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The insulin signaling pathway begins with the binding of the peptide hormone insulin to its corresponding receptor, the
insulin receptor. The insulin receptor is a receptor tyrosine kinase (RTK) that conformationally consists of two alpha and
two beta subunit tetramers. The insulin receptor exhibiting kinase activity is responsible for its autophosphorylation at the
tyrosine residue site upon insulin binding.
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| 1. Introduction

Ample amounts of basic macromolecules such as carbohydrate, protein, and fat are crucial for optimum bodily function.
Insulin resistance was proven in numerous studies to be the onset of many metabolic disorders in humans, especially
diabetes mellitus 12, An elevated concentration of certain plasma amino acids was intricately linked as one of many
diverse factorial precursors in the development of diabetes. Branched-chain amino acids (BCAAs) have been found to be
escalated in people with insulin resistance, and therefore may serve as possible biomarkers in the early detection upon
onset of the disease [BI4I[5],

The status of diabetes has changed from being classified as a subdued disorder of elderly people to being a major cause
of morbidity and mortality affecting the youth and middle-aged people 81, According to the Diabetes Atlas 9th edition
2019, published by the International Diabetes Federation, there are around 462 million people living with diabetes globally,
and the number is expected to rise unless urgent preventive measures are taken. T2DM is characterized by the amount of
blood sugar/glucose (mg) per deciliter (dL) of blood. Normal blood sugar levels measured with a fasting blood glucose test
are <99 mg/dL, while any reading greater than 125 mg/dL is associated with a higher risk of developing insulin resistance,
or worse, diabetes [£],

Insulin resistance indicates the inability or inefficiency of the body to respond well to hormone insulin . The pancreatic
islet of Langerhans consists of three types of cells, i.e., alpha cells, beta cells, and delta cells. Peptide hormone insulin is
secreted by B-cells of the islet, which function as messengers that instruct designated peripheral insulin-sensitive cells in
the body to take up glucose. Any defect that interferes with this process would potentially promote malfunction of the
pancreas, because constant ectopic production of insulin is needed to compensate lower blood sugar levels 19,

Branched-chained amino acids (BCAAs) and aromatic amino acids (AAAs) were shown to be associated with insulin
resistance and may serve as possible markers prior to the onset of diabetes. Upon comparison with the metabolic marker
homeostatic model assessment of insulin resistance (HOMA-IR) for diabetes, recent studies provide evidence that BCAAs
and AAAs are closely correlated with the progression of T2DM [IBIMIBILLIZNLS] BCAAs are essential amino acids that
include leucine, isoleucine, and valine and account for 40% of total amino acids needed by mammals 1415 The
tampering of BCAAs in the impairment of insulin action was broadly reviewed as a consequence from the downregulation
of BCAA metabolism in muscle controlled by the mTOR pathway, which is known to be regulated by insulin and leucine.

The direct and accurate elucidation correlating to the actual involvement of AAAs with the impairment of insulin action still
demands more research. A study in 2016 examined the global transcript profile of adipose tissue and skeletal muscle; the
peripheral cells and the microarray analysis results revealed the upregulation and downregulation of certain genes.
Upregulated genes are involved in the adaptive immune response, which scans for the inflammation and infiltration of
inflammatory cells, both of which induce insulin resistance over time. The downregulated genes are those responsible for
the metabolism of AAAs, which evidently explains the etiology behind the elevated plasma concentration of AAAs in
insulin



Faulty insulin receptor activity often breeds many metabolic complications in consideration that insulin influences the
majority of cellular metabolism processes. Moreover, metabolic disorders such as insulin resistance are eminently known
to be provoked through impaired action of this receptor [l At present, the G-protein-coupled receptor (GPCR)
highlights its ability to induce the insulin signaling pathway (Figure 1) independent of insulin perception, which is mediated
through cross-talk with the insulin receptor LAREILAR0 A detailed review on the association of amino acids with the
prevalence of insulin resistance is presented in this review.

