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INTRODUCTION

Diabetes is a group of metabolic diseases characterized by chronic hyperglycemia resulting
from impaired insulin secretion, insulin action, or both (Ozougwu et al., 2013; Shroff, 2015a).
Symptoms of hyperglycemia include polyuria, polydipsia, polyphagia, myopic vision, and weight
loss (Shroft, 2015a). In 2000, approximately 5.7 million Indonesians were estimated to have
diabetes, a number that increased to 8.5 million by 2013 (International Diabetes Federation, 2000,
2013). The latest report from the International Diabetes Federation (2015) indicated that the
number of Indonesians with diabetes aged 20-79 had risen to 10 million, with 53% of these
individuals unaware of their condition. By 2040, the number is projected to reach 16.2 million,
reflecting a significant rise in diabetes prevalence and its associated mortality (International
Diabetes Federation, 2019).

Complications  associated with diabetes include neuropathy, erectile dysfunction,
nephropathy, retinopathy, and macroangiopathy, such as cardiovascular disease, stroke, and diabetic
foot (Djrolo et al, 2014; King et al, 2016; Mansour et al, 20I4; Ramesh et al, 2015).
Additionally, diabetes has been linked to increased mortality from several cancers, including breast,
colorectal, and prostate cancers (Spangler & Kirk, 2014).

Given the high prevalence and complications related to diabetes, there is an urgent need to
identify innovative therapeutic strategies beyond conventional pharmacological approaches such as
metformin, sulfonylureas, and insulin secretagogues. Recent research has highlighted the
importance of exploring four core and two emerging aspects of diabetes intervention: (1)) hormonal
regulation, which modulates insulin secretion and sensitivity and plays a crucial role in glucose
homeostasis (Nguyen & Le, 2012; Sharma et al, 2021); (2) human islet amyloid polypeptide
(hIAPP), whose aggregation induces pancreatic P-cell apoptosis and dysfunction under
hyperglycemic conditions (Roham et al., 2022); (3) incretin modulation, which enhances insulin
secretion and maintains glucose homeostasis (Borah et al, 2022); (4) glucose transport
mechanisms, particularly through GLUT4 translocation that facilitates glucose uptake in muscle
and adipose tissues (Lee et al, 2012; Yang, 2010); (§) RNA-binding proteins (RBPs) as post-
transcriptional regulators that contribute to the development of associated disease complications
(Chen et al., 2022); and (6) key enzymatic pathways such as AMPK, fructose-1,6-bisphosphatase
(FBPase), and protein tyrosine phosphatase 1B (PTPIB), which regulate insulin signaling, energy
metabolism, and lipid-glucose balance (Sharma et al., 2021).

Understanding and targeting these molecular mechanisms provides a comprehensive
foundation for developing effective strategies to improve insulin action, maintain glucose balance,
and prevent long-term diabetic complications. However, an integrative understanding of these
mechanisms remains limited; thus, this review aims to provide a comprehensive synthesis of their
therapeutic potential.

RESEARCH METHODS
Research Design

This study employed a systematic review design aimed at identifying and analyzing potential
molecular targets and hormonal regulatory mechanisms involved in diabetes intervention. The
review was conducted in accordance with the Preferred Reporting Items for Systematic Reviews
and Meta-Analyses (PRISMA) guidelines to ensure methodological transparency and scientific

rigor.

Population and Samples
The population of this study comprised 54 scientific articles consists of S1 journal articles,
and 3 proceeding articles related to diabetes molecular mechanisms and therapeutic targets

published in reputable journals indexed in Scopus between 2002 and 2022 such as Broorganic

E ] 10.31932/jpbio.v10i2.4850 Sari et al jurnaljpbio@gmail.com



JPBIO (Jurnal Pendidikan Biologi) ® Vol 10, No. 2, November 2025, pp. 230 — 249 | 232

Chemistry Journal (1 article), Phytomedicine Plus (1 article), Molecular Metabolism (2 article),

Molecular Cell (1 article), Diabetes Research and Clinical Practice (1 article), European Journal of
Medicinal Chemistry (2 article), Journal of Pharmaceutical Analysis (1 article), Kidney
International (1 article), Obesity Medicine (1 article), Journal of Lipid Research (1 article), Nature
Reviews Molecular Cell Brology (1 article), Nature Medicine (1 article), Frontiers in

Endocrinology (1 article), The Journal of Clinical Endocrinology & Metabolism (1 article),

Journal of Diabetes Mellitus (11 article), PLoS One (1 article), Kidney and Blood Pressure
Research (1 article), Cellular Physiology and Biochemistry (1 article), Biomedicines (1 article),

International Journal of Molecular Sciences (1 article), Journal of Community Hospital Internal
Medicine Perspectives (1 article), The Korean Journal of Internal Medicine (1 article), Diabetes (2

article), Journal of Medicinal Chemistry (2 article), Diabetes & Metabolism Journal (1 article),

Journal of Biological Chemistry (1 article), Cancer Cell International (1 article), Cardiovascular
Diabetology (1 article), Open Hearr (1 article), Diabetes, Obesity and Metabolism (2 article),

Journal of Cellular and Molecular Medicine (1 article), Journal of Physiology and Pathophysiology
(1 article), Endocrinology (1 article), Annual Review of Medicine (1 article), International Journal
of Biological Sciences (1 article), and Current Topics m Medicinal Chemistry (1 article);

meanwhile published in proceedings such as Proceedings of the National Academy of Scrences (1

article), Advances i Natural Scrences: Nanoscrence and Nanotechnology (1 article), and PNAS
(Proceedings of the National Academy of Sciences) (1 article). The sampling technique applied

was purposive sampling, where articles were selected based on their relevance to diabetes

intervention strategies focusing on hormonal regulation, hIAPP, glucose transport, and key

enzymatic pathways.

