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IRES is associated with obesity, glucose intolerance, dyslipidemia, and hypertension, evolves toward type 2 diabetes, and
increases the risk of developing cardiovascular diseases. Several studies designed to explore the mechanisms involved in
IRES allowed the identification of a multitude of potential molecular targets. Among the most promising, G Protein
Coupled Receptor Kinase type 2 (GRK2) appears to be a suitable one given its functional implications in many cellular
processes. In this review, we will discuss the metabolic role of GRK2 in those conditions that are characterized by insulin
resistance (diabetes, hypertension, heart failure), and the potentiality of its inhibition as a therapeutic strategy to revert
both insulin resistance and its associated phenotypes
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| 1. Introduction

Insulin is a peptide hormone produced in the pancreas by the B cells of the Langerhans islets in response to the increase
in plasma glucose levels. It induces the rapid absorption of glucose, protein, and fatty acids by tissues for metabolism,
storage, and energy production® (Eigure 1). Alterations in insulin signaling and production, as observed in insulin
resistance, significantly impair glucose homeostasis in several pathological conditions, such as diabetes, hypertension,
and heart failure. G Protein Coupled Receptor Kinase type 2 (GRK2) has been identified as a mechanism of impaired
glucose homeostasis in insulin resistance and its complications. In this review, we will discuss the metabolic role of GRK2
in insulin resistance related conditions.
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Figure 1. The effects of insulin in response to the increase in glucose levels in the blood. The increase in glucose in the
blood stimulates beta cells in the pancreas to produce insulin. Circulating insulin exerts several effects in different tissues.
In skeletal muscle, it promotes glucose utilization and storage by increasing glucose transport and glycogen synthesis. In
the liver, insulin promotes glycogen synthesis, and inhibits glycogenolysis, gluconeogenesis, and ketogenesis. In white
adipocyte tissue, insulin promotes the deposition of triglycerides, inhibits lipolysis, and promotes the absorption of glucose
and fatty acids.

| 2. Insulin Signaling and the Development of Insulin Resistance

Glucose homeostasis is the result of a balance between glucose uptake in organs in the fed state (glycogen synthesis and
glucose metabolism) and production of glucose by the liver during fasting (glycogenolysis and gluconeogenesis) and is
under the control of a constellation of hormones, from insulin to glucagon, IGF-1, leptin, adiponectin, and adrenergic
mechanisms. Insulin is the most potent regulator in the liver, muscle, and adipocytes. Insulin inhibits hepatic glucose



output and enhances glucose uptake into skeletal muscle and adipose tissue. The insulin insensitive glucose transporter
GLUT-2 in the liver and the insulin-sensitive transporter GLUT-4 in muscle and fat remove glucose from the
bloodstreaml. In muscle and adipose tissue, insulin acts by increasing the number of GLUT 4 at the plasma membrane
to induce glucose transportEl4l. In the liver, the number of GLUT-2 does not change in response to insulin, which in turn
regulates the enzymes needed for maintaining glucose cellular disposalll. At the molecular level, insulin activates a
specific tyrosine kinase receptor, the insulin receptor (IR). Insulin binding to its receptor activates its intrinsic tyrosine
kinase activity (Figure 2). IR phosphorylates different substrate adaptors (IRS) in tyrosine residues that form binding sites

for intracellular molecules that contain Src-homology 2 (SH2) domainslEl. |RS proteins are a family of adaptor proteins
whose main role is to convert the tyrosine phosphorylation signal into a lipid kinase signal®€. P|3K is the main active
mediator of insulin effects, via the activation of the AKT/PKB cascades. Activated AKT induces glycogen synthesis through
inhibition of GSK-3, protein synthesis via mTOR signaling, cell survival through inhibition of several pro-apoptotic agents,
and autophagy by inhibiting FoxO transcription factors. AKT also regulates the translocation of the insulin-sensitive
glucose transporter GLUT-4 to the cell membrane within muscle and fat cells for the extraction of glucose &. Insulin also
acts through the mitogen-activated protein kinase (MAPK) pathway, by phosphorylating the IRS proteins, Gab1l, and Shc
[, The activation of the MAPK cascade is associated with the proliferative effects of insulin[ZI&l,

