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A B S T R A C T   

Adenosine kinase (ADK) plays the major role in cardiac adenosine metabolism, so that inhibition of ADK in-
creases myocardial adenosine levels. While the cardioprotective actions of extracellular adenosine against 
ischemia/reperfusion (I/R) are well-established, the role of cellular adenosine in protection against I/R remains 
unknown. Here we investigated the role of cellular adenosine in epigenetic regulation on cardiomyocyte gene 
expression, glucose metabolism and tolerance to I/R. Evans blue/TTC staining and echocardiography were used 
to assess the extent of I/R injury in mice. Glucose metabolism was evaluated by positron emission tomography 
and computed tomography (PET/CT). Methylated DNA immunoprecipitation (MeDIP) and bisulfite sequencing 
PCR (BSP) were used to evaluate DNA methylation. Lentiviral/adenovirus transduction was used to overexpress 
DNMT1, and the OSI-906 was administered to inhibit IGF-1. Cardiomyocyte-specific ADK/IGF-1-knockout mice 
were used for mechanistic experiments.Cardiomyocyte-specific ADK knockout enhanced glucose metabolism and 
ameliorated myocardial I/R injury in vivo. Mechanistically, ADK deletion caused cellular adenosine accumula-
tion, decreased DNA methyltransferase 1 (DNMT1) expression and caused hypomethylation of multiple meta-
bolic genes, including insulin growth factor 1 (IGF-1). DNMT1 overexpression abrogated these beneficial effects 
by enhancing apoptosis and decreasing IGF-1 expression. Inhibition of IGF-1 signaling with OSI-906 or genetic 
knocking down of IGF-1 also abrogated the cardioprotective effects of ADK knockout, revealing the therapeutic 
potential of increasing IGF-1 expression in attenuating myocardial I/R injury. In conclusion, the present study 
demonstrated that cardiomyocyte ADK deletion ameliorates myocardial I/R injury via epigenetic upregulation of 
IGF-1 expression via the cardiomyocyte adenosine/DNMT1/IGF-1 axis.   

1. Introduction 

Acute myocardial ischemia, resulting from arterial thrombosis, 
severely depresses cardiac contractile function. Paradoxically, while 
thrombolysis and reperfusion of the ischemic tissue is necessary to 
restore cardiomyocyte contractile function, a significant portion of the 

cell injury and death occur in response to reperfusion. The cardiac injury 
imposed by ischemia and reperfusion is defined as cardiac ischemia- 
reperfusion (I/R) injury, and contributes to the long-term poor prog-
nosis in ischemic heart disease [1]. Ischemic heart disease resulting from 
I/R injury is associated with high morbidity [2]. Therefore, identifying 
cell and molecular mechanisms that contribute to cardiomyocyte death 
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after reperfusion will be critical for development of adjunctive therapies 
for myocardial infarction. 

Adenosine is a purine nucleoside produced during cellular stress 
conditions such as inflammation, diabetes, and methionine cycle [3–5]. 
Adenosine activation of adenosine receptors or related kinase regulation 
exert important protective effects, including protection against ische-
mia/reperfusion injury [6,7], reduction of oxidative stress [8], improved 
coronary flow/cardiac perfusion [9], regulation of inflammatory 
response [10,11], and attenuation of hypertrophy and heart failure 
during pressure overload [12]. Despite extensive evidence, however, 
that adenosine receptor activation can attenuate I/R injury in cell and 
animal models, the protective effects of adenosine receptor agonists, as 
well as other preconditioning or post-conditioning agents, have failed to 
translate into clinical practice [13]. Thus, there is a clinical unmet need 
for identification of novel targets for attenuating reperfusion injury. 

Adenosine kinase (ADK) plays a major role in cardiomyocyte aden-
osine metabolism, so that its inhibition results in cellular adenosine 
accumulation and release of adenosine into the interstitial space [14, 
15]. While the cardioprotective roles of extracellular adenosine are 
established, the impact of cellular adenosine in cardioprotection is not 
clear. As a byproduct of s-adenosyl homocysteine (SAH) hydrolysis, 
adenosine can inhibit s-adenosylhomocysteine hydrolase (SAHH) ac-
tivity, causing SAH to accumulate [16]. Because SAH is a potent in-
hibitor of methyltransferase activity, inhibition of SAHH by cellular 
adenosine results in increased SAH to s-adenosylmethionine (SAM) ratio 
and can diminish DNA methylation [17,18]. While epigenetic effects of 
ADK disruption have been observed in several cells and tissues, the role 
of ADK and cellular adenosine in cardiomyocyte DNA methylation and 
cardioprotection are unknown. 

Recently, cross-talk between metabolism and epigenetics has been 
identified as a potential target for the treatment of cardiovascular dis-
eases [19,20], and several studies have indicated a dynamic relationship 
between metabolic processes and gene expression [21,22]. Furthermore, 
cellular metabolites, such methyl and flavin adenine dinucleotide (FAD), 
have been shown to induce permanent alterations in cellular 
morphology and genetic structure in multiple disease models [23,24], 
likely dependent upon epigenetic modifications. This phenomenon is 
referred to as metaboloepigenetics. 

In this study, we investigated the role of ADK in cardiomyocyte DNA 
methylation, gene expression and cardioprotection against I/R in car-
diomyocytes. Our findings indicate that inhibition of ADK protected 
heart against I/R injury by modulating epigenetic-metabolic crosstalk in 
cardiomyocytes. 

2. Methods 

The data, analytical methods, and study materials that support the 
findings of this study are available from the corresponding author upon 
reasonable request. 

2.1. Bioinformatic analysis to identify potential metabolic genes 

Raw data or series matrix files for microarray datasets were down-
loaded from the public Gene Expression Omnibus (GEO) database. The 
microarray sequencing results were derived from I/R samples of each 
group to reduce heterogeneity within the analysis. Analysis was per-
formed for the corresponding annotation documents, pathway/process 
enrichment, and protein interactions identified by Search Tool for the 
Retrieval of Interacting Genes/Proteins (STRING) to transform the 
probes into gene symbols, while BioGPS tools were used to detect ADK 
expression in different tissues or organs as previously described [22]. 

2.2. Transgenic mice and animal experiments 

Cardiomyocyte-specific ADK-knockout mice (ADK-Cre) were gener-
ated as previously described [12] (Fig. S12), and cardiomyocyte-specific 

insulin-like growth factor 1 (IGF-1)-knockout mice were purchased from 
Shanghai Model Organisms Center, Inc. These two mouse strains were 
crossed to establish cardiomyocyte-specific ADK/IGF-1 
double-knockout mice. Myocardial I/R surgery was performed in the 
mice as previously described [25]. Briefly, mice were anesthetized by a 
facemask connected to ventilator (2% isoflurane mixed with 100% O2, 
volume: 2 L/min, frequency: 60/minute). For each mouse, a left thoracic 
incision was made to expose the heart. Myocardial ischemia was 
induced by tying a slipknot around the left anterior descending coronary 
artery with a 6.0 silk suture (Surgical Specialties Corporation, England). 
After 30 min, the slipknot was released to allow reperfusion. Reperfu-
sion times varied based on the experiment being performed. Reperfusion 
times ranged between 3 h and 24 h for investigation of 
adenosine-associated methylation levels. IGF-1R inhibitor (OSI-906, 10 
mg/kg) was administered to mice via intragastric delivery, and DNMT1 
adenovirus was administered via tail vein injection. To explore detailed 
changes in vivo, the specific cell sub-population were harvested and 
prepared immediately for further experiments, the details of protocols 
were described in supplementary files. 

2.3. Echocardiography 

Mice were anesthetized with 1% pentobarbital after myocardial I/R 
surgery, and two-dimensional transthoracic echocardiography was 
conducted in a standard setting using a 30-MHz high-frequency scan 
head (VisualSonics Vevo770; VisualSonics Inc., Toronto, ON, Canada) as 
previously described [22]. The left ventricular internal dimension at 
diastole (LVIDd), left ventricular internal dimension at systole (LVIDs), 
left ventricular end-diastolic volume (LVEDV), and left ventricular 
end-systolic volume (LVESV) were measured for each mouse, and the 
left ventricular fractional shortening (FS) and ejection fraction (EF) were 
calculated using Simpson’s rule (Fig. S13E). All parameters were 
measured by an experienced echocardiographer who was blinded to the 
treatment protocol (Supplementary Table 4). 

2.4. Evans blue and 2,3,5-triphenyltetrazolium chloride (TTC) staining 

Mice were sacrificed at 3- and 24-h after I/R surgery, and the hearts 
were quickly sectioned for Evans blue and TTC staining as previously 
described [22]. Evans blue staining was used to assess the risk zones, and 
TTC staining was used to measure the areas of the infarcted tissue and 
entire left ventricle. Analysis was conducted using ImageJ software as 
previously described [22]. 

