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AKAP12 Upregulation Associates With PDE8A 
to Accelerate Cardiac Dysfunction
Hanan Qasim , Mehrdad Rajaei, Ying Xu , Arfaxad Reyes-Alcaraz, Hala Y. Abdelnasser, M. David Stewart , Satadru K. Lahiri , 
Xander H.T. Wehrens , Bradley K. McConnell

BACKGROUND: In heart failure, signaling downstream the β2-adrenergic receptor is critical. Sympathetic stimulation of β2-
adrenergic receptor alters cAMP (cyclic adenosine 3ʹ,5ʹ-monophosphate) and triggers PKA (protein kinase A)-dependent 
phosphorylation of proteins that regulate cardiac function. cAMP levels are regulated in part by PDEs (phosphodiesterases). 
Several AKAPs (A kinase anchoring proteins) regulate cardiac function and are proposed as targets for precise pharmacology. 
AKAP12 is expressed in the heart and has been reported to directly bind β2-adrenergic receptor, PKA, and PDE4D. However, 
its roles in cardiac function are unclear.

METHODS: cAMP accumulation in real time downstream of the β2-adrenergic receptor was detected for 60 minutes in live cells 
using the luciferase-based biosensor (GloSensor) in AC16 human-derived cardiomyocyte cell lines overexpressing AKAP12 versus 
controls. Cardiomyocyte intracellular calcium and contractility were studied in adult primary cardiomyocytes from male and female 
mice overexpressing cardiac AKAP12 (AKAP12OX) and wild-type littermates post acute treatment with 100-nM isoproterenol 
(ISO). Systolic cardiac function was assessed in mice after 14 days of subcutaneous ISO administration (60 mg/kg per day). 
AKAP12 gene and protein expression levels were evaluated in left ventricular samples from patients with end-stage heart failure.

RESULTS: AKAP12 upregulation significantly reduced total intracellular cAMP levels in AC16 cells through PDE8. Adult primary 
cardiomyocytes from AKAP12OX mice had significantly reduced contractility and impaired calcium handling in response to ISO, which 
was reversed in the presence of the selective PDE8 inhibitor (PF-04957325). AKAP12OX mice had deteriorated systolic cardiac 
function and enlarged left ventricles. Patients with end-stage heart failure had upregulated gene and protein levels of AKAP12.

CONCLUSIONS: AKAP12 upregulation in cardiac tissue is associated with accelerated cardiac dysfunction through the 
AKAP12-PDE8 axis.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.
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Heart failure (HF) is a chronic disease in which the 
heart cannot pump enough blood to meet the 
body’s demands.1 This impaired pumping of blood 

is partially due to insufficient contraction, which is 
highly regulated by GPCRs (G-protein coupled recep-
tors); βARs (β-adrenergic receptors).1 Downstream of 
βARs, cAMP (cyclic adenosine 3ʹ,5ʹ-monophosphate) is 
a second messenger that plays a major role in cardiac 

excitation-contraction coupling (ECC).2,3 The intracellular 
levels of cAMP are finely tuned based on the activities 
of ACs (adenylyl cyclases; enzymes that increase cAMP 
levels) and PDEs (phosphodiesterases; enzymes that 
reduce cAMP levels).1,4 To further ensure a more specific 
cellular response to distinct stimuli, spatial and temporal 
localization of cAMP is associated with AKAPs (A kinase 
anchoring proteins).5–7
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AKAPs belong to a family of scaffolding proteins that 
organize complex signal transduction events from the cell 
membrane–stimulated receptors through recruiting pro-
tein kinases, phosphatases, and other signal regulation 
molecules.6,7  The structural diversity of AKAPs dictates 
their scaffolding partners.6,7 However, all AKAPs have 
a highly conserved binding domain associated with the 

regulatory subunit of PKA (protein kinase A).6,7 To date, 
several AKAPs have been characterized in the heart, and 
are associated with cardiac contractility, development, 
and hypertrophy.7 Two AKAPs are known to bind directly 
to β2AR (β2-adrenergic receptor), namely AKAP5 and 
AKAP12.8 AKAP5's role in cardiac function has been 
delineated previously by Nichols et al,9 who reported that 
AKAP5 is required for sympathetic stimulation of the 
calcium transient in cardiomyocytes through scaffolding 
caveolin-3. On the other hand, AKAP12’s importance in 
cardiac function remains unclear.

AKAP12 (Gravin) is known to scaffold PKA, PDE4D3, 
PDE4D5, and β2AR.10–13 To the best of our knowledge, 
no studies reported that AKAP12 scaffolds to other 
PDEs. Interestingly, PDE8 is proposed to be located in 
lipid rafts in human airway smooth muscles, where it 
specifically regulates β2AR-AC6 signaling and airway 
remodeling.14 Our previous study demonstrated that the 
myristoylation of AKAP12-α at lysine residues is instru-
mental in directing AKAP12-α:β3-AR:PKA complexes to 
lipid rafts in adipocytes.15 Furthermore, PDE8A role in 
regulating ECC in ventricular cardiomyocytes has been 
described by Patrucco et al.16 Given the importance of 
physical cAMP distribution governed partially by AKAPs 
in regulating cardiac function, alongside the presence 
of AKAP12 and PDE8 in lipid rafts across various tis-
sues. This study aimed to investigate whether AKAP12 
scaffolds PDE8 in cardiomyocytes, and if increased car-
diac AKAP12 expression influences cardiac contractility 
downstream βAR via the AKAP12-PDE8 axis.

Nonstandard Abbreviations and Acronyms

β-AR β-adrenergic receptor
AC adenylyl cyclase
AKAP A-kinase anchoring protein
AKAP12OX  A kinase anchoring protein 12 

overexpression
cAMP cyclic adenosine 3ʹ,5ʹ-monophosphate
cTnI cardiac troponin-I
ECC excitation-contraction coupling
GPCR G-protein coupled receptor
HF heart failure
LV left ventricle
PDE phosphodiesterase
PKA protein kinase A
PLN phospholamban
PTX pertussis toxin
WGA wheat germ agglutinin
WT wild type

Novelty and Significance

What Is Known?
• AKAPs (A kinase anchoring proteins) form signalo-

somes that regulate cardiac function.
• AKAP12 scaffolds PKA (protein kinase A), and 

β-adrenergic receptor, both of which are important for 
cardiac contractility.

• Cardiac AKAP12’s roles are unclear.

What New Information Does This Article  
Contribute?
• PDE8A (phosphodiesterase 8A) is in the vicinity of the 

AKAP12 signalosome.
• Specific AKAP12 upregulation in mouse cardiomyo-

cytes significantly reduces cardiomyocyte contractility, 
which is reversed by inhibiting PDE8.

• AKAP12 upregulation in cardiac tissue accelerates 
cardiac maladaptive remodeling in animal models, and 
patients with end-stage heart failure have upregulated 
gene and protein levels of AKAP12.