Figure 2. Insulin signaling cascade. Insulin activates the insulin receptor, which phosphorylates IRS in tyrosine residues.
IRS, in turn, activates MAPK via SHc/Grb2 and AKT via PI3K. Activated AKT induces glycogen synthesis through
inhibition of GSK-3, protein synthesis via mTOR signaling, cell survival through inhibition of several pro-apoptotic agents,
and the translocation of GLUT-4 to the cell membrane. Activated MAPK induces cell proliferation and protein synthesis.
Abbreviations: INS = Insulin; IR = Insulin Receptor; IRS = Insulin Receptor Substrate; Shc = Src Homology 2 Domain-
Containing; Grb2 = Growth factor Receptor-Bound protein 2; MAPK = Mitogen-Activated Protein Kinase; PI3K =
Phosphoinositide 3-kinase; AKT = Protein kinase B; mTOR = Mammalian Target of Rapamycin; GSK3 = Glycogen
synthase kinase 3; GLUT4 = Glucose Transporter type 4.

Phosphorylation of serine residues in IRS1 could exert both positive and negative effects on insulin signaling!?. Data from
previous studies show a time-dependent regulation of phosphorylative events leading to early activation and inhibition of
the insulin pathway through IRS-1. Positive regulatory sites are early phosphorylated to activate the insulin signaling
pathway. On the contrary, the inhibitory sites are phosphorylated later to turn off the insulin signaling and disrupt the
interaction between IRS1 and IR, and to promote IRS1 degradation@. Insulin signaling is therefore strictly dependent on
a correct balance between the phosphorylation of positive and negative sites, which is altered in pathophysiological
conditions. Insulin resistance (IRES) occurs when the excess of glucose in the blood induces an increase in insulin
release that makes the target organs resistant to its action. Insulin resistance is a hallmark of two pathological conditions:
metabolic syndrome and type 2 diabetes. Indeed, it is associated with obesity, glucose intolerance, dyslipidemia, and
hypertension, which can successively progress to type 2 diabetes and cardiovascular diseases. It also increases the risk
of cancerl™l, The precise pathogenetic mechanism of IRES is not yet clear but several molecular mechanisms (oxidative
stress, inflammation, insulin receptor mutation, ER stress, mitochondrial dysfunction) have been demonstrated to be
involved2QL2II13] - Chronic inflammation in targeted tissues was shown to contribute to altering the metabolic state, both
locally via autocrine/paracrine cytokine signaling and systemically via endocrine cytokine signaling 14, Reactive oxygen
species (ROS) cause insulin resistance in the peripheral tissues by decreasing the expression of GLUT4 in the plasma
membranel?2. Then, mitochondrial alteration and obesity contribute to propagating oxidative stress 151 In the skeletal
muscle, mitochondrial dysfunction causes the development of insulin resistance in different ways: (1) by activating several



protein kinases, such as Protein kinase C (PKC) or c-Jun N-terminal kinase (JNK), which inhibit IRS-1 signaling by
phosphorylation; (2) by reducing the expression levels of IRS-18: and (3) by inducing ER stress through excessive
cytosolic calcium levelsi . Several factors can influence insulin sensitivity such as obesity and fat distribution281l28] age
and sex¥, genetics, exercisel?d, dietary nutrientsl2, and hormones (glucagon, epinephrine, cortisol, leptin, growth
hormones, sex hormones, amylin). Obesity is associated with an increased risk of developing insulin resistance. Indeed,
the production of many mediators of glucose metabolism by the adipose tissue (Non Esterified Fatty Acids, glycerol,
leptin, and adiponectin; proinflammatory cytokines) are increased in obesity22. In addition, mutations in genes involved in
the insulin signaling cascade (insulin receptor, PI3-kinase and AKT) cause severe insulin resistance €23 as well as
mutations and polimorphisms in genes that predispose to obesity (melanocortin-4 receptor, leptin receptor, peroxisome
proliferator-activated receptor PPARQ).