Assessment of ADK expressions, adenosine levels, SAM/SAH- 
associated metabolites, global DNA methylation, DNMT1 activity and 
specific histone methylation. 

Quantitative measurements of cellular adenosine, SAM/SAH- 
associated metabolites were assessed by reversed-phase HPLC on 
freshly isolated cells obtained through the sub-population isolation 
method, and isolated cardiomyocytes were cultured and verified by 
commercial kits. Relative amounts were calculated with the average OD 
of wild type as respective reference in our study for ELISA experiment. 
The ADK expressions, ADK activity, global DNA methylation, DNMT1 
activity and specific histone methylation were determined using com-
mercial kits according to the manufacturer’s instructions. The detailed 
information of kits was presented in Supplementary Table 1. The HPLC 
assay method is detailed in the Appendix Supplementary Method. 

2.5. Detection of adenine nucleotide related metabolites 

The cAMP concentrations were determined using a Cyclic AMP XP® 
assay kit (Cell Signaling Technology, Danvers, MA, USA) according to 
the manufacturer’s protocol. AMP, ADP, ATP and adenine were 
measured by liquid chromatography (LC)-mass spectrometry (MS) 
analysis, and the details were provided in Appendix Supplementary 
Method. 
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2.6. Terminal transferase-mediated dUTP nick end-labeling (TUNEL) 
assay 

Myocardial tissue sections after I/R surgery were stained using a 
fluorescein-conjugated TUNEL in situ cell death detection kit (Roche. 
Catalog No. 11684795910). Procedures were performed according to 
manufacturer’s instructions. The number of TUNEL-positive cells was 
determined in 10 independent fields for each sample. 

2.7. Hypoxia/reoxygenation (H/R) injury cell model 

The H/R injury cell model was established as previously described 
[25]. Briefly, healthy adult mouse ventricular cardiomyocytes were 
isolated (Details in supplementary appendix files), or HCM-a human 
cardiomyocyte were cultured for ADK overexpression experiment. Cells 
for in vivo experiments were further under isolation and prepared for test 
immediately, while cells for in vitro experiments cultured in 
laminin-coated dishes in a standard tissue culture incubator (37 ◦C, 5% 
CO2) for 24 h. Then, the cardiomyocytes were placed in hypoxic buffer 
(118 mmol/L NaCl, 24 mmol/L NaHCO3, 1 mmol/L NaH2PO4, 2.5 
mmol/L CaCl2⋅2H2O, 1.2 mmol/L MgCl2, 20 mmol/L sodium lactate, 16 
mmol/L KCl, and 10 mmol/L 2-deoxyglucose [pH 6.2]) and placed in a 
hypoxia incubator (1% O2, 94% N2, 5% CO2). Reoxygenation was ach-
ieved by replacing the hypoxic buffer with fresh culture medium and 
incubating the cells in a standard tissue culture incubator for the indi-
cated time [25]. The cells and their supernatants were harvested sepa-
rately after reoxygenation. Further adenosine supplementation is 10 
μmol/L, and lentivirus transduction was performed for DNMT over-
expression in vitro. 

2.8. Flow cytometry 

Isolated cardiomyocytes (107 cells) were trypsinized for 5 min and 
then resuspended and stained using an apoptosis detection kit (BD, 
Catalog No. 559763). The samples were incubated for 60 min at 4 ◦C in 
the dark, and washed three times with a flow cytometry staining buffer. 
Apoptotic cells were detected using a BD LSRFortessa Cell Analyzer, and 
data were analyzed with FlowJo software. 

2.9. Western blot 

Protein lysates were prepared from isolated cardiomyocytes or from 
the infarction border zone tissues isolated from mice after I/R surgery 
according to previously established protocols. Samples containing an 
equal amount of protein were separated by SDS-polyacrylamide gel 
electrophoresis (SDS-PAGE) and transferred to nitrocellulose mem-
branes (Millipore). The membranes were blocked with 5% bovine serum 
albumin (BSA) in Tris-buffered saline for 1 h prior to overnight incu-
bation with the respective primary antibodies at 4 ◦C. Levels of target 
proteins were analyzed with β-actin (1:5000) as the loading control. The 
detailed information of antibodies are described in Supplementary 
Table 2. 

2.10. Real-time quantitative polymerase chain reaction (qPCR) 

Total RNA was isolated from myocardial tissues or cardiomyocytes, 
and any contaminating genomic DNA was removed by DNase digestion. 
Complementary DNA (cDNA) was synthesized from 1 μg total RNA at 
37 ◦C for 60 min in a 20-μL reaction system (Superscript III). The data 
were analyzed for the target genes. The primers used for qPCR are 
provided in the Supplemental Table 3. 

2.11. Methylated DNA immunoprecipitation (MeDIP)–qRT–PCR and 
bisulfite PCR for IGF-1 promoter 

MeDIP–qRT–PCR was carried out with a Magnetic Methylated DNA 

Immunoprecipitation kit (Diagenode, Denville, NJ, USA). The MeDIP 
DNA was used for qPCR. Bisulfite PCR was performed to detect IGF-1 
promoter methylation. Details were performed as described in the Ap-
pendix Supplementary Method. The primers used for BSP are provided 
in the Supplemental Table 3. 

2.12. Lentivirus/adenovirus production and transduction 

The full-length sequences of the DNMT1 gene were produced by 
PCR. The set of primers were as follows (forward primer: GCGAATTC-
GAAGTATACCTCGAGGCCACCATGGCTGCCAAACGGAGACC; reverse 
primer: CATGGTCTTTGTAGTCCATGGATCCGTCCTTGGTAGCAGCCTC 
CTCTTT). The products of the DNMT1 gene were amplified, purified, 
digested and ligated into the respective sites in the PGMLV-6395 vector 
(Genomeditech, China). 10 μg DNMT1 over-expression vectors were 
mixed with 10 μl Lenti-HG mix and 60 μl HG transgene reagent 
(Genomeditech, China) for the lentivirus package, and transfection of 
293 T cells was performed with Lipofectamine 2000 reagent (Invitrogen, 
Thermo Fisher Scientific, USA). 100X Enhancing buffer (Genomeditech, 
China) was used for better transfection efficiency after 12 h incubation. 
The virus-containing supernatants were collected after 48 h transfection, 
and then transformed with 0.22 μm cellulose acetate filters (Merck 
Millipore, USA) for ultracentrifugation. For transductions, the respective 
Lentivirus (1 × 106 PFU/mL in culture medium) was incubated with 
cardiomyocytes (105 cells/mL) for 48 h, and the transduction efficiency 
was analyzed by Western blot. 

As for adenovirus, the same over-expression sequences were used as 
the Lentivirus production, and adenovirus was established with routine 
protocols. In short, the products of the DNMT1 gene were cloned into the 
vector. The vectors were then packaged into a recombinant adenovirus 
using U293 cells (Invitrogen, Carlsbad, USA) according to the manu-
facturer’s instructions. In control group, the mice were injected with 
ADV-NC (1 × 1010 infectious units/mouse) by tail vein. In DNMT1 
overexpression group, the mice were infected with ADV-DNMT1(1 ×
109 infectious units/mouse) by tail vein. 

2.13. Immunostaining and immunofluorescence analyses 

For histological analyses, myocardial tissues were serially cryosec-
tioned at a 5-μm thickness and mounted onto slides. The cryosections 
were fixed in 4% paraformaldehyde for 30 min and then rinsed in PBS. 
Plasma membranes were permeabilized with Triton X-100 (Sigma, St. 
Louis, USA). Nonspecific binding sites were blocked by incubation with 
5% BSA (Sigma, St. Louis, USA) in PBS for 1 h. The slides were then 
incubated with primary antibodies overnight at 4 ◦C. Then, the slides 
were rinsed and incubated with secondary antibodies at room temper-
ature for 2 h. The stained slides were photographed with an Olympus 
IX71 or Zeiss Pascal confocal microscope. 

2.14. Detection of glucose metabolism 

Quantitative measurements of glucose metabolism were performed 
with commercial kits according to the manufacturer’s instructions. The 
kit information is described in Supplementary Table 1. 

Preparation of fluorine-18 (18 F)-labeled positron emission tomog-
raphy (PET) probes and micro-PET/computed tomography (CT) 
imaging. 