Instruments

The main instrument used in this systematic review was a literature extraction matrix, which
was developed to organize and evaluate data from the selected studies. The matrix included
information such as publication year, study design, molecular targets identified, research outcomes,
and conclusions relevant to diabetes therapy.

Procedures

Data collection was carried out through a structured search using the keywords “diabetes,”
“molecular targets,” “insulin sensitivity,” “hormonal regulation,” and “glucose transport” in the
databases Google Scholar and ScienceDirect (Elsevier). Duplicate articles were removed, and the
remaining studies were screened based on inclusion and exclusion criteria. Inclusion criteria
included peer-reviewed articles written in English, focused on diabetes pathophysiology,
therapeutic targets, or molecular mechanisms. Studies lacking sufficient methodological details or
unrelated to diabetes interventions were excluded. The selected literature was then analyzed
qualitatively to identify consistent molecular patterns and therapeutic mechanisms.

Data Analysis

Data were analyzed using qualitative content analysis, which involved summarizing,
classifying, and synthesizing findings from the selected literature. Each study was critically reviewed
to identify key molecular pathways and intervention targets. The analysis emphasized major
therapeutic directions such as hormonal regulation, hIAPP aggregation, GLUT4-mediated glucose
transport, and enzymatic pathways including AMPK, FBPase, and PTPIB. Findings were
synthesized and presented thematically to highlight recurrent molecular pathways and therapeutic
strategies.
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RESULTS

A total of 54 relevant scientific publications were identified and reviewed to determine
potential molecular targets and regulatory mechanisms involved in diabetes intervention. In general,
the main classes of oral antidiabetic drugs include biguanides, sulfonylureas, meglitinides,
thiazolidinedione (TZD), dipeptidyl peptidase 4 (DPP-4) inhibitors, sodium-glucose
cotransporter (SGLT2) inhibitors, and a-glucosidase inhibitors (Chaudhury et al, 2017).
Treatment with oral diabetes medications aims to reduce insulin resistance, decrease glucose
production via hepatic gluconeogenesis, enhance endogenous insulin secretion, and limit glucose
reabsorption in the body (Kerru et al., 2018).
I) Biguanides

Metformin, a first-line treatment for type 2 diabetes mellitus (T2DM) across all age groups,
belongs to the biguanide class. It activates adenosine monophosphate (AMP)-activated protein
kinase in the liver, enhances glucose uptake by inducing peripheral tissue sensitivity to insulin, and
inhibits hepatic gluconeogenesis through complex effects on mitochondrial enzymes. Additionally,
metformin improves insulin sensitivity by upregulating insulin receptor expression and increasing
tyrosine kinase activity (Chaudhury et al., 2017).
2) Incretin Mimetics

Incretins are hormones that reduce gastric emptying and promote weight loss. The incretin
hormones glucose-dependent insulinotropic polypeptide (GIP) and glucagon-like peptide-I (GLP-
I), released by intestinal endocrine cells in response to food intake, play a crucial role in glucose
homeostasis and glycemic control. Two classes of drugs target the incretin system: GLP-I receptor
agonists and DPP-4 inhibitors. GLP-I receptor agonists, such as exenatide and liraglutide, resist
enzymatic degradation by DPP-4, resulting in prolonged plasma presence and better glycemic
control. However, they may cause renal failure. DPP-4 inhibitors, including sitagliptin, saxagliptin,
vildagliptin, linagliptin, and alogliptin, can be used alone or in combination with metformin,
sulfonylureas, or TZDs. These inhibitors lower blood glucose with minimal effects on caloric
intake, thus reducing catabolic effects on muscle and total body protein mass (Chaudhury et al.,
2017).
3) SGLT2 Inhibitors

Sodium-glucose cotransporter (SGLT2) inhibitors, a novel class of glucosuric agents, include
canagliflozin, dapagliflozin, and empagliflozin. SGLT2 inhibitors lower blood glucose
independently of insulin by blocking glucose reabsorption in the proximal tubules of the kidney.
These drugs also promote weight loss and reduce blood pressure due to their glucose-independent
mechanism of action (Chaudhury et al., 2017).
4) Sulfonylureas

Sulfonylureas lower blood glucose by stimulating insulin secretion from pancreatic [-cells
through KATP channel blockade. They also limit hepatic gluconeogenesis and reduce lipid
breakdown into fatty acids. This class includes first-generation drugs (chlorpropamide, tolazamide,
and tolbutamide) and second-generation drugs (glipizide, glimepiride, and glibenclamide).
Sulfonylureas are typically prescribed as second-line or adjunctive treatments for T2DM
management (Chaudhury et al., 2017).
5) Meglitinides