This article delves into the intricate signaling mecha-
nisms of cardiac function, focusing on the role of 
AKAPs, specifically AKAP12. While AKAPs are known 
to form essential microdomains within cells, regulat-
ing cardiac function by scaffolding proteins like PKA 
and β-adrenergic receptor, the specific functions of 
AKAP12 in the heart remained unclear. This study 
reveals a close association between AKAP12 and 
PDE8A in adult primary cardiomyocytes. Upregula-
tion of AKAP12 in mouse cardiomyocytes significantly 
diminished contractility and calcium handling. Inhibiting 
PDE8 in cardiomyocytes with elevated AKAP12 expres-
sion enhances contractility downstream of βAR stimula-
tion. This research further demonstrates that AKAP12 
upregulation in cardiac tissue accelerates maladaptive 
remodeling and predisposes the heart to deteriorated 
cardiac function. Delineating that patients with end-
stage heart failure exhibit elevated gene and protein 
levels of AKAP12 underscores the clinical significance 
of these findings, emphasizing the novel and impactful 
nature of this research within the context of heart failure.



OR
IG

IN
AL

 R
ES

EA
RC

H

1008  April 12, 2024 Circulation Research. 2024;134:1006–1022. DOI: 10.1161/CIRCRESAHA.123.323655

Qasim et al AKAP12 Upregulation and Cardiac Function

METHODS
Data, Materials, and Code Disclosure Statement
All data and materials have been made publicly available using 
the online figshare data repository and can be accessed at 
https://doi.org/10.6084/m9.figshare.c.7154392.

Animal Studies
All animal studies have been approved by the Institutional 
Animal Care and Use Committee (protocol no. 17-017) and 
the ethics committee at the University of Houston (UH; no. 
UH-ACP-11-032). Animal care was provided for in AAALAC 
accredited animal barrier facilities at UH and has therefore 
been performed in accordance with the ethical standards laid 
down in the 1964 Declaration of Helsinki and its later amend-
ments. Animal studies have been performed in both males and 
females 8 to 12 weeks old.

Statistical Analysis
Data were processed using Microsoft Excel (RRID: 
SCR_016137), Vevo LAB 5.6.1, Image Lab, IonWizard 7.7.1, 
CytoSolver 3.0, ImageJ, and GraphPad Prism 8.2.1. (RRID: 
SCR_002798). All values are reported as the mean±SEM. 
Numeric data were first analyzed for normality using the 
Shapiro-Wilk test. Data with parametric distribution were ana-
lyzed by unpaired 2-tailed Student t test and 1-way ANOVA. 
For multiple comparisons, either the Holm-Sidak or Tukey post 
hoc multiple comparisons test was used. When significant 
departures from normality were observed by the Shapiro-Wilk 
test, nonparametric tests were used. For echocardiograms, 
2-way ANOVA and Sidak post hoc multiple comparisons test 
were used. P values of <0.05 were considered significant. 
Representative images and figures were chosen based on their 
proximity to the mean/average for each group.

For other materials and methods, please refer to Methods 
and Materials in the Supplemental Material.

RESULTS
AKAP12 Upregulation Reduces Intracellular 
cAMP Levels Post–β-Adrenergic Receptor 
Stimulation
AC16 cells were grouped into cells stably overexpressing 
AKAP12 (AKAP12-OX), using hygromycin-B selection, 
or controls (endogenous levels of AKAP12). AKAP12 
gene expression levels were significantly higher in the 
AKAP12-OX group (12.88±2.03, fold change) as com-
pared with controls (1.01±0.07, fold change; P=4.2×10−3; 
Figure 1A). Protein expression levels were also increased 
(15.25±1.19, fold change) in the AKAP12-OX group 
as compared with controls (1.00±0.16, fold change; 
P=2.9×10−4; Figure 1B and 1C).

In mammalian cells, increased intracellular cAMP 
levels in cardiomyocytes enhance both the speed 
(chronotropy) and force (inotropy) of contraction by 
activating PKA.17 cAMP production is catalyzed by 
ACs, which can be activated by the Gαs pathway 

downstream of stimulated βARs.17 On the other hand, 
decreased intracellular cAMP levels can be attributed 
to either heightened Gαi activity, which inhibits AC, or 
due to increased degradation of cAMP being cata-
lyzed by PDE.17,18

AKAP12 is proposed to scaffold PDE4D and binds 
to the β2AR.10,11 Consequently, we anticipated observ-
ing lower intracellular cAMP levels in the AKAP12-OX 
group. To assess this, we utilized the GloSensor-cAMP 
assay, a luciferase-based biosensor capable of detecting 
signaling events in real time.

As expected, AKAP12-OX—represented by the red 
color in this article—had significantly lower intracellular 
cAMP levels at the point of maximum response accu-
mulation ([cAMP]i Max; 47.25±13.29,%) compared with 
controls—represented by the blue color in this manu-
script—(86.76±5.30,%; P=5.3×10−3) downstream the 
stimulated β2AR when treated with 10-μM Epinephrine 
(Figure 1D).

To investigate if impaired Gαs signaling contributes 
to the reduced cAMP levels, we directly targeted ACs 
using 25-μM Forskolin. Results showed that AKAP12-
OX had significantly lower [cAMP]i Max (38.63±8.72,%) 
compared with controls (90.49±2.03,%; P=2.6×10−6; 
Figure S1A). This suggests that the reduced [cAMP]i Max 
in the AKAP12-OX group is not correlated to impaired 
Gαs pathway activation of ACs. However, this does 
not exclude the possibility of reduced AC levels in the 
AKAP12-OX group that could contribute to reduced 
[cAMP]i Max downstream Forskolin.

Higher Gαi activity arises from a combination of 
increased Gαi protein levels and increased activation 
of the pathway.19 Therefore, we pretreated cells with 
50-nM PTX (pertussis toxin) overnight before add-
ing 10-μM Epinephrine. PTX pretreatment resulted 
in significantly lower [cAMP]i Max in the AKAP12-
OX group (41.92±10.93,%) compared with controls 
(83.14±6.78,%; P=3.3×10−2; Figure S1B). Western 
blot analysis indicated comparable Gαi protein expres-
sion between the AKAP12-OX and control groups when 
cells were treated with Epinephrine (0.92±0.08 versus 
1.00±0.03, fold change; P=4.4×10−1; Figure S1C). 
These findings suggest that other factors are likely 
responsible for decreased [cAMP]i Max observed in the 
AKAP12-OX group.

To study the potential impact of PDEs on [cAMP]i Max, 
we pretreated both groups with either 10-μM or 0.1-
mM 3-isobutyl-1-methylxanthine (IBMX), a nonselective 
PDE inhibitor for 30 minutes. Only pretreatment with 
0.1-mM (IBMX) followed by 10-μM Epinephrine showed 
no significant difference in [cAMP]i Max between groups; 
AKAP12-OX (63.99±10.09,%) compared with controls 
(82.17±5.33,%; P=4.7×10−1; Figure 1E). Although, pre-
treatment with 10-μM IBMX showed a significantly lower 
[cAMP]i Max in the AKAP12-OX group (48.33±7.46,%) 
compared with controls (91.27±2.29,%; P=7.2×10−6; 

https://doi.org/10.6084/m9.figshare.c.7154392
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Figure S1D). This indicates that decreased [cAMP]i Max 
observed in the AKAP12-OX group could be attributed 
to elevated PDE activity or increased PDE expression. 

