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Abstract

Klotho is an aging-suppressor gene. Klotho gene deficiency causes heart failure in Klotho-

hypomorphic mutant (KL (−/−)) mice. RNA-seq and western blot analysis showed that adenylyl 

cyclase type 4 (AC4) mRNA and protein expression was largely decreased in cardiomyocytes of 

KL (−/−) mice. The objective of this study was to investigate whether in vivo cardiac-specific 

expression of AC4 gene protects against Klotho deficiency-induced heart failure. Interestingly, 

in vivo AAV-based cardiac-specific AC4 gene expression increased left ventricular fractional 

shortening, ejection fraction, stroke volume, and left ventricular end-diastolic volume in KL (−/−) 

mice, suggesting that cardiac-specific AC4 gene expression improves Klotho deficiency-induced 

heart dysfunction. Cardiac-specific AC4 gene expression also decreased Klotho deficiency-

induced cardiac hypertrophy. Cardiac-specific AC4 gene expression alleviated Klotho deficiency-

induced cardiac fibrosis and calcification. Furthermore, cardiac-specific AC4 gene expression 

attenuated mitochondrial dysfunction, superoxide accumulation and cardiomyocyte apoptotic 

cell death. Thus, downregulation of AC4 may contribute to Klotho deficiency-induced heart 

failure. Mechanistically, AAV2/9-αMHC-AC4 increased cardiomyocytic cAMP levels and thus 

regulated the PKA-PLN-SERCA2 signal pathway, which is critical in modulating calcium flux 

and mitochondrial function. In conclusion, cardiac-specific AC4 gene expression protects against 

Klotho deficiency-induced heart failure through increasing cardiomyocytic cAMP levels, which 

alleviates cAMP-dependent mitochondrial dysfunction, superoxide accumulation and apoptotic 
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cell death. AC4 regulates superoxide levels via the cAMP-PKA pathway. AC4 could be a potential 

therapeutic target for heart failure associated with Klotho deficiency.

Brief Commentary

Background.—Heart failure is the major cause of mortality in patients with chronic kidney 

disease (CKD). A decrease in Klotho levels is linked to CKD.

Translational significance.—We expect that treatment with Klotho or cardiac-specific 

expression of AC4 gene would be effective in the control of heart failure in CKD patients. AAV is 

a safe vector and has been approved by FDA for clinical trial. AAV-αMHC-AC4 can be used for 

testing a novel cardiac-specific therapy for heart failure. Thus, the translation value of the finding 

is high.
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Introduction

Heart disease caused 33% of deaths - almost one in every three-in the US [1]. Heart 

failure is the leading cause of death in the world. Despite substantial improvements 

in its management, including improved mechanical and pharmacological therapy, novel 

therapeutic approaches are required to improve outcomes for cardiovascular disease. 

Adenylyl cyclases (ACs) catalyze the conversion of ATP to adenosine 3’, 5’-cyclic 

monophosphate (cAMP). cAMP is an important second messenger that regulates many 

aspects of cardiac physiology and pathology [2–4]. However, only recently have 

investigators explored the possibility that AC could serve as a therapeutic target for 

cardiomyopathy [5–10]. There are nine known isoforms of transmembrane adenylyl cyclases 

(tmACs) and one soluble adenylyl cyclase (sAC) in mammals [11]. Although AC5 and AC6 

are the most abundant isoforms in the heart [5, 12], AC4 is also expressed in the heart. The 

function of AC4 in the heart is poorly understood. Whether AC4 plays a role in heart failure 

has never been investigated.

Klotho is an anti-ageing gene that was discovered in 1997 [13]. Mutation of the klotho gene 

in mice causes numerous symptoms of premature aging and shortens lifespan [13]. On the 

other hand, an increase in Klotho expression in mice yields extended lifespan [14], better 

cognitive function [15], resistance against induction of renal disease [16], cardiac disease 

[17], pulmonary disease [18], vascular calcification [19], diabetes [20, 21], while also 

acting as a tumor suppressor [22, 23]. Klotho levels declined in aging and chronic kidney 

disease (CKD) [24–27]. Klotho is related to numerous aging-related diseases. Recently, 

Klotho has gained much attention in cardiovascular disease which underscores its clinical 

significance [17, 28–30]. Our laboratory and other researchers found that Klotho deficiency 

causes heart failure and, further, that exogenous Klotho protects against aging- or chronic 

kidney disease-induced cardiomyopathy [17, 28, 31, 32]. Klotho hypomorphic mice have an 

insertional mutation in the 5′ upstream region of the klotho gene, resulting in undetectable 

klotho mRNA levels in organs that normally express the klotho gene [13]. The Klotho 
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hypomorphic mice show Klotho deficiency, which lead to premature aging phenotypes [24, 

29]. The Klotho-deficient mouse is a powerful animal model for studying aging-related 

cardiovascular diseases.