Meglitinides, such as repaglinide and nateglinide, are non-sulfonylurea drugs that bind to
sulfonylurea receptors on pancreatic B-cells. Their binding is weaker than sulfonylureas,
categorizing them as short-term insulin secretagogues, which allows for flexible dosing. However,
meglitinides require higher blood glucose levels to stimulate insulin secretion, making them less

effective than sulfonylureas (Chaudhury et al., 2017).
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6) Thiazolidinediones (TZD)

TZDs, including rosiglitazone and pioglitazone, improve insulin action by activating
Peroxisome Proliferator-Activated Receptor Gamma (PPAR-y), a nuclear receptor that enhances
glucose uptake in adipose, muscle, and liver tissues. PPAR-y activation increases GLUT4
expression and translocation, reduces hepatic gluconeogenesis, and promotes lipid storage and
glucose uptake in muscle. This receptor also decreases free fatty acid accumulation, lowers
inflammatory cytokines, increases adiponectin levels, and maintains -cell function. Despite these
benefits, TZDs are contraindicated in patients with heart failure and are not recommended as first-
line or follow-up therapy (Chaudhury et al., 2017).

7) a-Glucosidase Inhibitors

a-Glucosidase inhibitors target glycoside hydrolase enzymes that release glucose by cleaving
glycosidic bonds. These inhibitors reduce the digestion of dietary carbohydrates, thereby lowering
postprandial hyperglycemia and maintaining normal blood glucose levels. They are effective in
managing diabetes by inhibiting &-glucosidase activity in the small intestine (Kerru et al., 2018).

Therapeutic targets of these oral antidiabetic drugs include human islet amyloid polypeptide
(hIAPP) to improve pancreatic B-cell function, inhibition of a-glucosidase, DPP-4, and SGLT2,
GLUT#4 translocation to enhance glucose uptake, and RNA-binding proteins as mediators of post-
transcriptional mechanisms related to diabetic complications.

The systematic review yielded six main categories of molecular targets relevant to diabetes
intervention. Specifically, the synthesized data revealed that diabetes management can be directed
through four primary molecular approaches and two emerging aspects, encompassing hormonal
regulation, human islet amyloid polypeptide (hIAPP) aggregation, incretin modulation, glucose
transport mechanisms, RNA-binding proteins (RBPs), and key enzymatic pathways related to
glucose metabolism. Collectively, these molecular targets form a comprehensive network governing
insulin function, glucose transport, and metabolic homeostasis in diabetes. The molecular targets
involved in the pathophysiology of diabetic complications are discussed in the following sections
(Discussion).

DISCUSSION

Several treatment strategies have been implemented to manage diabetes and reduce the risk of
its complications. These include the use of oral antidiabetic drugs such as metformin (Lee et al.,
2012; Luo et al,, 2016; Sumitani et al, 2014), glibenclamide, and insulin secretagogues, which
trigger insulin secretion (IS), such as sulfonylureas or glinides (Gautier et al., 20106). Additionally,
dipeptidyl peptidase-4 (DPP-4) inhibitors (Gautier et al, 2016; Kobayashi et al, 2014),
chloroquine (Zhou et al.,, 2016), and resveratrol (Penumathsa et al., 2008) have been used to
enhance insulin sensitivity, repair pancreatic B-cells, increase insulin secretion, and promote glucose
transporter type 4 (GLUT4) translocation, thereby mitigating hyperglycemia.

Further investigations have explored the effectiveness of carbon dioxide therapy for diabetic
foot ulcers, which helps liberate nitric oxide, improve oxygen circulation, and enhance blood flow,
thus accelerating wound healing (Shalan et al., 2015). Other advanced treatments include the use of
exogenous insulin pumps (Gjessing et al., 2014), pancreas transplantation, and recent advancements
in genetic engineering to create new B-cells capable of increasing insulin secretion (Handorf et al,,
2015). Moreover, human embryonic stem cells (hESC) are being studied as potential therapeutic
agents for the treatment of diabetes (Shroff, 2015b).

I) Hormonal Regulation Aids Glucose Metabolism

Diabetes mellitus is a metabolic disorder characterized by abnormal carbohydrate, lipid, and
protein metabolism due to insulin resistance (decreased insulin sensitivity), insulin deficiency
(decreased insulin secretion), or both. Insulin deficiency can result from dysfunction or functional
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impairment of pancreatic B-cells, leading to elevated blood glucose levels. Insulin resistance
contributes to increased glucose production in hepatocytes, while glucose absorption in muscle,
liver, and adipose tissue is decreased. The combination of pancreatic B-cell dysfunction and insulin
resistance exacerbates hyperglycemia and promotes the development of type 2 diabetes mellitus.
The pathology of diabetes mellitus develops when the feedback regulation system between insulin
action and secretion fails, resulting in abnormally high blood glucose levels (Nguyen & Le, 2012;
Sharma et al., 2021). Several investigations have aimed to identify compounds that can be used in
diabetes therapy, particularly those that enhance insulin action on target tissues and restore
pancreatic [3-cell function.
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Figure I. Structure of several oral antidiabetic drugs and their treatment targets

Kanwal et al. (2022) identified four main types of diabetes treatment targets primarily
related to hormonal regulation, including processes associated with insulin secretion, tissue
sensitivity to insulin, and inhibition of intestinal glucose absorption (Figure I).