However, the absence of notable variations in intracel-
lular cAMP levels among the groups during vehicle treat-
ment and before the administration of agonists suggests 

Figure 1. AKAP12 (A kinase anchoring protein 12) upregulation in vitro reduces intracellular cAMP (cyclic adenosine 3ʹ,5ʹ-
monophosphate) levels.
A, Quantification of RTqPCR for AKAP12 gene expression in AC16 cells stably transfected with human AKAP12 plasmid (AKAP12-OX) and 
nontransfected AC16 cells (Ctrl); n=3 in each group. B, Representative Western blot comparing AKAP12 expression in AC16 cells stably transfected 
with human AKAP12 plasmid (AKAP12-OX) and nontransfected AC16 cells (Ctrl). C, Quantification of AKAP12 protein expression, n=3 in each 
group. Intracellular cAMP levels in AC16 cells were detected using Glosensor Luciferase assay under different pretreatments followed by 10-μM 
Epinephrine (EPI); (D) without pre-treatment (E) pretreatment for 30 minutes with 0.1-mM IBMX (G) pretreatment for 30-minute 10-μM Rolipram, 
or (H) pretreatment for 30-minute 200-nM PF-04957325. F, Quantification of RTqPCR for PDEs (phosphodiesterases) in the AC16 cells. Data 
represented as % intracellular cAMP (normalized data; data was normalized for each experiment separately using the following equation: x new 
= ((x-x min)/(x max-x min))*100). The arrow indicates the start of EPI treatment or vehicle (Optimem) addition. All data represented as average 
mean±SEM; D and E, n=6, (Veh=3 for panel E) G and H; n=3. All experiments were performed as technical duplicates. Data in panels D, E, G and 
H are independent experiments and normalization of data was performed for each treatment separately. Data were determined to have a parametric 
distribution by the Shapiro-Wilk test; α=0.05 G. Data in panels A, C and F were analyzed using unpaired 2-tailed student t-test. Data in panels D, 
E, G and H were analyzed using two-way ANOVA at point of max response followed by Sidak multiple comparisons post hoc test. The point of max 
response has black borders. Veh indicates vehicle.

https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.123.323655
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that the difference in response to stimulation is unlikely 
due to alteration in baseline [cAMP]i Baseline.

Gene expression analysis in the AKAP12-OX group 
revealed significant upregulation of several PDEs includ-
ing PDE2A, PDE3A, PDE4D, PDE7A, and PDE8A (Fig-
ure 1F). Our attention was particularly directed toward 
PDE4D and PDE8A among the upregulated PDEs. 
These 2 enzymes were of interest due to their specificity 
for cAMP17 and their potential significance. PDE4D is 
known for its association with AKAP12,10 while PDE8A 
contributes to regulating ECC in cardiomyocytes.16

To explore the influence of AKAP12-PDE4 scaffold-
ing on [cAMP]i Max, we treated cells with the selective 
PDE4 inhibitor Rolipram (10 μM) for 30 minutes before 
adding 10-μM Epinephrine. Under Rolipram treatment, 
the AKAP12-OX group exhibited significantly lower 
[cAMP]i Max (24.83±6.51,%) compared with the controls 
(83.80±5.19,%; P=9.1×10−5; Figure 1G). These data 
exclude PDE4 as the main cause of reduced [cAMP]i Max 
in the AKAP12-OX group. Subsequently, we treated cells 
with the selective PDE8 inhibitor PF-04957325 (200 
nM) for 30 minutes before adding 10-μM Epinephrine. 
Notably, there was no significant difference in [cAMP]i Max 
between the AKAP12-OX group (69.76±7.23,%) and 
the controls (78.92±3.09,%; P=6.0×10−1; Figure 1H). 
Based on our present findings, it seems that PDE8 
might directly contribute to the reduction of [cAMP]i Max 
in AKAP12-OX groups.

PDE8A Is in the Vicinity of AKAP12 
Signalosome in Primary Adult Mouse 
Cardiomyocytes
Extending our findings to a more physiologically rel-
evant model, we generated a transgenic mouse line that 
specifically overexpresses AKAP12 in cardiomyocytes 
(AKAP12OX) using an αMHC promoter. We assessed 
the expression levels of AKAP12 protein in left ventri-
cle (LV) extracts, which confirmed significant upregula-
tion of AKAP12 protein in male mice, with an average 
expression of (17.25±3.52, fold change) compared with 
wild-type (WT) male mice (1.00±0.36, fold change; 
P=3.7×10−3), as well as in female mice, with an average 
expression of (18.33±3.36, fold change) compared with 
WT female mice (1.00±0.53, fold change; P=2.2×10−3; 
Figure 2A and 2B).

After validating our animal model, we investigated 
[cAMP]i Baseline (without ISO) in primary cardiomyocytes 
isolated from the LV of WT and AKAP12OX mice. ELISA 
results show no significant differences in [cAMP] i Baseline 
between AKAP12OX males (54.78±3.50 pmol/mL) and 
WTs (93.51±19.53 pmol/mL; P=1.2×10−1), as well 
as between AKAP12OX females (63.12±18.75 pmol/
mL) and WTs (74.17±22.73 pmol/mL; P=7.3×10−1; 
Figure 2C and 2D). Gene expression levels of several 
PDEs and ACs from LV extracts were altered including 

a significantly upregulated PDE8A in both AKAP12OX 
males and females compared with WT littermates 
as well as a significantly downregulated AC8 (Fig-
ure S2A and S2B). RNAseq data further support the 
elevated PDE8A levels (Figure S2C). As such, we 
expected to observe higher PDE8A protein expres-
sion in AKAP12-OX cardiomyocytes. However, WB 
analysis showed comparable levels in left ventricular 
extracts from both AKAP12OX and WT groups (Figure 
S2D and S2E).

Colocalization analysis of AKAP12 and PDE8A 
showed that Pearson correlation coefficient in the 
absence of ISO was similar between AKAP12OX car-
diomyocytes (0.59±0.05) as compared with WT cardio-
myocytes (0.50±0.05; P=2.7×10−1; Figure 2E and 2F). 
In response to acute βAR stimulation with ISO, PDE8A 
was colocalized near the cell membrane and AKAP12 
to a higher extent in the AKAP12OX cardiomyocytes 
(0.73±0.04) as compared with WT cardiomyocytes 
(0.53±0.05; P=7.2×10−3; Figure 2E and 2F). Also, ISO 
treatment significantly increased AKAP12-PDE8A inter-
action when compared with no ISO treatment only in 
the AKAP12OX cardiomyocytes (P=9.3×10−3; Figure 2E 
and 2F). This indicates that PDE8A is in the vicinity of 
AKAP12 signalosome, and higher levels of AKAP12 in 
cardiomyocytes enhance this interaction in response to 
acute βAR stimulation. Therefore, PDE8A is potentially 
stabilized within the signalosome which contributes to 
the reduced cAMP levels near the receptor.

