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Abstract

Diabetes mellitus is a chronic metabolic disorder that affects millions of people worldwide, with its associated
complications presenting significant challenges for both individuals and healthcare systems. Effective
pharmacological management is essential for achieving optimal glycemic control, which is key to preventing
microvascular complications like retinopathy, nephropathy, and neuropathy, as well as macrovascular problems
such as cardiovascular disease and stroke. Recent advancements in diabetes treatment have been driven by the
introduction of novel drug classes, including sodium-glucose co-transporter 2 (SGLT2) inhibitors and glucagon-
like peptide-1 (GLP-1) receptor agonists, which not only improve glycemic control but also offer protective
effects for the heart and kidneys. While traditional medications, like metformin, sulfonylureas, and insulin,
continue to play a central role, their effectiveness is limited by potential side effects, such as hypoglycemia
and weight gain. Landmark clinical trials, including DCCT, UKPDS, EMPA-REG OUTCOME, LEADER, and SONAR
have demonstrated the critical link between pharmacological treatments and the reduction of diabetes-related
complications. This review examines the current understanding of the mechanisms, effectiveness, and safety
of antidiabetic medications, with a focus on their long-term benefits. It also explores emerging trends, such as
personalized medicine, digital health innovations, and new therapeutic targets that aim to mitigate residual
cardiovascular and microvascular risks. As the global burden of diabetes continues to rise, there is a pressing
need for personalized pharmacological strategies, guided by evidence-based guidelines and individualized
patient needs, to improve outcomes and quality of life. This review highlights the importance of ongoing
innovation and collaborative efforts to address the complex challenges posed by diabetes and its complications.
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Introduction

Diabetes mellitus (DM) refers to a group of chronic metabolic disorders characterized by elevated blood glucose
levels, resulting from impairments in insulin production, insulin action, or both [1]. The two main forms of
diabetes are Type 1 Diabetes mellitus (TTDM) and Type 2 Diabetes mellitus (T2DM). T1DM is an autoimmune
disorder where the immune system attacks the insulin-producing beta cells in the pancreas, leading to little
or no insulin production [2]. TIDM typically develops during childhood or adolescence but can occur at any
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age, requiring lifelong insulin therapy [3]. In contrast, T2DM is the most
prevalent form, accounting for over 90-95% of diabetes cases [4]. It arises
from insulin resistance, where the body's cells do not respond effectively to
insulin, often combined with relative insulin deficiency [5]. T2DM is frequently
associated with obesity and sedentary behavior, typically manifesting in
adults but increasingly diagnosed in younger populations [6]. Management
includes lifestyle modifications and, when necessary, oral medications or
insulin. Gestational diabetes mellitus (GDM) is another type, occurring during
pregnancy when blood glucose levels rise above normal but remain below
diagnostic thresholds for diabetes [7]. GDM increases the risk of complications
during pregnancy and childbirth, predisposing both the mother and child to an
elevated risk of developing T2DM later in life [8].

Diabetes is a significant global public health challenge, with its incidence
increasingmarkedlyinrecentdecades.n 2022, approximately 537 million adults
aged 18 and older were living with diabetes worldwide, nearly double previous
estimates [9]. Notably, over half of adults aged over 30 with the condition are
not receiving treatment, highlighting substantial gaps in healthcare access
and management [10]. The worldwide prevalence of diabetes escalated
from approximately 7% in 1990 to 10.5% in 2021, with the most pronounced
increases noted in low- and middle-income countries [11]. Regions including
the Pacific Islands, the Caribbean, the Middle East, North Africa, Pakistan, and
Malaysia have some of the highest diabetes prevalence rates. Additionally,
India, China, and the United States have the largest populations of individuals
living with diabetes [12]. Figure 1: Global Distribution of Diabetes Prevalence,
Highlighting Regional Disparities (2021).

The rising prevalence of diabetes is strongly associated with factors such
as increasing obesity, sedentary lifestyles, and dietary changes [13]. While
effective treatments are available, many individuals, particularly in low-income
countries, face barriers to accessing essential medications and care [14]. These
barriers include supply chain disruptions, high drug costs, and insufficient
healthcare infrastructure. The economic impact of diabetes is substantial,
encompassing both direct medical costs and indirect expenses due to reduced
productivity [15]. To mitigate this growing challenge, a holistic approach is
needed, emphasizing prevention, early detection, and equitable access to
quality care and treatment worldwide.

