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Heart failure is an early and severe complication of diabetes mellitus. The endocrine system and the heart are two
interrelated entities, as this is proven by the close relationship between insulin and cardiac function. Insulin
significantly contributes to cardioprotection via multiple pathways and various subsequent downstream proteins.
Even slight malfunction in the participating pathways can lead to myocardial dysfunction, resulting finally in overt
heart failure. At this stage, the implantation of an Left ventricular assist devices (LVADs) and its contribution to the
regulation of the neuromodulatory effects of insulin on the heart is pivotal and may decelerate, stabilize, or even

revert the deleterious cascades that have been activated in end-stage heart failure.

insulin insulin receptors diabetes mellitus

| 1. Introduction

Insulin exerts a broad range of effects on the heart, implicating numerous pathways. In other words, the heart is an
insulin-dependent organ, meaning that insulin promotes glucose as the primary source of cardiac energy. Insulin
signaling affects a variety of myocardium cells, such as cardiomyocytes, fibroblasts, and endothelial cells. As for
insulin’s roles, among others, it decreases myocardial O? consumption, improves cardiac efficiency, assists with
myocardial relaxation, and promotes increased blood flow to the myocardium . Insulin signaling in the heart is
achieved through insulin and IGF-1 receptors, which bind insulin, IGF-1/2, and insulin receptor substrates 1 and 2
(IRS1 and IRS2). These are the main insulin-signaling elements that regulate cellular metabolism [&. Moreover, the
phosphatidylinositide-3-dependent kinase (PI-3K) activity that controls Akt, the PKB/Akt signaling pathway, and the
Janus kinase (JAK)2 pathway contribute primarily to the immediate effect of insulin on the heart muscle 28],

Insulin secretory dysfunction and insulin resistance can lead to diabetes mellitus (DM), a disease that accounts for
increased cardiovascular morbidity, mortality, and healthcare costs. Nowadays, DM has become one of the most
common diseases, and its progression can be proven fatal. The prevalence of DM has increased dramatically in all
countries, regardless the income levels 4. Both type 1 and type 2 DM are quite common, with type 2 DM being
more frequent, especially in adults (>65 years), while type 1 DM is most common among younger adults (20-44

years) B,

DM has been associated with several comorbidities, including heart failure (HF), since HF is due to poor glycemic
control 8. Ventricular assist devices (VADs) have been implanted in many patients suffering from advanced HF.

VADs are a pivotal solution, either as a destination therapy or as a bridge toward transplantation, and that is
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because they manage to assist cardiac circulation. Recent research indicates that VADs also help control the
glycemic level, leading to lower needs for antidiabetic medication and significant improvements regarding glycated

hemoglobin, insulin requirements, and glucose levels &,

| 2. Diabetic Cardiomyopathy

The development of diabetic cardiomyopathy constitutes the leading cause of mortality in diabetic patients.
Diabetic cardiomyopathy is a heart disease independent of hypertension or coronary atherosclerosis. There is a
large body of evidence implicating insulin deficiency/resistance in the pathogenesis of these disorders. Other than
diabetic cardiomyopathy, cardiovascular autonomic neuropathy is also a risk factor for patients with DM, as it leads
to increased mortality and left ventricular diastolic and systolic dysfunction. As a matter of fact, research has
proven that DM type 1 patients with diabetic autonomic neuropathy have a reduced left ventricular filling pattern,
with a more intense LV working load and systolic function &, while DM type 2 patients with diabetic autonomic
neuropathy appeared to have an increased working LV workload, as well as diastolic dysfunction and an increased
AV index 191,

Diabetic myocardium exhibits characteristic fibrosis, interstitial, as well as perivascular, even when coronary
disease and hypertension may be absent. Insulin has effects on the myocardium and the endothelium through
multiple important pathways and mechanisms, which are analyzed below. Any occurring malfunctions of these
mechanisms or abnormalities of the molecules that partake in them can have detrimental results. It is also
important to note that most of the studies mentioned, which are related to the action of insulin on the heart and IRs’

regulation, have been performed on animal models.