Standard 18 F-labeled fluorodeoxyglucose (FDG) and 4 (R, S)-[18 F] 
fluoro-6-thia-heptadecanoic acid (FTHA) probes were prepared on the 
same day of examination by the Department of Nuclear Medicine, Fudan 
University Shanghai Cancer Center. Each probe was prepared according 
to a standard protocol, and quality control analysis was conducted to 
ensure that they met the radiopharmaceutical requirements as previ-
ously reported [26]. Micro-PET/CT scanning and image analysis were 
performed with an Inveon micro-PET/CT system (Inveon Research 
Workplace, Siemens Medical Solution, California, USA). Each mouse 
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was intraperitoneally injected with approximately 200 μCi of the 18 
F-labeled probe. Then, 1 h after injection, a 20-min static scan was ac-
quired for each mouse while under isoflurane anesthesia. Mice were 
fasted overnight prior to injection and were kept under isoflurane 
anesthesia during the 1-h period prior to imaging. Images were recon-
structed and standardized uptake values were quantified from regions of 
interest (ROIs) using Inveon Research Workplace after recalibration 
according to the percentage of the injected dose per gram of tissue (ID/g 
%). 

2.15. S-adenosylhomocysteine hydrolase (SAHH) activity assay 

SAHH activity was assessed using the adenosylhomocysteinase ac-
tivity fluorometric assay kit (Abcam, ab197002, USA) per the manu-
facturer’s instructions. SAHH catalyze hydrolysis of SAH to 
homocysteine and adenosine. 

2.16. Statistical analysis 

Data were presented as the mean ± standard error of the mean 
(SEM). Significance between comparisons was determined by one-way 
analysis of variance (ANOVA) followed by Tukey’s post-hoc test or a 
two-tailed Student’s t-test. A p-value<0.05 was considered statistically 
significant. 

3. Results 

3.1. I/R resulted in the upregulation of ADK in the acute period 

RNA sequencing was performed to detect the change of ADK in the 
setting of I/R injury. Compared with WT group, WT mice with I/R injury 
had multiple changed candidate genes in ADK related pathways, while 

ADK was up-regulated in the setting of I/R (Fig. 1A and B, Fig. S9E). 
Further analysis to ADK related pathways showed that ADK, DNMT1 and 
metabolism related genes were significantly changed in the setting of I/ 
R (Fig. 1C). Moreover, correlation analysis showed that ADK had strong 
negative association with IGF-1, and middle-level negative association 
with DNA methylation related enzymes (Fig. 1D). Pathways and bio-
informatic analysis using datasets from three databases was also per-
formed to identify potential myocardial candidate genes with altered 
expression in response to I/R. I/R resulted in the altered expression of 
metabolic genes (Fig. S9A). Further analysis revealed that ADK was 
significantly increased in the acute period of I/R (less than 24-h) (Sup-
plementary S9C, D), while decreased in the chronic period of I/R 
(Fig. S9B). Overall, above analysis indicated the association between 
ADK and other metabolic genes in myocardial I/R. 

3.2. Pharmacological ADK inhibition attenuated cardiac I/R injury via 
increased cardiac adenosine 

To assess the role of ADK in myocardial I/R injury, ADK inhibitors 
were administered to wild-type mice. The mice were intraperitoneally 
injected with 5-iodotubercidin (5-ITU,1 mg/kg), ABT-702 (1.5 mg/kg), 
or saline for 7 days before I/R surgery, and the extent of injury in 
response to I/R was compared in the mice. Evans blue/TTC staining 
showed that both ADK inhibitors significantly reduced infarction size 
(Fig. 2A–C). Doppler echocardiography showed that the ADK inhibitors 
resulted in increased EF and FS values in the mice, indicating that ADK 
inhibitors treatment preserved cardiac function after I/R surgery 
(Fig. 2D and E). Metabolomics analysis revealed that ADK inhibition did 
not affect adenine nucleotide store, concentrations order nor cardiac 
function (Fig. S10), as reported previously [27]. 

Because ADK activity and expression have been shown to play a 
pivotal role in regulating adenosine accumulation [5], we then 

Fig. 1. ADK was identified as a potential candidate gene involved in the metabolic changes during I/R. (A) Pathways with potential difference in the setting 
of I/R based on RNA-sequencing, the red column marks pathways involved with ADK. (n = 3 per group). (B) Potential candidate genes with changed expression in the 
setting of I/R based on RNA-sequencing, the bold black arrow marks the position of ADK. (n = 3 per group). Log2 fold change in X axis legend means the expression 
changes of target genes. Log10 adjust P value means the difference of target genes between groups.(C) Comparison of target genes between WT and WT + I/R group 
in the setting of 3-h I/R injury, Group A, wild-type mice; Group B, wild-type mice with I/R surgery, other details were demonstrated in the Supplementary Fig. 9. (n 
= 3 per group). (D) Logistics analysis of ADK to other genes. Red color represents positive association. Blue color represents negative association. Abbreviations in C 
and D represents the candidate genes with potential difference. (For interpretation of the references to color in this figure legend, the reader is referred to the Web 
version of this article.) 
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evaluated the effects of ADK inhibitors on adenosine levels in both iso-
lated cardiomyocytes and peripheral blood. Indeed, ADK inhibition 
resulted in elevated adenosine levels in cardiomyocytes as well as pe-
ripheral blood after I/R surgery (Fig. 2F and G). Interestingly, treatment 
with ABT-702 and iodotubercidin, which directly inhibit ADK activity, 
also markedly decreased the ADK protein expression levels and activity 
after I/R surgery as compared with saline-treated controls (Fig. 2H and 
I), and 5-ITU maintained ideal specific action on ADK in vivo (Fig. S13). 
The mechanism of ADK inhibitors might be multiple to decrease ADK 
expression. For 5-Iodotubercidin (5-ITU), an ATP mimetic for ADK, its 
interference on ATP reaction could further influence the stabilization of 
ADK protein structure and speed up ADK degradation [28], while 
ABT-702 had some orders of magnitude selectivity over other sites of 
adenosine interaction besides ADK. Such effects might be involved in the 
degradation of ADK [29]. Altogether, these data showed that pharma-
cological ADK inhibition resulted in increased cardiac adenosine, 
decreased myocardial injury, and preserved cardiac function after I/R. 

3.3. Cardiomyocyte-specific ADK knockout ameliorated myocardial I/R 
injury via adenosine-induced DNMT1 inhibition 

Because ADK inhibition caused adenosine accumulation in the heart, 
we examined ADK expression in various cells isolated from the hearts of 
mice after I/R surgery. Specifically, cardiomyocytes, fibroblasts, and 
endothelial cells were isolated from wild-type mice at 3 and 24 h after I/ 
R surgery. Interestingly, ADK protein content was significantly increased 
in cardiomyocytes at the 3-h timepoint compared with the sham group; 
however, the increase was no longer observed at the 24-h timepoint 
(Fig. 3A), verified by ELISA. No significant differences in ADK levels 

were observed in the fibroblasts and endothelial cells at either timepoint 
after I/R surgery (Fig. 3A). Furthermore, cardiomyocytes exhibited a 
remarkable decrease in cellular adenosine at the 3-h I/R timepoint, as 
reported previously, the potential mechanism could be I/R-induced 
increased HIF transcriptionally repressed ENT1, ENT2 and further 
decease cellular adenosine uptake [30,31]. Fibroblasts and endothelial 
cells, however, did not exhibit significant changes in cellular adenosine 
levels (Figs. S1A–S1C). These results suggest that increased ADK 
expression reduces cardiomyocyte adenosine accumulation after I/R. 

Based on the above findings, we examined the effect of 
cardiomyocyte-specific ADK-knockout on tolerance to I/R (details pro-
vided in Supplemental Material). After I/R surgery, Evans blue/TTC 
staining demonstrated reduced infarction sizes (Fig. 3B and E), while 
echocardiographic analysis revealed preserved cardiac function in car-
diomyocyte ADK KO as compared to controls (Fig. 3C and D). TUNEL 
staining also revealed less apoptotic cells in the myocardial tissues from 
the ADK-knockout mice compared with those from their wild-type lit-
termates (Fig. 3F). The ADK-knockout mice also exhibited increased 
cardiomyocyte adenosine accumulation compared with their wild-type 
littermates, despite similar levels of circulating adenosine. Overall, 
these findings verified the cardioprotective effects of ADK knockout 
specifically in cardiomyocytes (Figs. S1D and S1E). 