Maintaining proper glycemic control is crucial in diabetes management to
prevent or delay complications [16]. Research demonstrates that optimal
blood glucose management reduces the risk of microvascular complications,
such as retinopathy, neuropathy, and nephropathy, in individuals with both

type 1 and type 2 diabetes [17]. Furthermore, improved glycemic control has
been associated with a reduction in macrovascular complications, including
cardiovascular events, particularly in patients recently diagnosed with diabetes
[18]. Inadequate glycemic control accelerates the development of diabetes-
related comorbidities. Therefore, achieving and sustaining target blood glucose
levels through a combination of lifestyle modifications and pharmacotherapy
is vital for improving quality of life and reducing the healthcare costs associated
with diabetes complications.

Pharmacological treatments play a vital role in managing diabetes mellitus,
aiming to achieve effective glycemic control and prevent complications. In type
1 diabetes, insulin therapy remains the cornerstone of treatment, replacing
the body's inability to produce insulin [19]. For type 2 diabetes, a range of oral
and injectable medications are used to enhance insulin sensitivity, stimulate
insulin secretion, or reduce hepatic glucose production [20]. Metformin is
typically the first-line treatment due to its proven efficacy and safety [21]. Other
medications, such as sulfonylureas, thiazolidinediones, DPP-4 inhibitors, GLP-1
receptor agonists, and SGLT2 inhibitors, are selected based on each patient's
specific needs and comorbid conditions [22]. Certain GLP-1 receptor agonists
and SGLT2 inhibitors also offer cardiovascular benefits in addition to their role
in glycemic control [23]. Selecting the appropriate pharmacological treatment
should be personalized, considering factors such as efficacy, potential adverse
effects, patient preferences, and cost, to optimize blood glucose management
and minimize the risk of diabetes-related complications.

This review aims to provide a comprehensive examination of diabetes mellitus,
focusing on its different forms, its global impact, the importance of glycemic
controlin preventing complications, and the role of pharmacological treatments
in managing the condition. The review will cover the pathophysiology of various
types of diabetes, global prevalence trends, strategies for maintaining optimal
blood glucose levels, and a survey of current pharmacological therapies. By
integrating these elements, the review seeks to highlight the multifaceted
challenges of managing diabetes and offer recommendations for improving
patient outcomes.

Pathophysiology of Diabetes Mellitus

In TIDM, an autoimmune reaction results in the destruction of pancreatic
B-cells, leading to absolute insulin deficiency. Genetic predisposition, along
with environmental factors, initiates the immune-mediated destruction of
B-cells, resulting in the body's inability to produce insulin [24]. Conversely,
T2DM is characterized by a combination of insulin resistance and impaired
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Figure 1: Projected Increase in Diabetes Prevalence by Region. Reported data and the International Diabetes Federation indicate that diabetes prevalence is
expected to increase by 68% in Southeast Asia, 13% in Europe, 134% in Africa, 50% in South and Central America, 24% in North America, 87% in the Middle East and
North Africa, and 27% in the Western Pacific. (This figure was created using Microsoft® Word for Mac, Version 16.89.1.)
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Figure 2: Pathogenesis of Type | and Type Il Diabetes Mellitus. The left panel illustrates the pathogenesis of Type | diabetes mellitus, where macrophages,
T-cells, and inflammation attack the pancreas, leading to the destruction of beta cells and resulting in absolute insulin deficiency. In contrast, the right panel depicts
the pathogenesis of Type Il diabetes mellitus. Hyperglycemia, hypertriglyceridemia, and inflammatory cytokines impair pancreatic function, reducing beta cell
activity and leading to decreased insulin secretion. This insufficient insulin release prevents proper glucose uptake by tissues, contributing to insulin resistance, a
key risk factor in the development of Type Il diabetes mellitus. (This figure was created using Microsoft® Word for Mac, Version 16.89.1.)

insulin secretion. Peripheral tissues, including muscle and adipose tissue,
demonstrate reduced sensitivity to insulin, necessitating increased insulin
production. Over time, pancreatic B-cells become dysfunctional, leading
to relative insulin deficiency [25]. Contributing factors include genetic
susceptibility, obesity, physical inactivity, and poor dietary habits. Figure 2
illustrates the distinct pathophysiological mechanisms that differentiate Type
1 diabetes mellitus (T1DM) from Type 2 diabetes mellitus (T2DM) [26].

Role of hyperglycaemia in long-term complications

Chronic hyperglycemia in diabetes is a pivotal factor in the development of
long-term complications [27]. Elevated glucose levels induce oxidative stress
and activate several detrimental processes, including the polyol pathway, the
formation of advanced glycation end products (AGEs), the activation of protein
kinase C (PKC) isoforms, and the hexosamine pathway [28]. These mechanisms
lead to endothelial dysfunction, inflammation, and tissue damage, resulting
in microvascular complications (retinopathy, nephropathy, neuropathy) and
macrovascular complications (cardiovascular disorders) [29].