3. The Pathophysiological Pathways of Insulin Action
Implicate Akt-mTOR, eNOS, and grk2

Cardiomyocyte death results from numerous cardiac injuries and has a determining role in the development of
heart diseases. Therefore, cardioprotection is rather essential and is linked to many molecular and biochemical
changes [, Specifically, when it comes to insulin and IGF-1, they have anti-apoptotic effects on the heart via
mechanisms, some of which are dependent on glucose. These anti-apoptotic signals consist of multiple pathways,
with one of the most important being the activation of PI3K/Akt. This pathway then triggers various downstream
proteins, such as the mammalian target of rapamycin (mTOR), endothelial nitric oxide synthase (eNOS), glycogen

synthase kinase (GSK)-3[3, forkhead transcription factors (FOXOs), and certain Bcl-2 family members.

3.1. The Activation of PI3K/Akt

There are many classes of PI3Ks, each of which has a different structure and mode of activation 1. More
specifically, class | PI3K is divided into I, and Ig because of the different binding subunit p110. Then, class I, PI3K
catalytic subunits include pl110a, p110B, p110d, and the regulatory subunit is mainly p85a, and class Iz PISK

consists of catalytic subunit p110y, which is regulated with regulator protein p101. In addition, the class Iz PI3K can
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be activated by the G-protein-coupled receptor (GPCR)-f3, y, subunits on p110 activation. As for Akt, mammalian

genomes contain three Akt genes that encode the following isoforms: Aktl, Akt2, and Akt3.

Meanwhile, Akt/PKB is the main regulator of the signaling pathways, and it determines numerous cellular functions
(L1 Akt kinase has a significant action in the cardiovascular system, such as proliferation and cell growth via
MTORCL1, promotes cell survival via caspase-9, YAP, Bcl-2, and Bcl-x activities, and angiogenesis, vasorelaxation,

and cell metabolism via VEGF secretion and mediates eNOS phosphorylation.

Consequently, the alterations of Akt signaling play an important role in many cardiovascular pathological processes

such as atherosclerosis, cardiac hypertrophy, and vascular remodeling.

The activation of the PI3K/Akt is a very important step for insulin to have a cardioprotective effect. This mechanism
is a response triggered by a wide range of stimuli, such as insulin, insulin-like growth factor-1 (IGF-1), AT Il, and
reactive oxygen species (ROS) [21. |t is important to mention that Akt activation by insulin is mediated via tyrosine
kinase activity of the insulin receptor (IR), IRS-1, and IRS-2.

At first, either insulin attaches to the insulin receptor or IGF-1/2 attaches to the IGF-1 receptor to activate the
receptor. As a result of the activation, PISK binds to the receptor as well through its p85a subunit and then
activates I, PI3K. The latter can also be activated by insulin through IRS-1 and by other tyrosine kinase receptors
or cytokine receptors. As for the Ig PI3K, it is activated by GPCRs, such as adenosine and opioid receptors. The
activation of PI3K subsequently activates the synthesis of PIP3 and phosphorylates phosphatidylinositol 4,5-
bisphospate (PIP2), which can regenerate PIP3. After that, PIP3 can recruit phosphoinositide-dependent kinase
(PDK)-1 and Akt, which leads to the phosphorylation of Akt and thus its activation 2. It is also important to
mention that the phosphorylation of Thr308 and Ser473 is needed for Akt to be fully activated. Moreover, Akt may

also have the ability of autophosphorylation and to be activated independently of PI3K 1],

There are also mechanisms that negatively regulate Akt and PI3K, such as the regulation from phosphatase and
tensin homolog deleted on chromosome 10 (PTEN), which converts PIP3 to PIP2 and blocks the activation of the
pathway. For this reason, the reduction in PTEN can lead to activation of the pathway and therefore enhanced
cardioprotection. Insulin or IGF-1/2 activation of the PI3K/Akt cascade is protective of the heart by inhibiting
apoptosis and oxidative stress. While PI3-K and the atypical protein kinase C family (¢ and A) are responsible for
insulin-induced Glut4 translocation in 3T3-L1 adipocytes and L6 myocytes, Aktl and Akt2 activity may be
responsible for activating glycogen synthase 121,

