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Abstract

Heart failure is a leading cause of death in the United States. Diabetes, also known as diabetes 

mellitus (DM), exponentially increases the risk of heart failure. The increase in oxidative stress 

and metabolic dysfunction caused by DM can lead to DNA damage and the development of 

diabetic cardiomyopathy. Ataxia telangiectasia mutated kinase (ATM) is a DNA damage response 

protein with a primary nuclear function to regulate cell cycle progression in response to double-

strand DNA breaks, acts as a redox sensor, and facilitates DNA repair. ATM deficiency associates 

with the development of insulin resistance and DM. Consequently, patients with Ataxia 

telangiectasia, a rare autosomal recessive disorder, have an increased risk of developing heart 

failure. The main objective of this review is to summarize the shared metabolic and cardiac 

abnormalities associated with DM and ATM deficiency, with a focus on the development of heart 

failure.
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Introduction

Patients with diabetes mellitus (DM) have an increased risk of developing heart failure. An 

astonishing fact is that 30 million Americans are diabetic and 90 million are prediabetic[1]. 
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As average life expectancy rate increases, the prevalence of patients with DM and heart 

failure has progressively accelerated in western and developing countries[2]. DM is a 

metabolic disorder characterized by the inability to properly use, transport and store 

nutritional energy, resulting in hyperglycemia[3]. There are two main types of DM, insulin-

dependent type 1 DM and non-insulin-dependent type 2 DM. This review is focused on type 

2 DM which accounts for ~90-95% diabetic diagnosis[1,4]. In addition to hyperglycemia, 

DM associates with insulin resistance, inflammation, mitochondrial dysfunction, endothelial 

dysfunction and increased oxidative stress[5,6].

Ataxia telangiectasia mutated kinase (ATM) is a 370kDa serine/threonine kinase that 

belongs to the PI3-kinase (PI3K) protein family. ATM is a regulator of the G1/S checkpoint, 

and is present in the nucleus, cytoplasm and mitochondria[7]. Activation of ATM occurs in 

response to double-strand DNA (dsDNA) breaks, increased reactive oxygen species (ROS) 

production, oxidative damage, and other genotoxic stressors[8] . In response to dsDNA 

breaks, ATM and accessory proteins (MDC1, 53PB1, and BRACA1) are recruited to the site 

of dsDNA breaks where ATM becomes activated via auto-phosphorylation of Ser1981[9,10]. 

Upon activation, ATM terminates cell cycle progression until DNA repair has been 

completed[10]. ATM is also a redox sensor and is activated in response to oxidative stress. 

While dsDNA breaks cause ATM to become activated in monomer form, oxidation of ATM 

results in a covalently bound dimer form[11]. The ATM gene is located on chromosome 11 

q22-23[11 ]. While many different types of mutations have been identified on the ATM 
gene, the majority are nonsense mutations which cause premature stop codons resulting in 

truncation, and dysfunctional ATM protein[12,13]. Mutations in the ATM gene result in a 

multisystem disorder called Ataxia telangiectasia (AT) which causes cardiac, neurological, 

immunological, and endocrinological abnormalities[14–17]. Approximately 2% of the 

population has a heterozygous mutation in the ATM gene. Individuals with a heterozygous 

mutation exhibit a less severe AT phenotype. However, they are at a higher risk of 

developing DM, heart failure and cancer [7,8,10,18].

DM and ATM deficiency share many risk factors for the development of heart disease such 

as insulin resistance, increased oxidative stress, endothelial dysfunction and mitochondrial 

dysfunction[6,11]. DM and ATM deficiency independently associate with the development 

and acceleration of heart failure[6,7,19,20]. Since ATM contributes to both nuclear and 

cytoplasmic signaling, disruption in ATM function can directly contribute to metabolic 

complications such as DM and the development of heart disease[11]. Not much is known 

about the role of ATM in the development of diabetic cardiomyopathy (DCM). This review 

article summarizes the role of ATM in myocardial remodeling using myocardial infarction 

(MI) as a model, and discusses the shared metabolic abnormalities during DM and ATM 

deficiency, and how this may exacerbate the progression of heart failure.