Therapeutic strategies targeting glycemic control are essential to mitigate
these complications. In T1DM, exogenous insulin administration remains the
cornerstone of treatment, aiming to mimic physiological insulin secretion
[3]. Advancements in insulin analogs and delivery systems have enhanced
glycemic management. For T2DM, a multifaceted approach is employed,
including lifestyle modifications and pharmacotherapy [30]. Pharmaceuticals,
including metformin, sulfonylureas, thiazolidinediones, DPP-4 inhibitors, GLP-
1 receptor agonists, and SGLT2 inhibitors, address multiple facets of glucose
metabolism, encompassing insulin sensitivity, insulin secretion, and renal
glucose reabsorption [31]. Individualized treatment plans are formulated
based on patient-specific factors to achieve optimal glycemic control and
reduce the risk of complications.

Current Pharmacological Interventions
Insulin Therapy

The association of insulin and glucose is illustrated in Figure 3. Insulin
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Figure 3: Mechanism of the Insulin-Glucose System. An increase in blood glucose levels above normal triggers the pancreas to secrete insulin, which performs
two key functions. First, insulin binds to its receptors, facilitating the entry of plasma glucose into tissues, thereby lowering blood glucose levels. Second, insulin
stimulates the conversion of excess glucose into glycogen for storage. (This Figure was created based on the concept from a reported study [39] using Microsoft® Word

for Mac, Version 16.89.1.)

therapy remains a cornerstone in the management of DM, with significant
advancements enhancing its efficacy and patient adherence [32]. Recent
developments in insulin formulations have led to the creation of ultra-long-
acting analogs, such as insulin degludec, which provide a stable basal insulin
level with reduced dosing frequency [33]. Additionally, rapid-acting analogs,
including faster aspart, offer improved postprandial glucose control by more
closely mimicking physiological insulin secretion [30].

Innovations in insulin delivery systems have further improved diabetes
management. Insulin pens have simplified administration, enhancing
dosing accuracy and convenience [34]. Insulin pumps allow for continuous
subcutaneous insulin infusion, providing flexibility in basal and bolus dosing
[35]. The advent of closed-loop systems, or artificial pancreas devices, integrates
continuous glucose monitoring with automated insulin delivery, maintaining
glucose levels within target ranges with minimal patient intervention [36].

Despite these advancements, challenges persist in insulin therapy.
Hypoglycemia remains a significant concern, particularly with intensive insulin
regimens aimed at tight glycemic control [37]. Weight gain is another common
adverse effect, potentially exacerbating insulin resistance and complicating
diabetes management [38]. Patient adherence is influenced by factors such
as the complexity of insulin regimens, fear of injections, and the psychological
burden of chronic disease management [38]. Addressing these challenges
requires a comprehensive approach, including patient education, individualized
therapy plans, and ongoing support to optimize treatment outcomes. Figure 3
illustrates the process of insulin and glucose interaction [39].

Oral Antidiabetic Drugs (OADs)

Oral antidiabetic drugs (OADs) play a pivotal role in managing T2DM, with
various classes targeting distinct pathophysiological aspects of the disease
[40].

Sulfonylureas, such as glipizide and glyburide, function by stimulating
pancreatic B-cells to release insulin [41]. They accomplish this by binding to
sulfonylurea receptors on B-cells, resulting in the closure of ATP-sensitive
potassium channels, membrane depolarization, and subsequent insulin
release [42]. Sulfonylureas are clinically effective in lowering blood glucose
levels; however, their use carries a risk of hypoglycemia and weight gain.
Moreover, some studies have indicated a heightened risk of adverse
cardiovascular outcomes associated with sulfonylurea medication [43].

Metformin, a biguanide, primarily decreases hepatic gluconeogenesis and
enhances insulin sensitivity in peripheral tissues. It activates AMP-activated
protein kinase (AMPK), leading to reduced glucose production in the liver.
Metformin is widely considered the optimal first-line therapy for patients with
T2DM due to its efficacy, low risk of hypoglycemia, and potential cardiovascular

benefits [44].

Sodium-glucose cotransporter-2 (SGLT2) inhibitors, including empagliflozin
and canagliflozin, reduce blood glucose levels by inhibiting renal glucose
reabsorption and promoting glycosuria [45]. Beyond glycemic control, SGLT2
inhibitors demonstrate significant cardiovascular and renal benefits. They have
shown effectiveness in reducing the risk of hospitalization for heart failure and
in slowing the progression of chronic kidney disease in individuals with type 2
diabetes mellitus [46].

Dipeptidyl peptidase-4 (DPP-4) inhibitors, like sitagliptin and saxagliptin,
enhance the incretin system by inhibiting the DPP-4 enzyme, which degrades
incretin hormones like glucagon-like peptide-1 (GLP-1) [47]. This inhibition
leads to increased levels of active incretins, which stimulate glucose-dependent
insulin secretion and reduce glucagon release, thereby improving glycemic
control [48].