In this study, we aimed to investigate the protective effects of AC4 on Klotho deficiency-

induced cardiomyopathy. First, we constructed a rAAV2/9 vector in which the truncated 

αMHC promoter drives the expression of AC4 (AAV2/9-αMHC-AC4). The AAV viral 

particles were then administered intravenously via the tail vein and the mice were euthanized 

at 7 weeks after gene delivery. Our results showed that cardiac-specific AC4 gene expression 

protected against Klotho deficiency-induced heart dysfunction and cardiac remodeling. 

AAV2/9-αMHC-AC4 increased cardiomyocytic cAMP levels, which alleviated PKA-

dependent mitochondrial dysfunction, superoxide accumulation and apoptotic cell death. 

Our findings suggest that AC4 could be a potential therapeutic target for cardiomyopathy 

associated with Klotho deficiency in aging or chronic kidney disease.

Materials and Methods

The data, methods, and study materials are available on request by contacting the 

corresponding authors.

Animal Study Protocols

Klotho-hypomorphic mutant (KL (−/−)) mice were kindly provided by Dr. Kuro-o and 

were backcrossed to 129/SvJ mice for more than nine generations to achieve congenic 

background [13]. All KL (−/−) mice were fed with low phosphate diets containing with 

0.2% inorganic phosphate (TD-09073, Harlan Teklad, Madison, WI) from weaning at 3 

weeks of age. Low phosphate diets (0.2%) maintain serum phosphate in the normal range 

[17, 33]. Otherwise, KL (−/−) mice would die at 8–10 weeks old due to hyperphosphatemia. 

Normal phosphate diets contain 0.35% inorganic phosphate. AAV2/9-αMHC-AC4 (5×106 

EP/ml, 150μl/mouse) was administered intravenously via the tail vein. Heart function 

was measured by cardiac magnetic resonance imaging (MRI) before sacrifice. Mice were 

euthanized at 7 weeks after gene delivery, and tissues were collected for correlative research. 

All animal experiment of this study was performed according to the guidelines of the 

National Institute of Health on the care and use of laboratory animals and approved by the 

Institutional Animal Care and Use Committee of University of Oklahoma Health Science 

Center.

AAV Vector Construction and Production

The procedures for plasmid construction and adeno-associated virus (AAV) packaging were 

described in our previous studies [17, 34–37]. The α-MHC promoter was used to direct 

cardiac specific AC4 expression. The truncated α-MHC promoter (160bp) and AC cDNA 

were then cloned into the AAV2 vector (Stratagene, La Jolla, CA) by replacing the CMV 

promoter (AAV-αMHC-AC4). GFP cDNA was cloned into the AAV2 vector with the same 

strategy as the control vector (AAV2-αMHC-GFP). The constructs of AAV2-αMHC-AC4 

and AAV2-αMHC-GFP were then packaged in AAV/293 cells with pHelper and pAAV9-

RC to produce AAV2/9 recombinant virus according to the instruction manual of AAV 
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Helper-Free System (Startagen, La Jolla, CA). The AAV2/9 purification was performed with 

ultracentrifugation in density-gradient iodixanol solution (Sigma, D1556). The virus titer 

was titrated in AAV-HT1080 cells according to the instruction manual of AAV Helper-Free 

System (Startagen, La Jolla, CA).

Cardiac magnetic resonance imaging

MRI analysis of heart function was carried out in a blinded fashion, i.e., the experimenters 

do not have knowledge of group identity. Briefly, In vivo MRI cardiac images were 

performed on a 7 Tesla MRI scanner (Bruker BioSpin, Ettlingen, Germany). The total LV 

volume at end diastole and end systole was estimated by taking the sum of all cavity slice 

volumes assuming a uniform thickness of excitation across a chosen slice at the two trigger 

points. For assessment of LV systolic and diastolic dynamics, the cavity slice volume was 

measured in all acquired images and was plotted against the time from onset of the QRS 

trigger, and a volume-time curve was established.

