomized fields was applied. Cells
were scored as apoptotic when nuclei stained with Hoechst
33342 produced unequivocal bright blue fluorescence due to
chromatin condensation.
TUNEL Staining—TUNEL staining using the in situ cell

death detection kit (TMR red) from Roche Diagnostics GmbH
(Mannheim, Germany) was performed according to the manu-
facturer’s instructions. Sampleswere analyzedwith a LeicaTCS
SP2 confocal microscope. Four culture dishes (each with 200–
300 cells) per group were scored for TUNEL analysis.
Western Blotting—Cells were lysed in buffer containing 50

mmol/liter Tris-HCl (pH 8.0), 150 mmol/liter NaCl, 0.1% SDS,
1.0% Igepal, 0.5% sodium deoxycholate, 0.1 mmol/liter phenyl-
methylsulfonyl fluoride, and 1:100 protease inhibitor mixture
(Sigma). Protein concentrations were quantified using a Pierce
protein assay kit. Equal amounts of total proteins were sepa-
rated on SDS-polyacrylamide gels. Separated proteins were
transferred to nitrocellulose membrane. The primary antibod-
ies used were sAC (clone R21 kindly provided by Dr. J. Buck,
Cornell University) (10); cytochrome c (Sigma); cytochrome
oxidase IV (Molecular Probes); actin (Chemicon International);
caspase-3, caspase-9, Bax, Bad, BclxL, Bcl-2, and protein kinase

A� (PKA�) catalytic subunit (Cell Signaling); tmAC-6
(Abcam); and Bim (Stressgen). Specific bands were visualized
after incubation with peroxidase-linked/horseradish peroxi-
dase-labeled secondary antibodies by chemiluminescence
using an ECL� kit (Amersham Biosciences). Equivalent sample
loading was confirmed by stripping membranes with Restore
Western blot stripping buffer (Pierce), followed by treatment
with antibodies against actin.
Subcellular Fractionation—Subcellular fractionation was

performed essentially as described byVanderHeiden et al. (17).
Briefly, cells were permeabilized by resuspension in buffer con-
taining 210 mmol/liter sucrose, 20 mmol/liter HEPES-KOH
(pH 7.5), 10 mmol/liter KCl, 1.5 mmol/liter MgCl2, 1.0 mmol/
liter EDTA, 1.0 mmol/liter EGTA, 1.0 mmol/liter dithiothrei-
tol, 0.1 mmol/liter phenylmethylsulfonyl fluoride, 1:100 prote-
ase inhibitor mixture, and 0.04% digitonin. To sediment nuclei
and cellular debris, cell suspensionswere centrifuged at 600� g
for 10min at 4 °C. The supernatant was centrifuged at 15,000�
g for 30 min at 4 °C. After this centrifugation, the pellet was
defined as the mitochondrial fraction and the supernatant as
the cytosolic mitochondria-free fraction. The purity of the
cytosolic fraction was confirmed by the absence of cytochrome
oxidase IV.
siRNA Transfection—Knockdown of sAC was achieved by

treatment of EC with siRNA duplexes corresponding to the
sAC RNA sequence (Dharmacon catalog no. M-095523-00) or
to the catalytic subunit of PKA� (Cell Signaling catalog no.
6406). In the control group, ECwere treatedwith non-targeting
siRNA duplexes (Dharmacon catalog no. D-001810-01). Cells
were transfected according to the manufacturers’ instructions.
Briefly, cells were seeded 1 day before transfection in M199
mediumcontaining 10% fetal bovine serumwithout antibiotics.
Targeting siRNA or non-targeting siRNA was mixed with Oli-
gofectamine (Invitrogen) in Opti-MEM I (Invitrogen) for 15
min at room temperature and then added to the culture
medium at a final concentration of 60–100 nmol of either oli-
gonucleotide/liter. Cells were incubated at 37 °C for 72 h. Pro-
tein expression was determined by Western blotting using a
specific antibody for sAC, which revealed 89 � 4% (n � 5)
reduction of sAC and 86 � 6% (n � 4) reduction of PKA�.
Immunocytochemistry and Confocal Imaging—Cells at-

