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Abstract

Diabetes, a common metabolic condition, poses a substantial health burden worldwide. To revolutionize
diabetes management, enhance glycemic control, and decrease the risk of complications, recent research
has revealed innovative targets and therapeutic options. A thorough examination of modern drugs that target
particular receptors and metabolic pathways for glucose and fat metabolism is presented. Recent research has
revealed innovative targets and therapeutic options. Liraglutide, a GLP-1 receptor agonist, has been shown to
effectively lower glucagon levels and promote weight loss. Empagliflozin is a sodium-glucose co-transporter
2 (SGLT2) inhibitor with substantial promise in decreasing blood glucose levels, and providing cardiovas-
cular and renal advantages. Pegbelfermin (BMS-986036), a fibroblast growth factor 21 (FGF21) analogue,
is being investigated for its ability to regulate glucose and lipid metabolism, and potentially enhance gly-
cemic control and lipid profiles. Additionally, G-protein-coupled receptor (GPCR) agonists and adenosine
monophosphate-activated protein kinase (AMPK) activators are emerging as potential medicines to improve
insulin sensitivity, glucose uptake, and insulin signaling pathways. Despite being in early research stages,
bile acid receptor agonists and mitochondrial uncouplers have promising potential for modifying lipid and
glucose metabolism. The long-acting insulin analogue insulin glargine, which replaces basal insulin, contin-
ues to be a cornerstone of advanced diabetes management. In the future, these medications are expected to
be improved through the use of combination therapy and personalized, precision medicine. Gene therapies
show promise as novel strategies to address genetic defects and provide potential treatments. Additionally,
patient monitoring, adherence, and self-management will be greatly aided by the integration of digital health
technology, telemedicine, and artificial intelligence (AI), thus leading to better treatment outcomes and
patient quality of life. Healthcare professionals, researchers, politicians, and patients working together will
pave the way to substantial improvements in the management of metabolic disorders including diabetes. In
conclusion, hope for more efficient, individualized, and secure therapies may come from continuing research
and breakthroughs in novel diabetes treatment targets. These developments are at the forefront of offering
people with diabetes and related metabolic disorders a better and healthier future, by revolutionizing diabetes
management.
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Introduction

Diabetes, often known as diabetes mellitus,
is a long-term metabolic disease charac-
terized by consistently high blood glucose
levels. Impaired insulin action, inadequate
insulin synthesis, or a combination thereof
are the causes of this syndrome. The pan-
creas secretes the hormone insulin, which
is essential for controlling the body’s
metabolism of glucose. Insulin helps cells
absorb glucose for immediate use or store
it for later use. In hyperglycemia, glucose
accumulates in the bloodstream because of
impaired insulin synthesis or activity. Two
main forms of diabetes exist: type 1 diabe-
tes, in which the pancreas produces little to
no insulin, and type 2 diabetes, in which
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the body either develops resistance to insu-
lin or is unable to make sufficient amounts
of insulin. Prolonged hyperglycemia, if
left untreated, can cause major problems
affecting the heart, kidneys, nerves, eyes,
and other organs and systems. Therefore,
controlling blood glucose levels well is
essential to avoiding these negative effects
[1-3].

Receptors and insulin
action

Target cells are affected by insulin’s bind-
ing to certain receptors on their surface.
These insulin receptors are found in the
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muscle, liver, adipose tissue, and central nervous sys-
tem, among other organs. When a ligand binds an insu-
lin receptor, a cascade of intracellular signaling events is
triggered, and causes a variety of cellular reactions con-
trolling glucose metabolism. The receptor tyrosine kinase
(RTK) family includes the transmembrane protein known
as the insulin receptor. RTKs comprise two transmem-
brane beta subunits and two extracellular alpha subunits
connected by disulfide bonds (Table 1) [4]. The tyrosine
kinase activity of the beta subunits is activated when insu-
lin binds the receptor’s alpha subunits and causes a con-
formational shift. Insulin receptor substrate proteins and
other intracellular substrates, such as other insulin recep-
tors, are phosphorylated at certain tyrosine residues when
insulin receptors are activated. These phosphorylated
insulin receptor substrate proteins serve as docking sites
for downstream signaling molecules, such as phosphati-
dylinositol 3-kinase (PI3K) and mitogen-activated protein
kinases (MAPKSs). Phosphatidylinositol (3,4,5)-trisphos-
phate (PIP3) is produced as a result of PI3K activation, and
PKB/Akt is subsequently activated. Via translocation of the
glucose transporter type 4 (GLUT4) to the cell membrane,
Akt promotes glucose absorption in muscle and adipose
tissues, and consequently modulates the metabolic effects
of insulin [5-8]. This process increases the uptake of glu-
cose into the cells from the bloodstream and consequently
lowers blood glucose levels. Additionally, Akt activation
decreases the liver’s ability to produce glucose, thereby
aiding in regulation of blood glucose levels. Furthermore,
the effects of insulin on lipid metabolism, protein synthe-
sis, and cell proliferation are also influenced by insulin
signaling pathways, thus demonstrating the pleiotropic
effects of the hormone on numerous physiological pro-
cesses. In conclusion, insulin’s interaction with its recep-
tors is a crucial biochemical process that controls glucose

Table 1

metabolism and maintains proper blood glucose levels. In
the onset and development of diabetes, dysregulation of
insulin action—whether elicited by receptor deficiencies,
decreased receptor sensitivity, or aberrant downstream sig-
naling—plays a crucial part. Understanding the subtleties
of insulin receptor signaling and how it affects glucose
homeostasis provides important information for prospec-
tive therapeutic approaches to treat diabetes and its com-
plications. More effective new treatments for diabetes are
being developed as a result of ongoing study of these path-
ways (Figure 1) [9, 10]. Receptor-based therapies aim to
modulate important physiological pathways involved in
metabolic regulation by targeting certain cell receptors.
Through activating receptors associated with insulin sen-
sitivity, lipid metabolism, energy expenditure, and glu-
cose uptake, these treatments can alter essential metabolic
balance processes. When treating complicated metabolic
illnesses such as diabetes, in which dysregulation of these
pathways leads to hyperglycemia, insulin resistance, and
aberrant lipid profiles, this focused approach is particu-
larly pertinent. These treatments seek to restore metabolic
balance by activating or inhibiting receptors, and conse-
quently might provide more accurate and efficient diabetic
treatment approaches. The classification of targets of con-
ventional and novel treatments is shown in Table 2.

Novel targets for diabetes
treatment

Several targets have been identified to address various dia-
betes pathophysiology-related issues, thus providing new
opportunities for creating more efficient and specialized
treatments. These innovative targets include the following.

Details of Receptors, Each Target’s Role in Modulating Physiological Pathways Associated with Glucose Uptake,

Insulin Sensitivity, Lipid Metabolism, and Energy Expenditure, Highlighting Relevance in Managing Metabolic Diseases Such

Relevance in Diabetes Management

as Diabetes
Target Receptor Location Primary Function
Insulin Receptor Cell surface

GLP-1 Receptor

SGLT2
FGF21 Receptor

AMPK

GPCRs

Bile Acid Receptor
(FXR, TGR5)

Mitochondrial

Pancreas, gut

Kidneys

Liver, adipose
tissue, muscles
Various tissues

Various tissues

Liver, intestines

Mitochondria

Facilitates glucose uptake by cells, and
mediates insulin signaling

Increases insulin secretion, suppresses
glucagon release, enhances satiety, and
slows gastric emptying

Inhibits renal glucose reabsorption, thus
increasing glucose excretion in urine
Regulates lipid and glucose metabolism,
thus improving insulin sensitivity
Manages cellular energy balance and
stimulates glucose uptake

Modulates pathways associated with in-
sulin signaling and glucose homeostasis

Regulates lipid and glucose metabolism
through bile acid signaling

Increases energy expenditure and

Enhances glucose uptake, which is crucial for
decreasing blood glucose levels

Improves insulin secretion and controls appe-
tite, thus aiding in glycemic control and weight
management

Decreases blood glucose levels by promoting
glucose excretion; helps manage hyperglycemia
Enhances insulin sensitivity, promotes lipid me-
tabolism, and aids in overall metabolic health
Increases glucose uptake and energy expend-
iture, thereby supporting insulin sensitivity and
glucose homeostasis

Enhances insulin action and improves glucose
utilization

Enhances lipid and glucose metabolism, thus
supporting improved glycemic control and
metabolic balance

Promotes energy expenditure and improves

Uncouplers modulates glucose homeostasis by glucose metabolism, thus offering potential
uncoupling oxidative phosphorylation benefits in weight and glucose control
2 M. Patwekar et al.: DOI: 10.15212/bioi-2024-0047
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Figure 1 Receptor, position, and function of diabetes.