Thiazolidinediones (TZDs), such as pioglitazone, improve insulin sensitivity in
peripheral tissues through the activation of peroxisome proliferator-activated
receptor-gamma (PPAR-y) [49]. They can reduce Alc by 0.5-1.4%. Although
effective, TZDs are associated with weight gain and have been linked to
adverse effects, including fluid retention and an increased risk of heart failure.

Agents like acarbose inhibit intestinal enzymes responsible for carbohydrate
digestion, thereby slowing glucose absorption [50]. Common side effects
include gastrointestinal disturbances such as flatulence and diarrhea [20].

The choice of suitable OADs must be tailored to individual patient
characteristics, encompassing efficacy, adverse effect profiles, comorbidities,
and patient preferences. Combining medications with complementary
mechanisms of action can improve glycemic control while minimizing
unwanted effects. Current research is enhancing the therapeutic approaches
for the management of T2DM using OADs.

Limitations of the of the Oral Antidiabetic Agents

OADs are fundamental in managing T2DM, yet they present certain limitations
concerning efficacy, disease progression, and B-cell function [51]. Initially,
OADs can effectively lower blood glucose levels; however, their efficacy often
diminishes over time due to the progressive decline in pancreatic B-cell
function inherent in T2DM [52]. This deterioration leads to reduced insulin
secretion, necessitating the addition of other medications or insulin therapy
to maintain glycemic control [53]. Persistent hyperglycemia, even during OAD
therapy, increases the risk of microvascular and macrovascular complications,
including retinopathy, nephropathy, neuropathy, and cardiovascular diseases
[54]. Moreover, many OADs do not address the continuous decline in B-cell
function; for instance, while sulfonylureas stimulate insulin secretion, they
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may contribute to B-cell exhaustion over time, potentially accelerating p-cell
failure [55]. Side effects associated with OADs, such as hypoglycemia with
sulfonylureas or gastrointestinal issues with metformin, can also affect patient
adherence, leading to suboptimal glycemic control and further exacerbating
disease progression and complication risks [56]. Therefore, while OADs
are essential in T2DM management, their limitations necessitate ongoing
monitoring and potential adjustments in therapeutic strategies to address
disease progression, prevent complications, and preserve B-cell function.

Injectable Non-Insulin Therapies

Injectable non-insulin pharmacotherapies have significantly enhanced the
management of T2DM, particularly with the introduction of GLP-1 receptor
agonists and innovative dual agonists that simultaneously target glucose-
dependent insulinotropic polypeptide (GIP) and GLP-1 receptors [57].

GLP-1 receptor agonists, such as semaglutide and liraglutide, mimic the incretin
hormone GLP-1, enhancing glucose-dependent insulin secretion, suppressing
glucagon release, and prolonging gastric emptying [58]. These mechanisms
enhance glycemic regulation and facilitate significant weight loss. In addition to
metabolic effects, GLP-1 receptor agonists have shown cardiovascular benefits.
Clinical trials have demonstrated a reduction in major adverse cardiovascular
events (MACE), including myocardial infarction and stroke, among individuals
receiving these medications [59]. The cardiovascular protective effects are
believed to be mediated by multiple mechanisms, including improvements
in endothelial function, reductions in blood pressure, and anti-inflammatory
actions [59].

Emerging therapies, such as tirzepatide, act as dual agonists for both GIP and
GLP-1 receptors [60]. Tirzepatide has demonstrated greater efficacy in glycemic
regulation and weight loss than selective GLP-1 receptor agonists. Dual
agonism augments insulin secretion and sensitivity, concurrently fostering
satiety, resulting in substantial weight reduction [61]. Clinical studies have
indicated that tirzepatide achieves glucose levels akin to diabetes remission
and substantial weight reduction, positioning it as a promising therapeutic
option for T2DM and obesity management [62].

Pramlintide is an amylin analog used as an adjunct therapy in T2DM [63].
It modulates postprandial glucose levels by slowing gastric emptying,
suppressing glucagon secretion, and promoting satiety [64]. While effective
in improving postprandial glucose control, pramlintide requires multiple
daily injections and careful patient selection due to the risk of hypoglycemia,
particularly when used with insulin [64].

In summary, injectable non-insulin therapies, particularly GLP-1 RAs, have
expanded the therapeutic options for T2DM management, offering benefits
in glycemic control and weight reduction. Ongoing research and development
continue to enhance their efficacy and safety profiles, providing promising
avenues for comprehensive diabetes care.