The presence of cAMP is essential for PKA activ-
ity, which plays a crucial role in regulating the contrac-
tion and relaxation of cardiomyocytes.20 We assessed 
PKA activity by examining the levels of cTnI (cardiac  
troponin-I) phosphorylation in both male and female 
groups post 14 days ISO treatment. Our results indi-
cate that in post ISO exposure, neither AKAP12OX 
males (1.09±0.17, fold change) nor AKAP12OX females 
(0.95±0.17, fold change) showed significantly lower 
levels of cTnI phosphorylation compared with their WT 
littermates (2.00±0.27, fold change; P=4.1×10−1) and 
(0.90±0.41; fold change, P=9.9×10−1), respectively. 
Similarly, in the absence of ISO exposure, both AKA-
P12OX males (0.93±0.64, fold change) and females 
(0.39±0.05, fold change) had comparable phosphory-
lation of cTnI to their WT littermates (0.94±0.31 and 
0.81±0.05, fold change; P>9.9×10−1 and P=5.8×10−1), 
respectively (Figure S3A and S3B). Although no signifi-
cant differences in PKA phosphorylation of cTnI were 
observed between the groups, cardiomyocyte contractil-
ity is a multifaceted process controlled by various sig-
naling pathways and cellular components, such as βAR 
responsiveness, calcium handling, and myofilament sen-
sitivity. Subsequent detailed studies will be conducted 
to investigate the molecular interplay between AKAP12 
and PDE8A, including AC8’s role in this context, calcium 
handling machineries, and myofilament sensitivity.

https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.123.323655
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Figure 2. PDE8A (phosphodiestrase 8A) is in the vicinity of the AKAP12 (A kinase anchoring protein 12) signalosome in adult 
primary cardiomyocytes.
A, Representative Western blot of left ventricular (LV) extracts from mice overexpressing AKAP12 (AKAP12OX) compared with wild-type (WT) 
littermates. B, Quantification of AKAP12 protein levels, N=4 in each group. C and D, ELISA assay comparing baseline cAMP (cyclic adenosine 3ʹ,5ʹ-
monophosphate) levels in primary cardiomyocytes extracted from LVs of AKAP12OX males and female mice, respectively compared with WTs, N=3 in 
each group. E, Representative immunocytochemistry images of primary adult cardiomyocytes and their scatter plot for colocalization using Pearson’s 
correlation test. F, Quantification of PDE8A colocalization with AKAP12 in the absence of ISO; n=24 WT, n=7 AKAP12OX and in the presence of ISO; 
n=16 WT and n=8 AKAP12,OX pooled data. All data represented as average mean±SEM. Data were determined to have a parametric distribution by 
the Shapiro-Wilk test; α=0.05 and were analyzed using unpaired 2-tailed Student t test for all panels except for the AKAP12OX group in F which had 
nonparametric distribution, and data were compared within AKAP12OX group using Mann-Whitney U test. NC indicates negative controls.
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The remainder of this article will primarily focus on 
discussing the cellular and physiological consequences 
of AKAP12 overexpression in cardiomyocytes and its 
role in cardiac function.

Adult Primary Cardiomyocytes From AKAP12OX 
Mice Have Reduced Contractility With Acute 
Isoproterenol Treatment
In presence of ISO, adult primary cardiomyocytes 
extracted from male AKAP12OX LV had significantly 
longer sarcomeres at the point of peak contraction — 
systolic sarcomere length — (1.67±0.02 μm) and signifi-
cantly reduced % sarcomere shortening (3.69±1.48%) 
as compared with WT male cardiomyocytes (1.54±0.02 
μm; P=4.6×10−3) and (12.03±1.66%; P=9.5×10−3), 

with no significant differences in resting sarcomere 
length — diastolic sarcomere length — between the 
groups (Figure 3A through 3D). AKAP12OX female car-
diomyocytes had significantly shorter diastolic sarco-
mere length (1.75±0.01 μm), longer systolic sarcomere 
length (1.59±0.01 μm), and reduced % sarcomere short-
ening (8.99±0.38%) as compared with WT female car-
diomyocytes (1.78±0.01 μm; P=3.3×10−2; 1.50±0.03 
μm; P=1.6×10−2) and (17.00±0.63%; P=3.7×10−5; Fig-
ure 3I through 3L).

Furthermore, AKAP12OX male cardiomyocytes had sig-
nificantly reduced sarcomere shortening (dL/dt-contrac-
tion) and sarcomere re-lengthening (dL/dt-relaxation) 
absolute rates; (1.50±0.60 and 1.23±0.60 μm/s) as 
compared with WT males (6.03±1.28 μm/s; P=1.8×10−2 
and 3.83±0.48 μm/s; P=1.5×10−2; Figure 3E and 3G). A 

Figure 3. Overexpressing AKAP12 (A 
kinase anchoring protein 12) in adult 
primary cardiomyocytes reduces their 
contractility post acute isoproterenol 
(ISO) treatment.
A and I, Average tracings of 
sarcomere length from all primary adult 
cardiomyocytes isolated from male 
and female mice and treated acutely 
with ISO. B through H, Quantification 
of contractility parameters among the 
AKAP12OX and wild-type (WT) males, 
n=49 in WT and n=14-15 in AKAP12OX. 
J through P, Quantification of contractility 
parameters among the AKAP12OX and 
WT females, n=40-41 in WT and n=26 
in AKAP12OX. Comparison of paced cells 
parameters measured includes (B and J) 
diastolic sarcomere length (μm), (C and 
K) systolic sarcomere length (μm), (D 
and L) sarcomere shortening (%), (E and 
M) dl/dt- contraction (μm/s), (F and N) 
time to 90% peak (seconds), (G and O) 
dl/dt- relaxation (μm/s), and (H and P) 
time to 90% baseline (second). All data 
represented as average mean±SEM of 
median values for each animal except A 
and I, which represents the mean±SEM 
of all cells. N=4 in each group. Data 
were determined to have a parametric 
distribution by the Shapiro-Wilk test; 
α=0.005 and were analyzed using an 
unpaired 2-tailed Student t test. ‡‡ 
indicates that the isolation buffer contained 
Blebbistatin instead of BDM.
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similar pattern was observed in AKAP12OX females with 
dl/dt-contraction and dl/dt-relaxation absolute rates of 
(3.68±0.23 and 2.92±0.35 μm/s) as compared with WT 
females (8.51±0.26 μm/s; P=8.9×10−6 and 5.00±0.18 
μm/s; P=1.9×10−3; Figure 3M and 3O).

In the absence of ISO, AKAP12OX male cardiomyo-
cytes showed no significant differences in systolic and 
diastolic sarcomere lengths or % sarcomere shorten-
ing as compared with WT (Figure S4A through S4D). 
AKAP12OX female cardiomyocytes had shorter diastolic 
sarcomere length (1.79±0.01 μm) compared with WT 
(1.86±0.01 μm; P=2.9×10−3) without any significant dif-
ferences in systolic sarcomere length or % sarcomere 
shortening (Figure S4I through S4L). Furthermore, no 
significant differences were observed in cardiomyocyte 
dl/dt- contraction and dl/dt- relaxation rates between 
the groups (Figure S4E, S4G, S4M, and S4O). This 
suggests a compromised contractile response of the 
AKAP12OX cardiomyocytes with acute ISO treatment, 
potentially due to disruptions in the downstream βAR 
signaling pathways that affect calcium handling. Repre-
sentative videos of cardiomyocyte contractility with acute 
ISO treatment in WT (Videos S1 and S2) and AKAP12OX 
(Videos S3 and S4) groups are available in the Supple-
mental Material.