Glucagon-like peptide-1 (GLP-1)
receptor agonists

Type 2 diabetes mellitus is managed with a class of drugs
known as GLP-1 receptor agonists, which imitate the effects
of GLP-1, a hormone that is naturally produced in the intes-
tines, and is essential for maintaining glucose homeosta-
sis and metabolism. The enteroendocrine L-cells in the gut
release GLP-1 when glucose is consumed. GLP-1 then exerts
its effects on particular receptors known as GLP-1 receptors,
which are found primarily in the pancreas, brain, and gastro-
intestinal tract. The beta cells in the pancreas, which secrete
insulin, express GLP-1 receptors that bind GLP-1 [11, 12].
A signaling cascade activated by this binding subsequently
results in the release of insulin into the bloodstream. The hor-
mone insulin lowers blood glucose levels by facilitating the
transfer of glucose from the blood into cells. The pancreatic
alpha cells that secrete the hormone glucagon, which raises
blood glucose levels, are likewise inhibited by GLP-1. GLP-1
aids in glycemic management by suppressing glucagon secre-
tion and preventing the liver from producing excessive glucose.
The brain’s GLP-1 receptors play roles in controlling hunger
and fullness. Receptor activation results in greater sensations of
satiety or fullness, and consequently can lead to decreased food
intake and weight loss. GLP-1 slows the rate at which food
travels from the stomach to the small intestine, and therefore
affects the digestive system. Because of the delayed nutritional
absorption caused by prolonged stomach emptying, post-meal
glucose excursions are better controlled [13, 14].

Mechanism of action

GLP-1 receptor agonists consist of synthetic compounds
that act as agonists by binding and activating the GLP-1

receptors. The enzyme dipeptidyl peptidase-4 (DPP-4)
quickly breaks down natural GLP-1. However, medica-
tions in this category are designed to withstand enzymatic
degradation, so that their effects persist. Subcutaneously
administered GLP-1 receptor agonists (often in the form of
injections) enter the circulation and bind GLP-1 receptors
in several organs. This binding initiates several intracellular
signaling cascades, most notably the cyclic AMP (cAMP)
pathway; subsequently, beta cells in the pancreas that express
GLP-1 receptors are activated in response to elevated blood
glucose levels. Because GLP-1 receptor agonists prevent
alpha cells from secreting glucagon, the liver decreases its
glucose production. Decreased food intake results from an
increase in fullness and a decrease in hunger elicited by the
activation of GLP-1 receptors in the brain. Antagonizing the
GLP-1 receptor slows the emptying of the stomach and con-
sequently maintains steady blood glucose levels after eating.
Because of their multifaceted effects on glucose metabolism
and weight control, GLP-1 receptor agonists have emerged
as valuable therapeutic options for the treatment of type 2
diabetes. They are particularly helpful for people with obe-
sity and diabetes, because they can be administered alone or
in conjunction with other antidiabetic drugs to enhance gly-
cemic control and potentially result in weight loss [14—-16].

SGLT2 inhibitors

Inhibitors of sodium-glucose co-transporter 2 (SGLT2)
increase glucose excretion in the urine by lowering renal
glucose reabsorption. These medications further improve the
heart and kidneys while lowering blood glucose levels. Type
2 diabetes mellitus is treated with a class of drugs known as
SGLT?2 inhibitors, which specifically target SGLT2, a pro-
tein found primarily in the proximal tubules of the kidneys.
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SGLT?2 facilitates glucose reabsorption from the glomeru-
lar filtrate back into the bloodstream. By blocking SGLT2,
these medications lead to glucosuria, a condition involving
elevated glucose excretion through the urine [17, 18].

Mechanism of action

In healthy people, glucose freely filters into the renal tubules
as blood passes through the glomeruli in the kidneys. SGLT2
is essential for reabsorbing filtered glucose into the blood-
stream in the proximal tubules. The co-transport of sodium
ions and glucose molecules from the tubular fluid into the
cells of the proximal tubules is part of the energy-dependent
reabsorption process. Small compounds known as SGLT2
inhibitors prevent SGLT2 from functioning in the proximal
tubules. These medications halt the co-transport of sodium
and glucose, and consequently prevent the absorption of
glucose back into the bloodstream. The mechanism involves
binding and inhibition of SGLT2. With SGLT2 inhibition,
more glucose remains in the tubular fluid, and the amount
of glucose in the urine consequently increases [19-21]. The
kidneys are unable to reabsorb all the filtered glucose back
into the bloodstream if the glucose concentration reaches the
renal threshold for glucose, which is typically 180 mg/dL.
Consequently, the excess glucose leaks into the urine and
causes glucosuria. The amount of glucose circulating in the
bloodstream is directly decreased by the increased excretion
of glucose in the urine. Over time, this process decreases
blood glucose levels, a beneficial effect for people with dia-
betes, by facilitating glycemic control. SGLT2 inhibitors
also have cardiovascular and renal advantages in addition to
decreasing blood glucose levels. In individuals with type 2
diabetes and established cardiovascular disease, clinical tri-
als have demonstrated that SGLT?2 inhibitors lower the risk
of cardiovascular events such as heart attack, stroke, and
heart failure. In patients with diabetes and renal impairment,
SGLT?2 inhibitors have been found to decrease the progres-
sion of chronic kidney disease and the likelihood of unfa-
vorable kidney outcomes. Although the precise processes
underlying these cardio-renal benefits are not fully under-
stood, they are believed to be linked to improved hemody-
namic variables, decreased deposition of intrarenal fat, and
changes in several biomarkers associated with heart and kid-
ney function. In general, SGLT?2 inhibitors work by prevent-
ing the kidneys from reabsorbing glucose, thereby increasing
the amount of glucose excreted in the urine and lowering
blood glucose levels. Because of their effectiveness in low-
ering blood glucose and other cardio-renal advantages, these
medications have emerged as essential therapeutic alterna-
tives for individuals with type 2 diabetes with cardiovascular
or renal problems [22, 23].

FGF21 analogues

Analogues of fibroblast growth factor 21 (FGF21) are being
investigated for their ability to modulate lipid and glucose
metabolism, and consequently enhance glycemic control and
lipid profiles. The fibroblast growth factor (FGF) family of

hormones includes FGF21, which is essential in controlling
the body’s metabolism of lipids and glucose. Synthetic ver-
sions of this hormone, known as FGF21 analogues, are being
studied for their potential therapeutic advantages in treating
type 2 diabetes and related metabolic diseases. In the liver,
adipose tissue, and pancreas, FGF21 is produced and released
primarily in response to several metabolic stimuli, such as
fasting, nutrition intake, and cold exposure. Peroxisome
proliferator-activated receptor alpha (PPAR) and other tran-
scription factors control FGF21 release [24-26].

Mechanisms of action of FGF21 analogues

The goal of FGF21 analogues is to mimic the natural activity
of FGF21, a hormone essential for controlling the metabolism
of fats and carbohydrates. These analogues increase insulin
sensitivity by binding FGF receptors, including FGFR1 and
the co-receptor Klotho. Subsequently, the amount of glu-
cose that tissues can absorb from the bloodstream increases,
thereby improving glycemic control and lowering blood glu-
cose levels. These analogues also halt glycogenolysis and
gluconeogenesis, and consequently lower the amount of glu-
cose produced by the liver. FGF21 stimulates lipolysis, which
breaks down triglycerides, or stored fat, in adipose tissue, then
releases free fatty acids that the muscles and liver can use
to produce energy through beta-oxidation. FGF21 also aids
in the transformation of white fat into beige fat, the latter of
which has greater potential for thermogenesis, thus increasing
energy expenditure and decreasing fat storage. Additionally,
FGF21 has anti-inflammatory and cardiovascular properties
including lowering blood pressure and decreasing atheroscle-
rosis. Consequently, FGF21 analogues show promise as a
treatment for metabolic diseases and diabetes [26-29].

Adenosine monophosphate-activated
protein kinase (AMPK) activators

AMPK activators are being studied as potential treatments
to improve glucose absorption and insulin sensitivity. The
enzyme AMPK plays a crucial role in controlling the homeo-
stasis of cellular energy. Because it detects changes in the ratio
of adenosine monophosphate (AMP) to adenosine triphos-
phate (ATP), two essential molecules involved in cellular
energy transfer, it is frequently referred to as a cellular energy
sensor. AMPK is activated under energy deficiency (high
AMP:ATP ratio), such as during exercise, nutrient restriction,
or cellular stress. AMPK is a heterotrimeric enzyme complex
made up of catalytic, regulatory, and regulatory subunits.
AMPK’’s activation status is controlled by the four AMP, ADP,
and ATP binding sites found in the subunit [30-32].