Akt protein is a serine/threonine kinase and a downstream effector of PI3-K. Akt plays a central role in the
metabolic actions of insulin, including glucose transport, and the synthesis of glycogen 12. Maintaining precise
physiological levels of Akt/PKB may be critical to avoiding insulin resistance. This is evidenced by studies linking

impaired Akt expression and activity with type 2 diabetes [12],
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The regulation of cell size by Akt is thought to be mediated by its phosphorylation and by the subsequent
downstream phosphorylation of mTOR on the serine 2448 13l |n general, the PI3K/Akt pathway manages to
protect the heart via several impending signaling molecules, such as eNOS, FOXO, Bad, GSK-33, mTOR, N-myc
downstream regulated gene 2 (NDRG2) 1. For example, the regulation of cell size by Akt is thought to be
mediated by its phosphorylation and by the subsequent downstream phosphorylation of mTOR on the serine 2448
(23] mTOR contributes to the deterrence of cardiac dysfunction in pathological hypertrophy 1. More specifically,
MTOR stimulates cell growth and metabolism and inhibits excessive hypertrophy, thus conferring cardioprotection
and cardiomyocyte survival. mTOR’s down activators are two important regulators: p70 S6 kinase 1 (S6K1) and
the 4E binding protein 1 (4E-BP1). Out of the two, S6K1 is rather important since the PISK/AKT/mMTOR/S6K1
pathway has an essential share in cardioprotection induced by insulin 1. As a matter of fact, the excessive
activation of mTOR/S6K1 can induce cardiac insulin resistance, while the same pathway can also provide

cardioprotection via increased angiotensin Il (Ang Il) type 2 receptor (AT2R) upregulation and adaptive hypertrophy
4],

Other than mTOR, FOXOs’ phosphorylation has a cardioprotective role by restricting their transcriptional activities
(11 Moreover, Bad (one of the Bcl-2 family proteins), if maintained phosphorylated, manages to suppress
apoptosis and promote cell survival 111, GSK-3B is also essential since it is a serine/kinase that plays an important

role in the regulation of glycogen synthesis and gluconeogenesis 11,

3.2. The Pathway of Foxol

Insulin binds to an IR, while IGF-1/2 binds to an IGF-1R, either of which can phosphorylate, among others, IRS1,
which induces downstream cascades, such as PI3Ks and MAPKs 3. The PI3K/Akt pathway phosphorylates
multiple pathways, with one of them being the forkhead transcription factor Foxol. Specifically, Akt phosphorylates
Foxol at S2°2 and constrains Foxol’s activity, which normally is to regulate physiological functions such as

myocardial growth 12!,

IRS1 and IRS2 are vital components of insulin signaling, and the loss of IRS1 and IRS2 mediates insulin resistance
151 |n the heart, this results in metabolic dysregulation and heart failure 28 which is interlinked with Akt
inactivation and activation of Foxol. It is important to mention that a decrease in IRS1 and IRS2 with an
accompanying activation in Foxol is also present in the heart of animals with DM type 2 or insulin resistance 2, In
other words, the parallel inactivation of Akt, activation of Foxol, and loss of IRS1 and IRS2 are the basis of insulin-
resistant cardiomyopathy 22, Foxo1 also triggers B-MHC gene expression in cardiomyocytes. B-MHC is a target of

insulin signaling, and it manages to quell its expression via PI3K activation 22!,

3.3. Insulin Growth Factor 1

Insulin-like growth factor 1 (IGF-1) is a single-chain polypeptide that is highly homologous to proinsulin. It is
produced in numerous cell types and has both an autocrine and paracrine action. Its activity is arbitrated through

binding to the IGF-1 receptor, which strongly binds IGF-1 and IGF-2 but has a low affinity to insulin 281, In order for
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the IGF-1 receptor to be activated, the phosphorylation of IRS is mandatory 2. Tyrosine-phosphorylated IRS-1
and IRS-2 interact with proteins that contain SH2 domains, guiding to numerous cascade pathways. It is also
important to mention the IGF-1 binding proteins (IGFBPs), which bind to IGF-1 and manage IGF-1's binding to the
receptor and thus its activity 29,