tached to culture dishes were washed twice with phosphate-
buffered saline and fixed with 4% paraformaldehyde. For mito-
chondrial detection, cells were treated for 15 min with 0.5
mg/ml MitoTracker Red (Molecular Probes). After washing
with phosphate-buffered saline, the cells were additionally
fixed for 5 min with 4% paraformaldehyde, permeabilized with
0.05% Triton X-100, and incubated with mouse monoclonal
anti-sAC antibody, followed by treatment with Alexa 488-con-
jugated donkey anti-mouse IgG (Dianova). The cells were
examined with a Leica TCS SP2 laser scanning confocal micro-
scope. Series of confocal optical sections were taken at 0.5-�m
intervals using a Leica Planapo 63/1.4 objective lens. Each
recorded image was taken using dual-channel scanning and
consisted of 1024 � 1024 pixels.
For quantitative analysis of co-localization of sACwithmito-

chondria, four cultures per group were used. The confocal set-
tings had been standardized for all experimental groups to
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ensure that the images collected demonstrated a full range of
fluorescence intensity from 0 to 255 intensity levels and were
kept constant for recording of data in all measurements. Ten
randomly selected fields with 80–120 cells per field were inves-
tigated per each culture. Confocal images were transferred as
binary data to a Silicon Graphics workstation to display the
histograms of fluorescence intensity distribution and to calcu-
late the percentage of co-localization in the Voxel Shop and
Colocalization programs (Bitplane AG, Zürich, Switzerland).
Cellular cAMPAnalysis—Analysis of the total cellular cAMP

content was performed immediately after 2 h of acidic treat-
ment using the cAMP (direct) enzyme immunoassay kit from
AssayDesigns. Preparation of cell extracts and cAMPmeasure-
ment were performed according to the manufacturer’s proto-
col. The measured absorbance at 405 nm was used to calculate
the concentration of cAMP, applying a calibration curve.
Statistical Analysis—Data are given as means � S.E. Com-

parison of means between the groups was performed by one-
way analysis of variance, followed by the Bonferroni post hoc
test. Statistical significance was accepted when p was �0.05.

RESULTS

sAC Is Involved in Simulated Ischemia- or Acidosis-induced
Apoptosis of EC—Under control conditions, i.e. incubation of
EC in cell culturemedium suppliedwith 2% serum for 16 h, only
a few apoptotic cells (4.2 � 0.7%, n � 10) and no significant
caspase-3 activity were found. Exposure to simulated in vitro
ischemia, i.e. glucose-free anoxia in combination with acidosis

(pH 6.4), for 3 h led to a significant
increase in the number of apoptotic
cells (28.3 � 1.6%, n � 11) and
caspase-3 activity (Fig. 1A). To
examine the role of sAC in EC apo-
ptosis, treatment with the selective
sAC inhibitor KH7 (10 �mol/liter)
was performed (15). Previous stud-
ies demonstrated that KH7 at a sim-
ilar range of concentrations inhibits
sAC in various cell types (15, 18). In
our model, KH7 applied at concen-
trations of 1–100 �mol/liter re-
vealed a marked anti-apoptotic
effect and no necrotic effect at
10 �mol/liter (data not shown). In-
hibition of sAC with KH7 during
ischemic treatment abolished the
acidosis-induced increase in the
caspase-3 activity and significantly
reduced the number of apoptotic
cells (Fig. 1A). Similarly, treatment
with the pan-caspase inhibitor ben-
zyloxycarbonyl-VAD-fluoromethyl
ketone during simulated ischemia
prevented EC apoptosis, demon-
strating the caspase-dependent
apoptosis in EC induced by ische-
mic stress.
Because acidosis is an important

component of ischemia and can trigger apoptosis in various cell
types (19–21), we further examined whether sAC may play a
role in acidosis-induced apoptosis. Similar to the ischemic
treatment, inhibition of sAC with KH7 abolished the acidosis-
induced rise in caspase-3 activity and reduced the number of
apoptotic cells (Fig. 1B).
To determine whether the anti-apoptotic effect of KH7 may

be reversed by an external supply of cAMP, treatment with the
cAMP analog 8-bromo-cAMP (30 �mol/liter) was carried out
during acidosis. The effect of KH7 was completely abolished
(Fig. 1B).
To rule out the possibility of nonspecific inhibitory effects of