RNA sequencing analysis

Total RNAs from cardiomyocytes isolated from fresh ventricular tissue were isolated using 

Direct-zol™ RNA MiniPrep kit (Zymo Research, Irvine CA) and RNA qualities for each 

sample were analyzed using the Bioanalyzer 2100 and RNA 6000 nano kits (Agilent, Santa 

Clara CA). An RNA integrity number (RIN) of >6 is considered as a good RNA preparation. 

The cDNA library was constructed from 1.0 μg of total RNA using the TruSeq RNA 

library prep V2 kit (Illumina, San Diego, CA) and established protocols. Three samples per 

run were used for collecting sufficient data to determine the most highly expressed genes 

from each sample. A minimum of 30 million 250 bp paired end sequencing reads were 

collected on each run and data were analyzed using Genesifter software (Perkin Elmer, 

Boston, MA). Raw data for each sample were mapped to the most recent mouse genome 

build for identification of both exon and intergenic regions. Tertiary bioinformatics analysis 

(pairwise comparison) of the expression results were performed and information from both 

KEGGs and Gene Ontology databases were analyzed for identification of mRNAs that are 

differentially expressed at a significant level.

Cardiomyocytes size measurement

To quantify cardiomyocyte size, paraffin-embedded heart sections were stained with FITC–

wheat germ agglutinin (SIGMA-ALDRICH) to delineate the cell membrane. The images 

were captured with fluorescence microscope (Olympus model 1X73) and analyzed by 

ImageJ software. Cardiomyocyte cross-sectional areas were measured from 400–500 cells 

per heart, 4 hearts per group.

Cardiac fibrosis and calcium deposition measurement

Hearts were perfused and excised from isoflurane-euthanized mice, washed in cold PBS. 

The upper and middle part of the hearts were fixed in 4% paraformaldehyde, embedded 

in paraffin and sectioned at 5 μm thickness. Collagen was quantified by masson’s 

trichrome staining as we described previously [38]. The blue staining represented collagen 

deposition. A series of 4 sections of each mouse (4 mice per group) was examined and 
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photographed using an Olympus BH-L microscope coupled with a digital color camera. 

Using ImageJ software, blue-stained areas and non-stained myocyte areas from each section 

were determined using color-based thresholding. The percentage of total fibrosis area was 

calculated as the summed blue stained areas divided by total ventricular areas.

Cardiac calcium deposition was analyzed by using alizarin red staining kit (IHC WORLD, 

Woodstock, MD) as per the manufacturer’s protocol. Calcification area was quantified with 

Image J as described above.

Cardiomyocyte isolation

Cardiomyocytes and fibroblasts were isolated by cardiomyocytes isolation kit (Cellutron 

Life Technology, Baltimore MD) as per the manufacturer’s protocol. Briefly, mouse heart 

was dissected and digested with specific enzymatic medium. The digested cells were 

pre-plated for 1–2 hours to collect the cardiac fibroblasts as described previously. The 

unattached cells were then transferred into a new tube and spined at 1100 rpm for 2 min to 

collect the cardiomyocytes.

Western Blot Analysis

Western blot analysis was performed as we described previously [39–42]. Protein samples 

of the cardiomyocytes and fibroblasts isolated from the mouse hearts were prepared in 

RIPA lysis buffer. 30μg of total proteins were resolved by SDS-PAGE and transferred to a 

nitrocellulose membrane (Bio-Rad). Then the membranes were incubated overnight (4°C) 

with a primary antibody against AC4 (Sigma, SAB4300752, 1:1000), PKA (Cell Signaling, 

#5842, 1:1000), P-PKA (Cell Signaling, #5661, 1:1000), PLN (Cell Signaling, #14562, 

1:1000), P-PLN (Cell Signaling, #8496, 1:1000), SERCA2 (Cell Signaling, #9580, 1:1000), 

Cleaved-caspase 3 (Cell Signaling, #9661, 1:1000), Epac1 (Abcam, ab109415, 1:1000), 

GAPDH (Santa Cruz, sc-32233, 1:1000). Goat anti-mouse or goat anti-rabbit horseradish 

peroxidase (1:2000–1:5,000; Santa Cruz Biotechnology) was used as a secondary antibody 

and incubated for 1 hour at room temperature. Specific proteins were detected by 

chemiluminescent methods using Clarity™ western ECL substrate (Bio-Rad, Hercules, 

CA). Protein abundance on western blots was quantified by densitometry using Image lab 

software (Bio-Rad, Hercules, CA).