Adult Primary Cardiomyocytes From AKAP12OX 
Mice Have Significantly Higher Basal 
Intracellular Calcium Levels
Variations in intracellular calcium concentration [Ca2+]i 
regulate the optimal performance of cardiac contractil-
ity by maintaining a sufficiently high [Ca2+]i during sys-
tole and a low [Ca2+]i during diastole.21 Simultaneous to 
contractility measurements, we investigated [Ca2+]i lev-
els, where we expected to observe significantly lower 
[Ca2+]i levels in the AKAP12OX cardiomyocytes. Surpris-
ingly, we observed significantly higher resting diastolic 
(1.10±0.04, F340/F380) and higher peak shortening 
systolic (2.00±0.16, F340/F380) [Ca2+]i in AKAP12OX 
female cardiomyocytes post acute ISO treatment com-
pared with WT cardiomyocytes (0.93±0.03, F340/F380; 
P=1.8×10−2) and (1.54±0.06, F340/F380; P=3.9×10−2); 
although AKAP12OX male cardiomyocytes were com-
parable to WT cardiomyocytes (Figure 4A through 4C 
and 4H through 4J). [Ca2+]i percentage change was 
not significantly different between AKAP12OX and WT 
groups, and the elevated systolic calcium did not corre-
late to enhanced systolic sarcomere shortening in AKA-
P12OX cardiomyocytes (Figure 4D, 4G, 4K, and 4N). This 
implies the possibility of different basal [Ca2+]i between 
the 2 groups.

Indeed, in the absence of ISO, AKAP12OX male 
and female cardiomyocytes had significantly higher 
diastolic (1.04±0.07 and 1.16±0.05, F340/F380) and 
systolic (1.58±0.11 and 1.96±0.21, F340/F380) [Ca2+]i  

when electrically stimulated compared with cardiomy-
ocytes isolated from WT littermates (0.78±0.02 and 
0.90±0.05, F340/F380; P=1.3×10−2 and P=7.6×10−3), 
and (1.12±0.04 and 1.25±0.11, F340/F380; P=8.7×10−3 
and P=2.5×10−2; Figure S5B through S5D and S5I 
through S5K). Another distinct difference was the 
spontaneous calcium release pattern observed only in 
AKAP12OX cardiomyocytes (Figure 4A and 4H; squared 
area), which was absent without ISO treatment (Figure 
S5A and S5H), indicating irregular calcium handling 
in the AKAP12OX cardiomyocytes downstream of the 
βARs stimulation.

Next, we investigated [Ca2+]i and contractility in 
cardiomyocytes downstream β1AR versus β2AR sep-
arately, which showed different patterns in response 
to acute stimulation by ISO. β1AR stimulation with 
ISO—while blocking β2AR with 50-nM ICI-118 551—
showed no significant differences in % shortening 
or % [Ca2+]i change in either AKAP12OX males or 
females isolated cardiomyocytes as compared with 
the WT cardiomyocytes (Figure S6A through S6C and 
S6G through S6I).

During β2AR stimulation with ISO—while blocking 
β1AR with 100-nM CGP 20712A—we observed the per-
centage shortening in AKAP12OX males (1.90±0.60%) 
was significantly lower as compared with the WT car-
diomyocytes (5.06±0.70%; P=2.7×10−2) despite the 
comparable [Ca2+]i % change in the AKAP12OX group 
(28.15±4.42%) as compared with WT cardiomyocytes 
(29.23±2.26%; P=8.4×10−1; Figure S6D through S6F). 
On the other hand, AKAP12OX females had a compa-
rable % shortening (6.76±1.39%) to WTs (6.01±2.51%, 
P=8.1×10−1) despite the significantly higher [Ca2+]i per-
centage change in the AKAP12OX group (41.32±5.85%) 
as compared with WTs (23.05±0.85%; P=3.7×10−2; 
Figure S6J through S6L). Together, this indicates that 
downstream β1AR signaling in AKAP12OX and WT car-
diomyocytes respond similarly. Whereas downstream 
β2AR signaling, AKAP12OX cardiomyocytes demon-
strate impaired contractility to similar [Ca2+]i, or fail to 
enhance contractility at higher [Ca2+]i compared with WT 
cardiomyocytes.

The latter response observed is similar to the response 
when both βARs are activated by ISO, specifying that 
AKAP12 mediates its effect through β2AR.

PDE8 Inhibitor (PF-04957325) Reverses 
AKAP12OX Effect on [Ca2+]i and Contractility in 
Adult Primary Mouse Cardiomyocytes
In the absence of ISO and PF-04957325, sarcomere 
shortening % in AKAP12OX males and females car-
diomyocytes (3.24±0.80% and 4.50±0.56%) was 
comparable to WT cardiomyocytes (2.86±0.28% and 
3.72±0.46%; P=5.70×10−1 and P=2.3×10−1), respec-
tively. The addition of 30-nM PF-04957325 increased 
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sarcomere shortening %, but the difference was not 
statistically significant compared with the baseline in 
any of the groups (Figure 5A and 5D). However, the 
subsequent introduction of 100-nM ISO, alongside 
30-nM PF-04957325, resulted in a significant increase 
in sarcomere shortening % within each group com-
pared with their baseline and 30-nM PF-04957325 
alone (Figure 5A and 5D). Notably, in the presence of 
both PF-04957325 and ISO, both male and female 
AKAP12OX cardiomyocytes exhibited significantly 
higher sarcomere shortening % (10.31±1.18% and 
11.79±1.10%) compared with WT cardiomyocytes 
(7.66±0.66% and 6.39±0.56%; P=4.8×10−2 and 
P=2.2×10−5; Figure 5A and 5D).

While 30-nM PF-04957325 alone did not signifi-
cantly impact [Ca2+]i in either male or female AKAP12OX 

or WT cardiomyocytes compared with their baseline 
[Ca2+]i, the combination of 30-nM PF-04957325 and 
100-nM ISO led to a significant increase in [Ca2+]i 
within each group compared with their baseline and 
30-nM PF-04957325 alone (Figure 5B and 5E). In 
the presence of both PF-04957325 and ISO, both 
male and female AKAP12OX cardiomyocytes had a 
significantly higher % [Ca2+]i change (59.21±7.12% 
and 72.65±8.25%) compared with WT cardiomyo-
cytes (39.26±3.88% and 19.76±2.70%; P=1.6×10−2 
and P=7.2×10−9; Figure 5B and 5E). The enhanced 
[Ca2+]i in the AKAP12OX group showed better con-
tractility (Figure 5C and 5F). This unique response 
further strengthens the evidence supporting the 
hypothesis of the AKAP12OX–PDE8 axis in regulat-
ing ECC.

Figure 4. Overexpressing AKAP12 (A 
kinase anchoring protein 12) in adult 
primary cardiomyocytes significantly 
increases intracellular calcium post 
acute isoproterenol (ISO) treatment.
A and H, Average tracings of [Ca2+]i  
represented by Fura-2 fluorescence 
ratio (340 nm/380 nm) from all primary 
adult cardiomyocytes isolated from 
male and female mice treated acutely 
with ISO. B through F, Quantification of 
[Ca2+]i and calcium kinetics among the 
AKAP12OX and wild-type (WT) males; 
n=52 in WT and n=24 in AKAP12OX. I 
through M, Quantification of [Ca2+]i and 
calcium kinetics among the AKAP12OX 
and WT females; n=59 in WT and n=64 
in AKAP12OX. Comparison of paced 
cells parameters measured includes B 
and I, diastolic [Ca2+]i (F340/F380); 
C and J, systolic [Ca2+]i (F340/F380); 
D and K, [Ca2+]i change (%; E and L) 
time to 90% baseline (seconds); F and 
M, time to 90% peak (seconds). G and 
N, Scatter plot of systolic [Ca2+]i (F340/
F380) and systolic sarcomere length (μm). 
N=4 in each group. All data represented 
as average mean±SEM of median 
values for each animal except A and H, 
which represents the mean±SEM. of all 
cells. Data were determined to have a 
parametric distribution by the Shapiro-Wilk 
test; α=0.005 and were analyzed using 
an unpaired 2-tailed Student t test. ‡‡ 
indicates that the isolation buffer contained 
Blebbistatin instead of BDM.
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Cardiac AKAP12OX Upregulates Maladaptive 
Genes in the LV Following 14-Day Isoproterenol 
Treatment
To address how cardiac AKAP12OX would affect car-
diac function post 14 days ISO treatment, we performed 
RNAseq analysis on LV extracts from AKAP12OX and WT 
mice exposed to ISO for 14 days as well as from sham 
mice (no exposure to ISO).