Insulin signaling is very complex and involves a large number of molecules that are all crucial to activate insulin-
dependent biological processes. Therefore, several events could regulate insulin effects and sensitivity, such as protein
degradation and synthesis, phosphorylative events, post-translational modifications, as well as the inhibition of single
components at different steps of the long insulin-dependent cascade. In this context, the G Protein-Coupled Receptor
Kinase 2 (GRK2) is considered a key regulator of metabolic processes and, in particular, of glucose metabolism.

| 3. GRK2 Affects Insulin Signaling

G Protein-Coupled Receptor Kinases (GRK) are known to phosphorylate G Protein Coupled Receptors GPCRs on the
plasma membrane to turn off their intracellular signaling2423]. Therefore, GRKs exert a critical role in both physiological
states and pathological conditions that are mainly associated with alterations of the adrenergic signaling. Besides this
classical effect, GRKs are also known to inactivate non-GPCR receptors, including tyrosine kinase receptors, by
phosphorylative eventsi24. Moreover, they can interact with and regulate the activity of several cytosolic substrates(28127]
(28] Therefore, GRKs are involved in the regulation of key processes within the cell and are, consequently, potential
therapeutic targets 28129 Among GRKs, GRK2 is known to regulate cell metabolism22B931] GRK2 shuttles among the
different subcellular compartments following the energetic requests of the cellB4E3l |n particular, we showed that GRK2
localizes in mitochondria and regulates critical mitochondrial processes, such as ATP production and mitochondrial
biogenesis B2, The overexpression of the kinase favors such processes preventing ATP loss after hypoxia/reperfusion(22
and mitochondrial damage in response to acute exposure to ionizing radiation24. Despite energy metabolism, the
suggestion of GRK2 involvement in cell metabolism comes from the demonstration that insulin induces an up-regulation of
the kinase expression levels and the association between GRK2 and IRS1E2. GRK2 phosphorylates IRS1 in
serine/threonine and inhibits the activation of the downstream signaling. In particular, GRK2 inhibits the phosphorylation of
IRS1 in Tyr612, blocking the insulin signaling, and induces its phosphorylation in Ser307, promoting IRS degradation[32]
B8] These results are in line with the reciprocal relationship between these two sites of IRS phosphorylation that is
described in previous reportsBZE8 Chronic stimulation of beta-adrenergic receptors (BAR) is involved in the
pathogenesis of insulin resistance. In cells overexpressing the BAR, GRK2 accumulates in the plasma membrane and
inhibits IRS1 activation and glucose uptake in response to insulin. The selective inhibition of the kinase potentiates insulin
signaling both in vitro and in vivo suggesting that GRK2 mediates adrenergic insulin resistance while its inhibition
increases insulin sensitivity 3. These observations point to GRK2 as a potential target, also considering that conditions
associated with insulin resistance (diabetes, hypertension, or chronic activation of  adrenergic receptor), are all
characterized by elevated kinase levels. Indeed, GRK2 expression is increased in key tissues in different experimental
models of insulin resistance, and its downregulation ameliorates the alterations of glucose homeostasis and insulin
signaling in response to different insults3. Recently, the role of GRK2 in myeloid cells has also been investigated. Vila-
Bedmar and colleagues suggest that the downregulation of GRK2 in these cells reduces the pro-inflammatory features of
macrophages and prevents high fat diet-induced metabolic alterations 4%, GRK2 expression levels, as well as its
subcellular localization and activity, are finely regulated. Several molecules are involved in regulating different steps of
kinase transcription, mRNA regulation and translation, protein maturation, localization, activation, and degradation, as
extensively described in the review from Penela and colleaguesl. Here, we will discuss the recent findings on the
metabolic role of GRK2 in insulin resistance-related conditions, such as diabetes, hypertension, and heart failure.
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