Adenosine accumulation has been shown to inhibit DNMT1 via 
regulation of the SAM/SAH reaction [32]. Interestingly, we observed 
that DNMT1 protein expression and activity were strongly diminished in 
ADK KO hearts after I/R surgery compared with wild-type littermates 
(Fig. 3G). To examine whether reduced DNMT1 expression played a role 
in cardioprotection, DNMT1 expression was restored in ADK-knockout 
hearts via adenoviral transduction. Evans blue/TTC staining 

Fig. 2. ADK inhibition attenuated myocardial I/R injury via cardiomyocyte adenosine accumulation in mice. (A) Evans blue/TTC staining of frozen 
myocardial tissue sections from wild-type mice treated with 5-iodotubercidin (ITU), ABT-702 dihydrochloride (ABT-702), or saline for 7 days prior to I/R surgery. (B) 
IR/AAR assessed from Evans blue/TTC staining. (n = 5 per group). (C) AAR/LV assessed from Evans blue/TTC staining. (n = 5 per group). (D) Echocardiographic 
analysis of ejection fraction in mice from the indicated treatment groups (n = 5 per group). (E) Echocardiographic analysis of fractional shortening in mice from the 
different treatment groups (n = 5 per group). (F) High-performance liquid chromatography of myocardial cellular adenosine levels (n = 5–7 per group). (G) High- 
performance liquid chromatography of circulating adenosine levels (n = 5–7 per group). (H) Western blot analysis of ADK expression. (I) Analysis of ADK activity. All 
marks indicated P < 0.05, *, † and ‡ to indicate significance versus 1st, 2nd, and 3rd group accordingly. I/R: I/R surgery alone; I/R + ITU: I/R surgery and ITU 
treatment; I/R + ABT-702: I/R surgery and ABT-702 treatment. (For interpretation of the references to color in this figure legend, the reader is referred to the Web 
version of this article.) 
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demonstrated that DNMT1 overexpression abrogated the car-
dioprotective effects of cardiomyocyte-specific ADK knockout in 
response to I/R (Figs. S1F, H, I and J). In addition, further Western Blot 
showed that at 3 h post-I/R, there was significant increases of ADK 
expression in cardiomyocytes compared with sham, while no differences 
were observed in endotheliums or fibroblast (Fig. S1G). Altogether, 
these data demonstrated that cardiomyocyte-specific ADK knockout 
enhanced cardiomyocyte adenosine accumulation and ameliorated 
myocardial I/R injury by inhibiting the expression of DNMT1. 

3.4. Cardiomyocyte-specific ADK knockout increased IGF-1 transcription 
via regulation of adenosine-associated DNA methylation 

Because ADK has been demonstrated to play a role in regulating DNA 
methylation [5,33] and cardiomyocyte-specific ADK knockout dimin-
ished DNMT1 expression, we examined effects of ADK disruption on 
DNA methylation. MeDIP assay was performed using cardiomyocytes 
isolated from four groups of mice consisting of either wild-type or 
ADK-knockout mice with or without I/R surgery (WT, ADK-Cre, WT +
I/R, and ADK-Cre + I/R). The results showed that the global DNA 
methylation of cardiomyocytes in ADK-knockout mice was significantly 
reduced compared with the wild-type mice, and this hypomethylation 
was still evident in response to I/R injury (Fig. 4A). Additionally, 

Fig. 3. Cardiomyocyte-specific ADK knockout ameliorated myocardial I/R injury via adenosine-induced DNMT1 inhibition. (A) Detection of ADK expression 
in different cell types isolated from the hearts of wild-type mice at 3 and 24 h after I/R surgery. (n = 5 per group) (B) Evans blue/TTC staining of myocardial tissue 
sections from cardiomyocyte-specific ADK-knockout and wild-type mice after I/R surgery. (n = 6 per group).(C) Echocardiographic analysis of ejection fraction in the 
ADK-knockout and wild-type mice after I/R surgery. (n = 5 per group). (D) Echocardiographic analysis of fractional shortening in the ADK-knockout and wild-type 
mice after I/R surgery. (n = 5 per group). (E) IR/AAR assessed from the Evans blue/TTC staining. (n = 6 per group).(F) Apoptosis levels assessed by TUNEL staining 
of the myocardial tissues from the ADK-knockout and wild-type mice after I/R surgery. Bars are 5 μm marked with white color in the merged version. (G) Detection of 
DNMT1 expression and activity. (n = 5 per group). WT + I/R: wild-type mice with I/R surgery; ADK-Cre + I/R: cardiomyocyte-specific ADK-knockout mice with I/R 
surgery. All marks indicated P < 0.05, *, † and ‡ to indicate significance versus 1st, 2nd, and 3rd group accordingly. All experiments were repeated 3 times. (For 
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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cardiomyocyte-specific ADK knockout resulted in decreased DNMT1 
activity and elevated levels of SAM and SAH, indicating that it inhibited 
the transmethylation reaction (Fig. 4B–D). Further analysis of the MeDIP 
data revealed that cardiomyocyte-specific ADK knockout resulted in the 
hypomethylation of multiple genes involved in metabolic pathways, 
including IGF-1 (Fig. 4E and F, Figs. S2A and S2B). These data demon-
strated that cardiomyocyte-specific ADK knockout predominantly 
resulted in the hypomethylation of metabolic genes potentially involved 
in I/R injury and that IGF-1 was a potential downstream target gene of 
ADK. 

Next, bisulfite sequencing PCR (BSP) was conducted to assess CpG 
site methylation within the IGF-1 promoter in response to ADK 
knockout-induced adenosine accumulation (Figs. S2C and S2D). The 
results revealed that multiple CpG sites were hypomethylated in the 
cardiomyocyte-specific ADK-knockout mice and that these mice 
exhibited a significantly lower percentage of DNA methylation in the 
IGF-1 promoter compared with wild-type mice (Fig. 4G). Furthermore, 
this DNA hypomethylation resulted in elevated levels of IGF-1 mRNA in 
the ADK-knockout mice under baseline conditions as well as after I/R 
surgery (Fig. 4H). Because SAM has been reported to be involved in both 
DNA and histone methylation and ADK knockout in endothelial cells has 
been shown to mediate histone methylation [32,34], we assessed the 
methylation of multiple histone sites. However, no differences were 
observed for any of the histone sites evaluated in the isolated car-
diomyocytes (Fig. S3). This finding indicated that ADK 
knockout-induced adenosine accumulation did not alter histone 
methylation via SAM upregulation. 

To explore potential effects of adenine nucleotide levels, LC-MS was 
performed in isolated cardiomyocytes. In the setting of I/R injury, 
compared with wild type mice, ADK knockdown maintained homeo-
stasis of adenine nucleotide stores in cardiomyocytes, as verified by 
deceased AMP, increased ADP and ATP (Figure S8A to D, F). In addition, 
ADK knockdown did not influence concentration of adenine in car-
diomyocytes (Fig. S8E). Considering that potential impact of adenine 
nucleotide levels on cardiac function via AMPK pathways, further ex-
periments were performed to detect levels of total AMPK and AMPK 
phosphorylation. Although I/R injury indeed regulated the level of 
cAMP, the cAMP concentration, total AMPK and AMPK phosphorylation 
were similar between WT and ADK-Cre mice at baseline or in the setting 
of I/R (Figs. S8D and G). 

Overall, these findings demonstrated that cardiomyocyte-specific 
ADK knockout decreased DNA methylation, but not histone methyl-
ation, in genes involved in metabolic pathways by inhibiting the methyl 
transfer process and that IGF-1 was a downstream target gene that likely 
accounted for the cardioprotective effects against I/R injury. 

3.5. DNMT1 overexpression abrogated the ADK knockout-induced 
cardioprotective effects in response to I/R 

Adenosine accumulation has been reported to negatively regulate 
SAHH expression or activity, thus inhibiting the SAH/SAM trans-
methylation reaction and DNMT1 [4,17,35]. Therefore, we assessed the 
role of DNMT1 in cardiomyocytes in response to adenosine accumula-
tion during I/R. DNMT1 was overexpressed by lentiviral transduction in 

Fig. 4. Cardiomyocyte-specific ADK knockout induced the hypomethylation of genes involved in metabolic pathways and increased IGF-1 transcription 
via the hypomethylation of its promoter. (A) Global DNA methylation levels assessed by methylated DNA immunoprecipitation (MeDIP) in the hearts of wild-type 
and cardiac-specific ADK-knockout mice with or without I/R surgery. (n = 6 per group).(B) Relative DNMT1 activity in the hearts of the mice. (n = 5 per group). (C) 
Quantification of SAH in the hearts of the mice. (n = 5 per group). (D) Quantification of SAM in the hearts of the mice. (n = 5 per group). (E) KEGG analysis of the 
MeDIP data from the wild-type and ADK-knockout mice after I/R surgery. (n = 5 per group).(F) Pathway enrichment analysis in cardiomyocytes from the ADK- 
knockout mice after I/R surgery. (n = 5 per group).(G) DNA methylation detected by bisulfite sequencing PCR (BSP) in the IGF-1 promoter. (n = 5 per group). 
(H) PCR analysis for IGF-1 transcription. (n = 5 per group). For (A)–(D) and (H), WT: wild-type mice with sham surgery; ADK-Cre: cardiomyocyte-specific ADK- 
knockout mice with sham surgery; WT + I/R: wild-type mice with I/R surgery; ADK-Cre + I/R: cardiomyocyte-specific ADK-knockout mice with I/R surgery. For 
(E), ADKWT 