L. Insulin Secretagogues

Insulin secretagogues stimulate pancreatic [3-cells to secrete more insulin. There are two
types of insulin secretagogues: sulfonylureas and non-sulfonylureas. Both types increase insulin
secretion and reduce the risk of microvascular complications. Sulfonylureas bind to sulfonylurea
receptors on pancreatic [3-cells and stimulate insulin secretion. Despite their disadvantage of
prolonged binding to B-cells, they can induce extended insulin release. Non-sulfonylureas also
stimulate insulin secretion from [-cells but act for a shorter duration.

The five potential mechanisms for activating -cell metabolism related to insulin secretion
include: blocking B-cell KATP channels; increasing intracellular Ca** concentration independently
of KATP channels; activating various transduction pathways that enhance B-cell activity in insulin
secretion; acting on [-cell membrane receptors; and acting on B-cell nuclear receptors (Nguyen &
Le, 2012; Sharma et al., 2021).

2. Insulin Mimetics

Insulin mimetics are agents that help lower blood glucose levels by activating glucose
transporters in muscle and adipose cells, thereby mimicking the function of insulin.
3. Insulin Sensitizers

o
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Insulin sensitizers enhance the sensitivity of body tissues to insulin. These agents have also
been shown to improve various cardiac risk factors, such as reducing the risk of blood clots, high
blood pressure, abnormal lipid profiles, elevated C-reactive protein levels, unwanted lipoproteins,
serum fibrinogen, and even abnormal thickening of the heart muscle (Sharma et al., 2021).

4, Starch Blockers

Another critical treatment target for controlling diabetes is the inhibition of glucose
absorption in the small intestine. This involves inhibiting the activity of proteins that influence
glucose metabolism and absorption, such as -glucosidase, dipeptidyl peptidase-4 (DPP-4), and
sodium-glucose co-transporter type 2 (SGLT2) (Sharma et al., 2021).

2) Human Islet Amyloid Polypeptide (hIAPP) to Improve Pancreatic B-Cell Function

The misfolding and aggregation of human islet amyloid polypeptide (hIAPP), also known as
amylin, are implicated in the progressive decline of pancreatic B-cell function and mass under
hyperglycemic conditions. hTAPP may mediate pancreatic [3-cell dysfunction and apoptosis through
mechanisms such as endoplasmic reticulum stress, oxidative stress, mitochondrial dysfunction,
inflammatory cytokine secretion, and autophagy blockade. Thus, further investigation into the
hIAPP aggregation pathway as a potential therapeutic target is essential for diabetes management
(Roham et al,, 2022).

1. Pathophysiology of hIAPP-Related Pancreatic 3-Cell Damage

The hIAPP is synthesized as a prepropeptide consisting of 89 amino acids. This
prepropeptide undergoes proteolytic processing in the endoplasmic reticulum to form a 67-amino
acid propeptide, which is then post-translationally modified to yield the mature 37-amino acid
hIAPP peptide. Hyperglycemic conditions can lead to the overproduction and hypersecretion of
hIAPP, inhibiting insulin secretion through autocrine effects. Under diabetic conditions, hIAPP
can misfold and form aggregates, oligomers, and fibrils, which deposit as plaques in the islets of
Langerhans. These hIAPP deposits are also found in red blood cells and other critical organs such
as the heart, kidneys, brain, and eyes. The aggregates can exacerbate disease progression; for
example, their interaction with beta-amyloid (A[3> peptides can induce brain aggregation, leading to
diabetes-related dementia. Additionally, hIAPP aggregates can contribute to the development of
diabetic nephropathy (Roham et al., 2022).

The hIAPP-induced oxidative stress triggers the c-Jun NH2-terminal kinase (JNK) pathway
by activating apoptosis signal-regulating kinase-I (ASKI), leading to the engagement of various
proapoptotic molecules. The hIAPP oligomers induce IL-I secretion from macrophages, causing
islet inflammation. Moreover, hIAPP increases the expression of other inflammatory cytokines such
as chemokine (C-C motif) ligand 2 (CCL2), tumor necrosis factor-a, IL-Ia, IL-6, CCL3,
chemokine C-X-C motif ligand (CXCL)I, CXCL2, and CXCLIO, as well as inflammasome
markers such as NACHT, LRR, and PYD domain-containing protein 3 (Nlrp3), PYD and
CARD domains, and caspase 1. These pathways collectively result in heightened inflammatory
reactions, apoptosis, and pancreatic B-cell damage through the induction of endoplasmic reticulum
stress, oxidative stress, mitochondrial dysfunction, inflammatory cytokine secretion, and autophagy
blockade (Roham et al., 2022).