DM and Heart Failure

DCM is a complex, multifactorial heart failure syndrome that is characterized by cardiac 

structural and functional abnormalities independent of hypertension, coronary artery disease 

and dyslipidemia[3,6]. The risk of developing heart failure is doubled in DM males and four 

times as likely in DM females as compared to nondiabetic patients[4]. Approximately 
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20-30% of diabetic patients have heart failure which greatly increases the risk of morbidity 

and mortality[6,21]. Modifications in cardiac energy metabolism and insulin signaling are 

the key metabolic abnormalities associated with hyperglycemia and the development and 

progression of DCM[6]. Hyperglycemia also causes altered calcium homeostasis, increased 

glycation end products, ROS production, mitochondrial dysfunction and cardiac metabolic 

dysfunction[4,6], which can contribute to the development of the structural and functional 

abnormalities that are hallmarks of DCM[6,19]. The early stages of DCM are generally 

asymptomatic. However, diastolic dysfunction, left ventricular hypertrophy, fibrosis and 

cardiac remodeling have been noted[3,6]. The later stages of DCM associate with systolic 

dysfunction, heart failure and increased morbidity and mortality[3,6]. When cardiomyopathy 

and DM occur concomitantly, the development of heart failure is greatly accelerated[4]. 

While DCM occurs independent of hypertension, 80% of diabetic patients are hypertensive, 

which further exacerbates the risk of heart disease[6,22,23].

ATM, DCM and Heart Failure

ROS-mediated DNA oxidation and fragmentation have been observed in the myocardium 

during DM[24]. Since ATM is activated in response to dsDNA breaks and oxidation, ATM 

may play a role in the development and progression of DCM. The DNA damage incurred 

during DM directly contributes to the cardiac structural and functional alterations, which are 

the hallmarks of DCM[24,25]. Decreased LV compliance, increased atrial filling, lengthened 

isovolumetric relaxation, variations in left ventricular end diastolic volume (LVEDV), 

decreased early diastolic filling, cardiomyocyte stiffness, and diastolic dysfunction are often 

observed in early and advanced stages of DCM[6,26]. During late stages, an increase in left 

ventricular diameter, decreased percent ejection fraction (%EF), increased filling pressures 

and advanced systolic dysfunction are observed[6,27]. Complications from advanced 

systolic dysfunction in DCM often lead to the acceleration of heart failure. Previous work 

from our laboratory has shown that stimulation of β-adrenergic receptor (β-AR) increases 

ATM expression in the heart and cardiac myocytes[28]. ATM expression was also found to 

be higher in the infarct left ventricular region of mice 1 and 3 days post-MI[29]. Similar to 

DCM, ATM deficiency associates with cardiac structural and functional abnormalities. Mice 

lacking ATM (KO) exhibited decreased LV mass, LV end diastolic diameter (LVEDD), LV 

end systolic diameter (LVESD), LVEDV, and LV end systolic volume (LVESV) versus wild-

type (WT) mice. In addition, ATM KO mice displayed an increased E/A wave ratio and 

decreased deceleration time for the E-wave[30]. Using heterozygous KO (ATM deficient) 

mice, it was demonstrated that ATM plays an important role in β-AR-stimulated myocardial 

remodeling with respect to heart function, apoptosis and fibrosis[28]. ATM deficiency 

differentially affected myocardial remodeling in response to early (1 and 7 days post-MI) 

versus late (14 and 28 days post-MI) phase. During early MI phase, MI-mediated decrease in 

%EF and percent fractional shortening (%FS) was significantly lower in ATM heterozygous 

KO mice versus their wild-type (WT) counterparts. Additionally, LVESD and LVEDD were 

lower in ATM deficient hearts 4 hrs, 1,3 and 7 days post-MI[29,31,32]. In contrast, 

exacerbated LV dysfunction was observed in ATM deficient mice as evidenced by a greater 

decrease in %EF and FS, and increase in LVESV 14 and 28 days post-MI. Mortality post-MI 

was also higher in ATM deficient hearts post-MI[33,34].
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Increased cardiac fibrosis is a common feature in the diabetic and ATM deficient heart[6,8]. 