+ I/R: wild-type littermates with I/R surgery; ADKMyo− KO 
+ I/R: cardiomyocyte-specific ADK-knockout mice with I/R surgery. For (G), WT: wild-type 

mice with I/R surgery; ADK-Cre: cardiomyocyte-specific ADK-knockout mice with I/R surgery. All marks indicated P < 0.05, *, † and ‡ to indicate significance versus 
1st, 2nd, and 3rd group accordingly. All experiments were repeated 3 times. 
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cardiomyocytes isolated from wild-type mice. The cardiomyocytes were 
cultured under H/R conditions to mimic I/R, and adenosine supple-
mentation was used to induce adenosine accumulation. PCR revealed 
that adenosine supplementation derepressed myocardial IGF-1 tran-
scription after H/R; however, DNMT1 overexpression abrogated this 
effect (Fig. 5A). In contrast, IGF-1R expression was not affected by 
adenosine supplementation or DNMT1 overexpression (Fig. 5B). Further 
analysis revealed that adenosine supplementation reactivated IGF-1 
transcription via the hypomethylation of its promoter, whereas 
DNMT1 overexpression resulted in the opposite effect (Fig. 5C). How-
ever, there were no significant changes in the methylation of the IGF-1R 
promoter (Fig. 5D). Adenosine supplementation also inhibited the 
SAH/SAM reaction; However, in the case of overexpressing DNMT1, the 
reaction from SAM to SAH is enhanced, and in this DNMT1 mediated 
process, increased consumption of SAM and increased production of 
SAH were observed. (Fig. 5E–G). In addition, DNMT1 overexpression 
did not in increase adenosine, and it might be that the extra production 
of adenosine by enhanced SAH might be efficiently metabolized by ADK 
in wild type cardiomyocytes, which did not induce significant increase 
of adenosine. Next, Western blot analysis was conducted to analyze the 
protein expression levels of factors potentially influenced by changes in 
the SAH/SAM transmethylation reaction, including DNMT1, SAHH, 
IGF-1, and IGF-1R. Adenosine supplementation resulted in reduced 
SAHH levels and elevated IGF-1 levels (Fig. 5H). Flow cytometry was 
used to analyze cellular apoptosis and revealed that adenosine supple-
mentation decreased myocardial cell apoptosis, whereas DNMT1 

overexpression increased it (Fig. 5I). In addition, adenosine accumula-
tion significantly decreased the activity of SAHH, while DNMT1 over-
expression did not (Fig. 5J). 

To further investigate the role of cardiomyocyte-specific ADK 
knockout during I/R, cardiomyocytes were isolated from the ADK- 
knockout mice for additional in vitro experiments under H/R condi-
tions and with or without DNMT1 overexpression by lentiviral trans-
duction. As expected, cardiomyocyte-specific ADK knockout resulted in 
remarkable adenosine accumulation and thus elicited similar effects to 
those observed in response to adenosine supplementation. Furthermore, 
this effect was abrogated by DNMT1 overexpression (Fig. S4 A to G). In 
addition, isolation of cardiomyocytes itself did not significantly influ-
ence morphology of cardiomyocytes (Fig. S4H). However, 24-h culti-
vation might influence cellular physiology, but this step is necessary to 
select qualified adherent cardiomyocytes. Despite the limitation, this 
method was also used in other laboratory [36]. Altogether, these data 
demonstrated a negative regulatory effect of DNMT1 on the transcrip-
tional reactivation of IGF-1 resulting from ADK knockout-induced 
adenosine accumulation. 

3.6. Cardiomyocyte adenosine accumulation improved myocardial 
metabolism after I/R by enhancing the IGF-1 signaling pathway 

IGF-1 has been shown to be an important regulatory factor for 
glucose metabolism via its binding to its receptor [37]. Therefore, we 
analyzed the protein expression levels of IGF-1 as well as DNMT1 in the 

Fig. 5. DNMT1 was a limiting factor for the cardioprotective effects of ADK knockout-induced adenosine accumulation. (A) PCR analysis for IGF-1 tran-
scription. (B) PCR analysis for IGF-1R transcription. (C) DNA methylation detected by bisulfite sequencing PCR (BSP) in the IGF-1 promoter. (D) DNA methylation 
detected by BSP in the IGF-1R promoter. (E) Quantification of myocardial adenosine levels. (F) SAH levels detected by ELISA. (G) SAM levels detected by ELISA. (H) 
Western blot analysis of in vitro DNMT1, SAHH, IGF-1, and IGF-1R expression (I) In vitro apoptosis levels assessed by flow cytometry. (J) SAHH activity in different 
cells in the presence or absence of ADO, DNMT1. For (A)–(G), ADO: adenosine supplementation, "-" signifies no adenosine supplementation; DNMT1: DNMT1 
lentiviral transduction, "-" signifies null vector transduction. For (H) and (I), Con: wild-type cardiomyocytes cultured under hypoxia/reoxygenation (H/R) conditions; 
DNMT1: wild-type cardiomyocytes cultured under H/R conditions with DNMT1 lentiviral transduction; ADO: wild-type cardiomyocytes cultured under H/R con-
ditions with adenosine supplementation; ADO + DNMT1: wild-type cardiomyocytes cultured under H/R conditions with adenosine supplementation and DNMT1 
lentiviral transduction. All marks indicated P < 0.05, *, † and ‡ to indicate significance versus 1st, 2nd, and 3rd group accordingly. All experiments were repeated 
3 times. 
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isolated cardiomyocytes. Western blot analysis confirmed elevated 
levels of IGF-1 and reduced levels of DNMT1 in the cardiomyocytes 
isolated from the ADK-knockout mice compared with those isolated 
from wild-type mice (Fig. 6A, Figs. S5A and S5B). PET/CT was per-
formed to explore the metabolic regulatory function of IGF-1 in response 
to I/R. The results revealed enhanced cardiac glucose uptake in the 
cardiomyocyte-specific ADK-knockout mice after I/R surgery compared 
with their wild-type littermates (Fig. 6B). However, no differences were 
observed in the mice under baseline conditions (Fig. S5C). 

To further explore the cardioprotective role of IGF-1 during I/R, 
additional experiments were performed using an IGF-1 receptor (IGF- 
1R) inhibitor, OSI-906, to block IGF-1 binding. Evans blue/TTC staining 
showed that the ADK-knockout mice treated with OSI-906 exhibited 
larger infarction areas after I/R surgery than the saline-treated controls 
(Fig. 6C–E). Additionally, IGF-1R inhibition resulted in deteriorated 
cardiac function (Fig. 6F and G) and reduced cardiac glucose uptake in 
these mice (Fig. S5D). However, IGF-1R inhibition did not abrogate the 
cardiomyocyte adenosine accumulation resulting from ADK knockout 
(Fig. S5E). In addition, ADK knockout decreased fatty acid uptake of 
heart in the condition of I/R, suggesting that ADK/DNMT1/IGF-1 
signaling axis triggered the metabolic switch from fatty acid to 
glucose metabolism (Fig. S5F). Furthermore, ADK knockout increased 
mature IGF-1 expression of cardiomyocytes via enhancing IGF-1A 
transcription (Fig. S5H, Fig. S9F), and OSI-906 treatment mainly 
inhibit IGF-1R without significant effect on DNMT1 or pINSR (Figs. S5G 
and I). Altogether these data demonstrated that the ADK/DNMT1/IGF-1 
signaling axis was involved in myocardial metabolism and that IGF-1R 
inhibition abrogated the associated cardioprotective effects of 
cardiomyocyte-specific ADK knockout. Next, immunofluorescence 
staining was used to further investigate the spatial relationship of the 

myocardial ADK/DNMT1/IGF-1 signaling axis in response to I/R. As-
sociations were observed among the expression of ADK, DNMT1, and 
IGF-1 (Fig. 6H). Specifically, cardiomyocyte-specific ADK knockout 
inhibited DNMT1 expression and subsequently enhanced IGF-1 expres-
sion in response to I/R. Of note, IGF-1R inhibition did not influence the 
upstream factors ADK and DNMT1. Therefore, our data demonstrated 
that cardiomyocyte-specific ADK knockout improved myocardial 
metabolism after I/R and attenuated I/R injury via enhancement of the 
ADK/DNMT1/IGF-1 signaling axis. 