The IGF-1 signaling cascades are enabled by interactions that lead to the activation of Ras, serine/threonine
kinase Raf, and MAP kinase. The latter enables multiple transcription factors and therefore is involved in the IGF-1
stimulation of DNA synthesis and mitogenesis. PI3K is also vital for the metabolic growth and functional effects that
insulin and IGF-1 cause, which, among others, include protein and glucose synthesis, apoptosis, and IGF-1-

mediated cardiomyocyte contractility (18],

IGF-1 plays an essential role in both cardiac growth and function. When it comes to cardiac growth, IGF-1 boosts
cardiac DNA and protein synthesis in isolated cardiomyocytes 21, Specifically, IGF-1 regulates the cell cycle since,
without IGF-1, the cell cannot enter the S phase 22, Moreover, IGF-1 is associated with hypertrophy and promotes

growth through signaling pathways, which include tyrosine kinase, IRS-1, PI3K, and ERK 191,

IGF-1 is both a protective and a risk factor for the heart, and even though IGF-1's role in cardiac function still
remains unclear (18 it has quite the potential. For example, IGF-1 is very likely to be used as a treatment for
cardiac disorders (e.g., heart failure) since it can upgrade myocardial function both in cardiac patients and healthy
adults 18 Other than that, IGF-1 may improve cardiac contractility by increasing the synthesis of contractile
proteins, while at the same time, multiple IGF-1-mediated signaling pathways, such as tyrosine kinase, tyrosine
kinase phosphatase, PI3K, and protein kinase C, have also been involved 23, The activation of the pathways
mentioned can lead to an increase in intracellular Ca2*, which is followed by an acute positive myocardial response

18] and to the involvement of ion channels, such as T-type calcium channels [24] and cardiac K* channels 23],

IGF-1 can also affect the heart by preventing apoptosis (28], This mechanism is based on signaling pathways such
as tyrosine kinase, MAP kinase, and PI3K, as well as the increased expression of a member of the anti-apoptosis
family of Bcl-2 proteins. IGF-1 may act as a survival factor via stimulation of the Bcl-2 family of proteins 8, |t is
also important to refer to the impact of IGF-1 deficiency on the heart. Growth hormone (GH) is essential for the
heart to maintain its structure and function. In humans, deficiency of IGF-1/GH with obtained GH resistance is

highly related to an increased risk of cardiovascular disease 18!,

In addition to everything mentioned, IGF-1 betters blood glucose control and improves insulin sensitivity. As a
matter of fact, diabetes is characterized by hepatic GH resistance and high levels of IGFBPs, which result in
decreased levels of total and free IGF-1 levels. In diabetes, there is also a resistance to IGF-1-mediated
myocardial responses, which can be because of increased NOS activity or because of altered protein tyrosine
phosphatase activity. Untypical IGF-1 activity is very likely to be associated with diabetes-related vascular

disorders and may even lead to cardiac dysfunction, but it is still obscure.
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IGF-1 levels and blood pressure are positively interrelated Z2. In hypertensive/hypertrophic states, there is a broad
expression of IGF-1 and IGF-1 receptors. This hints that IGF-1 may be involved in pathways that lead to cardiac
mechanical dysfunction. Even though insulin/IGF-1 may not play a role in hypertension, insulin/IGF-1 resistance
seems to cause hypertension, especially when IGF-1 is associated with excessive NO levels in both vessels and
the heart [28],

3.4. The Pathway of eNOS

eNOS, which stands for endothelial nitric oxide synthase, is usually triggered by pathophysiological stimuli, such as
vascular endothelial growth factor (VEGF) and stress and is regulated by protein interactions and phosphorylation.
eNOS produces nitric oxide (NO) in the endothelium, which is a very important vasoactive compound that also
regulates a number of physiological and cellular mechanisms, such as angiogenesis and thrombosis 22, The

regulation of NO’s expression by eNOS is rather important since NO is also highly reactive.

eNOS is a calmodulin-dependent enzyme B9, Its activation is a result of a rise in intracellular calcium and the
subsequent activation of the CaM-binding domain by calmodulin B Its activity is triggered by acetylcholine,
bradykinin B2 receptor, thrombin, and ATP, via intracellular elevation of calcium levels B2, and it is also dependent
on protein phosphorylation and dephosphorylation. Specifically, the phosphorylation of Ser617, 635, and 1179
leads to activated eNOS, while the phosphorylation of Serl16 and Thr497 results in a decrease in functional eNOS
(291 The serine/threonine kinase Akt phosphorylates Ser1177 and Ser1179 [29],