2. hIAPP as a Treatment Target to Improve Pancreatic 3-Cell Function

Hyperglycemia can induce the misfolding, oligomer formation, and aggregation of hIAPP,
exacerbating diabetic conditions associated with pancreatic B-cell damage and dysfunction. The
deposition of amyloid hIAPP aggregates in islet cells is a major factor causing pancreatic islet
damage through increased oxidative stress and activation of various proinflammatory and

proapoptotic molecules. Therefore, targeting the hIAPP aggregation pathway and developing
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hIAPP aggregation inhibitors are promising therapeutic strategies for controlling and potentially
reversing diabetes.

3) Inhibition of a-Glucosidase, DPP-4 (Dipeptidyl Peptidase-4), and SGLT2 (Sodium Glucose
Co-transporter Type-2)

Current diabetes treatment strategies necessitate further investigation and development. One
potential treatment target is the modulation of the incretin pathway, which can enhance insulin
secretion—a hormone crucial for reducing hyperglycemia and maintaining glucose homeostasis.
Incretin pathway modulators include dipeptidyl peptidase-4 (DPP-4) inhibitors, glucagon-like
peptide-1  receptor (GLP-IR) agonists, and sodium glucose co-transporter type 2 (SGLT2)
inhibitors (Borah et al., 2022). GLP-1, a gastrointestinal hormone that stimulates insulin secretion,
exhibits several beneficial effects, including hypoglycemic, anti-proteinuria, anti-fibrotic, anti-
hypertensive, and anti-obesity properties (Kim & Park, 2017). GLP-1I is rapidly degraded by DPP-
4 in the renal proximal tubules and podocytes, leading to increased oxidative stress and
inflammatory factor release. Thus, DPP-4 inhibitors, in conjunction with GLP-1I receptor agonists,
are vital targets for diabetes treatment and the management of its complications. Additionally,
SGLT2 inhibitors are essential for reducing sodium and glucose reabsorption in the proximal
tubules, thereby increasing their excretion in the urine and preventing glomerular hyperfiltration
and albuminuria associated with diabetic nephropathy (Keri et al., 2018). The following sections
detail the modulation of the incretin pathway mediated by a-glucosidase inhibitors, DPP-4
inhibitors, and SGLT?2 inhibitors.

I. a-Glucosidase Inhibitors

An important target in diabetes management involves inhibiting the activity of the -
glucosidase enzyme, which plays a crucial role in carbohydrate metabolism and cellular glucose
absorption. -Glucosidase, secreted in the small intestine, catalyzes the breakdown of
oligosaccharides and disaccharides into monosaccharides such as glucose, thereby increasing glucose
concentration in the body (Abbas et al., 2019). The most commonly used Q-glucosidase inhibitors
are acarbose and miglitol. Acarbose slows carbohydrate metabolism and reduces postprandial
plasma glucose spikes. Additionally, acarbose administration increases fibroblast growth factor 21
(FGF21) and decreases insulin-like growth factor-I (IGF-I), contributing to the upregulation of
GLP-I (Glucagon-like peptide-1), which enhances insulin secretion and reduces blood glucose
levels (McCarty & DiNicolantonio, 2015).

2. Dipeptidyl Peptidase-4 (DPP-4) Inhibitors

Dipeptidyl peptidase-4 (DPP-4) is present on various cell types, including renal proximal
tubular cells and endothelial cells. During diabetes and inflammatory responses leading to
glomerulosclerosis, DPP-4 expression is upregulated (Borah et al, 2022; Hocher et al, 2012).
Inhibiting DPP-4 enzyme activity affects glucose metabolism and absorption, primarily by
increasing GLP-1 levels.

GLP-1 is expressed in adipose tissue following food intake, delaying gastric emptying,
enhancing insulin secretion, and reducing glucagon secretion (Kanwal et al., 2022). As an incretin
and gastrointestinal hormone, GLP-1I increases insulin release. Its receptor, GLP-IR, is located in
proximal tubular cells and preglomerular vascular smooth muscle cells, belonging to the G protein-
coupled receptor (GPCR) family (Nauck & Meier, 2018; Pyke et al., 2014). GLP-I, secreted by
enteroendocrine L cells, slows gastric emptying, suppresses appetite, promotes pancreatic B-cell
proliferation, and induces insulin secretion (Borah et al., 2022). Additionally, GLP-1 inhibits
glucagon secretion, limiting hyperglycemia from endogenous glucose production. However, GLP-1

is rapidly degraded by DPP-4, resulting in a very short plasma half-life (I-2 minutes). Inhibiting
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DPP-4 significantly enhances GLP-1I's insulinotropic effects (Méndez et al., 2020; Miiller et al.,
2019; Sharma et al., 2021).