Mechanism of activation

The AMP:ATP ratio rises when cellular energy levels are
low, such as during prolonged activity or fasting. AMP subse-
quently binds the subunit and activates AMPK allosterically.
The subunit of AMPK is also phosphorylated and activated
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by liver kinase B1 (LKB1) and calcium/calmodulin-depend-
ent protein kinase kinase (CaMKK). Once activated, AMPK
controls a variety of cellular functions, thereby balancing
energy, and facilitating the uptake and utilization of glucose.
In glucose metabolism, AMPK activation substantially affects
insulin-sensitive tissues such as skeletal muscle, liver, and
adipose tissue. By encouraging the translocation of glucose
transporter type 4 (GLUT4) to the cell membrane, AMPK
activation improves the absorption of glucose into cells. By
allowing cells to absorb more glucose from the bloodstream,
this enhanced GLUT4 translocation lowers blood glucose lev-
els. In muscle and other tissues, AMPK promotes glycolysis,
the breakdown of glucose into energy (ATP). When cellular
energy levels are low, this mechanism aids in the production
of ATP. The liver’s ability to produce glucose from non-carbo-
hydrate precursors is inhibited by AMPK activation. AMPK,
by lowering gluconeogenesis, aids in preventing excessive
glucose release into the bloodstream [33]. Additionally,
AMPK affects lipid metabolism by suppressing lipogene-
sis and increasing fatty acid oxidation (beta-oxidation), thus
decreasing cholesterol buildup and increasing insulin sensi-
tivity. Beyond glucose metabolism, AMPK activation pro-
motes the development of new mitochondria, the organelles
within cells that produce energy. Increased energy production
and improved cellular function result. Autophagy, a cellular
process that aids in the removal of damaged organelles and
proteins, supports the management and preservation of cellu-
lar quality. AMPK activates autophagy. AMPK activators are
being investigated as potential treatments to improve glucose
uptake and insulin sensitivity. These substances control glu-
cose metabolism, increase glucose absorption, and enhance
insulin sensitivity in diverse tissues via activation of AMPK.
Modulation of AMPK activation is a promising therapeutic
approach for treating metabolic diseases including insulin
resistance and diabetes [30, 34].

G-protein-coupled receptor (GPCR)
agonists

As possible targets for diabetes therapy, particular GPCRs
implicated in insulin signaling and glucose homeostasis are
being investigated. The broad family of cell surface receptors
known as GPCRs is crucial in cell signaling and communica-
tion. By altering numerous intracellular signaling pathways,
activation of these GPCRs increases glucose uptake, insulin
sensitivity, and glycemic management. GPCRs on the sur-
faces of many cells, including muscle, adipose tissue, and
liver cells, have been implicated in insulin signaling. Insulin
triggers downstream signaling pathways after binding its
receptor, thus causing the physiological reactions necessary
for glucose uptake and metabolism [35-37].

Mechanisms of action of GPCR agonists

GPCR agonists function similarly to the ligands that bind
GPCRs in nature. These agonists activate GPCRs and ini-
tiate a chain of intracellular processes that alter cellular
function (Figure 2). GPCR agonists have several effects on

glucose homeostasis that are being investigated as poten-
tial targets for diabetes treatment: The activation of specific
GPCRs increases the translocation of glucose transporter
type 4 (GLUT4) to the cell membrane. Consequently,
muscles and adipose tissue, two tissues that respond to
insulin, absorb glucose from the bloodstream more effec-
tively. Some GPCR agonists improve insulin sensitivity by
increasing the responsiveness of the target tissues to the
effects of insulin. Consequently, glucose absorption and
utilization become more effective. By suppressing glucone-
ogenesis, the process through which the liver manufactures
glucose from non-carbohydrate sources, GPCR agonists
might also influence the amount of glucose produced by the
liver. Several GPCRs are being studied as potential diabetes
therapy targets (Table 3). Examples are described below.

GPRA40 (Free Fatty Acid Receptor 1)

In response to increased amounts of free fatty acids, GPR40,
which is expressed in pancreatic beta cells, regulates insulin
secretion. GPR40 antagonists increase insulin secretion trig-
gered by glucose and promote glycemic control.

GPR119

The pancreas and gastrointestinal tract both express GPR119.
Activation of the GPRI119 receptor increases glucose-de-
pendent insulin release and induces insulin secretion.

GPR120 (Free Fatty Acid Receptor 4)

Both macrophages and adipose tissue express GPR120.
Activation of GPR120 increases insulin sensitivity and has
anti-inflammatory effects, which may be advantageous for
people with type 2 diabetes and inflammation elicited by
obesity [38, 39].

Developing GPCR agonists as therapeutic drugs for dia-
betes treatment has potential yet also poses challenges. To
prevent off-target effects and potential negative reactions,
specificity and selectivity for the target GPCR are essential.
Additionally, agonists’ pharmacokinetic properties must be
optimized for clinical application to be successful. GPCR
agonists show substantial promise as treatments for metabolic
illnesses such as diabetes. These agonists have the potential
to provide unique and focused methods for enhancing insulin
sensitivity and glycemic management by altering important
elements of insulin signaling and glucose homeostasis. As
possible targets for diabetes therapy, particular GPCRs impli-
cated in insulin signaling and glucose homeostasis are being
investigated. GPCR agonists activate these receptors and mod-
ify several intracellular signaling pathways, thereby improving
insulin sensitivity and glycemic management while increasing
glucose absorption. Given the ongoing research and develop-
ment in this field, new therapeutic alternatives hold promise in
supplementing current diabetes treatments and addressing the
disease’s complicated pathophysiology [37, 40].

Bile acid receptor agonists

The possible effects of bile acid receptor antagonists on lipid
and glucose metabolism are being investigated. A family of
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G-protein-coupled Receptor (GPCR) Agonists

l |

GPR40 (Free Fatty

Acid Receptor 1) GPR119

GPR120 (Free Fatty Acid
Receptor 4)

GLUT4

Improves glycemic management by increasing insulin production that is triggered by glucose.
Enhances lipid metabolism, lowers inflammation, and increases insulin sensitivity.

Figure 2 Mechanisms of action of GPCR agonists.

Table 3 GPCRs Targeted for Diabetes Treatment

GPCR Location of Mechanism of Action Effects on Glucose and Lipid Metabolism
Expression

GPR40 (Free Fatty Pancreas, Binds free fatty acids and encourages Improves glycemic management by increasing

Acid Receptor 1) gastrointestinal tract pancreatic beta cells to secrete insulin insulin production that is triggered by glucose

GPR119 Pancreas, Increases GLP-1 and GIP release, Increases glucose-dependent insulin release

gastrointestinal tract

and activates cAMP signaling, thereby

and stimulates insulin secretion

increasing insulin secretion

GPR120 (Free Fatty
Acid Receptor 4)

Adipose tissue,
macrophages

Binds free fatty acids and activates
signaling pathways downstream

Enhances lipid metabolism, lowers
inflammation, and increases insulin sensitivity

substances known as bile acid receptor agonists target par-
ticular receptors involved in bile acid signaling. The potential
effects of these agonists on lipid and glucose metabolism, as
well as their implications in diabetes and related metabolic
disorders, are being investigated. Takeda G protein-coupled
receptor 5 (TGRS5) and the farnesoid X receptor (FXR) are
the main bile acid receptors of interest. Bile acids are sub-
stances made from cholesterol that are produced in the liver
and stored in the gallbladder. They are highly important in
the breakdown and absorption of dietary lipids. Bile acids are
released into the intestines after food is consumed, where they
help emulsify and solubilize lipids, thus enabling breakdown
and subsequent absorption. Bile acids play multiple roles in

the body’s tissues, including the breakdown of fat, but they
also function as signaling molecules by interacting with cer-
tain receptors, including FXR and TGRS [41, 42] (Table 4).