Real-time PCR

Real-time RT-PCR was performed as we described previously [18, 43]. Total RNA 

was extracted using a Direct-zol ™ RNA Miniprep kit (Zymo Research, Irvine, CA) 

from the heart. Real-time RT-PCR was done using the TaqMan® Universal PCR 

Master Mix (Thermo Fisher, Foster city, CA) in a Bio-Rad C1000™ real-time PCR 

machine. The following gene-specific primers was used for amplifying AC4: forward, 

5’-CCTCCTGGAGCCTAGCTTTG-3’, reverse, 5’-GAGATCTTCGCTGGGAGGAG-3’. 

Reverse transcription was done using the iScript cDNA synthesis kit (Bio-Rad, Hercules, 

CA). The PCR condition was as follows: hold for 5 min at 94 °C, followed by 30 cycles 

consisting of denaturation at 94 °C (30 s), annealing at 57 °C (30 s), and elongation at 72 

°C (1 min). After amplification protocol was over, PCR product was subjected to melt curve 

analysis using Bio-Rad CFX manager software. Fold change was calculated using the ΔΔ 
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threshold cycle method and the value for the GAPDH gene, which was normalized to WT 

groups.

Oxidative stress assay

The superoxide production was assessed by dihydroethidium (DHE) staining (Thermo 

Fisher Scientific Inc) as we described earlier [44, 45]. After deparaffinization and 

rehydration, the paraffin-embedded sections were then incubated with DHE (10−5 M) 

solution for 30 min at 37°C in the dark. Red fluorescence was examined and photographed 

with a fluorescence microscope (Olympus 1X73) in five randomly chosen fields from 

four independent experiments. Oxidative stress was expressed as gray volume of the DHE 

staining and analyzed using Image J (NIH).

Apoptosis assays

Apoptotic cells were detected by terminal deoxynucleotidyl transferase-mediated nick-end 

labeling (TUNEL) using the Click-iTⓇ Plus TUNEL Assay Kit (Thermo Fisher, c10618) as 

per the manufacturer’s protocol. TUNEL positive cells were expressed as a percentage of the 

total number of cells and analyzed using Image J (NIH). At least 200 cells were scored in 

each of four independent experiments.

Apoptosis was also evaluated by western blot analysis of cleaved caspase-3 expression.

ATP assay

The ATP level in the cardiomyocytes was measured using ATP assay kit (Abcam, ab83355, 

San Francisco, CA) following the manufacturer’s instructions. The absorbance was read 

using the BioTek Synergy2 multi-mode microplate reader (BioTek Instruments, Winooski, 

VT).

cAMP assay

cAMP was measured using the Cyclic AMP XP chemiluminescent assay kit (Cell Signaling, 

8019, Danvers, MA) following the manufacturer’s instructions. Signals were measured using 

the BioTek Synergy2 multi-mode microplate reader (BioTek Instruments, Winooski, VT).

Mitochondrial complex I enzyme activity assay

Cardiac mitochondrion was isolated by using the mitochondria isolation kit (Abcam, San 

Francisco, CA). Mitochondrial enzyme activity was detected by the complex I enzyme 

activity microplate assay kit (Abcam, San Francisco, CA).

Statistical Analysis

Quantitative data were presented as the Means ± SEM. Differences between experimental 

groups were examined by unpaired t-test, or two-way ANOVA using Prism software 

(GraphPad). For all analysis, p<0.05 was considered statistically significant.
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Results

The data that support the findings of this study are available from the corresponding author 

upon reasonable request.

Klotho deficiency-induced cardiac remodeling and dysfunction is associated with a 
decrease of AC4 expression

Left ventricular myocardial mass was significantly increased in 10-month-old KL (−/−) 

mice compared with age matched WT mice (Fig. 1A). Left ventricular wall thickness was 

also significantly increased in KL (−/−) mice (Fig. 1B). These data suggest that Klotho 

deficiency causes cardiac hypertrophy. Concomitantly, heart function declined significantly 

in KL (−/−) mice, as shown by decreases in the left ventricular end-diastolic volume, 

fractional shorting, ejection fraction, stroke volume and cardiac output (Fig. 1C–G). These 

results suggest that Klotho deficiency impairs cardiac function leading to heart failure.