3.7. IGF-1 is an essential downstream target gene for the 
metaboloepigenetic effects of cardiomyocyte-specific ADK knockout in 
response to I/R 

Our data demonstrate that ADK/DNMT1 regulates IGF-1 promoter 
methylation, IGF-1 gene expression and tolerance to I/R, and that IGF-1 
signaling is important for the protective effects of ADK KO. To determine 
whether increased IGF-1 expression is necessary for the cardioprotection 
observed in ADK KO mice, conditional cardiomyocyte-specific ADK- and 
IGF-1-double-knockout mice were produced. After I/R surgery, the IGF- 
1-knockout mice exhibited significantly larger infarction sizes compared 
with wild-type mice, while ADK/IGF-1-knockout mice exhibited exac-
erbated I/R injury compared with their ADK-knockout littermates 
(Fig. 7A–C). Echocardiographic analysis revealed that cardiac function 
(EF and FS) was improved in the ADK-knockout mice, while deteriorated 
in IGF-1-knockout mice as compared to WT mice (Fig. 7D and E). 
Western blot analysis showed that IGF-1 knockout abrogated the 
inhibitory effect of ADK knockout on DNMT1 and also induced higher 
levels of apoptotic marker BAX (Fig. 7F) and increased apoptosis in vivo 
(Fig. 7G). Glucose metabolism was evaluated in cardiomyocytes 

Fig. 6. Cardiomyocyte-specific ADK knockout improved myocardial metabolism via upregulation of the IGF-1-associated pathway after I/R. (A) Western 
blot analysis of IGF-1, ADK, and DNMT1 expression. (B) PET/CT of cardiac glucose uptake. (n = 5 per group) (C) Evans blue/TTC staining of myocardial tissues from 
wild-type and ADK-knockout mice after I/R surgery and with or without IGF-1 inhibitor treatment. (D) IR/AAR assessed from the Evans blue/TTC staining (n = 8 per 
group). (E) AAR/LV assessed from the Evans blue/TTC staining (n = 8 per group). (F) Echocardiographic analysis of ejection fraction in the mice from the different 
groups (n = 5 per group). (G) Echocardiographic analysis of fractional shortening in the mice from the different groups (n = 5 per group). (H) Immunofluorescence 
analysis of the spatial distribution. Bars are 50 μm marked with white color in the merged version. (n = 5 per group).All marks indicated P < 0.05, *, † and ‡ to 
indicate significance versus 1st, 2nd, and 3rd group accordingly. For (A) and (B), WT: wild-type mice with sham surgery; ADK-Cre: cardiomyocyte-specific ADK- 
knockout mice with sham surgery; WT + I/R: wild-type mice with I/R surgery; ADK-Cre + I/R: cardiomyocyte-specific ADK-knockout mice with I/R surgery. For 
(C)–(H), WT + I/R: wild-type mice with I/R surgery alone; ADK-Cre + I/R: cardiomyocyte-specific ADK-knockout mice with I/R surgery alone; WT + I/R + OSI-906: 
wild-type mice with I/R surgery and OSI-906 treatment; ADK-Cre + I/R + OSI-906: cardiomyocyte-specific ADK-knockout mice with I/R surgery and OSI-906 
treatment. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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harvested from the mice. The data revealed that both glucose uptake and 
lactate production were enhanced after cardiomyocyte-specific ADK 
knockout, and these effects were abrogated by IGF-1 knockout (Fig. 7H 
and I). Additionally, immunofluorescence assay was used to assess the 
spatial relationship of the adenosine/DNMT1/IGF-1 axis, and the results 
were consistent with our hypothesis that endogenous adenosine sup-
plement could regulate expression of key metabolism gene via DNA 
methylation modification (Fig. 7J). ADK knockout in cardiomyocytes 
still maintain cardio-protective effect after blocking receptors pharma-
cologically, suggesting that adenosine accumulation in cardiomyocytes 
induced by ADK knockdown could protect against I/R injury not only via 
classic adenosine receptors pathways (Figs. S7A–E). Furthermore, 
adenosine receptors pharmacological blocking of cardiomyocytes did 
not affect IGF-1 transcription/translation in either wild type nor ADK- 
Cre mice (Figs. S7F–H). Altogether, these findings indicated IGF-1 me-
diates the cardioprotective effects of cardiomyocyte-specific ADK 
knockout. 

3.8. Activation of the ADK/DNMT1/IGF-1 axis improved cellular energy 
metabolism in cardiomyocytes 

Next, we investigated energy metabolism profiles as well as alter-
ations in the associated epigenetic and metabolic factors in isolated 
cardiomyocytes cultured under H/R conditions. The data showed that 
both glucose uptake and lactate production were enhanced in the car-
diomyocytes isolated from the ADK-knockout mice, and this effect was 
abrogated by IGF-1 knockout (Fig. 8A and B). In addition, ADK over-
expression could enhance the expression of DNMT1 (Fig. S13A).Addi-
tionally, elevated adenosine levels in response to ADK knockout were 
observed as well as alterations in the SAM/SAH reaction, which were 
consistent with those observed in our animal studies. However, IGF-1 
knockout did not affect these alterations in the SAM/SAH reaction, 

indicating IGF-1 as a downstream factor in the ADK/DNMT1/IGF-1 axis 
(Fig. 8C–E, Fig. S13B). Furthermore, assessment of cellular glycolytic 
function and mitochondrial respiration demonstrated that ADK 
knockout improved energy metabolism (Figs. S13C and D); however, 
this effect was abrogated by IGF-1 knockout (Fig. 8F and G, Fig. S6). 
ADO efflux might vary between cardiomyocyte ADK KO mice and WT 
mice at baseline or post I/R, Langendorff heart models were performed 
to measure adenosine efflux in normoxic condition or post 30-min 
ischemia/60-min, 90-min, 120-min reperfusion by reversed-phase 
HPLC. There was no difference of adenosine efflux between wild type 
and cardiomyocyte ADK KO mice at baseline and at various time points 
of I/R (Figs. S11A–C). Cardiac efflux of adenosine could be influence by 
three aspects:cardiac oxygen supply and demand ratio, myocardial ox-
ygen consumption and the formation of extracellular nucleotide. Our 
study demonstrated that cardiomyocyte of ADK KO mice mainly regu-
lated cellular adenosine level of cardiomyocyte, but did not induce 
significant direct effect on extracellular or intercellular microenviron-
ment. However, global ADK inhibition by ITU might regulate formation 
of extracellular nucleotide, which might further increase cardiac efflux 
of adenosine.Thus, ADO efflux might play an insignificant role in car-
diomyocyte ADK KO-mediated effects. The sELISA (abcam, ab244824) 
results of effluates from Langendorff hearts showed that there is no 
difference between WT and ADK-Cre mice at baseline or I/R condition 
(60, 90 and 120 min reperfusion) (Figs. S11D–F). Accordingly, ADK 
inhibition increased the IGF-1 transcription and enhanced expression of 
mature IGF-1. The possible reason for why is it not secreted could be 
explained that most of mature IGF-1 might be used by cardiomyocytes 
autocrine or paracrine. Altogether, our findings demonstrated 
epigenetic-metabolic crosstalk in cardiomyocytes cultured under H/R 
conditions via the ADK/DNMT1/IGF-1 signaling axis. Specifically, 
cardiomyocyte-specific ADK knockout decreased DNMT1 expression 
and thereby promoted IGF-1 transcription (Fig. 8H). Overall, these 

Fig. 6. (continued). 
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findings indicate that myocardial ADK knockout or pharmacological 
inhibition may improve myocardial energy metabolism and ameliorate 
I/R injury. 

4. Discussion 

This is the first study to demonstrate that endogenous adenosine 
accumulation in cardiomyocytes elicits protective effects against 
myocardial I/R injury through an epigenetic mechanism. Moreover, our 
study describes a novel metaboloepigenetic mechanism in which 
cellular adenosine accumulation increases IGF-1 expression by reducing 
DNMT1-dependent methylation of the IGF-1 promoter. Importantly, our 
findings indicate that cardiomyocyte adenosine accumulation signifi-
cantly improves myocardial energy metabolism via epigenetic reprog-
ramming during I/R. These findings identify cardiomyocyte ADK as 
novel regulator of epigenetic-metabolic crosstalk during I/R. 