Limitations of the of the injectable No-insulin therapies

Injectable non-insulin therapies, such as GLP-1 RAs and amylin analogs,
play a significant role in managing T2DM. However, their use is associated
with several limitations. Common adverse effects include gastrointestinal
disturbances like nausea, vomiting, and diarrhea, which can affect patient
adherence to treatment [65]. Additionally, injection site reactions, such as pain,
redness, and swelling, may occur, particularly with once-weekly formulations
[66]. There are also concerns regarding potential kidney damage associated

with GLP-1 RAs, necessitating caution in patients with pre-existing renal
impairment [67]. Moreover, the cost of these therapies is generally higher
compared to insulin, posing financial challenges for patients and healthcare
systems. Furthermore, initiating injectable therapies can be time-consuming
for healthcare providers and may require comprehensive patient education
to ensure proper administration and adherence. These factors collectively
highlight the need for individualized patient assessment when considering
injectable non-insulin therapies for diabetes management.

Emerging Therapies

Amylin analogs and other innovative drugs are emerging as prospective
therapeutic alternatives for the treatment of numerous conditions, including
diabetes and obesity [68]. Amylin, a hormone co-secreted with insulin by
the pancreas, is essential in regulating glucose metabolism by delaying
gastric emptying, enhancing satiety, and suppressing glucagon release [64].
Amylin analogs, such as pramlintide, mimic these actions and have been
used as adjunct therapies to insulin in managing type 1 and type 2 diabetes
[69]. Research into other novel agents focuses on targeting new molecular
pathways that modulate insulin resistance, glucose homeostasis, and
metabolic processes [70]. For instance, drugs that target the GLP-1 receptor,
GIP receptor, or inhibit DPP-4 are being explored for their potential to improve
glycemic control while offering weight-loss benefits [71]. Table 1 provides a
comprehensive list of emerging therapies.

Pharmacological Interventions and Complication Prevention

Pharmacological therapies are essential in reducing microvascular and
macrovascular complications in individuals with chronic diseases like diabetes
[78]. Microvascular complications, such as nephropathy, retinopathy, and
neuropathy, are significant contributors to morbidity and mortality, and
appropriate pharmacotherapy can substantially mitigate the risk of these
complications [79]. Medications such as angiotensin-converting enzyme
(ACE) inhibitors, angiotensin receptor blockers (ARBs), and SGLT2 inhibitors
have proven effective in preventing diabetic nephropathy by reducing
blood pressure and mitigating glomerular hyperfiltration [80]. For diabetic
retinopathy and neuropathy, interventions that control blood glucose levels
and improve vascular health are essential, with clinical studies showing
that tight glycemic control can delay or reduce the progression of these
complications [81]. Therapies aimed at cardiovascular risk factors, including
statins, antihypertensives, and novel medications like GLP-1 receptor agonists
and SGLT2 inhibitors, have demonstrated efficacy in reducing the incidence
of atherosclerosis, myocardial infarction, and stroke regarding macrovascular
outcomes. Significant clinical trials have provided substantial data about
the benefits of these medications in improving cardiovascular outcomes for
individuals with type 2 diabetes [82]. The EMPA-REG OUTCOME trial indicated
that the SGLT2 inhibitor empagliflozin dramatically reduced the risk of major
cardiovascular events and the progression of renal disease [83]. Likewise,
LEADER and DECLARE-TIMI 58 emphasized the cardiovascular protective
benefits of GLP-1 receptor agonists and SGLT2 inhibitors, respectively,
underscoring their significance for both glycemic regulation and overall
vascular health [84].

These findings highlight the essential significance of pharmacological therapies
in mitigating both microvascular and macrovascular complications, thereby
enhancing long-term outcomes for patients with diabetes and other metabolic
disorders. The relevant clinical trials are listed below in Table 2.

Table 1. Emerging therapies in diabetes treatment.

Therapy
Gene Therapy [72]

Description

Stem Cell Therapy [73]

Immunotherapy [74]

onset.
Artificial Pancreas Systems [75]

function.
Cell Encapsulation [76]

Dual- and Triple-Agonist
Therapies [77]

Nanotechnology-Based
Delivery Systems [57]

Involves modifying or correcting specific genes responsible for insulin
production or glucose metabolism to restore normal function

Utilizes stem cells to generate insulin-producing B-cells, aiming to
replace damaged or dysfunctional pancreatic cells.

Targets the autoimmune response in type 1 diabetes to preserve
or restore B-cell function, potentially delaying or preventing disease

Combines continuous glucose monitoring with insulin delivery
systems to automate blood sugar regulation, mimicking pancreatic

Encapsulates insulin-producing cells in a protective barrier, allowing
insulin release while preventing immune system attacks.