KH7 on caspase-3, we performed a test in which KH7 was
applied together with recombinant caspase-3 in the caspase-3
activity assay. The test demonstrated no significant effect of
KH7 on caspase-3 activity (data not shown).
Knockdown of sAC Prevents Acidosis-induced Apoptosis

of EC—To further support a role of sAC in apoptosis of coro-
nary EC, expression of sAC was suppressed by pretreatment
with sAC-specific siRNA. Transfection of EC with siRNA
reduced the 50-kDa sAC protein by 89 � 4% (Fig. 2A). In con-
trast, no significant effect was found on expression of tmAC-6,
which is the main tmAC isoform expressed in non-myocyte
cells in heart (22). Analysis of apoptosis revealed that the aci-
dosis-induced activation of caspase-3 and the rise in apoptotic
cell number were significantly suppressed by siRNA treatment,
whereas treatment with non-targeting siRNA had no effect on
these parameters (Fig. 2B). The extent of the apoptosis suppres-

FIGURE 1. Apoptosis of EC is abolished by suppression of sAC. A, exposure to simulated ischemia (SI; glu-
cose-free anoxia at pH 6.4) induced an increase in caspase-3 activity and the number of apoptotic cells
(Hoechst 33342 staining of nuclei) compared with control cells (Con), which was suppressed by inhibition of
sAC (10 �mol/liter KH7). A similar effect was found upon treatment with the pan-caspase inhibitor benzyl-
oxycarbonyl-VAD-fluoromethyl ketone (zVAD-fmk; 50 �mol/liter). B, exposure to acidosis (Ac) induced an
increase in caspase-3 activity and the number of apoptotic cells (Hoechst 33342 staining of nuclei), which was
suppressed by inhibition of sAC (10 �mol/liter KH7). The effects of KH7 treatment were abolished by addition
of the cAMP analog 8-bromo-cAMP (8Br; 30 �mol/liter). Values are means � S.E. (n � 7–11). *, p � 0.05 versus
simulated ischemia or acidosis. a.u., arbitrary units.
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sion induced by sAC knockdown was comparable with phar-
macological inhibition of sAC by KH7 treatment (Fig. 1B).
Therefore, sAC knockdown and the pharmacological inhibi-
tion strongly support the involvement of sAC in apoptosis of EC
under acidic stress.
To substantiate the apoptosis analysis, TUNEL staining of

the nuclei was performed (supplemental Fig. 1). This apoptosis
detection method confirmed our data obtained by Hoechst
33342 staining and caspase-3 activity measurement and dem-
onstrated similar alterations of EC apoptosis (Fig. 2C).
tmAC Is Not Involved in Acidosis-induced Apoptosis of EC—

To test whether tmACmay participate in apoptosis, treatment
with 50 �mol/liter 2�,5�-dideoxyadenosine (ddAdo), a potent

inhibitor of tmACs (23), was per-
formed. No significant alteration in
apoptotic parameters under control
conditions or under acidic stress
was detected after this treatment
(Fig. 3). Similarly, no changes in
cAMP content were found upon
treatment with ddAdo (Fig. 4A). In
contrast, treatment with ddAdo
prevented a forskolin-induced rise
in cAMP content (Fig. 4B), demon-
strating a sufficient potency of
ddAdo to inhibit tmAC. Therefore,
these data suggest a minor role of
tmAC under acidic stress. Artificial
stimulation of tmAC during acidic
stress, i.e. forskolin treatment, sig-
nificantly suppressed apoptosis of
EC (Fig. 3).
The cAMP-PKA Pathway Is