Adenosine has been suggested as a feasible therapy to ameliorate I/R 
injury and remedy “no flow” lesions [9,38]. Previous studies have 
demonstrated the protective effects of extracellular adenosine and 
adenosine receptor agonists on ischemia reperfusion, and coronary flow 
through activation of adenosine receptors [6,39]. Importantly, adeno-
sine has also been shown to reduce infarct size or protect vascular sys-
tem when administered at reperfusion in humans and animal models 
[40–42]. While most studies implicate adenosine receptor signaling in 
the protective effects of adenosine administration, our findings 
demonstrate for the first time, that cellular adenosine accumulation 
provides cardioprotection by epigenetic upregulation of cardiomyocyte 

IGF-1 expression. The demonstration that restoring DNMT1 expression 
in ADK KO hearts reversed the protective effects of ADK KO, and that 
blocking IGF-1 expression or signaling also reversed the protective ef-
fects of ADK KO, strongly implicate altered methylation, rather than 
adenosine receptors, in the cardioprotective effects of ADK KO. Because 
adenosine is taken up by cardiomyocytes, these findings suggest cellular 
adenosine accumulation may also contribute to the protective effects of 
adenosine administration at reperfusion. A recent finding showing that 
long term administration of adenosine after a myocardial infarction 
offers significantly greater cardioprotection than a single bolus also 
supports this suggestion, as it is anticipated that adenosine will be 
rapidly degraded extracellularly or metabolized once it enters car-
diomyocytes [43]. While prolonged coronary infusion of adenosine is 
not clinically feasible, the finding that reduced DNMT1 expression and 
its subsequent epigenetic effects are strongly cardioprotective, identify 
DNMT1 as a novel target for adjunctive therapy of myocardial 
infarction. 

In the heart, ADK metabolizes more than 80% of the total adenosine 
and thus plays a pivotal role in the regulation of cellular and extracel-
lular adenosine levels [44,45]. Our study identified an important role of 
ADK inhibition by cardiomyocyte knockdown or pharmacological ADK 
inhibitors against myocardial I/R injury in vivo. Importantly, ADK 
expression transiently increases after MI, suggesting ADK inhibition at 
this time may prevent cellular adenosine depletion. Our data strongly 
indicate that adenosine accumulation in cardiomyocytes is sufficient to 
elicit cardioprotective effects against I/R injury. In this study, no dif-
ferences have been observed in the extent of I/R injury between the 

Fig. 7. IGF-1 was identified as a downstream target gene required for the metaboloepigenetic effects of cardiomyocyte-specific ADK knockout in response 
to I/R (All data in Fig. 7 were under the condition of I/R setting). (A) Evans blue/TTC staining of myocardial tissues from WT, cardio-ADK KO, cardio-IGF-1 KO, 
cardio-ADK/IGF-1-KO mice (n = 8 per group).(B) IR/AAR assessed from the Evans blue/TTC staining. (C) AAR/LV assessed from the Evans blue/TTC staining. (D) 
Echocardiographic analysis of ejection fraction in the mice (n = 5 per group). (E) Echocardiographic analysis of fractional shortening in the mice (n = 5 per group). 
(F) Western blot analysis of IGF-1, BAX, and DNMT1 expression. (G) Detection of in vivo ROS levels by DHE staining. (H) Examination of cardiac glucose uptake (n =
5 per group). (I)Examination of cardiac lactate production (n = 5 per group). (J) Immunofluorescence analysis of the spatial distribution of IGF-1, ADK, BAX, and 
DNMT1 expression. Bars are 50 μm marked with white color in the merged version.All marks indicated P < 0.05, *, † and ‡ to indicate significance versus 1st, 2nd, 
and 3rd group accordingly. WT: wild-type mice with I/R surgery; cardio-ADK KO: cardiomyocyte-specific ADK-knockout mice with I/R surgery; cardio-ADK/IGF-1- 
KO: cardiomyocyte-specific ADK/IGF-1-knockout mice with I/R surgery; cardio-IGF-1 KO: cardiomyocyte-specific IGF-1-knockout mice with I/R surgery. All ex-
periments were repeated 3 times. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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cardiomyocyte-specific ADK-knockout mice and wild-type mice treated 
with ADK inhibitors, suggesting targeted ADK inhibition as a potential 
therapeutic strategy to maintain elevated adenosine levels in car-
diomyocytes and protect against I/R injury. 

Previous studies have demonstrated that ADK inhibition-mediated 

adenosine accumulation directly inhibits SAHH activity [46,47]. 
Adenosine can efficiently bind to SAHH and block the binding between 
SAHH and NAD+, finally resulting in the accumulation of excess SAH 
[16,18]. Because the accumulation of SAH inhibits methyltransferase 
activity, cellular adenosine is believed to decrease DNA methylation 

Fig. 7. (continued). 

Fig. 8. Activation of the myocardial ADK/ 
DNMT1/IGF-1 signaling axis improved cellular 
energy metabolism in vitro. (A) Examination of 
myocardial glucose uptake in vitro. (n = 5 per group) 
(B) Examination of myocardial lactate production in 
vitro. (n = 5 per group) (C) Quantification of 
myocardial adenosine levels. (n = 5 per group) (D) 
SAH levels detected by ELISA. (n = 5 per group) (E) 
SAM levels detected by ELISA. (n = 5 per group) (F) 
Analysis of mitochondrial respiration in car-
diomyocytes isolated from mice. (n = 3 per group) 
(G) Analysis of glycolytic function in cardiomyocytes 
isolated from mice. (n = 3 per group) (H) Mechanistic 
model of the myocardial ADK/DNMT1/IGF-1 axis and 
its downstream metabolic effects. All marks indicated 
P < 0.05, *, † and ‡ to indicate significance versus 1st, 
2nd, and 3rd group accordingly. ADK: wild-type ADK, 
"-" signifies ADK knockout; IGF-1: wild-type IGF-1, "-" 
signifies IGF-1 knockout. All experiments were 
repeated 3 times.   
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through increased SAH levels [33]. However, our findings suggest an 
additional mechanism by which adenosine accumulation regulates DNA 
methylation. While SAH can inhibit DNMT1 activity, we found that ADK 
KO caused a reduction in DNMT1 protein levels. Interestingly, it was 
recently shown that up-regulation of SAHH activity increased DNMT1 
protein expression [48], so it is possible that the epigenetic effects of 
adenosine-mediated SAHH inhibition stem from both SAH accumulation 
and diminished DNMT1 expression. However, the finding that histone 
methylation was not affected by ADK KO, while over-expression of 
DNMT1 reversed the effects of ADK KO, indicate that loss of DNMT1 
plays a greater role than a general reduction in SAM dependent 
methylation. This is also supported by a previous study showing cardiac 
protein methylation was not reduced in cardiomyocyte-specific ADK KO 
[12], and our current study also verified that there were no significant 
differences of methylation levels in multiple histone modification sites. 
The mechanism underlying loss of DNMT1 remains to be explored. 

Epigenetic modifications, such as DNA methylation, are critical for 
the regulation of various cellular events, including metabolism, angio-
genesis, and apoptosis [49,50]. Our previous studies have demonstrated 
a direct connection between histone modifications and phospholipid 
metabolism via metabolites in ischemic cardiomyocytes [22]. Likewise, 
our latest study has shown that epithelial adenosine accumulation pro-
vides a link between DNA methylation and VEGF-induced angiogenesis 
in endothelial cells and that the associated mechanism involves meta-
bolic cofactors, such as hypoxia, SAM, and acetyl coenzyme A (CoA) 
[32]. These findings have raised the possibility that adenosine modu-
lates metaboloepigenetic effects to protect against I/R injury in car-
diomyocytes. The clinical implication of our study is that targeting ADK 
inhibition might be a potential strategy to prevent I/R injury. Indeed, 
current findings have demonstrated that cellular adenosine accumula-
tion, resulting from ADK inhibition, causes the hypomethylation of 
metabolic genes via DNMT1 inhibition in cardiomyocytes. Previous 
studies have indicated that IGF-1 improves patient survival by regu-
lating myocardial metabolism in multiple cardiovascular diseases [51, 
52]. Moreover, one previous study has proved that induced 
cardiomyocyte-specific IGF-1 overexpression mitigates I/R injury via 
phosphatidylinositol kinase related mechanisms, suggesting that IGF-1 
is reactivated to improve myocardial energy metabolism in car-
diomyocytes [53]. Our study suggested that cardiomyocyte IGF-1 was 
regulated under ADK-induced metaboloepigenetic effect, and pivotal for 
mitochondria function. Meanwhile, it might be feasible to target IGF-1 
in cardiomyocytes via epigenetic regulation. Therefore, we demon-
strate that cardiomyocyte adenosine accumulation increases IGF-1 
expression through epigenetic modification of the IGF-1 promoter and 
identifies the adenosine/DNMT1/IGF-1 axis as a novel metab-
oloepigenetic target in cardiomyocytes. 