Develops drugs that simultaneously activate multiple hormonal
pathways (e.g., GLP-1, GIP, glucagon receptors) to improve glucose
control and promote weight loss.

Employs nanoparticles to deliver insulin or other therapeutic agents
more effectively, enhancing absorption and reducing side effects.

Current Status

Early-stage research; clinical trials are ongoing to
assess safety and efficacy.

Clinical trials are underway; some patients have shown
insulin independence post-treatment.

FDA-approved therapies like teplizumab have shown
promise in delaying type 1 diabetes progression.

Several systems have received FDA approval and are
in use, with ongoing improvements in algorithms and
user interfaces.

Preclinical and early clinical trials are assessing the
long-term viability and functionality of encapsulated
cells.

Some agents are in late-stage clinical trials, showing
promising results in glycemic control and weight
reduction.

Experimental stage; research is focused on optimizing
delivery mechanisms and ensuring safety.
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Trial Name

DCCT (Diabetes Control and
Complications Trial) (1993) [85]

UKPDS (United Kingdom
Prospective Diabetes Study) (1998)
[86]

ACCORD (Action to Control
Cardiovascular Risk in Diabetes)
(2008)[87]

ADVANCE (Action in Diabetes and
Vascular Disease) (2008) [88]

VADT (Veterans Affairs Diabetes
Trial) (2009) [88]

EMPA-REG OUTCOME (2015) [83]

LEADER (Liraglutide Effect and
Action in Diabetes: Evaluation of
Cardiovascular Outcome Results)
(2016) [89]

CREDENCE (Canagliflozin and
Renal Events in Diabetes with
Established Nephropathy Clinical
Evaluation) (2019) [90]

DAPA-HF (Dapagliflozin and
Prevention of Adverse Outcomes
in Heart Failure) (2019) [91]

SONAR trial (Study of Diabetic
Nephropathy with Atrasentan)
(2019) [92]

The SURPASS-5 Randomized
Clinical Trial (2022) [93]

Pharmacoeconomics and Accessibility

Pharmacoeconomics is essential in evaluating the cost-effectiveness of
newer pharmacological agents, especially in managing chronic conditions like
diabetes, cardiovascular diseases, and obesity [94]. While these novel therapies,
such as SGLT2 inhibitors, GLP-1 receptor agonists, and newer amylin analogs,
have demonstrated significant clinical benefits, their high costs often present

Table 2. Summary of Key Clinical Trials in Diabetes Management.

Population

Type 1 Diabetes (1,441
participants)

Drug/Intervention

Intensive insulin therapy vs.
conventional

Newly diagnosed Type
2 Diabetes (5,102
participants)

Sulfonylureas, insulin, or
metformin

Type 2 Diabetes with
elevated cardiovascular
risk (10,251
participants)

Intensive glycemic control (A1C
<6%) vs. standard control (A1C
7-7.9%)

Type 2 Diabetes (11,140
participants)

Intensive vs. standard glycemic
control

Type 2 Diabetes with
long duration (1,791
participants)

Intensive vs. standard glycemic
control

Type 2 Diabetes with
cardiovascular risk
(7,020 participants)

Empagliflozin (SGLT2 inhibitor)
vs. placebo

Type 2 Diabetes with
cardiovascular risk
(9,340 participants)

Liraglutide (GLP-1 receptor
agonist) vs. placebo

Type 2 Diabetes with
kidney disease (4,401
participants)

Canagliflozin (SGLT2 inhibitor) vs.
placebo

Type 2 Diabetes and
heart failure (4,744
participants)

Dapagliflozin (SGLT2 inhibitor) vs.
placebo

Patients with type 2
diabetes (T2DM) and
chronic kidney disease
(CKD)

Atrasentan (0.75 mg/day)

Adults with type 2 Tirzepatide (5 mg, 10 mg, or 15
diabetes who were mg once weekly) compared to
inadequately controlled placebo.

on basal insulin therapy

(with or without

metformin).

Outcome

Improved glycemic
control (A1C ~7% vs.
~9%)

Improved glycemic
control with A1C
reduction

No significant reduction
in cardiovascular events.

Reduction in
microvascular
complications

Modest reduction in A1C
(1.5% difference)

Reduced A1C by ~0.7%.
Lowered cardiovascular
death by 38%.

Reduced A1C by ~1%.
Lowered cardiovascular
death by 22%.

Reduced progression
of kidney disease and
cardiovascular events.

Reduced heart failure
hospitalizations and
mortality.

Atrasentan reduced

the risk of the primary
composite renal
endpoint by 35% (HR
0.65; 95% Cl, 0.49-0.88;
p=0.0047) compared to
placebo. However, no
significant cardiovascular
benefit was observed.