Fibrosis and cardiac remodeling are initial indicators of DCM and lead to the development 

of cardiac dysfunction and heart failure[3,35]. Cardiac fibrosis is caused by extracellular 

matrix (ECM) remodeling in response to cardiac damage. While ECM deposition is 

protective in early cardiac injury, excessive ECM deposition causes myocardial stiffening 

and cardiac dysfunction[36]. Consequently, myocardial fibrosis is a major cause of heart 

failure[8,36]. Cardiac interstitial, perivascular and replacement fibrosis has been observed in 

diabetic patients independent of hypertension and coronary artery disease[37]. Further, DM 

associates with left and right ventricle interstitial fibrosis with increased type I and III 

collagen deposition[37]. Additionally, increased fibrosis in the heart has been observed in 

DM mice and rat models. Of note, severity of cardiac fibrosis may depend on comorbidities, 

species, age, and sex [37]. ATM deficiency also associates with augmented cardiac 

fibrosis[8]. ATM deficient mice exhibit increased cardiac fibrosis at basal levels, and 

following β-AR stimulation[28]. Similarly, ATM deficient mice display increased cardiac 

fibrosis 3, 7 and 28 days post-MI compared to WT[29,31,34].

Cardiac hypertrophy is another major contributor to the development of heart failure and 

occurs during ATM deficiency and DM[7,11,27,30,37]. Myocyte hypertrophy occurs to 

compensate for the increased hemodynamic load caused by the progressive decrease in 

cardiomyocytes during cardiac injury[8,38]. Similar to fibrosis, hypertrophy is beneficial 

during early cardiac injury, but progressively leads to cardiac dysfunction and heart 

failure[27]. Left ventricular hypertrophy is noted during the early stages of DCM[27]. 

Interestingly, hypertrophy as indicated by an increase in myocyte cross sectional area and 

increased expression of atrial natriuretic peptide was observed in the myocardium of ATM 

KO mice [29,30]. ATM deficient mice also exhibit increased myocyte cross-sectional area 

prior to and 28 days post-MI[34].

Angiogenesis promotes myocyte survival during ischemia through the mitigation of hypoxia. 

DM associates with two aberrant angiogenic responses. The kidneys and retina display 

excessive angiogenesis, while decreased angiogenesis occurs in the heart and peripheral 

limbs[39]. Impaired angiogenesis is suggested to be a major contributor of DM-induced 

ischemic heart disease (IHD). Cardiomyocytes may exert anti-angiogenic effects in the heart 

via the exosomal transfer of miR-320 into endothelial cells[40]. ATM deficiency also 

associates with decreased cardiac angiogenesis post-MI[33]. Since angiogenesis is an 

important protective mechanism post-MI, ATM deficiency may negatively affect this 

protective mechanism during development of DCM.

The impairment of insulin metabolic signaling observed in DM and ATM deficiency is 

known to accelerate the development and progression of heart failure[8,20,27,41]. Insulin 

signaling promotes the activation of endothelial nitric oxide synthase (eNOS) and nitric 

oxide (NO) production, which are critical for optimal cardiac function[27]. Consequently, 

decreased myocardial eNOS activation and NO production is observed during DM, which 

can lead to cardiac macro and microvascular disease. This may further promote cardiac 

fibrosis through the upregulation of collagen cross linking enzymes[27]. Moreover, insulin 

resistance and ATM deficiency associate with downregulation of the PI3K/Akt signaling in 

cardiovascular tissues which may result in decreased NO production, a critical 
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vasodilator[6,11,27,42]. Though future studies are needed, the altered PI3K/Akt pathway, 

insulin resistance and decreased NO bioavailability may also explain why DM and AT 

patients exhibit vascular complications such as macro-vascular and microvascular 

disease[5,9,11]. The role of ATM specifically in DCM using ATM deficient mice remains to 

be investigated. However, changes in structural and functional parameters of the heart, 

fibrosis, angiogenesis and hypertrophy in ATM deficient hearts post-MI clearly indicate that 

ATM has the potential to play a critical role in the development of DCM.