FXR

The liver, intestines, adipose tissue, and other organs
involved in metabolism are the primary sites expressing the
nuclear receptor FXR. When activated, the FXR forms a het-
erodimer with retinoid X receptor (RXR) and binds specific
DNA sequences called FXR response elements (FXREs) in
the promoters of target genes [43].
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Table 4 FXR and TGR5 Locations, Mechanisms of Action, and Metabolic Activities

Location of
Expression

Receptor

Mechanism of Action

Metabolic Activity

FXR (Farnesoid X
Receptor)

Liver, intestines,
adipose tissue,
others

TGR5 (Takeda G protein-
coupled receptor 5)

Intestines, brown
adipose tissue,
macrophages

Forms a heterodimer with
RXR and subsequently binds
target gene promoter FXR
response elements (FXREs)
G-proteins are used to
activate intracellular
signaling cascades

Inhibits gluconeogenesis, thus controlling glucose
metabolism; decreases lipogenesis and liver fat
synthesis; encourages bile acid production and
release

Enhances muscle and adipose tissue glucose
absorption by increasing insulin sensitivity;
increases caloric expenditure by causing
thermogenesis in brown adipose tissue;
macrophages display anti-inflammatory properties

Mechanism of action of FXR

Gluconeogenesis, the process through which the liver man-
ufactures glucose, is suppressed after FXR activation in the
liver. FXR activation lowers blood glucose levels by pre-
venting gluconeogenesis. FXR activation downregulates
genes involved in triglyceride storage and lipogenesis (the
synthesis of fatty acids), and consequently decreases liver fat
buildup. Bile acid equilibrium is aided by FXR activation,
which encourages bile acid production and secretion, and
increases bile acid flux and flow [44, 45].

TGR5

TGRS is a G-protein-coupled receptor found primarily in
macrophages, brown adipose tissue, and the intestines.
Activation of TGRS differs from that of FXR in that it
involves intracellular signaling cascades through G-proteins
rather than direct DNA binding [46].

Mechanism of action of TGR5

TGRS activation increases insulin sensitivity in adipose
tissue and muscle, thereby encouraging glucose absorption
into these tissues. Thermogenesis, the process of producing
heat, is induced by TGRS activation in brown adipose tissue.
This process increases energy expenditure and aids in weight
management. The anti-inflammatory effects of TGRS acti-
vation in macrophages might lessen the inflammation and
insulin resistance associated with obesity. The effects of bile
acid receptor agonists on lipid and glucose metabolism are
currently being investigated. These agonists influence sev-
eral metabolic pathways, including glucose control, lipid
metabolism, and energy expenditure, through their interac-
tions with the bile acid receptors FXR and TGRS. Bile acid
receptor agonists have potential as innovative therapeutics
for diabetes and metabolic illnesses in this developing field
of study [46, 47].

Mitochondrial uncouplers

The potential for improving energy expenditure and glucose
homeostasis by modulating mitochondrial uncoupling is an
exciting approach to treating diabetes. Mitochondrial uncou-
plers affect how the mitochondria, the energy-producing
organelles in cells, function. These substances influence

mitochondrial uncoupling, the breakage of the connec-
tion between ATP synthesis and electron transport, thereby
increasing energy expenditure and potentially improv-
ing glucose homeostasis. Because of its ability to address
both energy metabolism and glucose regulation, this strat-
egy is considered an exciting path for diabetes treatment.
Uncoupling of the mitochondria and energy production ATP
(adenosine triphosphate), the main form of energy used by
cells, is achieved by mitochondria during normal cellular res-
piration through oxidative phosphorylation. Protons (H+) are
pumped out of the mitochondrial matrix and into the inter-
membrane space during this process by electrons moving
through the electron transport chain [48, 49]. This process
creates a proton gradient, and the passage of protons through
ATP synthase back into the mitochondrial matrix powers the
production of ATP. By interfering with the proton gradient,
mitochondrial uncouplers prevent the electron transport chain
and ATP production from being coupled. They perform the
function of protonophores, by allowing protons to flow easily
back into the mitochondrial matrix without producing ATP.
Consequently, the proton gradient dissipates, and the effec-
tiveness of ATP production decreases. Mitochondrial uncou-
plers increase proton flow back into the matrix, a process that
releases heat, by decoupling oxidative phosphorylation, and is
referred to as uncoupling-induced thermogenesis. Increased
caloric expenditure and decreased energy storage as fat are
two effects that increase energy expenditure, primarily in the
form of heat production. Uncoupling-induced thermogenesis
increases insulin sensitivity in a variety of tissues, including
skeletal muscle and adipose tissue, thus facilitating glucose
uptake and utilization. Increased lipolysis, or the breakdown
of stored fats, as a result of uncoupling in adipocytes, might
improve insulin sensitivity and decrease fat storage in adi-
pose tissue. Because more glucose is used to produce energy,
increased energy expenditure from mitochondrial uncoupling
might cause blood glucose levels to decrease [50, 51].
Although preclinical studies on mitochondrial uncouplers
have shown promise, several obstacles hinder their clinical
implementation, including the potential for adverse effects,
particularly those involving thermogenesis and heat produc-
tion. Increased body temperature could result from overstim-
ulation of uncoupling-induced thermogenesis, an effect that
might not be safe or well-tolerated in all people. The devel-
opment of mitochondrial uncouplers that specifically target
tissues and mitochondria involved in glucose and energy
metabolism without having negative consequences remains
under investigation. An intriguing approach to treating
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diabetes involves modulating mitochondrial uncoupling,
because it has the potential to increase energy expenditure
and improve glucose homeostasis. Mitochondrial uncouplers
increase thermogenesis and energy expenditure by breaking
the link between ATP generation and electron transport,
and might potentially improve insulin sensitivity and glu-
cose control [48, 51]. In preclinical research, mitochondrial
uncouplers, which increase energy expenditure by reducing
the proton gradient in mitochondria, have been studied for
their potential to treat metabolic disorders including diabetes.
A promising uncoupler called BAM15 has shown efficacy in
rodent models by lowering blood glucose, increasing insulin
sensitivity, and decreasing body weight without producing
major adverse effects such as hyperthermia—a major draw-
back of previous uncouplers such as dinitrophenol (DNP). In
preclinical studies, the mitochondrial uncoupler CP-316819
has also shown comparable advantages, by enhancing met-
abolic results and decreasing animal fat mass. Although
investigations remain in their infancy, the findings imply that
mitochondrial dissociation might provide a unique approach
to treating diabetes and associated metabolic conditions.
However, clinical trials in humans remain necessary to con-
firm these benefits and assess long-term safety [48—51].

GLUT4 enhancers

To encourage glucose uptake in insulin-sensitive organs,
researchers are searching for GLUT4 enhancers. These com-
pounds are being studied for their ability to increase GLUT4
transporter translocation and activity in tissues sensitive
to insulin, such as skeletal muscle and adipose tissue. In
reaction to insulin, the glucose transporter protein GLUT4
facilitates glucose entry into cells from the bloodstream.
Targeting GLUT4 activity for diabetes treatment might be
promising, through improving glucose absorption and uti-
lization. The facilitative glucose transporter family includes
GLUT4, which is expressed primarily in tissues that are sen-
sitive to insulin. Only a minor portion of GLUT4 is found on
the cell surface under normal conditions, because it is mostly
contained within intracellular vesicles. After a meal, elevated
blood glucose levels cause the release of insulin, which binds
its receptor on the cell surface and starts a chain reaction of
intracellular signaling processes [52-54].

Mechanisms of action of GLUT4 enhancers

To increase the number of transporters accessible for glu-
cose absorption, GLUT4 enhancers encourage the trans-
location of GLUT4 from intracellular vesicles to the cell
membrane through several mechanisms, including the
activation of GLUT4 translocation-associated signaling
pathways by GLUT4 enhancers. For instance, certain sub-
stances cause the phosphorylation of proteins involved in
the translocation of GLUT4 by activating the insulin sign-
aling pathway downstream of the activation of the insulin
receptor. AMPK, an enzyme that measures cellular energy
levels, might also become more active as a result of enhanc-
ers. Independently of insulin signaling, AMPK activation
promotes GLUT4 translocation and consequently helps

improve glucose absorption. In tissues resistant to insu-
lin, several GLUT4 enhancers have been found to increase
insulin sensitivity. These substances promote the activities
of insulin in stimulating GLUT4 translocation and glucose
absorption by increasing insulin sensitivity [54]. The adi-
pokine adiponectin, which is released by adipose tissue,
promotes GLUT4 translocation and glucose absorption in
muscle cells. In response to specific GLUT4 enhancers, adi-
ponectin levels may rise, or cells may become more sensitive
to its actions, thus increasing glucose absorption. GLUT4
enhancers increase glucose absorption into tissues that are
susceptible to insulin by increasing the activity of GLUT4
and encouraging its translocation to the cell membrane; sub-
sequently, blood glucose levels are lowered, and glycemic
management is improved. The increases in glucose absorbed
by muscle cells can be used to produce energy or stored as
glycogen. Increased glucose absorption in adipose tissue can
help prevent fat buildup. A promising strategy for treating
diabetes, particularly insulin-resistant diseases such as type
2 diabetes, is increasing GLUT4 activity. GLUT4 enhancers
have been found to increase insulin sensitivity, lower blood
glucose levels, and lessen the demand on pancreatic beta
cells to create insulin, by encouraging glucose absorption in
insulin-sensitive tissues [54, 55]. The potential of GLUT4
enhancers to promote glucose absorption in insulin-sensitive
tissues is being studied. These substances enhance glucose
absorption and GLUTH4 transporter translocation and activ-
ity, and consequently improve glycemic control and confer
potential advantages in diabetes treatment. Future therapeu-
tic applications in diabetes treatment and related metabolic
disorders show promise in further research and the creation
of particular, secure GLUT4 enhancers [55, 56].