Several GLP-I analogs, such as exenatide, lixisenatide, albiglutide, dulaglutide, liraglutide,
and semaglutide, have been identified. GLP-I or GLP-IR receptor agonists derived from medicinal

plant extracts can minimize disease risk by inducing hypoglycemia, reducing food intake, and

promoting weight loss (Borah et al.,, 2022) (Figure 2).
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Figure 2. Incretin modulation of GLP-I1 analog or GLP-IR agonist induced phytochemical

compounds in plant extracts

3. Sodium Glucose Co-Transporter Type 2 (SGLT2) Inhibitors

Sodium-glucose cotransporters (SGLTs) and glucose transporters (GLUTSs) are actively and
passively involved in glucose transport, respectively. There are six types of SGLTs that facilitate
glucose transport in the body. Among these, SGLT2, located in the proximal tubule of the kidney,
plays a crucial role in maintaining glucose homeostasis. SGLT2 is considered a more promising
diabetes treatment target than SGLTI (Sharma et al., 2021). Under hyperglycemic conditions,
increased reabsorption of glucose and sodium via SGLT2 in the proximal tubule can reduce distal
sodium delivery to the macula densa, a group of specialized cells lining the distal tubule wall
adjacent to the juxtaglomerular cells. This enhanced SGLT2 activity causes glomerular
hyperfiltration, potentially leading to the pathological development of diabetic complications such
as diabetic nephropathy (Keri et al., 2018).

Inhibiting SGLT2 can significantly reduce glucose and sodium reabsorption in tubular cells,
thereby increasing glucose excretion in the urine and lowering blood glucose levels (Borah et al,
2022). Most SGLT?2 inhibitors work by inhibiting SGLT2 at the renal proximal convoluted
tubule (PCT) site, reducing glucose reabsorption in the proximal tubule and facilitating glucose
elimination through urine (Vallon, 2015). Clinically, SGLT2 inhibitors also offer protective
effects on the cardiovascular system and kidneys (Ni et al., 2020). These agents act independently
of insulin signaling, promoting increased glucose excretion by the kidneys (Kanwal et al., 2022)
(Figure 3).
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4) GLUT4 Translocation to Induce Normoglycemia

Glucose serves as a primary energy source, converted into ATP (adenosine triphosphate)
through cellular respiration. The transport of glucose into cells is typically facilitated by a family of
glucose-specific transport proteins known as glucose transporters, which enable glucose to traverse
the cell membrane via facilitated diffusion (Bryant et al., 2002).

The endocrine hormone insulin plays a pivotal role in regulating glucose homeostasis in the
body by stimulating physiological responses in its target tissues to control blood glucose levels. In
skeletal muscle and adipose tissue, insulin-mediated glucose transport is primarily facilitated by the
GLUT#4 glucose transporter. GLUT4 is a I2-transmembrane protein that assists in the transfer of
peripheral blood glucose into cells across the plasma membrane. This transport process follows a
low concentration gradient and does not require ATP, classifying it as facilitated diffusion (Satoh,
2014). Bryant et al. (2002) demonstrated that in muscle and adipose cells, insulin stimulates the
translocation of GLUT4 from its intracellular compartments to the cell surface, thereby facilitating
the reduction of plasma glucose levels. This process is known as GLUT4 translocation.

During GLUT4 translocation, insulin triggers tyrosine phosphorylation on IRS (insulin
receptor substrate), which activates PI3K (phosphoinositide 3-kinase). PI3K then catalyzes the
conversion of PI (4,5) P2 to PI (3,4,5) P3, subsequently enhancing the activity of PDKI and
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PDK2 (phosphoinositide-dependent kinases). These kinases phosphorylate and activate AKT
(protein kinase B), which in turn phosphorylates ASI60 (Akt substrate of 160 kDa). ASI60
negatively regulates GLUT4 translocation by converting the GTP-bound active form of Rab
proteins to the GDP-bound inactive form. The inhibition of ASI60 induces the translocation of
GLUT4 storage vesicles (GSV) to the plasma membrane. Following this, the GLUT4 molecules
are inserted into the plasma membrane through a fusion process, facilitated by insulin, which

stimulates the exocytosis process, thereby dispersing GLUT4 molecules within the plasma
membrane (Yang, 2010) (Figure 4).

OLUTA Monomars = GLUTA Counter
et »
® -
. -
L) - - L
POK AP o ! -
Fusmon with
Rewsre Fusion with
- Retentson |
Ay  Endo< ylosis
Endocytosn
, Surting
- ——
! . -
. v
B3-S : "
L : 2 Sartieg
A by
GaviGLuUT Eratincene

Starage Vesscle)

Figure 4. GLUT4 translocation

Insulin signaling that regulates GLUT4 translocation is mediated through the PI3K pathway
and the Rho family TCIO GTPase pathway. Additionally, the AMPK (S'adenosine
monophosphate-activated protein kinase) pathway also mediates GLUT4 translocation. In
mammalian cells, AMPK is activated by an increase in the AMP/ATP ratio, serving as an energy
sensor. This increase in AMPK can be induced by muscle cell contraction/exercise and the
administration of compounds such as metformin (Lee et al., 2012; Yang, 2010). Consequently,
glucose homeostasis is maintained through the regulation of GLUT4 translocation, enabling
glucose transport into target cells, particularly muscle cells, which store approximately 75% of
excess glucose in the body. This process helps mitigate hyperglycemia and prevent diabetic
complications.