Cardiac Energy Metabolism during DM and ATM deficiency

Myocardial tissue has the highest metabolic requirement in the body. The primary metabolic 

pathway utilized for myocardial ATP production is oxidative phosphorylation using long 

chain fatty acids and glucose[43]. Given that fatty acid oxidation accounts for 50-70% of 

cardiac energy production[3], cardiomyocytes possess multiple proteins for fatty acid 

transport such as fatty acid transport protein (FATP), fatty acid binding protein (FABP), and 

cluster of differentiation 36 (CD36) also known as fatty acid translocase (FAT)[3]. Glucose 

oxidation provides approximately 10% of myocardial energy production[43]. Cardiac basal 

glucose uptake is provided by glucose transporter 1 (GLUT1), which is constitutively 

expressed on the sarcolemma membrane[43], whereas the majority of cardiac glucose uptake 

is facilitated through insulin-dependent glucose transporter 4 (GLUT4), which translocates 

to the plasma membrane in response to insulin and contraction[11,43]. The natural 

competition/balance of glucose or free fatty acid substrate utilization was first described in 

1963 and is known as the Randle cycle, where increased blood glucose inhibits free fatty 

acid oxidation[44]. Therefore, the utilization of fatty acid or glucose is dependent on the 

substrate availability[45]. Studies suggest that cardiac metabolic flexibility is essential in 

maintaining adequate ATP synthesis under normal and hypoxic conditions[43]. 

Unfortunately, insulin resistance, DM and heart failure significantly affect metabolic 

adaption during starvation and cardiac injury[46].

Hyperglycemia and hyperlipidemia observed in DM increase the storage and use of free 

fatty acid substrates in the myocardium, thereby inhibiting glucose utilization and 

decreasing metabolic flexibility[3,46]. DM further associates with impaired metabolic 

flexibility through attenuation in signaling that regulates the translocation of GLUT4 to the 

cardiomyocyte cell membrane, impairing glucose uptake, NO production and calcium 

homeostasis in the DM myocardium [20,35,45]. Moreover, a downregulation of AMP-

activated protein kinase (AMPK), a master regulator of energy homeostasis, is noted in 

DCM resulting in inhibited glucose uptake and upregulation of FAT and FATP1, shifting 

metabolism towards fatty acid oxidation[4,6]. However, excessive utilization of free fatty 

acids can lead to an accumulation of toxic byproducts and cause cardiac 

lipotoxicity[4,45,47] In addition, this rise in fatty acid uptake and oxidation potentially 

contributes to the mitochondrial dysfunction, increased ROS production and development of 

DCM[3,43]. This may lead to decreased ATP production, decreased cardiac contractility, 

altered calcium handling, inflammation and exacerbation of myocyte death[4,45]. 

Interestingly, an increase in glucose and free fatty acids in the cytosol of myocytes have been 

observed during heart failure[46]. However, substrate entry into mitochondria is decreased, 
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resulting in gluco- and lipo-toxicity and an increase in ketone substrate utilization which 

further decreases metabolic flexibility[46] contributing to worsening of DCM.

Although, the role of ATM in the development of DCM needs further investigation, evidence 

from non-cardiac cells and tissue suggest that ATM deficiency may share several similar 

pathways to DM when it comes to shifting cardiac energy metabolism. In L6 muscle cells 

transfected with ATM, insulin caused a dramatic increase in GLUT4 translocation[18]. 