DGAT1 inhibitors

Inhibitors of diacylglycerol acyltransferase 1 (DGAT1) are
promising targets for treating diabetes-related insulin resist-
ance and lipid metabolism. DGAT1 inhibitors are a group
of drugs that work by inhibiting the DGAT1 enzyme. One
of the two diacylglycerol acyltransferase isoforms, DGAT1,
functions primarily in the liver, adipose tissue, and intestines,
where it catalyzes the last stage of triglyceride production.
Inhibiting DGAT1 activity has been proposed as a viable
therapeutic approach to control lipid metabolism and insu-
lin resistance in diabetes. Triglycerides, the body’s primary
form of stored energy, are produced largely via DGATI,
which plays a crucial role in this process. Three fatty acid
molecules are joined to a glycerol backbone to form tri-
glycerides. Triglycerides are created when diacylglycerol is
esterified with a third fatty acid, through DGAT1 [57, 58].

Mechanisms of action of DGAT1 inhibitors

Inhibiting DGAT1’s enzymatic activity causes DGAT1
inhibitors to prevent the completion of triglyceride synthe-
sis. These inhibitors decrease triglyceride production by
blocking DGAT1. Consequently, triglycerides accumulate
less in a variety of tissues, such as the liver and adipose
tissue. Diminished hepatic lipogenesis can result from the
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liver’s decreased ability to synthesis new triglycerides from
fatty acids under DGAT1 inhibitor treatment. Subsequently,
the risk of fatty liver, type 2 diabetes, and insulin resist-
ance, problems affecting many people, might be lessened.
Inhibitors of DGAT1 might decrease the storage of extra
fatty acids as triglycerides in adipose tissue, thus possi-
bly decreasing excessive fat deposition and inflammation.
DGAT1 inhibitors affect dietary fat absorption in the intes-
tines and consequently decrease the amount of triglycerides
transported into the bloodstream. DGAT1 inhibitors might
increase insulin sensitivity, because they decrease fat accu-
mulation in insulin-sensitive organs such as the muscle and
liver. Insulin resistance is associated with intracellular lipid
buildup, particularly in muscle and liver cells [59]. The insu-
lin sensitivity and glucose absorption of these organs might
be improved by DGAT1 inhibitors, through decreasing fat
accumulation in these tissues. To produce synergistic bene-
fits, DGAT1 inhibitors can also be taken with other diabetes
drugs. For instance, using DGAT1 inhibitors in conjunction
with insulin sensitizers or glucose-lowering medications
might result in more thorough cholesterol and glucose man-
agement. Potential targets for reducing insulin resistance
and lipid metabolism in diabetes include DGATT inhibitors.
These substances affect lipid metabolism, lessen intracellular
fat buildup, and might possibly enhance insulin sensitivity
by decreasing DGAT1 and lowering triglyceride production.
Future clinical uses of DGAT inhibitors as innovative ther-
apeutic options for diabetes and related metabolic disorders
offer promise for further study and development [60, 61].

GLP-1 and GIP dual receptor agonists

The synergistic effects on glycemic control of dual agonists
that target both GLP-1 and glucose-dependent insulinotropic
peptide (GIP) receptors are being studied. The gastrointes-
tinal tract secretes the incretin hormones GLP-1 and GIP in
response to food intake [62, 63].

Mechanisms of action of dual receptor
agonists

The GLP-1 and GIP receptors can be activated simultaneously
by synthetic drugs called dual receptor agonists. These ago-
nists achieve both additive and synergistic effects on insulin
secretion and glucose homeostasis, because they act on both
receptors. Beta cells in the pancreas activate GLP-1 and GIP
receptors, thus increasing intracellular cyclic AMP (cAMP).
Subsequently, protein kinase A (PKA) activation leads to
increased insulin synthesis and exocytosis of vesicles carry-
ing insulin. Adiponectin and skeletal muscle are two exam-
ples of insulin-responsive tissues that benefit from GLP-1 and
GIP’s ability to increase glucose uptake. Adipocytes increase
glucose absorption in response to GIP, whereas muscle cells
increase insulin-independent glucose uptake in response to
GLP-1. Glycemic control and blood glucose lowering are both
facilitated by this two-pronged approach [64]. The effects of
GLP-1 and GIP on insulin secretion are additive. Whereas
GIP amplifies this action by making beta cells more sensitive
to glucose, GLP-1 predominantly promotes insulin production

in response to increased blood glucose levels. Dual agonists
concurrently activate both receptors and cause an additive or
synergistic rise in insulin secretion and more effective glucose
clearance. Additionally, GLP-1 inhibits pancreatic alpha cell
secretion of glucagon, thereby decreasing hepatic glucose
synthesis and further aiding in glucose regulation. However,
the total effect on glucagon levels is dependent on blood glu-
cose levels. GIP, in contrast, promotes glucagon secretion. In
hyperglycemia, GLP-1 inhibits glucagon secretion to a greater
extent than GIP stimulates it, thus resulting in a net decrease
in glucagon output. GLP-1 is well known for delaying stom-
ach emptying and causing satiety, thereby limiting food intake
and positively influencing weight loss. Although GIP also has
some satiety benefits, it is less effective. Dual receptor ago-
nists might elicit improved satiety effects and help individuals
with diabetes or obesity regulate their weight. Dual receptor
agonists that target both the GLP-1 and the GIP receptors
might have additive benefits in glycemic control [65]. These
agonists provide a thorough strategy for controlling blood
glucose levels in people with diabetes by improving insulin
production, encouraging glucose absorption, and controlling
glucagon secretion. Additionally, because of their effects on
satiety and weight management, they are intriguing candidates
for addressing the complicated metabolic issues associated
with diabetes and obesity [66].

PPAR modulators

The effects of PPAR agonists and modulators on controlling
lipid and glucose metabolism are being studied. Nuclear
receptors known as PPARSs are critical regulators of lipid and
glucose metabolism. The therapeutic potential of PPAR ago-
nists and modulators, which target these receptors, has been
thoroughly investigated for the management of diabetes and
dyslipidemia [67].

Types of PPARs

PPAR-alpha, PPAR-delta (sometimes referred to as PPAR-
beta), and PPAR-gamma are the three primary subtypes of
PPARs. Each subtype has unique roles in metabolism and is
expressed in various organs (Table 5).

PPAR-alpha

PPAR-alpha, which is largely expressed in the liver, controls
lipid metabolism, including fatty acid oxidation (also known
as beta-oxidation) and triglyceride metabolism.

PPAR-delta

Skeletal muscle, adipose tissue, and the heart are some of the
many tissues that express PPAR-delta, which affects energy
homeostasis and fatty acid metabolism.

PPAR-gamma

The expression of PPAR-gamma is observed primarily in
adipose tissue, where it controls adipocyte development and
lipid synthesis. Additionally, it affects insulin sensitivity and
glucose metabolism [68-70].
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Mechanisms of Action of PPAR Agonists
and Modulators

PPAR agonists and modulators interact via the ligand-bind-
ing domain of PPARs, and thereby cause conformational
changes and activation of these receptors. After activation,
PPARSs form heterodimers with the RXR and bind specific
DNA sequences, known as PPAR response elements, in tar-
get gene promoters. PPAR agonists and modulators affect
glucose metabolism in several ways. Thiazolidinediones
(TZDs), PPAR-gamma agonists, improve insulin sensi-
tivity in adipose tissue and skeletal muscle. They enhance
insulin sensitivity and encourage adipocyte development,
thus increasing triglyceride storage in adipose tissue while
decreasing excessive fat buildup in other insulin-sensitive
tissues. The control of gluconeogenesis, the process through
which the liver manufactures glucose, is influenced by
PPAR-alpha and PPAR-delta [68]. Activation of these PPAR
subtypes might result in less hepatic glucose generation
and improve glycemic management. PPAR-delta agonists
have been demonstrated to promote skeletal muscle glucose
uptake and utilization, and hence achieve better blood glu-
cose clearance. The expression of genes involved in fatty acid
oxidation is boosted by PPAR-alpha agonists, thus increas-
ing the breakdown of fatty acids for energy production.
PPAR agonists and modulators are important in lipid metab-
olism. The expression of triglyceride metabolism genes is
regulated by the activation of PPAR-alpha and PPAR-delta,
which influence the production, storage, and utilization of
triglycerides in different tissues. The metabolism of lipopro-
teins, such as very-low-density lipoprotein and high-den-
sity lipoprotein, which are essential for carrying lipids in
the bloodstream, are affected by PPAR-alpha agonists. By
inhibiting the production of pro-inflammatory cytokines and
encouraging the expression of anti-inflammatory molecules,
PPAR agonists, particularly PPAR-gamma agonists, have
anti-inflammatory effects. Compounds that target PPARs,
a family of nuclear receptors important in controlling lipid
and glucose metabolism, are known as PPAR agonists and
modulators. These substances have shown promise in the
treatment of dyslipidemia and diabetes by increasing insulin
sensitivity, modulating the metabolism of lipids and sugars,
and demonstrating anti-inflammatory properties. A compre-
hensive strategy for addressing the metabolic abnormalities
associated with diabetes and related illnesses is provided by
PPAR-targeted medicines [70, 71].