Involved in Acidosis-induced Apop-
tosis of EC—Conversion of ATP to
cAMP is the main function of aden-
ylyl cyclases. Therefore, we investi-
gated whether inhibition of sAC
corresponds to alteration of cellular
cAMP content. Treatment with
acidosis slightly but significantly
increased the cellular cAMP con-
centration compared with the con-
trol (Fig. 4A). Knockdown of sAC or
inhibition by KH7 treatment signif-
icantly reduced the cellular cAMP
level during acidic stress (Fig. 4A).
The effect of KH7was not due to the
nonspecific action on tmAC
because KH7 had no effect on for-
skolin-induced cAMP elevation
(Fig. 4B). This finding is in agree-
ment with previous data demon-
strating that KH7 has no effect on
tmAC when applied at concentra-
tions lower than 100 �mol/liter
(18).
Because PKA is a major intracel-

lular target for cAMP, we examined whether inhibition of PKA
may affect the apoptosis rate in our model. Treatment either
with the ATP-binding site inhibitor H-89 (3�mol/liter) or with
the cAMP-binding site inhibitor (Rp)-adenosine 3�,5�-cyclic
monophosphorothioate (30 �mol/liter) during acidic exposure
significantly reduced caspase-3 activity and the number of apo-
ptotic cells (Fig. 4C). Furthermore, knockdown of the catalytic
subunit of PKA� (Fig. 4D) similarly suppressed apoptosis of EC
(Fig. 4C). Thus, PKA seems to play an essential role in the reg-
ulation of acidosis-induced apoptosis downstream of sAC.
Mitochondria Play an Essential Role in sAC-dependent

Apoptosis—Themitochondrial localization of sACwas demon-
strated previously in several cell types (10), which supposes the

FIGURE 2. Knockdown of sAC prevents acidosis-induced apoptosis of EC. A, Western blot of sAC and
tmAC-6 prepared from extracts of EC after treatment with sAC-specific siRNA (siRNA-sAC) or non-targeting
siRNA (nRNA) for 72 h. Data are representative of three to four independent experiments with similar results.
Con, control cells. B, knockdown of sAC by treatment with siRNA prevents the acidosis (Ac)-induced increase in
caspase-3 activity and the number apoptotic cells. No significant effects were found after equal treatment with
non-targeting siRNA. Values are means � S.E. (n � 6 –11). *, p � 0.05 versus acidosis. a.u., arbitrary units.
C, statistical analysis of the number of TUNEL-positive apoptotic EC. Conditions were similar to those described
for Figs. 1B and 2B. Values are means � S.E. (n � 4). *, p � 0.05 versus acidosis.
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involvement of mitochondria in the pro-apoptotic action of
sAC. To test this hypothesis, we first investigated the mito-
chondrial co-localization of sAC in EC. For this purpose,
immunocytochemistry (supplemental Figs. 2–4) and Western
blot (Fig. 5A) analyses were carried out. Under control condi-
tions, only a low level of mitochondrial localization of sAC was
found in coronary EC. Treatment with acidosis dramatically
enhanced the mitochondrial localization of sAC, indicating the
acidosis-induced mitochondrial translocation of sAC. In addi-
tion, the release of cytochrome c frommitochondria was exam-
ined. Upon acidic treatment, cytosolic cytochrome cwasmark-
edly increased, accompanied by cleavage of downstream
caspases, i.e. caspase-9 and caspase-3 (Fig. 5B). Treatment with
KH7 abolished the acidosis-induced cytochrome c release and
caspase cleavage.
To understand more about the underlying cellular mecha-

nisms of the sAC-dependent regulation of the mitochondrial
pathway of apoptosis, the mitochondrial co-localization of the
pro- and anti-apoptotic Bcl-2 family proteins, i.e.Bad, Bax, Bim,
Bcl-2, and BclxL, was investigated. A marked mitochondrial
translocation of Bax, Bad, and Bimwas found upon acidic treat-
ment. However, only Bax translocation was prevented by inhi-
bition of sAC with KH7 treatment (Fig. 5, C–D). No significant
alteration in mitochondrial targeting of BclxL and Bcl-2 was
found in all protocols (data not shown). Similar to KH7 treat-

ment, knockdown of sAC also abolished activation of mito-
chondrial apoptosis and Bax translocation (Fig. 5E).
It has been shown previously that PKA may promote Bax

translocation tomitochondria by phosphorylation at Ser60 (24).
Therefore, we examined whether the sAC-dependent mito-
chondrial translocation of Bax also requires the active PKA.We
found that inhibition of PKA by treatment with 3 �mol/liter
H-89 or 30 �mol/liter adenosine cyclic 3�:5�-monophosphoro-
thioate significantly reduced the mitochondrial translocation
of Bax under acidic stress (Fig. 6). To demonstrate further the
importance ofmitochondrial Bax translocation for apoptosis in
our model, a linear regression analysis was performed, which
revealed a significant positive correlation between the amount
of mitochondrial Bax and the degree of apoptosis (caspase-3
activity and the number of apoptotic cells) under different
experimental conditions (Fig. 7).

