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ABSTRACT

Diabetes mellitus is a metabolic disorder,
characterized by elevated blood sugar levels
(hyperglycemia) and insulin dysregulation.
This disease is associated with morbidity and
mortality, including significant potential
vascular complications. High levels of
hyperglycemia lead to not only elevated
levels of reactive oxygen species but also
advanced glycation end products, which are
detrimental to the vascular endothelium
and reduce protective compounds such as
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nitric oxide and prostacyclin. This damage
contributes to the development of both
macrovascular and microvascular complications.
The present investigation explores the
pathophysiological mechanisms of diabetic
vascular complications and evaluates current
management strategies, including lifestyle
modifications, pharmacological treatments,
and emerging therapies. The review underscores
the importance of ongoing progress in diabetes
management and patient education to lead to
optimal patient-health outcomes and quality of
life for individuals with diabetes mellitus.
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Key Summary Points

Diabetes mellitus is a metabolic disorder,
characterized by elevated blood sugar levels
(hyperglycemia) and insulin dysregulation.

Advancements in diabetes mellitus
management and education are essential for
leading to optimal patient outcomes and

a better quality of life for individuals with
highly prevalent systematic diseases.
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The present investigation explores the
pathophysiological mechanisms of diabetic
vascular complications and evaluates current
management strategies, including lifestyle
modifications, pharmacological treatments,
and emerging therapies.

INTRODUCTION

Worldwide, diabetes mellitus is a chronic disease
characterized by dysregulation of glucose
metabolism and hyperglycemia. Type 1 diabetes
mellitus is associated with insufficient insulin
secretion in youths, while type 2 diabetes
mellitus (T2DM), the focus of the present
investigation, is often associated with insulin
resistance in middle-aged and older adults.
The combination of genetics, poor diet, and
sedentary lifestyle are often the source of the
development of T2DM [1].

Consequently, atherosclerosis from diabetes
mellitus is one of the biggest contributors to
early mortality and a multitude of morbidities
[2]. Complications related to the vascular origin
of T2DM come from being in a state of chronic
hyperglycemia, which leads to enhanced levels
of reactive oxygen species (ROS), enhanced
levels of advanced glycosylation end products
(AGE), and decreased levels of nitric oxide
(NO) [3]. Furthermore, diabetic cardiovascular
damage can be categorized as macrovascular
complications, which include coronary artery
disease, cerebrovascular disease, and peripheral
vascular disease. Likewise, microvascular
complications include retinopathy,
nephropathy, and neuropathy [4]. It should
be emphasized that diabetic retinopathy is one
of the, if not most, leading cases of blindness
among adults in their working age, and having
diabetes is one of the strongest predictors of
chronic kidney disease in the United States [5,
6]. Additionally, patients with diabetes mellitus
have a 30 times higher risk of having an
amputation in their lives compared to patients
without diabetes [7]. Despite these morbidities
and increased mortality, the prevalence of

diabetes mellitus has only been rising in the
United States [8].

In 2021, the Centers for Disease Control
and Prevention (CDC) estimated that 11.6%
of the United States population had diabetes
mellitus, which totaled 38.4 million people
[9]. In terms of global data, the prevalence of
diabetes mellitus was estimated at 10.5%, and
it is predicted that this number will increase to
12.5% over the next two decades. This means
that, by 2045, there will be over half a billion
people suffering from diabetes mellitus in the
world [10]. As for the financial aspects, the
economic burden of diabetes in the United
States totaled about US$412.9 billion in the
year 2022. Likewise, patients with diabetes
mellitus have a total medical expenditure
that is 2.6 times higher than patients without
diabetes [11]. The total prevalence and cost
of diabetes mellitus are astounding, and it
demands an urgent need for developing more
efficient management of the disease. Fixing
the problem of diabetes mellitus in the overall
community begins with preventative measures
by identifying risk factors.

Racial differences present as a concerning
risk factor in developing T2DM, for the
prevalence in different races present as
Hispanic/Latino (12.5%), Black (11.7%),
and Asian (9.2%) compared to white (7.5%)
[9]. These variations in the prevalence of
diabetes mellitus can be linked to additional
risk factors such as physical environment,
socioeconomic status, food availability,
genetics, and behavior [12-14]. Many of these
risk factors extend beyond the scope of what
healthcare and medicine can directly affect,
but early screenings and patient education for
populations at higher risk will allow for earlier
detection and improved outcomes [13].

In the search for new therapeutics and
management protocols for diabetes mellitus, it
is vital to understand the pathophysiological
mechanisms of the disease through its effects
on the vasculature system. In this study, we
examine the detrimental impacts of diabetes on
blood vessels and investigate different strategies
to counteract these effects.