Insulin exerts a significant cardiovascular protective effect via PI3K/Akt/eNOS-dependent signaling in addition to its
metabolic modulation 1. A dysfunction in the Akt/eNOS signaling pathway can majorly affect endothelial function
in diabetes mellitus (DM) type 2. This is a result of a reduction in the Akt/eNOS phosphorylation 22, Meanwhile,
insulin binds to insulin receptors or IGFs bind to IGFRs, and signaling pathways are activated, such as the
PI3K/Akt/PKB pathway, which mediates many insulin responses, such as myocardial survival and anti-apoptotic
effects in endothelial cells. Therefore, the activation of the PI3K/Akt pathway by NO, derived by eNOS, can lead to
enhanced endothelial function 31, Studies have also shown that eNOS’s activation is stimulated by insulin and is

dependent on the phosphorylation of insulin-responsive cells 341,

NO-based therapies have been researched 22!, and NO partakes in the diabetic pathology. Data have pointed out
that endothelial dysfunction, abnormal eNOS expression, and NO production are characteristics of diabetes and

insulin resistance 291,

3.5. The Action of G-Protein-Coupled Kinase 2

When insulin activates an IR or IGF-1/2 activates an IGF-1R, protein kinase A (PKA) and G-protein receptor kinase
2 (GRK2) phosphorylation of B2AR are induced. This reaction mediates B2AR’s disassociation from the complex
and its binding to the inhibitory G-protein Gi €. This last binding manages to alleviate adrenergic-induced cAMP

activities in the heart. The phosphorylation of B2AR depends on insulin receptor substrates 1, 2 (IRS1 IRS2). As a
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result, the IR-B2AR interference results in decreased (-adrenergic-induced contractile function in cardiomyocytes

and perfused mouse hearts [28],

Both in diabetes and heart failure, there is an elevation of insulin levels, which constantly stimulates IRs. In DM
type 2, the IRs of the heart are still sensitive to and are activated by insulin. These elevated levels of insulin can

acutely impair B-adrenergic signaling pathways for contractile function in animal hearts 281,

G-protein-coupled kinase 2 (GRK2) has been proven to be a negative controller of insulin receptor signaling 7.
Even though the molecular basis of GRK2 upregulation’s negative effects is still unclear, it has been proven that its
inhibition in animals has led to the prevention of the development of metabolic disorders, modulating energy
expenditure, brown fat function, and insulin actions in peripheral tissues 4. In these animals, the insulin sensitivity
was improved, and they displayed enhanced activation of the insulin mediated Akt pathway in muscle, adipose

tissue, and liver (32,

Increased cardiac GRK2 plays a pivotal role in cardiovascular diseases such as heart failure and cardiac ischemia,
and this is the reason why its inhibition in mice results in cardioprotection BZ, Other than that, increased GRK2
levels are not only a characteristic of lower cardiac functions and poorer prognosis in HF but also a characteristic of
situations of systemic insulin resistance. GRK2 is also capable of inhibiting the IR pathway and regulating the
adrenergic receptor signaling and thus has the ability to control body weight gain, adiposity, metabolic rate, and

multiple downstream targets of the insulin cascade [28].

Decreased GRK2 levels have a cardioprotective role in many animals and maintain metabolic and pro-survival
signals downstream of insulin (such as the Akt/p70S6K pathway and glucose transport) in the hearts of 9-month-
old GRK2+/- animals, while the activation of ERK is not affected 7. In adult mice, downregulation of GRK2 ignites
physiological heart hypertrophy and activates a cardioprotective gene expression pathway. Moreover, this

downregulation also amplifies the insulin triggered PI3K/Akt pathway 71,

The genetic deletion of GRK2 can result in a reverse of diet-induced obesity and insulin resistance 8. More
specifically, tamoxifen-induced GRK2 ablation in mice leads to a reduction in body weight gain despite the ongoing
high-fat diet (HFD) feeding, higher insulin sensitivity, regulated glucose intolerance, and the prevention of adiposity
and fatty liver 28],

These effects are based on tissue-specific processes such as improved insulin signaling in peripheral tissues,
improved lipolysis in white adipose tissue (WAT) and brown adipose tissue (BAT), elevated expression of mMRNAs
that encode proteins partaking in fatty acid oxidation and thermogenesis in BAT, and lower levels of steatosis and

liver inflammation 281,
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