DISCUSSION

The aim of this study was to investigate whether sAC plays a
role in apoptosis of coronary EC induced by ischemic or acidic
treatment and the signaling pathways that might be involved.
The main findings are as follows. (i) sAC plays a key role in
simulated ischemia- or acidosis-induced EC apoptosis. (ii) The
signaling pathway consists of the acidosis-induced transloca-
tion of sAC to mitochondria and the activation of the mito-
chondrial pathway of apoptosis, i.e. translocation of Bax to
mitochondria, release of cytochrome c, and cleavage of
caspase-9.
To examine the role of sAC, we chose twomodels simulating

common clinical situations, i.e. ischemia and acidosis. Ischemia
has been shown to be an important trigger of apoptosis (25, 26),
and ischemic acidosis is its essential pro-apoptotic component
(27). Besides ischemia, tissue acidification is relevant to several
pathologies, e.g. tumors (28) and inflammatory disease (29).
The pro-apoptotic effect of acidosis was demonstrated in vari-
ous cell types (19–21) as well as in the whole heart during car-
dioplegia (30) and in cardiac samples obtained from patients
undergoing cardiac surgery (27). Furthermore, cytosolic acidi-
fication seems to play a fundamental role in death receptor- and
mitochondria-dependent pathways of apoptosis (31, 32). In our
models of simulated ischemia or extracellular acidosis, a pro-
found cytosolic acidification, i.e. pH �6.5, was described previ-
ously (14, 33), and its importance for apoptosis of coronary EC
has been demonstrated (33).
In contrast to the pro-apoptotic effect of the severe extracel-

lular acidification (pH 6.4) observed in our study, mild acidosis
(pH 7.0) has been shown to produce an opposite, anti-apoptotic
effect (34). Obviously, this mild form of extracellular acidifica-
tion is not sufficient to induce apoptosis. In fact, there seems to
be a correlation between the observed extracellular pH value
and the apoptosis rate. As demonstrated in human atrial tissue
and neonatal rat cardiac myocytes, extracellular pH values of
�7.0 do not induce apoptosis, whereas extracellular pH values
of �6.5 accompany a significant increase in apoptosis (19, 27).
The precise cellular mechanism of acidosis-induced apoptosis
was poorly understood until now.
In this study, we analyzed the role of the cAMP-dependent

signaling pathway.Although the involvement of this pathway in

FIGURE 3. Inhibition of tmAC by treatment with ddAdo (50 �mol/liter) had no
effect on acidosis-induced apoptosis (Ac), whereas stimulation of tmAC with
forskolin (Forsk; 3 �mol/liter) significantly suppressed EC apoptosis. Values
are means � S.E. (n � 6 – 8). *, p � 0.05 versus acidosis. Con, control cells; a.u.,
arbitrary units.
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mediating apoptosis was demonstrated in several reports, the
data are still controversial. Apoptosis induced by serum depri-
vation (35) or by treatment with Fas ligand or staurosporine (7)
could be suppressed by elevation of cAMP through activation of
tmAC. Alternatively, several studies demonstrated that cellular
elevation of cAMP itself may lead to apoptosis and suppress
proliferation (5, 6). The basis for this discrepancy is still unclear
and may be due to differences in cell types or experimental
models. Apart from the nonspecific treatment with cAMP ana-
logs, the majority of these studies focused on tmAC signaling.
Whether the sAC-derived pool of cAMP may also play a role
in apoptosis remained unknown. Therefore, in this study, we

challenged the hypothesis that
sAC may be involved in apoptosis
induced by an ischemic milieu.
Applying two different tools, i.e.
pharmacological inhibition of sAC
with KH7 and sAC knockdown by
siRNA treatment, we demon-
strated that sAC plays a key role in
ischemia- or acidosis-induced
apoptosis. In contrast, tmAC
seems not to be involved in acido-
sis-induced apoptosis in coronary
EC because inhibition of this
cyclase with ddAdo had no effects
on cAMP content and apoptotic
parameters (Figs. 3 and 4A).