RNAseq data show that treatment with ISO signifi-
cantly upregulated 9 of the known maladaptive genes 
in AKAP12OX females (NPPA, GRK5, CTGF, NPPB, 
P4HA1, LOXL4, TGFB2, NOX4, and SFRP1) and 12 
maladaptive genes in AKAP12OX males (NPPA, NPPB, 
GRK5, CTGF, THBS4, POSTN, LOXL4, TGFB2, NOX4, 
SFRP1, P4HA1, and FBLN2) as compared with WT lit-
termates exposed to ISO (Figure 6). Furthermore, AKA-
P12OX sham mice upregulated some maladaptive genes, 
such as NPPA, CTGF and NPPB. (Figure 6). Notably, 
AKAP12OX mice upregulated some adaptive genes as 
well, such as WISP2, FRZB, and FSTL1 as compared 

with WT littermates (Figure 6). However, the extent of 
upregulation observed for the maladaptive genes was 
higher compared with the average upregulation seen 
for adaptive genes in the AKAP12OX group (Figure S7). 
This suggests that AKAP12OX might predispose LV tis-
sue to faster remodeling, lower contractility, and sys-
tolic malfunction with prolonged ISO treatment. Please 
refer to the online figshare data repository for detailed 
P-values of maladaptive genes comparisons after ISO 
treatment.

Cardiac AKAP12OX Worsens Cardiac Systolic 
Function and Promotes Left Ventricular 
Hypertrophy Post 14 Days of Isoproterenol 
Treatment
To confirm that AKAP12OX might impair ventricular con-
tractility, we examined cardiac function in AKAP12OX 
males and females, compared with WT controls, after 
treatment with 60 mg/kg per day of ISO for 14 days. 

Figure 5. PDE8 (phosphodiesterase 
8) inhibitor (PF-04957325) reverses 
AKAP12OX effect on [Ca2+]i and 
contractility in primary adult mice 
cardiomyocytes.
A through C, Quantification of PDE8 
inhibition effects on cardiomyocytes 
calcium and contractility and their scatter 
plot among the AKAP12OX and wild-type 
(WT) males; n=35 in WT and n=12-13 in 
AKAP12OX. D through F, Quantification of 
PDE8 inhibition effects on cardiomyocytes 
calcium and contractility and their scatter 
plot among the AKAP12OX and WT 
females; n=27-29 in WT and n=20-21 
in AKAP12OX. N=3 to 4 in each group. 
When data were determined to have a 
parametric distribution by the Shapiro-Wilk 
test; α=0.05, AKAP12OX groups in D and 
B, 1-way ANOVA was used to assess 
data within each group. Other data with 
nonparametric distribution were compared 
within each group using the Friedman test. 
Mann-Whitney U test was used to compare 
PF-04957325+ISO effects between 
groups in all except A; unpaired 2-tailed 
Student t test. ISO indicates isoproterenol; 
and PF; PF-04957325.

https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.123.323655
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In the WT groups, we noticed that the Ejection Fraction 
% (EF%) and Fractional Shortening % (FS%) showed 
divergent responses after 14 days of treatment with 60 
mg/kg per day of ISO; where some mice exhibited an 
increase in EF% and FS% while others experienced a 
decrease, aligning with prior findings with variable ISO 
doses.22–24 However, all male and female AKAP12OX 
mice demonstrated reduced EF% and FS% after the 
14-day treatment period (Figure 7A, 7B, 7E, and 7F).

Precisely, both male and female AKAP12OX mice 
had significantly lower EF% (42.97±5.78% and 
43.89±3.61%) as compared with WT littermates post-
ISO treatment (65.22±4.07% and 57.39±3.95%; 
P=9.9×10−3 and P=3.5×10−2), respectively. Further-
more, male AKAP12OX mice had significantly lower 
FS% (21.38±3.53%) as compared with WT littermates 
(36.21±3.40%; P=2.8×10−2) post 14 days ISO treat-
ment (Table S1; Figure 7). Global circumferential strain 
showed significantly lower LV systolic shortening in 
both AKAP12OX males and females post-ISO treatment 
(−7.81±0.76 and −14.45±2.22) as compared with WT 
males and females (−19.28±2.13 and −23.24±2.79; 
P=2.5×10−3 and P=3.9×10−2), respectively (Figure 7C 
and 7G). Representative videos of global circumferential 
strain for WT (Video S5) and AKAP12OX (Video S6) are 
available in Supplemental Material. Importantly, neither 
14 days of vehicle (0.002% ascorbic acid) treatment, 
nor sham conditions showed a significant difference in 

systolic cardiac parameters; EF% and FS% between 
AKAP12OX and WT groups after 14 days of ISO treat-
ment (Figure S8; Tables S2 through S5). For detailed 
statistical analysis for sham, vehicle-treated, or ISO-
treated groups, please refer to Supplemental Raw Data 
D1 through D3.

LV hypertrophy was assessed using a corrected 
LV mass to body weight ratio, and WGA (wheat germ 
agglutinin) to determine cross-sectional area of car-
diomyocytes in cardiac sections. AKAP12OX males and 
females post 14 days of ISO treatment had higher 
LV mass/body weight (7.12±0.52 and 10.51±1.09 
mg/g) as compared with WT littermates (5.50±0.59 
and 6.40±0.77 mg/g; P=8.0×10−2 and P=8.6×10−3), 
respectively (Table S1; Figure 7D and 7H). WGA stain-
ing further confirmed that 14 days post-ISO treat-
ment AKAP12OX cardiomyocytes from both males 
and females had significantly higher cross-sectional 
area (546.90±20.95 and 463.0±15.81 μm2) as com-
pared with WT cardiomyocytes (241.40±9.59 and 
260.5±7.81 μm2; P=1.0×10−15 and P=1.0×10−15), 
respectively (Figure 7I through 7K). In the absence 
of ISO, male and female AKAP12OX cardiomyocytes 
still had significantly higher cross-sectional area 
(227.0±9.79 and 193.7±7.20 μm2) as compared with 
WT cardiomyocytes (137.6±3.80 and 121.8±4.33 μm2; 
P=5.6×10−6 and P=2.0×10−6). These results suggest 
that AKAP12OX cardiomyocytes are predisposed to 