In summary, this study demonstrates a novel cardioprotective role 
for cardiomyocyte adenosine accumulation in attenuating I/R injury 
through epigenetic modulation of the IGF-1 promoter in car-
diomyocytes. Future studies are warranted to explore additional factors 
related to ADK regulation via epignetic mechanisms, which could verify 
additional valuable targets to alleviate mitochondria dysfunction 
induced by I/R injury. Overall, these findings suggest potential for the 
clinical application of adenosine-related strategies to target this axis to 
diminish I/R injury. 
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especially for easily degradable or thermally unstable metabolites, 
certain co-extract components. The detailed adenine nucleotides 
changes might be further explored with isolated cardiomyocytes. In 
addition, other genes were possibly regulated under ADK-induced 
metaboloepigenetic effect except for IGF-1 in cardiomyocytes, which 
might influence cellular events. 
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V. Bontha, R. Hawkins, N.R. Teman, V.E. Laubach, V.R. Mas, C.G. Tribble, D. 
G. Maluf, A.K. Sharma, Z. Yang, I.L. Kron, M.E. Roeser, Adenosine 2A receptor 
activation attenuates ischemia reperfusion injury during extracorporeal 
cardiopulmonary resuscitation, Ann. Surg. 269 (2019) 1176–1183, https://doi. 
org/10.1097/SLA.0000000000002685. 

[40] Mangano DT, Miao Y, Tudor IC, Dietzel C, Investigators of the multicenter study of 
perioperative ischemia (McSPI) research group, ischemia research and education 
foundation (IREF) (2006) post-reperfusion myocardial infarction: long-term 
survival improvement using adenosine regulation with acadesine. J. Am. Coll. 
Cardiol. 48:206-214. doi:10.1016/j.jacc.2006.04.044. 

[41] R. Salie, A. Moolman, A. Lochner, The mechanism of beta-adrenergic 
preconditioning: roles for adenosine and ROS during triggering and mediation, 
Basic Res. Cardiol. 107 (5) (2012) 281, https://doi.org/10.1007/s00395-012- 
0281-5. 

[42] M. Zhang, X. Zeng, Q. Yang, J. Xu, Z. Liu, Y. Zhou, Y. Cao, X. Zhang, X. An, Y. Xu, 
L. Huang, Z. Han, T. Wang, C. Wu, D.J. Fulton, N.L. Weintraub, M. Hong, Y. Huo, 
Ablation of myeloid ADK (adenosine kinase) epigenetically suppresses 
atherosclerosis in ApoE (apolipoprotein E deficient) mice, Arterioscler. Thromb. 
Vasc. Biol. 38 (2018) 2780–2792, https://doi.org/10.1161/ 
ATVBAHA.118.311806. 

[43] T. Yetgin, A. Uitterdijk, M. Te Lintel Hekkert, D. Merkus, I. Krabbendam-Peters, H. 
M.M. van Beusekom, R. Falotico, P.W. Serruys, O.C. Manintveld, R.M. van Geuns, 
F. Zijlstra, D.J. Duncker, Limitation of infarct size and No-reflow by intracoronary 
adenosine depends critically on dose and duration, JACC Cardiovasc. Interv. 8 
(2015) 1990–1999, https://doi.org/10.1016/j.jcin.2015.08.033. 

[44] A. Deussen, M. Stappert, S. Schafer, M. Kelm, Quantification of extracellular and 
cellular adenosine production: understanding the transmembranous concentration 
gradient, Circulation 99 (1999) 2041–2047, https://doi.org/10.1161/01. 
cir.99.15.2041. 

[45] M.R. Mehaffey, M.B. Cammarata, J.S. Brodbelt, Tracking the catalytic cycle of 
adenylate kinase by ultraviolet photodissociation mass spectrometry, Anal. Chem. 
90 (2018) 839–846, https://doi.org/10.1021/acs.analchem.7b03591. 

[46] D. Boison, Adenosine kinase: exploitation for therapeutic gain, Pharmacol. Rev. 65 
(2013) 906–943, https://doi.org/10.1124/pr.112.006361. 

[47] D. Kloor, H. Osswald, S-Adenosylhomocysteine hydrolase as a target for cellular 
adenosine action, Trends Pharmacol. Sci. 25 (2004) 294–297, https://doi.org/ 
10.1016/j.tips.2004.04.004. 

[48] P. Wu, Y. Tang, X. Fang, C. Xie, J. Zeng, W. Wang, S. Zhao, Metformin suppresses 
hypopharyngeal cancer growth by epigenetically silencing long non-coding RNA 
SNHG7 in FaDu cells, Front. Pharmacol. 10 (undefined) (2019) 143, https://doi. 
org/10.3389/fphar.2019.00143. 

[49] B.A. Garcia, Z. Luka, L.V. Loukachevitch, N.V. Bhanu, C. Wagner, Folate deficiency 
affects histone methylation, Med. Hypotheses 88 (2016) 63–67, https://doi.org/ 
10.1016/j.mehy.2015.12.027. 

P. Wang et al.                                                                                                                                                                                                                                   

https://doi.org/10.1016/j.semarthrit.2021.04.013
https://doi.org/10.1016/j.semarthrit.2021.04.013
https://doi.org/10.1016/j.jtho.2020.12.010
https://doi.org/10.1016/j.jtho.2020.12.010
https://doi.org/10.1016/j.yjmcc.2019.03.015
https://doi.org/10.1016/j.yjmcc.2019.03.015
https://doi.org/10.1111/jphp.12844
https://doi.org/10.1007/s00395-021-00859-7
https://doi.org/10.1002/hep.26505
https://doi.org/10.1161/01.res.73.5.846
https://doi.org/10.1073/pnas.0400658101
https://doi.org/10.1016/j.bbadis.2015.10.019
https://doi.org/10.1038/s41576-021-00348-6
https://doi.org/10.1038/s41576-021-00348-6
https://doi.org/10.1161/CIRCRESAHA.121.319891
https://doi.org/10.1002/hep.26207
https://doi.org/10.1016/j.yjmcc.2018.01.006
https://doi.org/10.1002/mnfr.201200636
https://doi.org/10.1002/mnfr.201200636
https://doi.org/10.1038/35001622
https://doi.org/10.1161/CIRCRESAHA.120.318629
https://doi.org/10.1161/CIRCRESAHA.120.318629
https://doi.org/10.1007/s00395-020-0787-1
https://doi.org/10.1007/s00395-020-0787-1
https://doi.org/10.1152/ajpheart.00867.2012
https://doi.org/10.1111/epi.14674
https://doi.org/10.1016/j.ejphar.2022.175050
https://doi.org/10.1016/j.ejphar.2022.175050
https://doi.org/10.1165/rcmb.2012-0457OC
https://doi.org/10.1016/j.lfs.2011.08.007
https://doi.org/10.1016/j.lfs.2011.08.007
https://doi.org/10.15252/emmm.201607066
https://doi.org/10.15252/emmm.201607066
https://doi.org/10.1093/mp/ssr083
https://doi.org/10.1038/s41467-017-00986-7
https://doi.org/10.1146/annurev-immunol-051116-052406
https://doi.org/10.1146/annurev-immunol-051116-052406
https://doi.org/10.1161/CIRCRESAHA.116.309202
https://doi.org/10.1016/j.tem.2013.12.002
https://doi.org/10.1093/eurheartj/ehl094
https://doi.org/10.1097/SLA.0000000000002685
https://doi.org/10.1097/SLA.0000000000002685
https://doi.org/10.1007/s00395-012-0281-5
https://doi.org/10.1007/s00395-012-0281-5
https://doi.org/10.1161/ATVBAHA.118.311806
https://doi.org/10.1161/ATVBAHA.118.311806
https://doi.org/10.1016/j.jcin.2015.08.033
https://doi.org/10.1161/01.cir.99.15.2041
https://doi.org/10.1161/01.cir.99.15.2041
https://doi.org/10.1021/acs.analchem.7b03591
https://doi.org/10.1124/pr.112.006361
https://doi.org/10.1016/j.tips.2004.04.004
https://doi.org/10.1016/j.tips.2004.04.004
https://doi.org/10.3389/fphar.2019.00143
https://doi.org/10.3389/fphar.2019.00143
https://doi.org/10.1016/j.mehy.2015.12.027
https://doi.org/10.1016/j.mehy.2015.12.027


Redox Biology 67 (2023) 102884

15

[50] D. Hamdane, H. Grosjean, M. Fontecave, Flavin-dependent methylation of RNAs: 
complex chemistry for a simple modification, J. Mol. Biol. 428 (2016) 4867–4881, 
https://doi.org/10.1016/j.jmb.2016.10.031. 

[51] O. Saetrum, P.H. Wang, IGF-I is a matter of heart, Growth Hormone IGF Res. 15 
(2005) 89–94, https://doi.org/10.1016/j.ghir.2005.02.002. 

[52] D. von Lewinski, K. Voss, S. Hülsmann, H. Kögler, B. Pieske, Insulin-like growth 
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