| 2. Insulin Resistance and Type 2 Diabetes Mellitus

Notably, there are various factors recognized to trigger insulin resistance (Figure 2): for instance, obesity [211221123][24]
critical hyperglycemia 23, Jow-grade inflammation (231241 the overproduction of reactive oxygen species (ROS) [231126]
mitochondrial dysfunction 24, impaired insulin signaling pathway 28, short-chain fatty acids (SCFAs) 22, and amino acids
(2413931 One study by Jenganathan et al. showed that amino acids are implicated with IR, although this is rather
temporal and reversible. The incubation of myotubes with amino acids and insulin significantly increases the level of
phosphorylation and activation of the mTOR pathway; however, this is reversible as well B,

Nevertheless, recent lifestyle advancements have altered this phenomenon; nowadays, the onset of T2DM can be
observed in children and middle-aged people . Early detection and preventative measures need to be addressed
immediately to avert this exacerbation of T2DM, because any delayed attention could breed ugly complications. B2, the
fasting plasma glucose (FPG) test [33], fasting plasma insulin (FPI) test 19, oral glucose tolerance test (OGTT) Unchecked
T2DM coincides with a myriad of complications and paradoxical effects including retinopathy, neuropathy €2 negintimal
hyperplasia, microvascular and macrovascular disease 824, permanent pancreas dysfunction 19, etc.
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Figure 1. Schematic diagram of the general insulin signaling pathway in cells mediated through IR/RTK. The
phosphorylation of RTK recruits various downstream regulatory proteins. The insulin signal is transduced among the
target proteins/enzymes until GLUT4 vesicle fusion with the plasma membrane of the cell: CaSR, calcium-sensing
receptor; IRS, insulin receptor substrate; p85, phospho-PI3 kinase p85; PI3K, phosphoinositide 3-kinases; PIP2,
phosphatidylinositol 4,5-bisphosphate; PIP3, phosphatidylinositol 3,4,5-bisphosphate; PDK1, phosphoinositide-dependent
protein kinase-1; mTORC (1/2), mammalian/mechanistic target of rapamycin complex (1/2); Akt, protein kinase B; AS160,
Akt substrate of 160 kDa; GLUT4, glucose transporter 4; GSK3, glycogen synthase kinase; GS, glycogen synthase;
p70S6K, ribosomal protein S6 kinase beta-1 (S6K1); P, phosphate. Phosphorylation activation (black arrow).
Phosphorylation inhibition (red arrow).
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Figure 2. Schematic diagram of the insulin-resistant state. Available peptide hormone insulin failed to activate IR/RTK.
Downstream signaling of the insulin signaling pathway is blunted in the insulin-resistant state and in the prevalence
of T2DM. Augmentation in AAs in the insulin-resistant state further exacerbates the condition via activation of the mTORC1
pathway through AA (leucine) binding with Sestrin2. Activation of the mTOR pathway induces phosphorylation inhibition
on serine residues of IRS1/2 and causes insulin resistance. A more thorough explanation of the involvement of AAs is
found in the review. Sesn2, Sestrin2.

| 3. G-Protein Coupled Receptor Signaling

G-protein coupled receptors (GPCRs) are the largest plasma membrane receptor targeted by a myriad of drugs approved
by the FDA [B3l88]. GPCRs are characterized through their infamous seven transmembrane domain, spanning the plasma
membrane with its extracellular N terminal forming complementary pockets where ligands bind, with an intracellular C
terminal domain that bridges the receptor to its G-protein domains, i.e., Ga, G and Gy. GPCRs recognize a broad variety
of ligands including chemicals, hormones, and proteins, portraying its fair share as an important initial regulator to virtually
all physiological activities in the body. Each group shares a similar signal activation mechanism that, upon binding of the
ligand with the receptor and conformational alteration, the Ga subunit which was previously bound to GDP (inactive) now
binds to GTP and dissociates itself from the complexes to start the signaling cascade.