We then performed RNA sequencing (RNA-seq) to profile the transcriptomes in isolated 

cardiomyocytes of KL (−/−) and WT mice. We identified a set of 304 genes that were 

differentially expressed in KL (−/−) mouse hearts: 227 genes were found to be upregulated 

and 77 genes were downregulated. Using the molecular pathways annotated in the Kyoto 

Encyclopedia of Genes and Genomes (KEGG), we found that the molecular pathway 

related to ‘dilated cardiomyopathy’ was dysregulated (Fig. 2A). In particular, the AC4 
gene expression level was decreased (Fig. 2A) while AC5 or AC6 gene expression levels 

were not altered (not shown) in cardiomyocytes in KL (−/−) mice. We next verified the 

altered expression of AC4 using quantitative RT-PCR (qRT-PCR) and WB in hearts from 

10-month-old mice. Both the mRNA and protein expression of AC4 were significantly 

decreased by approximately 50% in KL (−/−) mice (Fig. 2B and C), which led us to explore 

whether AC4 may take part in Klotho deficiency-induced heart failure.

AAV-αMHC-AC4 protected against Klotho deficiency-induced cardiac dysfunction and 
remodeling

Therefore, AAV2/9-αMHC-AC4 was administered via tail vein to explore the effects of 

cardiac-specific AC4 gene expression on Klotho deficiency-induced heart failure. The 

AAV.GFP transduction efficiency is 86.2 % in cardiomyocytes (Supplementary Fig. S1), 

indicating effective transduction. Although GFP-positive staining was found in the heart, 

it was not detectable in skeletal muscle or kidneys (Supplementary Fig. S4). The data 

confirm that AAV-AC4 expression is cardiac-specific. Intriguingly, seven weeks treatment of 

AAV2/9-αMHC-AC4 increased left ventricular fractional shorting, ejection fraction, stroke 

volume and end-diastolic volume in KL (−/−) mice (Fig. 3), suggesting that cardiac-specific 

AC4 gene expression prevents cardiac dysfunction in KL (−/−) mice.

Consistent with these results of cardiac function, AAV2/9-αMHC-AC4 also decreased heart 

weight to body weight ratio, left ventricular myocardial mass to body weight ratio, and 

left ventricular wall thickness in KL (−/−) mice (Fig. 4A, B and C). Cardiomyocyte cross-

sectional areas were also significantly decreased by AAV2/9-αMHC-AC4 in KL (−/−) mice 
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(Fig. 4D). These results suggest that cardiac-specific AC4 gene expression protects against 

Klotho deficiency-induced cardiac hypertrophy and remodeling.

AAV2/9-αMHC-AC4 did not affect body weight or kidney weight significantly in either WT 

or KL (−/−) mice (Supplementary Fig. S2, S3), indicating that AAV2/9-αMHC-AC4 did not 

have obvious toxic effects.

AAV-αMHC-AC4 alleviated Klotho deficiency-induced cardiac fibrosis and calcification

Heart remodeling are always followed by myocardial degeneration with extensive fibrosis 

and dystrophic calcification. Trichrome staining showed that cardiac-specific AC4 gene 

expression decreased collagen deposition in the heart of KL (−/−) mice (Fig. 5A and C).

Alizarin red staining showed that cardiac-specific AC4 gene delivery decreased calcium 

deposition in the heart of KL (−/−) mice (Fig. 5B and D).

AAV-αMHC-AC4 attenuated Klotho deficiency-induced increases in cardiac superoxide 
levels and cardiac apoptosis

Excessive superoxide causes myocardial damages which eventually leads to cell necrosis 

and/or apoptosis. We measured cardiac superoxide levels using DHE fluorescence staining 

and apoptosis using TUNEL labeling and western blot analysis of cleaved-caspase 3. As 

shown in Figure 6A, and C, the levels of DHE was significantly increased in the heart 

of KL (−/−) mice, indicating that Klotho deficiency increases superoxide accumulation. 

Cardiac-specific AC4 gene expression decreased Klotho deficiency-induced superoxide 

accumulation (Fig. 6A, C).

Increased superoxide or reactive oxygen species could cause cell apoptosis [20, 46]. 

AAV-αMHC-AC4 attenuated the increases in TUNEL-positive cells and cleaved-caspase3 

expression in the isolated cardiomyocytes of KL (−/−) mice (Fig. 6B, D, and E), suggesting 

that cardiac-specific AC4 gene expression attenuated Klotho deficiency-induced cardiac 

apoptosis. Dual staining of TUNEL and cTnT indicated that the TUNEL positive cells 

are cardiomyocytes (Fig. 6B). Overall, Cardiac-specific AC4 gene delivery rescued Klotho 

deficiency-induced increases in cardiac superoxide levels and apoptotic cell death.