Increase in cell surface GLUT4 may help shift the balance toward glucose metabolism[48]. 

Since DM and ATM deficiency associate with decreased AMPK activity, this suggests that 

AMPK activation may serve as a potential target to mitigate some of the metabolic changes 

that occur in the diabetic heart. Interestingly, some anti-diabetic drugs such as metformin are 

shown to decrease hepatic gluconeogenesis, increase insulin sensitivity and stimulate AMPK 

activation, which in-turn, decreases lipid and cholesterol synthesis[46]. Although the 

mechanism isn’t well understood, metformin treatment also activates AMPK, which reduces 

insulin resistance and increases glucose uptake in cardiac tissue, skeletal muscle and insulin 

resistant cardiomyocytes[27,46]. Interestingly, a genome-wide association study identified 

an association for a SNP (single-nucleotide polymorphism) at a locus containing ATM gene 

for the treatment success of metformin[13]. Further, inhibition of ATM using KU-55933 

inhibited metformin-induced AMPK activation in hepatic cells, suggesting that ATM plays a 

role in the glucose lowering effects of metformin upstream of AMPK[49]. Collectively, 

these studies provide a role for ATM in the regulation of glucose homeostasis and metformin 

response. Of note, ATM heterozygous knockout mice (hKO) with ApoE null mutation (ATM 

+/−/ApoE−/−) display abnormal lipid metabolism and hypercholesterolemia as compared to 

the WT control[50,51]. Increased ROS derived from mitochondrial dysfunction may serve as 

the driving force behind the development of metabolic abnormalities observed during ATM 

deficiency. Treatment with mitochondrial-targeted antioxidant MitoQ successfully reversed 

multiple features of metabolic abnormalities detected in ATM +/−/ApoE−/− mice[52]. 

Oxidative activation of ATM causes a glucose metabolic shift from glycolysis to the pentose 

phosphate pathway, thereby causing anti-oxidative response which increases the survival and 

proliferation of cardiac progenitor cells in diabetic hearts[11,53]. Together, these studies 

provide evidence that ATM activation may play a protective role in the development of 

metabolic syndrome associated with DM. However, future investigations are needed to 

clarify the role of ATM in the development of DCM.

Insulin Resistance during DM and ATM Deficiency

Insulin signaling plays an important role in cardiac cellular homeostasis[4]. During normal 

cardiac insulin metabolic signaling, insulin binds to the insulin receptor, activating insulin 

receptor substrates, PI3K and Akt (Fig 2). This signaling cascade stimulates the activation of 

IRS1/2 transcription, inactivates Akt substrate 160 and translocates GLUT4 to the plasma 

membrane, stimulating glucose uptake and preventing lipolysis[43,45]. Insulin resistance or 

insufficient insulin production are two primary causes of diabetic hyperglycemia[54]. In 

DM, insulin resistance results in overproduction and release of insulin by the pancreatic β-

cells, which causes hyperinsulinemia. With time, the β-cells become dysfunctional and 

cannot produce the quantity of insulin necessary to compensate for the insulin 
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resistance[3,45], further complicating therapy. As a result, a decrease of insulin-mediated 

glucose uptake and increased free fatty acid oxidation is observed (Fig 2) [3,45].

ATM is established as an insulin responsive protein that plays a significant role in the 

glucose metabolic pathway[9,18]. Metabolic abnormalities such as hyperglycemia, insulin 

resistance and diminished/delayed insulin secretion have been observed in AT patients and 

ATM deficient mouse model[9,41,55]. Altered mitochondrial function and associated 

oxidative stress observed in cardiomyocytes during ATM deficiency are implicated (but not 

fully elucidated) in the development of metabolic dysfunction and insulin resistance[7,9,11].