| 4. Involvement of G-Protein Coupled Receptor

Reassuring an unflawed cell signaling pathway is a complex process that requires the engagement of various regulatory
molecules (ligands, receptors, and responses). Cross-talk between receptors has been acknowledged for decades and is
required to accomplish a good signaling transduction pathway. Nevertheless, a study in 2017 suggested that GPCR
angiotensin receptor type 1 (AT1R) and B-adrenergic receptors (BARSs) are associated with the insulin signaling pathway
through the PI3K pathway and RAS/RAF/MEK/ERK1/2 signaling cascade, respectively BZ. The nutrient sensing receptor
falls under class C GPCR, which is characterized by a large Venus flytrap (VFT) ligand-binding extracellular domain with
obligate dimerization action (homo or heterodimer) and promiscuous ligand selection (281,

is a G-protein coupled receptor described by various publications to sense phenylalanine derivatives and tryptophan as its
agonist and is abundantly expressed on B-cells of the pancreas. GPR142, activated by tryptophan, is a natural precursor
to niacin and serotonin. The activation of this GPCR enhances glucose-stimulated insulin secretion. Recent publications
have highlighted that the increased level of tryptophan in more serious IR subjects displayed positive outcomes after

inactivation of the receptor knockdown in mice, and observations with its antagonist (CLP-394) have proven beneficial 22
[40]

Class C GPCR, GPRCG6A, responds to L-amino acids such as lysine and arginine, which bind to its large Venus flytrap N
terminal extracellular receptor. GPRC6A is also seen to respond to decarboxylated osteocalcin (OCN), which improved
insulin activity in wild-type mice while providing the opposite effect inGpcréa—/—-mice. This receptor is reproduced in
numerous animal species [44],



After its discoveries, TLIR2 and T1R3 have been intimately assigned to potentially regulate nutrient uptake and digestion.
Consequent to dietary carbohydrate and protein consumption, a higher expression of T1R3, T1R2 and a-gusductin is
noticed in conjunction with the available nutrients 4243l |n pancreatic B-cells, AA binding to TIR1/T1R3 stimulates the
MAPK ERK1/2 pathway, which is known to mediate insulin expression and exocytosis via the nutrient-dependent insulin
gene transcription. Incretins function upon taste perception to better facilitate digestion through enhanced insulin
secretion, the suppression of glucagon secretion, and overall improvements in satiety.

An ex vivo functional study of insulin receptors of rat taste cells in organoids disclosed that the genetic expression of
proteins related to the taste cells was significantly reduced (gustducin, T1R3, SGLT, and GLUT) in an insulin-enriched
environment. Reminiscent to the above notion, treatment with rapamycin did naturally reverse faulty gene expression, and
normal amounts of taste cells were restored 4l Parallel to justifying the above hypothesis, cells with defects in their taste
perception were observed to upregulate the genetic expression of mandatory proteins (transport proteins) to normalize the
situation 481, Therefore, it is concluded that the availability of taste receptors is governed by nutrient availability.

Calcium-sensing receptor (CaSR) is a class C GPCR that supervises parathyroid hormone (PTH) secretion via
extracellular calcium concentration and calcium absorption at the kidney 8. Apart from calcium, CaSR also responds to
amino acids, and previous studies have shown that CaSR is involved in glucose hemostasis ¥4. As discussed earlier in
the paper, activation of the mTOR pathway negatively blunted insulin signaling, whereas taste perception continuously
induced insulin secretion through the AMPK pathway; Although evidence of the direct involvement of CaSR on amino
acid-induced insulin resistance has not yet been reported, the plausibility is there, because the receptor is also activated
by amino acid.

function to induce insulin secretion, suppress glucagon action, and improve satiety. AA drinks administered orally resulted
in higher insulin secretion and action in comparison to AAs administered intravenously A whey protein diet improved
satiation significantly due to its amino acid constituents, displaying improved insulin action and decreased hunger 8. The
above situation can be intimately linked to the nutrient-sensing ability of class C GPCRs, because the oral administration
of BCAAs induces incretin secretion, which helps in overall satiation and increases insulin response, whereas intravenous
BCAA does not 29,
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