Figure 6. Cardiomyocytes AKAP12OX upregulates maladaptive genes in the left ventricle (LV).
Heat map of maladaptive and adaptive gene expression (FPKM [fragments per kilobase of exon per million mapped fragments]), assessed in LV 
extracts from AKAP12OX and wild-type (WT) male and female mice (8–12 weeks old) in the absence of isoproterenol (ISO) treatment (Sham) and 
after 14 days post-isoproterenol treatment (ISO); N=3 in each group.
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Figure 7. Cardiac AKAP12OX worsens systolic function and promotes left ventricular hypertrophy.
A through C, Echocardiographic measurements of systolic cardiac function before and after 14 days of isoproterenol (ISO) treatment in 
AKAP12OX and wild-type (WT) males; N=9 in WT and N=6 in AKAP12OX. Comparison of parameters measured includes A, ejection fraction 
(%), B, fractional shortening (%), and C, global circumferential strain (%); N=5 in each group. D, Left ventricular (LV) hypertrophy measurement 
represented by corrected LV mass/body weight ratio before and after ISO treatment; N=6 in each group. E through G, Echocardiographic 
measurements of systolic cardiac function before and after 14 days of ISO treatment in AKAP12OX and WT females; N=8 in WT and N=9 in 
AKAP12OX. Comparison of parameters measured include E, ejection fraction (%), F, fractional shortening (%), and G, global circumferential strain (%);  
N=5 in each group. H, LV hypertrophy measurement represented by corrected LV mass/body weight ratio before and after ISO treatment; (Continued )
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hypertrophy independently of ISO stimulation, and are 
more susceptible to hypertrophic stimuli, such as ISO.

AKAP12 Is Upregulated in the LVs of Patients 
With End-Stage HF
Based on our in vivo experiments, and previous tran-
scriptomic studies reported in the ReHEAT database25 
showing altered levels of AKAP12 in patients with HF 
(Figure 8A), we were interested in evaluating whether 
AKAP12 is upregulated in LV extracts from patients 
with end-stage HF (Table S6). In failing hearts (F, n=8), 
AKAP12 gene expression was (2.91±0.55) as com-
pared with nonfailing hearts (NF, n=6) at (1.05±0.13, 
fold change; P=1.4×10−2; Figure 8B). AKAP12 pro-
tein expression had a similar pattern in failing hearts 
(2.01±0.15) compared with nonfailing hearts (1.00±0.21, 
P=1.6×10−3; Figure 8C and 8D).

Collectively, our data strongly suggest that AKAP12 
upregulation is associated with impaired cardiac function.

DISCUSSION
Cardiac function is mainly mediated by the β-adrenoceptor 
stimulation and subsequent production of the second 
messenger cAMP.1,20 cAMP regulates cardiomyocyte 
contractile function through activating PKA.20 Constant 
high levels of cAMP in cardiomyocytes can induce car-
diac remodeling and hypertrophy.26 On the other hand, 
persistent lower cAMP levels are considered a hallmark 
of maladaptive cardiac remodeling.27 Thus, for optimal 
cardiac function cAMP levels are tightly controlled by 
balancing cAMP production and degradation.18

Although both βARs stimulate cAMP production, cells 
differently interpret the signal produced by the 2 recep-
tor subtypes: β1AR and β2AR.28,29 These differences are 
partially attributed to the variable cAMP distribution pat-
terns, which historically were associated with the receptor 
expression patterns; global cAMP increase downstream 
β1AR (globally expressed on cardiomyocyte’s surface), 
and localized cAMP increase downstream the β2AR 
(localized to the caveola).30

Currently, it is recognized that AKAPs compartmental-
ize cAMP signals forming microdomains of the second 
messenger within the cell in a stimulus-induced manner, 
assuring some level of specificity.31–33 To date, several 
AKAPs have been associated with cardiac develop-
ment, contractility, cardiac morphology, and rhythm.34–43 

AKAP12 is known to scaffold PKA, PDE4D3, PDE4D5, 
and β2AR; hence, it assembles a signalosome that can 
regulate cAMP levels downstream or near the β2AR.10–13  
However, AKAP12’s role in cardiac contractility post 
acute and chronic stimulation of βAR is still unclear. 
Considering the importance of intracellular cAMP levels 
for cardiac contractility, we investigated how AKAP12 
upregulation in vitro affected the intracellular cAMP lev-
els in real-time post-β2AR stimulation.

In our molecular model using the AC16 cells, 
we observed that AKAP12 upregulation signifi-
cantly reduced [cAMP]i Max compared with controls 
when treated with Epinephrine, which we concluded 
is regulated through AKAP12-PDE8 interplay. The 
PDE family includes 11 members out of which 7 are 
expressed in heart and can be divided into (1) cAMP- 
specific: PDE4 and PDE8 (2) cGMP specific: PDE5, and 
(3) dual-specificity: PDE1, PDE2, PDE3 and PDE11.44 
Pretreatments with Rolipram (a selective PDE4 inhibitor) 
showed significant [cAMP]i Max in the AKAP12-OX group 
compared with controls. Only when using 0.1-mM IBMX 
(a nonselective PDE inhibitor); [cAMP]i Max were not sig-
nificantly different between AKAP12-OX and controls. 
However, pretreatment with 10-μM IBMX resulted in 
significantly lower [cAMP]i Max in the AKAP12-OX group 
as compared with controls. The higher IBMX concen-
tration effectively inhibits cAMP degradation by PDEs, 
masking the cAMP differences between AKAP12-OX 
and controls. In contrast, at lower IBMX concentrations, 
the impact of AKAP12-OX on cAMP levels becomes 
discernible due to less pronounced PDE inhibition. 
Additionally, the presence of comparable [cAMP]i Max in 
AKAP12-OX groups and controls due to the selective 
PDE8 inhibitor; PF-04957325 strongly implies a cen-
tral role played by PDE8 in the reduction of [cAMP]i Max 
observed in AKAP12-OX.

A previous study proposed that PDE8A directly 
binds the PKA-RIα subunit.45 Most AKAPs including 
AKAP12 preferentially bind to PKA-RII.7 However, there 
is a possibility that AKAP12 also binds to the PKA-RI 
subunit; hence, AKAP12 might bind to or be in proxim-
ity to PDE8A. We speculated that AKAP12 regulates 
cAMP levels near β2AR by interacting with PDE8A and 
stabilizing it within the signalosome. In the absence of 
ISO, immunocytochemistry results from AKAP12OX and 
WT primary cardiomyocytes showed a similar pattern of 
PDE8A distribution in the cytoplasm while treatment with 
100-nM ISO recruited PDE8A to the cell membrane, a 

Figure 7 Continued. N=6 in WT and N=9 in AKAP12OX. I, Representative immunocytochemistry images of WGA staining in cardiac slices 
before and after ISO treatment to assess cardiac hypertrophy through the cross-sectional area. J and K, Quantification of the cross-sectional 
area of cells in males and females cardiac slices respectively; n=90, N=3 in each group. L, Representative echocardiogram images. All data 
represented as average mean±SEM. Data were determined to have a parametric distribution by the Shapiro-Wilk test except panels J&K which 
had non parametric distribution. Two-way ANOVA was used for data comparison in all except C and G, which were evaluated using unpaired 
2-tailed Student t test. Sidak post hoc multiple comparison test was used for panels A, B, D, E, F and H while Tukey post hoc multiple comparison 
test was used for panels J and K. C, A red circle without filling is an excluded outlier, detected using the ROUT (robust regression and outlier 
removal) method; Q=2% and was not used in the statistical analysis.

https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.123.323655
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pattern reported in other PDEs.46 PDE8A colocalized 
with AKAP12 near the cell membrane irrespective of 
the presence or absence of βAR stimulation with ISO. 
Higher colocalization, especially with ISO stimulation 
was observed in the AKAP12OX cardiomyocytes. These 
findings directly support AKAP12-PDE8A interaction in 
cardiomyocytes underscoring the significance of PDE8 
as a local cAMP modulation target within the AKAP12 
signalosome prompting further inquiry into its impact on 
cardiac contractility.