HbA1c reduction: Up to
2.1% with tirzepatide
15 mg vs. 0.9% with
placebo.

Impact on Complications

Decreased microvascular
consequences (retinopathy,
nephropathy, neuropathy).
The extended follow-up (EDIC)
demonstrated a decrease in
macrovascular problems.

Reduced microvascular
complications. Metformin group
showed reduced cardiovascular
events in overweight patients.

Increased all-cause mortality in the
intensive group. Raised concerns
about over-aggressive glycemic
control in high-risk patients.
Emphasized individualized therapy.

No substantial decrease in
macrovascular events or mortality;
nevertheless, safer glycemic
management techniques were
highlighted.

No significant impact on
cardiovascular events or mortality.
Benefit in microvascular outcomes
observed.

Demonstrated significant
cardiovascular and renal protective
effects, setting the stage for SGLT2
inhibitors as a preferred therapy in
high-risk patients.

Highlighted GLP-1 receptor
agonists’ role in reducing
cardiovascular and renal
complications while providing
glycemic control.

The study found a 30% reduction
in the primary composite outcome
(end-stage kidney disease, doubling
of serum creatinine, renal death,
or cardiovascular death) and a 32%
lower risk of progression to end-
stage kidney disease. Canagliflozin
also reduced major cardiovascular
events by 20% and hospitalization
for heart failure by 39%, while
slowing the decline in kidney
function. .

Established SGLT2 inhibitors as a
treatment for heart failure with
or without diabetes, showcasing
pleiotropic benefits.

Atrasentan was effective in
slowing CKD progression but had
a higher risk of fluid retention

and heart failure events. This
limited its widespread adoption
despite its renal benefits. The trial
demonstrated the potential role of
endothelin receptor antagonists in
diabetic nephropathy, but safety
concerns remained.

Tirzepatide has shown potential
benefits for kidney health, which
is critical for preventing or slowing
the progression of diabetic
nephropathy.

challenges to widespread adoption. In low- and middle-income countries

(LMICs), the affordability and availability of these medications are particularly

concerning, as healthcare systems may lack the resources to support their
inclusion in national formularies [95]. For instance, a study published in The
Lancet Diabetes & Endocrinology estimated price targets for newer antidiabetic
drugs to facilitate their inclusion in LMICs' essential medicines lists, highlighting
the need for strategic pricing to enhance access [95].
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Table 3. Effect of Antidiabetic Drugs on Diabetes-Related Complications.

Drug/Class
Metformin

Complication
Cardiovascular events

Cancer

Weight gain
Sulfonylureas Hypoglycemia

Cardiovascular events

Insulin

Hypoglycemia
therapy.

SGLT2 Inhibitors Cardiovascular events

Renal complications

Weight reduction

GLP-1 Receptor Agonists Cardiovascular events

Weight reduction

DPP-4 Inhibitors Cardiovascular events

Hypoglycemia

Thiazolidinedione’s (TZDs) Cardiovascular events

Engaging in negotiations with pharmaceutical companies to secure lower
prices and implementing tiered pricing models can make medications more
affordable in LMICs [96]. This approach involves setting prices based on
the economic status of the country, ensuring that essential medicines are
accessible without compromising the sustainability of healthcare systems [97].

Encouraging the production of generic versions of expensive medications can
significantly reduce costs [97]. Licensing agreements, such as those between
Gilead Sciences and generic manufacturers, enable the production of more
affordable versions of drugs like lenacapavir, facilitating access in LMICs [98].

Enhancing health systems through investment in infrastructure, personnel
training, and supply chain management can optimize healthcare delivery,
decrease total treatment costs, and elevate the quality of care [99]. By
implementing these strategies, LMICs can enhance the affordability and
availability of newer pharmacological agents, ensuring that patients benefit
from the latest advancements in medical science without undue financial
burden.

Challenges and Limitations

Managing chronic conditions such as diabetes involves complex treatment
regimens that can lead to adherence challenges and potential adverse effects
[100]. Potential complications related to antidiabetic medications, their
effectiveness during treatment, and clinical trial evidence for these medications
arelisted in Table 3. Patients often face difficulties with multifaceted medication
schedules, which can overwhelm them and result in non-adherence [101].
Additionally, side effects like nausea, fatigue, and hypoglycemia can further
discourage consistent medication use [102]. The risk of hypoglycemia and
other adverse effects remains a critical concern, especially with certain
antidiabetic medications [103]. Episodes of low blood sugar can be dangerous
and may lead to severe complications if not promptly addressed. Therefore,
careful monitoring and patient education are essential to mitigate these
risks. There are also knowledge gaps regarding the long-term effects of novel
therapies. Although several pharmaceuticals have demonstrated potential in
clinical trials, comprehensive data on their prolonged use is limited. Ongoing
research and post-marketing surveillance are necessary to fully understand
their long-term safety and efficacy profiles.