AAV-αMHC-AC4 abolished Klotho deficiency-induced myocytes mitochondrial dysfunction 
via cAMP/PKA/PLN pathway

Cardiac ATP content was significantly decreased in in KL (−/−) mice, and AAV2/9-αMHC-

AC4 rescued the ATP depletion (Fig. 7A). The activities of complex I was reduced 

in mitochondria isolated from KL (−/−) mouse hearts which was abolished by AAV2/9-

αMHC-AC4 (Fig. 7B). These results suggest that cardiac-specific expression of AC4 
prevents against Klotho deficiency-induced cardiac mitochondrial dysfunction.

AAV2/9-αMHC-AC4 increased cardiomyocyte AC4 protein expression in both WT and 

KL (−/−) mice (Fig. 7C). The cAMP levels in cardiomyocytes were decreased in KL 

(−/−) mice which was rescued by AAV2/9-αMHC-AC4 (Fig. 7D). Cardiac-specific AC4 

expression also increased PKA expression and activity in KL (−/−) mice (Fig. 7E–I). 

Concomitantly, cardiac-specific AC4 gene expression increased the expression of Phospho-
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PLN but decreased the SERCA2 expression (Fig. 7H, I). These results suggest that AAV2/9-

αMHC-AC4 rescued Klotho deficiency-induced mitochondrial dysfunction through the 

cAMP/PKA/PLN signaling pathway in cardiomyocytes.

Discussion

Klotho deficiency causes cardiac dysfunction and remodeling in Klotho-hypomorphic 

mutant (KL (−/−)) mice (Fig. 1) [32, 47, 48]. Thus, Klotho is important in the maintenance 

of normal heart function. Klotho levels are decreased in patients with cardiovascular disease 

[26, 27]. The circulating Klotho level may represent a prognostic tool and therapeutic target 

for cardiovascular disease. Klotho gene is primarily expressed in the kidney tubule epithelial 

cells [24]. Our recent studies showed that serum level of Kotho protein is decreased 

tremendously in KL (−/−) mice [17, 28]. Kidney-specific knockout of klotho gene also 

significantly diminished serum level of Klotho [28, 33], indicating that the kidney is an 

important source of the circulating Klotho. Interestingly, klotho gene is not expressed in 

cardiomyocytes in mice [17, 28] although it was reported that Klotho may be expressed 

in human hearts [49]. Exogenous Klotho protein protects against aging or chronic kidney 

disease-induced cardiomyopathy [17, 50, 51]. Therefore, the circulating Klotho is important 

in the regulation of cardiac function [17]. Klotho is associated with cardiovascular morbidity 

and mortality in dialysis patients [52].

Klotho deficiency-induced cardiac remodeling and dysfunction is accompanied by a 

decrease of AC4 expression in the heart (Fig. 2). Interestingly, our results demonstrated 

that cardiac-specific AC4 gene expression protected against Klotho deficiency-induced 

heart dysfunction and cardiac remodeling (Figs. 3–5). The AC family is composed of nine 

membrane-bound isoforms (AC 1–9) and one soluble isoform (sAC). Multiple distinct AC 

complexes exist in the heart and are important regulators of cardiac physiology. While 

great effort has been made to understand the composition and roles of these complexes, 

there are still many questions to be answered. Whether AC4 regulates cardiac function is 

largely unknown. Our findings suggest that downregulation of AC4 may mediate cardiac 

dysfunction and remodeling in KL (−/−) mice. AC4 could be a potential therapeutic target 

for heart failure associated with Klotho deficiency (e.g., aging, chronic kidney disease).

The specific mechanism by which AC4 improves cardiac remodeling and function in 

Klotho-deficient mice is likely via activation of cAMP pathway. cAMP is a major 

second messenger in many organs, particularly in the heart, where it regulates diverse 

physiological processes such as Ca2+ homeostasis, beating frequency and myocardial 

contractility as well as cell death [2]. In this study, we found that cAMP level in 

cardiomyocytes is significantly decreased in KL (−/−) mice which can be rescued by 

cardiac-specific AC4 gene expression (Fig 7D). It is known that cAMP activates protein 

kinase A (PKA) to mediate diverse biological effects, including cardiac remodeling and 

dysfunction [2, 53]. In cardiomyocytes, cardiac-specific AC4 gene expression increased 

PKA expression and activity (Fig 7E–I). Cardiac-specific AC4 gene delivery increased 

the expression of Phospho-PLN, so decreased the SERCA2 expression (Fig 7H, I), which 

are critical in modulating calcium flux, mitochondrial function and cardiac apoptosis in 

KL (−/−) mice. Indeed, cardiac-specific AC4 gene expression rescued Klotho deficiency-
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induced mitochondrial dysfunction (Fig 7A, B), cardiac superoxide accumulation, and 

cardiomyocyte apoptosis (Fig 6). Taken together, AC4 increases cAMP levels which protects 

against cAMP-dependent mitochondrial dysfunction, superoxide accumulation and apoptotic 

cell death. Mitochondrial dysfunction leads to overproduction of superoxide which is linked 

to cell apoptosis and fibrosis formation [17, 48, 54]. Therefore, we believe that rescue of 

cardiomyocyte mitochondrial dysfunction and excessive superoxide generation contribute to 

the cardioprotective effect of in vivo AC4 expression in Klotho-deficient mice.