FGFR1c Inhibitors

Potential targets for enhancing insulin sensitivity include
inhibitors of fibroblast growth factor receptor 1c (FGFRIc).
Inhibitors of FGFRIc, a subtype of the fibroblast growth
factor receptor (FGFR) family, are a group of drugs that
specifically target the FGFR1c isoform. FGFR1c plays a
critical role in controlling glucose and lipid metabolism and
is expressed primarily in metabolic tissues such as adipose,
liver, and skeletal muscle tissue. Inhibition of FGFR1c¢ activ-
ity is being studied as a potential method to increase insulin
sensitivity and control metabolic diseases including type 2
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diabetes. The metabolic effects of FGFs, particularly FGF21
and FGF19, are mediated by FGFR1c. These FGFs bind
FGFR1c and activate downstream signaling pathways that
affect fat and glucose metabolism [72].

Mechanisms of Action of FGFR1c
Inhibitors

By selectively inhibiting FGFR1c activity, FGFR1c inhib-
itors interfere with the signaling pathways activated by
FGF21 and FGF19. This inhibition can have a variety of
effects on glucose metabolism and lipids, primarily via
improving insulin sensitivity. FGFR1c inhibitors have
several actions that increase insulin sensitivity; for exam-
ple, increased insulin signaling occurs in target tissues
such adipose tissue and skeletal muscle when FGFR1c is
inhibited. Subsequently, the absorption and utilization of
glucose in these tissues, as well as the response of insulin
receptors, increase. FGFRI1c inhibitors decrease hepatic
synthesis of glucose, which is necessary for keeping blood
glucose levels within a normal range. Secretion of adi-
ponectin, an adipokine with anti-inflammatory properties
that improves insulin sensitivity, increases after FGFR1c
inhibition. Additionally, FGFRIc inhibitors have been
found to enhance insulin sensitivity, thereby affecting
lipid metabolism [73]. These inhibitors lessen ectopic lipid
accumulation, which is associated with insulin resistance,
by altering lipid metabolism in tissues such as the liver and
adipose tissue. Endocrine hormones FGF21 and FGF19 are
produced by several organs, including the liver and adipose
tissue. FGF21 binds FGFR1c and subsequently affects the
metabolism of lipids and glucose. Blood glucose levels are
decreased by FGF21, which increases the absorption and
utilization of glucose in adipose tissue and skeletal muscle.
To increase energy expenditure and decrease lipid buildup,
FGF21 stimulates fatty acid oxidation and promotes
lipolysis, the breakdown of stored lipids [74-76]. FGF21
improves glucose homeostasis by increasing insulin sen-
sitivity in a variety of tissues. Because of their ability to
enhance insulin sensitivity and control glucose and lipid
metabolism, FGFR1c inhibitors hold promise as possible
therapeutic agents for diabetes and related metabolic disor-
ders. These inhibitors provide a novel method for treating
insulin resistance and hyperglycemia by specifically tar-
geting FGFR1c. However, further investigation is required
before FGFR1c inhibitors can be implemented in clinical
practice for diabetes treatment, to completely comprehend
their safety, effectiveness, and long-term implications.
FGFRIc inhibitors specifically target the FGFR1c isoform,
which is essential in modulating the metabolic effects of
FGF21 and FGF19. These inhibitors increase insulin sen-
sitivity, control glucose and lipid metabolism, and present
a possible therapeutic strategy for treating insulin resist-
ance and diabetes by decreasing FGFR1c activity. As this
field of study develops, FGFR1c inhibitors have potential
as cutting-edge therapies to address the complex metabolic
dysregulation associated with metabolic diseases such as
diabetes. However, the development of new medications

necessitates extensive clinical trials and research to con-
firm their utility and safety [77-79].

Drugs used in treatments with
novel technologies

Liraglutide

The GLP-1 receptor agonist liraglutide is used in the more
sophisticated management of diabetes, particularly in people
with type 2 diabetes. Improved glycemic control and over-
all diabetes care are essential. GLP-1 receptors, which are
found primarily in pancreatic beta cells and the gastrointes-
tinal tract, are activated by liraglutide. GLP-1 is an incretin
hormone that increases insulin release when blood glucose
levels are high by stimulating insulin secretion in a glucose-
dependent manner. Liraglutide improves insulin production
by triggering GLP-1 receptors in pancreatic beta cells, thus
promoting better glucose utilization in peripheral tissues and
lowering blood glucose rises after meals. Liraglutide inhib-
its the release of glucagon from pancreatic alpha cells via
activating GLP-1 receptors [80]. The hormone glucagon
encourages the liver to release glucose and subsequently
increases blood glucose levels. Inhibition of glucagon secre-
tion enables better glycemic control and helps prevent exces-
sive glucose synthesis. Liraglutide slows stomach emptying,
and consequently enables a more progressive digestion and
absorption of food. To avoid postprandial (after-meal) blood
glucose spikes, this treatment leads to slow and persistent
release of glucose into the bloodstream. Liraglutide has
been demonstrated to increase satiety and lessen appetite,
and consequently might decrease caloric intake and provide
weight loss advantages. For people with type 2 diabetes, los-
ing weight can be helpful, by enhancing insulin sensitivity
and metabolic health in general [81]. Clinical studies have
shown that liraglutide has positive effects on the heart. In
people with type 2 diabetes and pre-existing cardiovascular
disease, this drug has been demonstrated to lower the risk of
serious cardiovascular events such heart attacks and strokes.
Once-daily and once-weekly versions of liraglutide are
available. The stress of repeated injections is lessened by the
once-weekly formulation, which provides improved conven-
ience and supports adherence. For complete glucose control,
liraglutide can be used alone or in conjunction with other
diabetic drugs, such as metformin, sulfonylureas, or insu-
lin [82]. Liraglutide, a GLP-1 receptor agonist, is important
in the treatment of advanced diabetes, because it increases
insulin secretion, decreases glucagon release, slows stomach
emptying, increases satiety, and might facilitate weight loss.
Its cardiovascular advantages also make it effective in con-
trolling type 2 diabetes [83—-85].

Empagliflozin

The SGLT2 inhibitor empagliflozin is used to treat type
2 diabetes. By focusing on the kidneys’ mechanism for
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reabsorbing glucose, this treatment is essential in the man-
agement of diabetes and has several positive effects on gly-
cemic control and cardiovascular health in general. Renal
SGLT?2 is inhibited by empagliflozin. The reabsorption of
glucose into the bloodstream from the glomerular filtrate
is performed by SGLT2. Empagliflozin increases glucose
excretion in the urine via decreasing glucose reabsorption
through inhibiting SGLT2. Empagliflozin increases the
quantity of glucose discharged in the urine as a result of
SGLT?2 inhibition [86]. Lower blood glucose levels result,
because this treatment lowers the amount of glucose in the
bloodstream. Empagliflozin aids in lowering blood glucose
levels by increasing glucose excretion, particularly after
meals, when blood glucose levels are elevated. Some peo-
ple with type 2 diabetes might experience modest weight
reduction because of the enhanced glucose excretion
caused by empagliflozin [87]. This effect is aided by the
calories lost as a result of glucose excretion. Empagliflozin
increases insulin sensitivity in liver and muscle tissues.
Consequently, cells become more receptive to insulin,
thereby promoting the uptake and utilization of glucose.
Clinical studies have shown that empagliflozin offers
important cardiovascular advantages. In individuals with
type 2 diabetes and established cardiovascular disease, this
drug has been demonstrated to lower the risk of significant
cardiovascular events, such as heart attacks, strokes, and
cardiovascular mortality [88]. Because of its renoprotective
properties, Empagliflozin aids in preventing the harmful
effects of diabetes on the kidneys. It can lessen the chances
of unfavorable kidney-related outcomes and decrease the
advancement of diabetic renal disease. To provide thorough
glucose control and improve treatment results, empagli-
flozin can be taken alone or in conjunction with other dia-
betic drugs, such as metformin or insulin. As an SGLT2
inhibitor, empagliflozin is essential in the treatment of type
2 diabetes. This treatment improves glycemic management,
promotes weight loss, and has positive effects on the car-
diovascular system by blocking glucose reabsorption in the
kidneys and increasing glucose excretion. Empagliflozin is
a beneficial alternative for patients with type 2 diabetes and
kidney problems, because of its additional renoprotective
benefits [89].