βARs regulate ECC through cAMP, β1AR is the main 
regulator of cardiac contractility where its stimulation 
elicits global elevation in cAMP levels; although β2AR 
stimulation is known to increase local cAMP levels.29 
Research suggests that β1AR regulation of contractil-
ity is cAMP-dependent while β2AR regulation is cAMP-
independent.29 However, it is unclear whether β2AR 
cardiomyocyte regulation is truly cAMP-independent. In 
our study, under β1AR selective stimulation, AKAP12OX 
and WT cardiomyocytes showed similar contractility to 

comparable [Ca2+]i. In contrast, selective β2AR stimula-
tion showed that AKAP12OX cardiomyocytes had lower 
contractility in the presence of significantly higher [Ca2+]i  
as compared with WT. This pattern was also observed 
when both βARs were stimulated with the nonselective 
βAR agonist, ISO suggesting that AKAP12 modulates 
cardiomyocytes ECC through β2AR. Cardiomyocyte con-
traction kinetics further show a pattern of augmented 
β2AR signaling.29 This was observed by a significantly 
reduced cardiomyocyte contractile shortening response 
in AKAP12OX, as compared with ISO-treated WTs.

If AKAP12OX enhances signaling downstream of 
β2AR in cardiomyocytes, one might initially anticipate 
an improvement in cardiac function due to the well- 
established cardioprotective effects of β2AR, as sug-
gested in the literature.47 However, it seems that the 
impact of the β2AR subtype on cardiotoxic versus car-
dioprotective signaling is heavily influenced by the type, 
duration, and intensity of cardiac stress. This observation 
stems from a study indicating that ablation of β2AR had 

Figure 8. AKAP12 gene and protein expression are upregulated in human failing hearts.
A, Summary plot of AKAP12 gene expression data that was generated from a previous report of 16 meta-studies,25 each point represents 
average expression from 1 study represented as t-value resulting from the individual differential expression analysis. B, Quantification of AKAP12 
gene expression in left ventricular (LV) samples collected from patients with failing hearts; n=8 and nonfailing hearts; n=6. C, Western blot of 
AKAP12 including all LV samples collected from patient failing and nonfailing hearts. D, Quantification of the Western blot failing hearts; n=8 and 
nonfailing hearts; n=6. All data represented as average mean±SEM. Data were determined to have a parametric distribution by the Shapiro-Wilk 
test; α=0.05 and were analyzed using unpaired 2-tailed Student t test for all panels.
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a cardioprotective effect in TAC-induced HF, leading to 
the restoration of Ca2+ handling and improved contractil-
ity.48 This finding supports our β2AR results where their 
stimulation in AKAP12OX mice had a negative influence 
on contractility, and blocking β2AR results in compara-
tive % [Ca2+]i and contractility between groups.

One interpretation of this augmented β2AR’s regu-
lation of contractility is that AKAP12, which regulates 
cAMP locally near β2AR, when overexpressed in car-
diomyocytes forms a significantly higher number of 
intracellular microdomains that contain PDE8. Upon 
βAR stimulation, a greater cohort of these domains is 
recruited near the cell membrane, reducing intracellular 
cAMP levels in many local domains. This may resemble a 
global reduction in cAMP, which is pivotal for the cAMP- 
dependent β1AR regulation of contractility, without  
affecting the cAMP-independent β2AR regulation of con-
tractility. Alternatively, AKAP12 upregulation may directly 
contribute to increased PDE8 activity resulting in signifi-
cantly lower cAMP levels that reduce contractility, which 
we aim to address in our future studies in more detail.

Patrucco et al16 reported that loss of PDE8A activ-
ity in genetically modified mice leads to increased βAR-
mediated Ca2+ transients and enhanced activation of 
L-type Ca2+ channels suggesting that PDE8A serves 
as an important acute regulator of [Ca2+]i levels during 
cardiac contraction. This aligns with our findings, show-
ing significantly enhanced % change in [Ca2+]i levels 
and contractility in AKAP12OX cardiomyocytes compared 
with WT cardiomyocytes only observed in the presence 
of both PDE8A inhibitor PF-04957325 and ISO stimu-
lation. Additionally, Grammatika Pavlidou et al49 recently 
established that PDE8B is a novel regulator of atrial 
arrhythmogenesis by regulating Ca2+ handling. Although 
we studied the PDE8A isoform, our findings also showed 
altered Ca2+ handling such as the elevated diastolic 
[Ca2+]i in AKAP12OX cardiomyocytes in the presence 
or absence of ISO treatment, which may be regulated 
through cAMP/PKA axis. Despite the observed com-
parable cardiac troponin-I phosphorylation, our prelimi-
nary study showed differences in PLN (phospholamban) 
phosphorylation patterns within a small cohort of AKA-
P12OX and WT mice pointing to the possibility that 
AKAP12 regulates PLN (data not shown). Whether this 
is through the PKA axis or through its interaction with 
AKAP7 (AKAP18), which is known to scaffold PLN,50 is 
unknown. We also observed an irregular beating pattern 
only in the presence of ISO treatment which will be fur-
ther analyzed to detect any arrhythmogenicities in AKA-
P12OX cardiomyocytes.

Based on this, a deteriorated cardiac function in AKA-
P12OX mice was expected compared with the WT mice 
post 14 days ISO treatment. To promote cardiac remod-
eling, we used subcutaneous osmotic pumps that deliv-
ered 60 mg/kg per day of ISO for 14 days. ISO-treated 
WT males and females underwent cardiac remodeling as 

observed by the significant LV hypertrophy compared with 
baseline groups. Some WT males and females showed 
elevation in EF% and FS% while others showed reduced 
EF% and FS%, which have been reported by others in 
previous studies.28–30 In contrast, ISO-treated AKAP12OX 
males and females had undergone significantly higher 
cardiac remodeling compared with WT ISO-treated 
groups. Additionally, AKAP12OX mice showed significantly 
reduced EF% and FS% compared with WT ISO-treated 
groups. Considering that 60 mg/kg per day ISO dose did 
not deteriorate cardiac function in WT mice in this study 
indicates that AKAP12OX mice indeed are more prone to 
cardiac dysfunction with 14 days ISO treatment. Further 
support of this notion is the upregulation of maladaptive 
genes to a higher extent in the AKAP12OX mice.

Consequently, we were interested in evaluating the 
AKAP12 gene and protein expression in LV extracts 
from patients with cardiac injury. Remarkably, AKAP12 
was significantly upregulated in the failing hearts com-
pared with nonfailing hearts. One limitation of our study 
was the low number of samples; therefore, we were not 
able to correlate confounding diseases, sex, and drug 
therapies with AKAP12 expression. Further studies with 
a larger cohort would address this limitation. Nonethe-
less, our data is in line with several transcriptomic studies 
that have been conducted on LV extracts from patients 
with end-stage HF, which have been discussed in detail 
by Flores et al.25 Current therapeutics have many off- 
target pharmacological effects, which could be reduced 
by subcellular drug delivery. Hence, AKAPs that form 
microdomains within the cells have been suggested as 
targets for precision pharmacology.51 Thus, AKAP12 may 
be a good candidate for ameliorating HF.
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