Cardiac-directed expression of some isoforms of ACs (e.g., AC8) may lead to an obvious 

compartmentation of the cAMP levels [55]. A limitation of this study is that we did not 

assess the sub-compartments of AC activity. In this experiment, we used AAV2/9-αMHC-

GFP and PBS as control treatments. The ideal control for these experiments would be in 
vivo expression of an enzymatically inactive form of AC4, which is the limitation of this 

study.

The sarcoendoplasmic reticulum (SR) calcium transport ATPase (SERCA) is a pump 

that transports calcium ions from the cytoplasm into the SR. The SERCA pump is 

encoded by a family of three genes, SERCA1, 2, and 3, that are highly conserved 

but localized on different chromosomes. SERCA2 is the major isoform of SERCA 
expressed in cardiomyocytes. SERCA2 expression and activity are decreased in some 

pathophysiological conditions including heart failure [56]. The decreased SERCA2 activity 

causes hypocalcemia, which leads to heart failure. However, SERCA2 is increased in 

KL (−/−) mice (Fig. 7), suggesting that Klotho deficiency upregulates SERCA2 activity. 

Although the mechanism of Klotho deficiency-induced upregulation of SERCA2 remains to 

be found, overactive SERCA2 may cause calcium deposition in the myocardium leading to 

calcification (Figure 5B,D). Calcification also impairs heart function which contributes to 

heart failure. Thus, abnormal upregulation or downregulation of SERCA2 can impair heart 

function.

In the KL (−/−) model, expression AC4 (but not AC5/6) were decreased which plays an 

important role in the pathogenesis of heart failure. Cardiac-specific expression of AC4 

effectively rescued Klotho deficiency-induced heart failure (Fig. 3). Viral delivery of AC6 

showed promising cardiac protective effects in other models of heart failure [7, 57]. A 

randomized clinical trial demonstrated that viral-based AC6 gene transfer increased LV 

function in patient with heart failure [58]. In a different model, however, AC5 gene knockout 

prevents cardiomyopathy due to enhanced β-adrenergic signaling [59]. Similarly, cardiac-

directed AC6 gene mutation attenuates the deleterious effects of continuous β-adrenergic 

stimulation [60]. Therefore, the effect of AC on heart failure depends on models. Sustained 

stimulation of β1-adrenergic receptors increases the intracellular cAMP levels. In this case, 

inhibition or disruption of AC may be effective in improving heart failure.

In summary, we demonstrate in the Klotho deficiency-induced heart failure model that 

cardiac-specific AC4 gene expression can markedly improve left ventricular function and 

structure. The beneficial effects are likely attributed to a rescue of downregulation of the 

cAMP-PKA pathway, mitochondrial dysfunction and apoptotic cell death in KL (−/−) mice 

(Supplementary Fig. S5). Further studies are warranted to investigate whether AC4 can serve 
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as a therapeutic target for heart failure associated with Klotho deficiency in aging or chronic 

kidney diseases (CKD).

Clinical Perspectives

Heart failure is the major cause of mortality in patients with chronic kidney disease (CKD). 

A decrease in Klotho levels is linked to CKD. Here we report that Klotho deficiency 

causes heart failure via downregulation of cardiac AC4 gene expression. Importantly, 

cardiac-specific AC4 gene expression markedly improves cardiac function and structure. 

These findings provide new therapeutic strategies for heart failure associated with CKD.

Translational Outlook

This study suggests that Klotho insufficiency may be involved in cardiomyopathy and 

heart failure associated with aging and CKD. We expect that treatment with Klotho or 

cardiac-specific expression of AC4 gene would be effective in the control of heart failure 

in CKD patients. Human Klotho protein is immediately available for a clinical test in 

human heart failure. AAV is a safe vector and has been approved by FDA for clinical trial. 

AAV-αMHC-AC4 can be used for testing a novel cardiac-specific therapy for heart failure. 