Pegbelfermin

A new FGF21 counterpart, also known as BMS-986036, is
being studied as a potential treatment for several metabolic
diseases, including type 2 diabetes and non-alcoholic stea-
tohepatitis (NASH). Pegbelfermin functions as an analogue
of FGF21, a hormone with strong metabolic effects that
is produced by the liver and adipose tissue. Pegbelfermin
is a favorable candidate for treating metabolic disorders,
because FGF21 is crucial in controlling lipid and glucose
metabolism. Enhancing insulin sensitivity in peripheral tis-
sues such as skeletal muscle and adipose tissue is one of
FGF21’s main effects. Pegbelfermin might improve glucose
absorption and utilization by increasing insulin sensitiv-
ity, thus improving glycemic control in people with type
2 diabetes [90]. Clinical investigations on pegbelfermin

have demonstrated that it lowers hepatic fat levels. In peo-
ple with obesity and type 2 diabetes, non-alcoholic fatty
liver disease (NAFLD) is a frequent illness, and lowering
hepatic fat buildup is essential for enhancing liver function.
Pegbelfermin, a derivative of FGF21, has anti-inflamma-
tory properties. Chronic inflammation has a crucial role
in the emergence and development of metabolic diseases
such as NASH. Pegbelfermin might potentially preserve
the liver and other metabolic tissues by lowering inflam-
mation. Pegbelfermin, like FGF21, might aid in weight
loss and have positive benefits on controlling body weight.
Insulin sensitivity, lipid metabolism, and general metabolic
health can all benefit from weight loss. The severe vari-
ant of NAFLD known as NASH is characterized by liver
damage and inflammation. Because of its ability to lower
hepatic fat and inflammation, pegbelfermin is being stud-
ied as a viable therapeutic option for NASH, thus offering a
holistic strategy to treat this condition. Pegbelfermin might
have broader cardiometabolic advantages in addition to its
effects on glucose and lipid metabolism, including poten-
tial enhancements in blood pressure, cholesterol levels,
and overall cardiovascular health. Pegbelfermin (BMS-
986036) is an FGF21 analogue with promise for treating
metabolic diseases including NASH and type 2 diabetes.
Pegbelfermin offers a multimodal strategy for addressing
the intricate metabolic abnormalities associated with these
illnesses, through its effects on insulin sensitivity, hepatic
fat reduction, anti-inflammatory characteristics, and weight
management. Its safety and efficacy profile will be clarified
by ongoing research and clinical studies, which might lead
to its approval as a treatment option for individuals with
metabolic disorders [91-93].

Metformin

Metformin is a medication frequently used to treat type 2
diabetes. Its mechanism of action involves AMPK, which
affects several insulin and glucose metabolism-associ-
ated receptors and pathways [94]. The main mechanism of
action of metformin is the activation of AMPK, an impor-
tant regulator of cellular energy homeostasis. Increased fatty
acid oxidation, decreased glucose synthesis in the liver,
and increased glucose absorption in skeletal muscle are all
effects of AMPK activation. In people with type 2 diabetes,
these actions improve insulin sensitivity and glycemic man-
agement [95-98]. Metformin increases insulin sensitivity
in peripheral tissues and has indirect effects on the insulin
receptor. Metformin increases insulin responsiveness and
enhances glucose absorption in tissues that are sensitive to
insulin by activating AMPK. Although its effects on this
receptor are not as immediate as those of GLP-1 receptor
agonists, metformin has been demonstrated to have some
effects on GLP-1 receptor signaling. Metformin has been
hypothesized to increase GLP-1 production from the gut,
thus potentially explaining how it improves glucose metabo-
lism [99-103]. The main mechanism of action of metformin
differs from that of SGLT2 inhibitors such as empagli-
flozin. Metformin functions primarily through AMPK acti-
vation, and affects hepatic glucose synthesis and peripheral
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glucose uptake, in contrast to SGLT2 inhibitors, which pre-
vent glucose reabsorption in the kidneys. The direct effects
of metformin on the FGF21 receptor are not well known.
However, several metabolic effects of FGF21 analogues,
such as enhanced insulin sensitivity and decreased hepatic
fat content, might overlap with metformin’s downstream
effects on AMPK activation. The effects of metformin on
GPCRs are not as immediate as those of particular GPCR
agonists. However, the downstream effects of AMPK acti-
vation on several GPCR signaling pathways involved in
insulin signaling and glucose homeostasis can have effects.
The direct effects of metformin on bile acid receptors have
not been thoroughly investigated. However, through influ-
encing AMPK activation and hepatic glucose generation, it
might indirectly affect bile acid metabolism. Mitochondrial
uncouplers are not directly targeted by metformin. Instead
of interfering with mitochondrial function, its main mode of
action is linked to AMPK activation and regulation of glu-
cose and lipid metabolism. Through its activation of AMPK,
metformin plays a crucial part in the treatment of type 2 dia-
betes by improving insulin sensitivity and glucose metab-
olism. Although various receptors and pathways involved
in the control of insulin and glucose are indirectly affected,
AMPK activation is the key mechanism underlying the treat-
ment effects. The wide-ranging and complex processes of
metformin make it an effective and widely used drug for
treating type 2 diabetes and associated metabolic diseases.
Although metformin is a foundational drug, its combination
with novel therapies continues to be explored in innovative
ways. For example, metformin combined with SGLT?2 inhib-
itors (such as empagliflozin) or GLP-1 receptor agonists
remains an important part of modern treatment regimens for
type 2 diabetes. The use of metformin in dual or triple ther-
apy with these newer agents continues to evolve, to enable
novel strategies in diabetes care. Beyond its traditional use
in diabetes, metformin is being studied in new areas such as
cancer metabolism and aging-associated conditions. These
new applications of metformin in metabolic syndrome or
conditions adjacent to diabetes are areas of active, innovative
research [104-106].

Semaglutide

The GLP-1 receptor agonist semaglutide is used to treat type
2 diabetes. This treatment imitates the effects of GLP-1, an
incretin hormone that controls insulin secretion and glucose
metabolism. In a glucose-dependent manner, semaglutide
increases insulin production by activating GLP-1 receptors
on pancreatic beta cells, thereby maintaining healthful blood
glucose levels after meals. Semaglutide prevents the hormone
glucagon, which boosts blood glucose levels, from being
released into the body. Moreover, it aids in preventing exces-
sive glucose synthesis in the liver by lowering glucagon secre-
tion. Because semaglutide slows stomach emptying, glucose
is released into the bloodstream after meals more gradually
and continuously, and the likelihood of postprandial blood
glucose increases is lessened. Semaglutide decreases hunger
and aids in weight loss. People with type 2 diabetes and obe-
sity would benefit from this effect [107, 108].

Obeticholic acid

NASH, a severe form of NAFLD, is treated with obeticholic
acid, a synthetic bile acid analogue. FXR, a bile acid recep-
tor involved in the control of bile acid production and metab-
olism, is activated by obeticholic acid. Obeticholic acid
facilitates liver health in NASH by decreasing the buildup of
fat in the liver by activating the FXR. Because of its anti-in-
flammatory properties, obeticholic acid lessens liver inflam-
mation and stops the evolution of NASH [109, 110].

DNP

The mitochondrial uncoupler DNP has major safety issues
that prevent its use in medicine. The electron transport
chain and ATP production in mitochondria are not prop-
erly coupled under DNP treatment. This decoupling causes
energy to be lost as heat, thereby raising the metabolic
rate and energy expenditure. DNP’s uncoupling action
increases energy consumption and might theoretically
result in weight loss. Although not limited to fat tissue, this
effect can cause dangerous hyperthermia and other serious
adverse effects. Therefore, DNP is unsafe and inappropri-
ate for use in medicine. DNP has a small safety margin, and
is extremely poisonous and hazardous. Its use for medical
purposes has not received regulatory approval, and ingest-
ing it can have serious, perhaps fatal adverse effects such as
organ failure, overheating, and even death. Using DNP for
medical or weight-loss purposes is strongly advised against
and generally prohibited to [111-114]. The list of drugs
used in the treatments with novel technology are tabulated
in Table 6.