5) RNA-Binding Proteins as Mediators of Protein Expression in Post-Transcriptional
Mechanisms Related to the Development of Diabetic Complications

The RNA-binding proteins (RBPs) play a crucial role as post-transcriptional regulators,
influencing gene expression through mechanisms such as alternative splicing, RNA export, mRNA
translation, RNA degradation, and RINA stabilization. These proteins can mediate abnormal gene
expression in diabetic conditions, thereby contributing to the development of associated disease
complications (Chen et al., 2022).

Investigations by Chen et al. (2022) have revealed that RBPs are significantly involved in the
progression of metabolic diseases, including hyperuricemia, hyperlipidemia, hypertension,
nonalcoholic fatty liver disease (NAFLD), and diabetes. For instance, the RNA-binding protein
fox-I homolog 2 (RBFOX-2) is implicated in coronary heart disease by binding to the
GCAUG(U) motif in RNA to regulate alternative splicing. Additionally, HuR, another RBP,
interacts with glucose transporter type-1 (GLUTT) mRNA, potentially mediating GLUTI-related
post-transcriptional and metabolic disorders in diabetes. HuR is also believed to influence IL-6
mRNA by increasing its stabilization, thereby promoting an inflammatory response associated with
diabetic complications.
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Therefore, post-transcriptional modulation by RBPs may be a critical mechanism in the
pathogenesis and progression of diabetes and its complications, highlighting RBPs as important
therapeutic targets for further investigation.

6) Molecular Targets Involved in the Pathophysiology of Other Diabetes Complications

There are numerous novel therapeutic targets involved in the molecular pathways underlying
the pathophysiology of diabetes. These targets are particularly relevant for the development of
strategies to control and manage diabetes. Some of the key targets include 5'AMP-activated protein
kinase (AMPK), fructose-1,6-bisphosphatase (FBPase), glucokinase, glycogen synthase kinase 3,
pyruvate dehydrogenase complex (PDC), IIf-hydroxysteroid dehydrogenase (11B-HSD),
glutamine fructose-6-phosphate amidotransferase (GFAT), and protein tyrosine phosphatase 1B
(PTPIB). These targets are outlined in Table I below.

Table I. Potential targets in diabetes treatment

No  Target  Characteristics Physiological role Involvement in diabetes Reference
compound interventions
I 5 AMP- AMPK hasa AMPK accelerates AMPK can increase (Garcia
activated catalytic increased fatty acid glucose uptake and & Shaw,
protein subunit (o) oxidation (lipolysis) in transport into cells by 2017;
kinase and a muscle and hver, B— translocating GLUT4 Sharma
(AMPK) regulatory oxidation, glycolysis, vesicles from the et al.,
subunit (8 and glucose uptake. It cytoplasm to the cell 2021;
and ), known also inhibits membrane Srivasta
as an energy gluconeogenesis, va et al.,
Sensor glycogenesis, lipogenesis 2012;
in the liver and adipose Yu et
tissue, cholesterol al.,
biosynthesis, etc. 2010)
2 Fructose- FBPase FBPase promotes Lowering FBPase levels  (Hunter
1,6- enzymatically endogenous glucose can reduce hyperglycemia et al.,
bisphosph accelerates production through symptoms, and its 2018;
atase gluconeogenes gluconeogenesis, inhibition such as by Kaur et
(FBPase) is and is leading to metformin targeting the al.,
inhibited hyperglycemia that AMP binding site offers 2017;
competitively contributes to type 2 a potential treatment Liu &
by fructose-  diabetes mellitus and its strategy. Zhang,
2,6- complications. 2018;
bisphosphate Sharma
and et al.,
allosterically 2021)
by AMP
3 Glucokina  Glucokinase, ~ GCK plays a key role in  Inactivating mutations in ~ (Sharma
se (GCK)  also known as glucose homeostasis, glucokinase can cause et al,,
hexokinase acting as a glucose hyperglycemia, while 2021;
IV, catalyzes sensor in Pancreatic B- activating mutations may Zhu et
the ceﬂs and as a gatekeeper Iead to hypoglycemia‘ al.,
phosphorylati  in liver cells to promote Glucokinase activators 2018)

b
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on of glucose
to glucose-0-

glycogen synthesis and

lower blood glucose

(GKAs) offer a

promising therapeutic

phosphate. levels. target for diabetes
treatment.

4 Glycogen GSK-3 has GSK-3 is a negative Opverexpression of GSK-  (Sharma
synthase two isomeric regulator of glycogen 3 is linked to various et al.,
kinase 3 forms, GSK- synthase, a pathological conditions. 2021)
(GSK-3)  3ctand GSK-  glycosyltransferase that  Its inhibition may serve