Thus, the translation value of the finding is high.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig 1. Klotho deficiency caused cardiac hypertrophy and dysfunction.
Cardiac function was measured by MRI in 10-month-old KL (−/−) male mice fed with 

low-phosphate diets and age-matched WT mice. (A) Left ventricular (LV) myocardial mass 

to body weight ratio. (B) LV walls thickness. (C) LV end-diastolic volume. (D) LV fractional 

shortening. (E) LV ejection fraction. (F) Stroke volume. (G) Cardiac output. Data are 

expressed as means ± SEM and analyzed by t-test, *p<0.05, **p<0.01 vs wild type mice, 

n=5.
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Fig 2. AC4 gene and protein expression was decreased in KL (−/−) mice.
(A) Dysregulated mRNA of the molecular pathway related to dilated cardiomyopathy 

measured by RNA sequencing analysis. (B) qRT-PCR analysis of AC4 mRNA expression. 

(C) Western blot analysis of AC4 protein expression. Data are expressed as means ± SEM 

and analyzed by t-test, **p<0.01 vs wild type mice, n=4.
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Fig 3. AAV-αMHC-AC4 protected against Klotho deficiency-induced heart dysfunction.
Cardiac function was measured by MRI. (A) Representative cardiac MRI images. (B) LV 

fractional shortening. (C) LV ejection fraction. (D) Stroke volume. (E) LV end-diastolic 

volume. Data are expressed as means ± SEM and analyzed by two-way ANOVA, **p<0.01 

vs WT-PBS group, ##p<0.01 vs KL (−/−)-PBS group, n=4–7.

Chen et al. Page 17

Transl Res. Author manuscript; available in PMC 2023 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig 4. AAV-αMHC-AC4 protected against Klotho deficiency-induced cardiac hypertrophy.
(A) Heart weight to body weight ratio. n=4–7. (B) LV myocardial mass to body weight 

ratio. n=4–7. (C) LV walls thickness. n=4–7. (D) Cardiomyocyte cross-section area by WGA 

staining. n=4. Data are expressed as means ± SEM and analyzed by two-way ANOVA, 

**p<0.01 vs WT-PBS group, #p<0.05, ##p<0.01 vs KL (−/−)-PBS group.
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Fig 5. AAV-αMHC-AC4 alleviated Klotho deficiency-induced cardiac fibrosis and calcification.
(A) Representative images of masson’s trichrome staining. (B) Representative images of 

alizarin red staining. (C) Quantification of fibrosis by trichrome staining. (D) Quantification 

of calcification by alizarin red staining. Data are expressed as means ± SEM and analyzed 

by two-way ANOVA, *p<0.05, **p<0.01 vs WT-PBS group, #p<0.05 vs KL (−/−)-PBS 

group, n=4.
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Fig 6. AAV-αMHC-AC4 attenuated Klotho deficiency-induced increases in superoxide levels and 
cardiac apoptosis.
(A) Representative images of DHE staining. (B) Dual staining of TUNEL (apoptosis 

marker) and cTnT (cardiomyocyte marker). (C) Quantification of superoxide levels by DHE 

staining. n=4. (D) Quantification of cardiac apoptosis by TUNEL labelling. (E) Western 

blot analysis of cleaved caspase 3 (C-caspase 3). Data are expressed as means ± SEM and 

analyzed by two-way ANOVA, *p<0.05, **p<0.01 vs WT-PBS group, #p<0.05, ##p<0.01 vs 

KL (−/−)-PBS group, n=4.
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Fig 7. AAV-αMHC-AC4 abolished Klotho deficiency-induced cardiomyocyte mitochondrial 
dysfunction.
Cardiomyocytes were isolated from the mice heart by cardiomyocytes isolation kit. (A) 

Cardiomyocyte ATP content. (B) Mitochondrial complex I enzyme activity. (C) Western blot 

analysis of AC4 in cardiomyocytes. (D) Cardiomyocyte cAMP generation. (E) Western blot 

analysis of PKA, Phospho-PKA, PLN, Phospho-PLN, SERCA2. (F) Quantification of PKA 

expression. (G) Quantification of Phospho-PKA expression. (H) Quantification of Phospho-

PKA to total PKA. (I) Quantification of Phospho-PLN expression. (J) Quantification of 

SERCA2 expression. Data are expressed as means ± SEM and analyzed by two-way 

ANOVA, *p<0.05, **p<0.01 vs WT-PBS group, ##p<0.01 vs KL (−/−)-PBS group, n=4.
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