Role of the Pharmacist

Pharmacists play a pivotal role in enhancing medication adherence and

Effectiveness

Potential protective effect against
certain cancers.

Neutral or slight weight reduction.
Increased risk of hypoglycemia.

Neutral to slightly increased risk in
some studies.

Low risk of hypoglycemia.

Increased risk of heart failure but
reduced stroke.

Key Evidence/Trials

Reduced myocardial infarction (MI) |UKPDS: Demonstrated reduced macro vascular
risk in overweight patients.

events in newly diagnosed overweight Type 2 diabetes
patients.

Observational studies suggest reduced cancer
incidence in metformin users.

Widely documented in clinical practice and trials.
Observed in multiple clinical studies, particularly in
elderly patients or those with renal impairment.
ACCORD and ADVANCE showed no clear
cardiovascular benefit, with safety concerns in high-
risk populations.

Microvascular complications Significant reduction in retinopathy ' DCCT: Intensive insulin therapy reduced microvascular
and nephropathy.

High risk, especially with intensive

complications in Type 1 diabetes.
DCCT, UKPDS, and other studies.

Significant reduction in heart failure EMPA-REG OUTCOME, CANVAS, and DECLARE-TIMI 58
and CV death.

Reduced progression of diabetic
kidney disease.

Modest weight loss was observed.

Reduced major adverse
cardiovascular events (MACE).

Significant weight loss.

Microvascular complications Evidence of reduced nephropathy
progression.

Neutral effect on cardiovascular
outcomes.

trials demonstrated cardiovascular protection.

CREDENCE: Highlighted significant Reno protective
effects.

EMPA-REG OUTCOME and related studies.

LEADER, SUSTAIN-6, and REWIND trials showed
reduced CV death and stroke risk.

Consistent finding across GLP-1 RA trials.
LEADER trial showed a renal benefit.

TECOS, SAVOR-TIMI 53, and EXAMINE trials showed no
increased risk but no significant CV benefit.

Observed in multiple trials due to glucose-dependent
mechanism of action.

PROactive: Demonstrated reduced stroke risk but
increased heart failure risk.

optimizing patient outcomes [104]. They can provide patient education,
counsel on proper medication use, and collaborate with healthcare teams
to ensure effective treatment plans. Pharmacist-led interventions have been
shown to improve medication refills, glycemic control, and overall adherence
[105]. Pharmacists are integral to improving medication adherence and
patient education. Subsequent research and policy initiatives must focus on
addressing these issues, improving the accessibility and efficacy of treatments,
and utilizing novel technologies to elevate patient care.

Future Direction

The future of diabetes pharmacotherapy lies in personalized medicine,
where treatments are optimized based on patient-specific factors, including
genetic profiles, comorbid conditions, and risk of complications. Additionally,
the integration of digital health technologies offers promising avenues
for monitoring and managing diabetes, enabling more precise and timely
interventions. As research continues to evolve, the focus should remain
on developing novel therapeutic options that address the unmet needs of
diabetic patients, particularly those at high risk for cardiovascular and renal
complications. Precision medicine enables the customization of therapeutics
according to individual genetic and phenotypic characteristics, resulting
in more personalized and efficacious treatments [106]. Advances in drug
delivery systems, such as nanotechnology and oral insulin formulations, aim
to enhance patient compliance and therapeutic outcomes [107]. Combination
therapies targeting multiple pathways may address comorbid conditions more
effectively. Additionally, the integration of artificial intelligence in personalizing
pharmacotherapy could revolutionize treatment approaches, making them
more precise and patient-specific.

Conclusion

Pharmacological therapies are essential in managing diabetes mellitus, as
they play a critical role in optimizing glycemic control to prevent and mitigate
both microvascular and macrovascular complications. The development of
newer drug classes has significantly enhanced therapeutic outcomes, offering
additional benefits beyond glycemic control, including cardiovascular and
renal protection. While traditional therapies like metformin, sulfonylureas, and
insulin continue to play a fundamental role in diabetes management, their use
must be carefully tailored to minimize risks such as hypoglycemia and weight
gain. Landmark clinical trials have provided a wealth of evidence supporting
the efficacy of these agents in improving long-term patient outcomes,
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highlighting the importance of individualized treatment strategies. As research
continues to evolve, the focus should remain on developing novel therapeutic
options that address the unmet needs of diabetic patients, particularly those
at high risk for cardiovascular and renal complications. By leveraging existing
breakthroughs and promoting innovation, we can enhance the quality of life
for individuals with diabetes and mitigate the worldwide impact of this chronic
condition.
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