Alteration in PI3K/Akt signaling is a major contributor to the development of insulin 

resistance and type 2 DM. Akt stimulates the transcription and translocation of GLUT4, 

which mediates the majority of cardiac glucose transport. Decreased PI3K/Akt signaling and 

associated decrease in GLUT4 expression has been observed in diabetic hearts and is linked 

to the acceleration of heart failure[4,6]. ATM KO hearts exhibit lower Akt activation at basal 

levels and in response to β-AR stimulation. Akt activation was also lower in the myocardium 

of ATM deficient mice 4hrs post-MI[30,32]. Therefore, the attenuation of PI3K/Akt 

signaling during ATM deficiency may contribute to the decrease in GLUT4 translocation, 

glucose uptake and insulin resistance observed in DM[6,18,20]. While ATM plays a large 

role in glucose metabolism, the effect of ATM deficiency on GLUT1 expression are still 

being elucidated. In skeletal muscle, ATM deficiency upregulated GLUT1 transcription with 

resultant increase in basal glucose uptake and insulin resistance[56]. Conversely, inhibition 

of ATM decreased cell surface GLUT1 with concomitant reduction of glucose transport in 

L6 myoblasts[57].

Increased JNK activation may also play a role in the development of insulin resistance by 

directly phosphorylating IRS 1 and 2, and reducing Akt activation and GLUT4 

translocation[6,58]. JNK activation induces rat myocyte apoptosis, and is suggested to 

promote the development of the cardiovascular abnormalities seen in DM and DCM[6,58]. 

Enhanced JNK activation is also common during ATM deficiency, and is known to cause 

insulin resistance through the disruption of insulin signaling[11,59–61]. Chloroquine (an 

ATM activator) reduced metabolic abnormalities, JNK activation and the development of 

atherosclerosis while improving glucose tolerance in ATM +/−/ApoE−/− mice[60].

Activation of mitogen activated protein kinases (MAPK) pathway is suggested to contribute 

to cardiac hypertrophy, fibrosis, functional alterations, cardiomyocyte insulin resistance, 

acceleration of DCM and heart failure[6,62,63]. Extracellular signal-regulated kinase 1 and 

2 (ERK1/2) belong to the MAPK family and play a role in transmitting extracellular signals 

to the intracellular molecular targets. ERK1/2 signaling contributes to cell survival, growth, 

differentiation, and proliferation [64,65]. Activation of ERK1/2 has been observed in 

response to hyperglycemia-induced stress and insulin signaling[64,65]. Interestingly, 

selective inhibition of ERK pathway is suggested to ameliorate insulin resistance [64] and 

may be a potential therapeutic target for DM. Lack of ATM associates with decreased 

ERK1/2 activation in neurosphere cells [66]. Mouse embryonic fibroblasts exhibit decreased 

ERK1/2 activation and defective differentiation into adipocytes[67]. DNA damage is 

suggested to activate ERK1/2 in an ATM-dependent manner in fibroblasts[68]. ERK1/2 
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activation was higher in the myocardium of WT mice 4 hr post-MI. However, ERK1/2 

activation remained unchanged in mice with ATM deficiency[32]. Future investigations are 

warranted to investigate the role of ERK1/2 signaling in the development of insulin 

resistance and DM during ATM deficiency.

Conclusion

ATM is a versatile kinase involved in regulation of cell cycle progression, coordination of 

DNA damage response, vesicle/protein transport mechanisms, glucose metabolism, 

oxidative stress and mitochondrial function[7,8]. Consequently, ATM deficient individuals 

have an enhanced susceptibility to developing metabolic disorders, IHD and cancer[8]. 

Additionally, disruption of cytoplasmic signaling initiated by ATM contributes to metabolic 

complications, insulin resistance, DM, heart disease and heart failure[8,11]. Cardiovascular 

alterations observed during ATM deficiency further demonstrate the importance and 

versatility of ATM. ATM deficiency associates with increased cardiac fibrosis, hypertrophy, 

and an array of structural and functional abnormalities[8,29,31,34]. Further, ATM deficiency 

and DM independently associate with insulin resistance, metabolic impairment, 

hyperglycemia, hyperinsulinemia, dyslipidemia, hypertension, increased atherosclerosis, and 

cardiac structural and functional abnormalities (Fig 1). Additionally, DM and ATM 

deficiency exhibit alterations in metabolic associated proteins, including decreased AMPK, 

PI3K/Akt and ERK1/2 activation, and increased oxidative stress and JNK activation (Fig 2). 