3R catalyzes glycogen chain  as a therapeutic target by
elongation and glucose enhancing glycogen
conversion to glycogen. synthase activity and
It functions as a reducing glucose
serine/threonine kinase overload.
that phosphorylates
glycogen synthase and
other substrates.
S Pyruvate PDC is a PDC catalyzes the PDK4, an isoenzyme (Lee et
dehydroge  multi-enzyme oxidative expressed during al.,
nase complex decarboxylation of diabetes, mast cell- 2019;
complex  located in the pyruvate, the end mediated allergies, cancer Lee,
(PDC) inner product of aerobic proliferation, and 2014;
mitochondrial glycolysis, to acetyl starvation, can be Sharma
membrane. coenzyme A, linking targeted for inhibition to et al,,
The four glycolysis to the Krebs enhance glucose uptake 2021)
PDK cycle. It oxidizes and storage, thereby
isoenzymes: nicotinamide adenine lowering blood glucose
PDKI, dinucleotide (NAD™) levels and preventing
PDK2, to NADH and metabolic disorders.
PDK3, and produces carbon
PDK4, are dioxide.
involved in
tissue-specific
protein
expression.
6 11B- IIB-HSDis  IIB-HSD catalyzes the Elevated active (Cooper
Hydroxys ~ an enzyme conversion of inactive glucocorticoid cortisol &
teroid that catalyzes cortisol to its active levels contribute to Stewart,
dehydroge  the conversion form. metabolic disorders like 2009;
nase of inactive diabetes, obesity, Kanwal
(11B- cortisol into dyslipidemia, and et al.,
HSD) its active hypertension. Transgenic ~ 2022)
form. mice lacking 11f-
hydroxysteroid
dehydrogenase show
increased insulin
sensitivity and resistance
to high-fat diet-induced
obesity, suggesting that
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reducing this enzyme’s
expression may improve
insulin sensitivity and
prevent metabolic

syndrome.
7  Glutamin GFAT actsas  GFAT accelerates the Inhibiting GFAT can (Kanwal
e a catalyst in hexosamine block the hexosamine et al.,
Fructose- the biosynthesis pathway,  biosynthesis pathway and ~ 2022;
6- hexosamine promoting insulin help manage metabolic  Schleich
Phosphate  biosynthesis  resistance and activating  disorders related to type er &
Amido pathway. the production of 2 diabetes mellitus. Weigert
Transfera certain growth factors. , 2000)
se
(GFAT)

8 Protein PTPIBis a PTPIB PTPIB reduces (Fernan
Tyrosine negative dephosphorylates pancreatic B-cell dez-
Phosphat regulator of tyrosine residues in the proliferation and insulin Ruiz et

ase IB insulin and insulin receptor's secretion in response to al,,
(PTPIB) Ieptin activation Segment, rising glucose levels, 2014,
signaling, inhibiting insulin Conversely, inhibiting Kanwal
hormones signaling and reducing PTPIB can enhance et al.,
involved in insulin sensitivity. It insulin signaling, 2022)
glucose also lowers tissue maintain metabolic
metabolism sensitivity to leptin, balance, and increase
and satiety. preventing satiety insulin secretion.
despite adequate energy
stores.
9  Peroxiso  PGC-Iatisa PGC-1a maintains Dysregulation of PGC-  (Kanwal
me protein energy homeostasis and Lo disrupts cellular et al.,
Proliferat encoded by regulates insulin homeostasis and worsens ~ 2022;
or- the signaling expression. It inflammation. In Kleiner
Activated  PPARGCIA also supports adipocyte dysfunction, et al.,,
Receptor gene mitochondrial reduced PGC-Tat causes ~ 2012;
Gamma biogenesis, dynamics, mitochondrial damage, Wenz et
Co- and antioxidant gene leading to irritation, al.,
Activator activation, helping oxidative stress, and 2009)
Alpha prevent mitochondrial  activation of the nuclear
(PGC- dysfunction and factor KB. Lower PGC-
Ia) metabolic disorders Lo levels and

linked to adipocyte

damage.

mitochondrial
dystunction in adipose
tissue contribute to
obesity and insulin
resistance. Enhancing
PGC-Ia function may
improve adipose tissue

health and benefit organs

b
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like the liver.
I Peroksiso ~ PPARY is a PPARY regulates Selective deletion of (Kanwal
m positive adipogenesis and PPARY in tissues like et al,
Proliferat regulator of enhances insulin adipose, muscle, 2022)
or- adipogenesis,  sensitivity, playing a key  macrophages, and brain
Activated with high role in maintaining disrupts glucose
Receptor  expression in glucose homeostasis ~ homeostasis. PPARY also
Gama adipose tissue across various target enhances insulin
(PPARY) and lower cells and tissues. sensitivity by stimulating
levels in adiponectin secretion, a
various other key insulin-sensitizing
tissues and hormone.

cells.

Future studies integrating these molecular pathways could facilitate the development of
multifunctional therapeutic agents.

CONCLUSION

This review highlights four primary molecular approaches and two emerging aspects of
diabetes intervention, encompassing hormonal regulation, human islet amyloid polypeptide
(hIAPP) aggregation, incretin modulation, glucose transport mechanisms, RNA-binding proteins
(RBPs), and key enzymatic pathways associated with glucose metabolism. A deeper understanding
and further development of therapeutic strategies targeting these molecular pathways could
substantially improve diabetes management, enhance insulin sensitivity, and prevent disease-related
complications. This integrative molecular perspective provides a theoretical basis for designing
novel multi-targeted interventions in diabetes therapy.
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