Limitations

Current diabetic drugs work well in many situations but have
several drawbacks that affect their overall effectiveness,
patient compliance, and long-term results. Insulin therapy
and oral hypoglycemic medications (such as metformin
and sulfonylureas) are examples of conventional treatments
that target blood glucose control but frequently ignore the
underlying metabolic dysfunctions associated with diabe-
tes. Whereas certain oral medications may lose their effec-
tiveness over time or require complicated dose regimes,
thus affecting patient compliance, insulin therapy can cause
weight gain and hypoglycemia. Furthermore, many treat-
ments do not address the related metabolic problems that
are major causes of diabetic complications, such as insulin
resistance, lipid abnormalities, and chronic inflammation.
By directly addressing particular physiological pathways
implicated in glucose absorption, lipid metabolism, insulin
sensitivity, and energy expenditure, receptor-based medi-
cines present a potential benefit that might result in more
thorough metabolic control. Finding the right receptors
and decreasing off-target effects are two difficulties in the
development of such treatments. Further study in this field
might lead to new therapies that address the wider metabolic
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Table 6 Drugs Used in Treatments with Novel Technology

Targeted Drug Target Receptor/Pathway

Mechanism of Action

Clinical Application

Liraglutide GLP-1 receptor

production

Empagliflozin SGLT2 transporter

Pegbelfermin
(BMS-986036)

FGF21 receptor

Agonist of the GLP-1 receptor that increases
insulin secretion while decreasing glucagon

SGLT2 inhibitor that prevents the kidneys
from reabsorbing glucose, thus increasing the
amount of glucose excreted in the urine
Improves glucose and lipid metabolism by
activating FGF21 receptors in recombinant

Helps patients with type 2 diabetes
with glucose management

Used to lower type 2 diabetes
blood glucose levels and lower
cardiovascular risk

Under study for their potential to
treat metabolic diseases such as

form diabetes

Metformin AMPK activation Promotes the absorption and utilization of First-line therapy for type 2
glucose through AMP-activated protein kinase diabetes
(AMPK) activation

Semaglutide GPCR agonist (GLP-1R, Agonist for the GLP-1 receptor that also affects Helps patients with type 2 diabetes

GIPR, GCG)

Obeticholic acid Bile acid receptor

Dinitrophenol Mitochondrial uncoupling

other GPCRs important for glucose control

Antagonist that affects the metabolism of lipids
and glucose by attacking bile acid receptors

Mitochondrial uncoupler that interferes with ATP
production and increases energy expenditure

with glucose management

Under study for possible effects on
the regulation of cholesterol and
glucose levels

Under evaluation for their potential
in diabetes treatment

abnormalities associated with diabetes in addition to glu-
cose management.

Future perspectives

The area of diabetes care remains developing, and contin-
uing research is aimed at providing safer, more individual-
ized, and more effective treatments. Some possible future
developments for the various targeted treatments and strat-
egies are described below.

Targeted medications and receptor-
based therapies

More studies on GLP-1 receptor agonists, SGLT?2 inhibitors,
FGF21 analogues, GPCRs, and bile acid receptor agonists
are likely to reveal more advantages, thereby leading to a
broader range of uses in the treatment of metabolic disor-
ders and diabetes. Future research may examine the use of
numerous targeted drugs in combination therapy to create
synergistic effects and enhance overall glycemic control and
metabolic outcomes [115].

AMPK activation and insulin
receptor agonists

Research is currently attempting to find and create new
AMPK activators with enhanced specificity and safety
profiles, thereby improving insulin sensitivity and glucose
absorption without causing any negative adverse effects.
Advanced insulin receptor agonists: New formulations
of insulin receptor agonists with quicker onset and longer
durations of action, as well as enhanced delivery techniques,
might become available [116].

GPCRs and mitochondrial
uncouplers

Research efforts might identify novel GPCRs implicated in
glucose homeostasis and insulin signaling, thus offering pro-
spective targets for upcoming drugs. To benefit from higher
energy expenditure without the risky adverse effects associ-
ated with DNP, non-toxic and tailored mitochondrial uncou-
plers are being developed [116].

Pegbelfermin (BMS-986036) and
other emerging therapies

Pegbelfermin (BMS-986036) might obtain regulatory
approval for the management of metabolic disorders, includ-
ing NASH and type 2 diabetes, thus providing additional
therapeutic alternatives for patients. FDA Approval and
Expanded Indications: To fix genetic deficiencies and poten-
tially provide treatments for some metabolic disorders, gene
therapies and gene-editing methods that target metabolic
pathways might receive FDA approval in the future [117].

General perspectives

The application of Al and machine learning algorithms to the
management of diabetes might achieve enhanced accuracy
in illness prediction, individualized treatment regimens, and
improved patient outcomes. Regarding nanotechnology and
drug delivery, new developments might completely trans-
form how drugs are delivered, thus enabling targeted and con-
trolled drug release, lowering adverse effects, and enhancing
therapeutic efficacy. A greater emphasis on patient education,
empowerment, and self-management could enhance adherence
to treatment plans and lifestyle changes, and aid in better dis-
ease control. Telemedicine and Remote Monitoring: Devices
for telemedicine and remote monitoring might become crucial
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in the management of chronic disease, enhancing patient
access to care, and enhancing adherence to therapy. Safety and
Regulatory Approval: Before widespread implementation of
novel medications, strict regulatory reviews will be required to
ensure patient safety and efficacy, and risk-benefit analyses must
be performed. Treatment for metabolic disorders and diabetes
has a bright future, owing to cutting-edge research, new tech-
nologies, and a patient-centered, all-encompassing approach.
Although advancements are imminent, patience and vigilance
will be necessary as new discoveries pass through clinical trials
and receive regulatory authorization. Healthcare professionals,
researchers, politicians, and patients working together will be
essential to achieving substantial breakthroughs in the manage-
ment of metabolic disorders and diabetes [117-119].

Conclusion

The review provided a thorough investigation of new ther-
apeutic targets for the management of metabolic illnesses
such as diabetes. These innovative therapeutic strategies hold
promise for revolutionizing diabetes management, enhanc-
ing glycemic control, and lowering the likelihood of com-
plications associated with the condition. The use of drugs
that target particular receptors and pathways, such as AMPK
activators, GLP-1 receptor agonists, SGLT2 inhibitors,
FGF21 analogues, and GPCRs, has been shown to improve
insulin sensitivity, encourage glucose uptake, and control
lipid metabolism. Additionally, the effects of mitochondrial
uncouplers and bile acid receptor agonists on the control of
glucose and lipids are being studied. The discussion of poten-
tial future directions highlights ongoing investigations and
developments in the field of diabetes treatment. Gene treat-
ments, precision medicine, and combination therapies have
the potential to offer more individualized and potent treatment
alternatives. Improved patient monitoring, adherence, and
self-management of metabolic illnesses might result from the
combination of digital health technology, telemedicine, and
Al-driven techniques, thus improving treatment outcomes
and patient quality of life. Additionally, the development of
cutting-edge treatments such as pegbelfermin (BMS-986036)
and gene-editing methods offers hope for treating diseases
including NASH and investigating prospective treatments.

Summary

The review examined several potential targets for the
treatment of metabolic diseases including diabetes, and
demonstrated the substantial advancements made in com-
prehending the complex mechanisms underlying glu-
cose and lipid metabolism. The utility of GLP-1 receptor
agonists, SGLT2 inhibitors, FGF21 analogues, AMPK
activators, and GPCRs in enhancing glycemic manage-
ment, insulin sensitivity, and lipid profiles has been estab-
lished. Additionally, the possible effects of mitochondrial
uncouplers and bile acid receptor agonists on the control
of glucose and lipids are being investigated. A key com-
ponent of cutting-edge diabetes care is insulin glargine, a
long-acting insulin analogue that supplies consistent basal
insulin replacement. An effective GLP-1 receptor agonist,
liraglutide, has been shown to increase insulin produc-
tion, decrease glucagon release, and aid in weight loss. An
SGLT2 inhibitor called empagliflozin has shown poten-
tial in lowering blood glucose levels, encouraging weight
loss, and providing cardiovascular and renal advantages.
The future is likely to bring a dynamic environment with
ongoing research and innovations attempting to improve
existing medications, create new therapies, and personalize
diabetes management. Realizing the full potential of these
novel methods will require collaboration among healthcare
professionals, researchers, policymakers, and patients, to
enhance outcomes and quality of life for people with dia-
betes and metabolic disorders.
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