Taken together, this information suggests that activation of ATM and ATM-dependent 

mechanisms may serve as potential therapeutic targets to protect against the metabolically-

induced cardiovascular dysfunction observed during DM, and potentially reduce the 

development of heart failure. This is consistent with the observation of decreased ATM 

activation in muscle cells during insulin resistance[18]. Since DM and ATM deficiency share 

many metabolic and cardiac abnormalities (Fig. 1), it can be speculated that DM may cause 

a decrease in the expression of ATM, disturbing ATM-dependent metabolic mechanisms and 

causing cardiac structural and functional abnormalities leading to DCM and heart failure. 

Therefore, future studies are crucial to the understanding of the role of ATM and other 

signaling pathways involved in DM-mediated development and progression of DCM, and to 

the development of therapeutic approaches to decrease the risk of heart failure in diabetic 

patients.
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Fig 1. Shared metabolic and cardiovascular abnormalities of diabetes mellitus (DM) and Ataxia 
telangiectasia mutated kinase (ATM) deficiency.
Alterations of AMPK, PI3K/Akt, and JNK independently associate with DM and ATM 

deficiency, and have been implicated in the inhibited glucose uptake and insulin resistance 

observed in both conditions. Further, aberrant metabolic conditions such as dyslipidemia, 

hyperinsulinemia, hyperglycemia and insulin resistance are features of DM and ATM 

deficiency, and contribute to vascular dysfunction. Mitochondrial dysfunction, increased 

ROS production and associated oxidative damage are also present in DM and during ATM 

deficiency. Lastly, DM and ATM deficiency independently associate with cardiac structural 

and functional abnormalities including increased cardiac fibrosis, hypertrophy, systolic and 

diastolic dysfunction. Collectively, all of the aforementioned conditions contributes to the 

development and progression of diabetic cardiomyopathy and heart failure.
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Fig 2. Schematic depiction of insulin signaling during Diabetes and ATM deficiency.
Left: Insulin responsive signaling: The intracellular signaling cascade begins with the 

binding of insulin to the insulin receptor which activates IRS1/2 (insulin receptor substrate 

proteins 1 and 2) and downstream targets such as Akt. Active Akt may phosphorylate Akt 

substrate 160 (AS160), and stimulate GLUT4 translocation to the plasma membrane and 

allowing glucose uptake. Center: Type 2 diabetic insulin signaling: Overproduction/release 

of insulin causes hyperinsulinemia. As insulin resistance increases, decreased insulin-

mediated glucose uptake occurs resulting in decreased activation of IRS1/2 and Akt, 

phosphorylation of AS160, GLUT 4 translocation and glucose uptake. Persistent 

hyperglycemia then causes an increase in reactive oxygen species (ROS), and may activate 

JNK and decrease AMPK activation. These changes may shift the metabolism toward fatty 

acid oxidation and cardiac lipotoxicity. Together, these alterations can cause DNA damage, 

apoptosis, cardiac remodeling and cardiac dysfunction, leading to heart failure. Right: 
Insulin resistance during ATM deficiency: Delayed insulin secretion and insulin resistance is 

observed during ATM deficiency with decreased activation of IRS1/2 and Akt. This may 

decrease AS160 phosphorylation and glucose uptake. ATM deficiency independently 

associates with mechanisms suggested to cause insulin resistance such as decreased AMPK 

activation, increased JNK activation and higher oxidative stress. ATM deficiency also 

associates with increased DNA damage, apoptosis, cardiac remodeling and cardiac 

dysfunction.
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