Interestingly, pharmacological
stimulation of tmAC during acidic
stress by treatment with forskolin
elevated cellular cAMP content and
suppressed acidosis-induced apop-
tosis, demonstrating an anti-apop-
totic effect of tmAC in our model.
This finding contradicts the pro-ap-
optotic role of sAC. The reason for
the opposite effects of these two
cyclases is still unclear. Increasing
evidence suggests that specificity of
signal transduction is dependent on
compartmentalization of the sec-
ond messenger and its effectors
within multiple signaling microdo-
mains. Regarding cAMP, such com-
partmentalization, either close to
the plasma membrane (tmAC
source) or in the vicinity of intracel-
lular organelles (sAC source), i.e.
mitochondria and nuclei (10), per-
mits cAMP to mediate various and
independent cellular effects. Indeed, a
recent study has demonstrated that
cAMP produced by tmAC and sAC
leads to different effects on PC12
cell migration (36). Furthermore,
using pulmonary EC, Sayner et al.
(37) observed opposite effects of

tmAC and sAC activation on the microvascular EC barrier. In
agreement with these reports, the results of this study further
emphasize the significance of the cellular compartmentaliza-
tion of the cAMP pools for triggering or preventing apoptosis.
Besides cAMP compartmentalization, a spatial pattern of

PKA distribution within the cell plays a significant role in the
regulation of cAMP signal transduction specificity. PKA signal-
ing is highly controlled by PKA-anchoring proteins, which
tether PKA pools and localize them at discrete subcellular
microdomains in close proximity to kinase-specific down-
stream substrates (38, 39). Because of the different subcellular
localization of sAC and tmAC pools of cAMP, recruitment of

FIGURE 4. Role of the cAMP-PKA pathway in acidosis-induced EC apoptosis. A, knockdown (siRNA trans-
fection) or inhibition of sAC with KH7 (10 �mol/liter) during treatment with acidosis (Ac) significantly reduced
the cellular content of cAMP. No effects were seen upon treatment with non-targeting siRNA (nRNA) or after
inhibition of tmAC by ddAdo (50 �mol/liter). Con, control cells. B, treatment with forskolin (Forsk; 3 �mol/liter,
2 h) elevated cAMP content. This effect was abolished by tmAC inhibition with ddAdo (50 �mol/liter) but not
by inhibition of sAC with KH7. C, knockdown of the catalytic subunit of PKA� (siRNA-PKA) or inhibition of PKA
with H-89 (3 �mol/liter) or with (Rp)-adenosine 3�,5�-cyclic monophosphorothioate (Rp-cAMPS; 30 �mol/liter)
during acidic exposure significantly attenuated acidosis-induced apoptosis of EC. Values are means � S.E. (n �
4 – 6). #, p � 0.05 versus the control; *, p � 0.05 versus acidosis. a.u., arbitrary units. D, shown is a Western blot of
the catalytic subunit of PKA� prepared from extracts of EC after treatment with PKA-specific siRNA for 72 h.
Data are representative of three independent experiments with similar results.
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PKA to different targets may lead to opposite, i.e. pro- or anti-
apoptotic, effects.
The activity of mammalian sAC has been shown to be stim-

ulated by bicarbonate and divalent cations, i.e.Ca2�,Mg2�, and
Mn2� (9, 40). The bicarbonate-dependent mechanism of sAC
activation seems irrelevant to our model because the bicarbon-

ate content in the incubation medium was not elevated. It has
been shown previously that incubation of coronary EC at extra-
cellular pH 6.4 leads to Ca2� overload (33, 41), which may con-
tribute to activation of sAC. Although we did not analyze the
specific activity of sAC, investigation of cellular cAMP revealed
a significant sAC-dependent elevation of this nucleotide under
acidic stress.
Mitochondria seem to be an important target in sAC-de-

pendent apoptosis. The role of mitochondria in ischemia- or
acidosis-induced apoptosis was demonstrated previously (27,
42). In agreement with these data, in this study, we observed
activation of the mitochondrial pathway of apoptosis. Further-
more, (i) mitochondrial translocation of sAC and (ii) preven-
tion of cytochrome c release, caspase-9 cleavage, and mito-
chondrial Bax translocation by inhibition of sAC clearly
demonstrate that activation of the mitochondrial pathway is
under the control of sAC. Although in our model the majority

FIGURE 5. sAC controls the mitochondrial pathway of apoptosis. A, West-
ern blot analysis of sAC in cytosolic and mitochondrial fractions before (con-
trol (Con)) and after treatment with acidosis (Ac). B, Western blot analysis of
cytosolic cytochrome c and cleaved caspase-9 and caspase-3 prepared from
extracts of control EC or EC exposed to acidosis with or without KH7 treat-
ment (10 �mol/liter). C and D, Western blot analysis of Bad, Bim, and Bax in
mitochondrial fractions of EC, followed by band optical density analysis. Val-
ues are means � S.E. (n � 4). *, p � 0.05 versus acidosis. r.u., relative units.
E, Western blot analysis of cytosolic cytochrome c, cleaved caspase-9, and mito-
chondrial Bax prepared from extracts of control EC or EC exposed to acidosis
without (Ac) or after knockdown of sAC (siRNA). All Western blot data are repre-
sentative of three to five independent experiments with similar results.

FIGURE 6. Western blot analysis of Bax in mitochondrial fractions (A), fol-
lowed by band optical density analysis (B), from control EC (Con) or EC
exposed to acidosis without (Ac) or with treatment with inhibitors of
PKA: 3 �mol/liter H-89 or 30 �mol/liter (Rp)-adenosine 3�,5�-cyclic
monophosphorothioate (Rp-cAMPS). Western blot data are representative
of four independent experiments with similar results. Values are means � S.E.
(n � 4). *, p � 0.05 versus acidosis. r.u., relative units.
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of cells (�93%) demonstrated a high level (�80%) ofmitochon-
drial co-localizationwith sACunder acidic stress, only�30%of
the cells became apoptotic. Thus, although sAC translocation
may participate in activation of the mitochondrial pathway of
apoptosis, it does not undoubtedly lead to cell death.
How sACmay control themitochondrial pathway of apopto-

sis is still obscure. Increasing evidence suggests that transloca-
tion of pro-apoptotic members of the Bcl-2 protein family, e.g.
Bax, from the cytosol to mitochondria, followed by permeabi-
lization of the outer mitochondrial membrane, is an important
initial mechanism for the release of mitochondrial cytochrome
c (43). Considering our finding that inhibition of sAC prevents
translocation of Bax to mitochondria (Fig. 5), one may suggest
that sAC participates in the activation and translocation of Bax
to mitochondria. In agreement with this finding, previous
reports demonstrated several mechanisms for cAMP-depend-
ent Bax regulation. First, cAMP-dependent PKA activation
may inhibit Akt (44), a prosurvival kinase that inactivates Bax
through Ser184 phosphorylation (24). Second, elevation of
cAMP may lead to activation of protein phosphatase 2A (45),

which in turn may lead to Bax activation through its dephos-
phorylation (46). Furthermore, Arokium et al. (24) reported
recently that PKA may promote mitochondrial Bax transloca-
tion through its phosphorylation at Ser60. In agreement with
this finding, the data of our study demonstrate that inhibition of
PKA during acidosis (i) significantly attenuated apoptosis and
(ii) reduced Bax translocation to mitochondria. These findings
therefore argue for PKA as a critical link between sAC and
mitochondrial Bax translocation.
In conclusion, sAC plays a key role in apoptosis of coronary

EC exposed to ischemic or acidic stress. Activation of themito-
chondrial pathway of apoptosis seems to be an underlying
mechanism of the pro-apoptotic action of sAC. Further inves-
tigation of the role of sAC in different apoptosismodels and cell
types may reveal new therapeutic approaches for the treatment
of apoptosis-dependent pathologies, e.g. tumor, neurodegen-
erative, and ischemic diseases.
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