This article is based on previously conducted
studies and does not contain any new studies
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with human participants or animals performed
by any of the authors.

MECHANISM OF VASCULAR
ENDOTHELIAL DAMAGE

Diabetes mellitus is a complex disease with vari-
ous forms, primarily classified as type 1 diabetes
(e.g., insulin-dependent) and T2DM (e.g., non-
insulin-dependent). The International Diabetes
Federation projects that, by 2045, one in eight
adults will have diabetes mellitus, with more
than 90% of these cases expected to be T2DM
[10].

Diabetes mellitus disrupts endothelial func-
tion and metabolism, affecting various organs in
the body. These disruptions primarily result from
hyperglycemia and accumulate gradually over
time. The vascular endothelium releases sub-
stances that promote vasodilation, such as pros-
tacyclin 12, endothelium-derived hyperpolarizing
factor, and NO, as well as vasoconstrictors like
angiotensin II, thromboxane A2, and endothe-
lin-1 [15]. In doing so, the endothelium plays a
pivotal role in maintaining vascular health by
coordinating a balance between vasodilation
and vasoconstriction, prevention of blood clots,
reducing inflammation, combating oxidation,
and managing muscle cell growth [16].

When the endothelium becomes damaged,
it can no longer maintain vascular homeosta-
sis, leading to the onset of disease. Endothelial
dysfunction is characterized by increased inacti-
vation of NO and/or decreased NO production
from the endothelium itself [17]. Diabetes is one
of the many conditions that stem from the dys-
function of endothelial cells [18].

Persistent elevations in blood glucose levels
create an environment conducive to oxidative
stress and inflammation, which are the primary
drivers of diabetes-associated complications.
Oxidative stress is defined as a disparity between
the ROS production and the anti-oxidant
protection provided by the body, resulting in an
accumulation of ROS that causes tissue damage
all over. ROS can be described as small oxygen-
derived molecules which possess at least one

unpaired electron, enhancing their reactivity
[19]. Examples of such include superoxide,
hydroxyl, and hydrogen peroxide. These play
significant roles regarding cell proliferation,
differentiation, apoptosis, and necrosis.
Low to intermediate levels maintain normal
physiological functions and homeostasis, while
excessive amounts are what are responsible
for cell damage and dysfunction due to the
activation of pro-inflammatory cytokines,
resulting in subsequent inflammation that
further promotes the production of ROS.

Endothelial function and oxidative stress are
intertwined in their interaction [20]. Oxygen
radicals (O,--) have a high affinity for directly
neutralizing NO, reducing its availability.
Moreover, the direct interaction between NO
and O,-— generates peroxynitrite, which can
cause lipid peroxidation, protein tyrosine
nitration, DNA damage, and cell death [17].
Peroxynitrite oxidizes tetrahydrobiopterin
(BH4), a crucial cofactor for eNOS, into its
inactive state, leading to decreased BH4
levels. When there are inadequate levels of
BH4 available, eNOS uncouples to generate
O,- instead of NO. Thus, O,-— is linked to the
onset of endothelial dysfunction [17].

The pathways through which ROS production
is heightened include the polyol, hexosamine,
protein kinase C pathways, the nicotinamide ade-
nine dinucleotide phosphate (NADPH) oxidase
family, and the build-up of advanced glycation
end products (AGEs). Persistently elevated blood
sugar levels activate these pathways, thereby
increasing ROS production, which in turn con-
tributes to premature morbidity and mortality
[21]. As the disease process advances, the harm-
ful effect of prolonged hyperglycemia provokes
widespread organ damage, notably affecting the
vascular system. Various vascular complications
emerge, ranging from microvascular damage to
the kidneys and eyes to macrovascular issues
such as atherosclerosis and cardiovascular disease.
These complications disrupt the body’s normal
functioning, diminishing the quality of life in all
age groups [22].

A critical aspect of diabetic vascular com-
plications is the phenomenon of ‘'metabolic
memory,” which is defined as prior periods of
hyperglycemia leading to long-lasting cellular
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and molecular damage despite tight subsequent
glycemic control. This is primarily due to the
persistent accumulation of AGEs and ROS,
which continue to impair endothelial function
and exacerbate vascular complications even after
normalizing glucose levels [23].

METABOLIC MEMORY:
MECHANISMS AND IMPLICATIONS
FOR DIABETES MANAGEMENT

Metabolic memory refers to the long-term effects
of past periods of hyperglycemia on vascular
tissues, even after glycemic control is achieved
[24]. This phenomenon is primarily driven by
the accumulation of AGEs, ROS, and persistent
inflammation, which continue to damage the
vascular endothelium [25]. The persistence of
these molecular insults disrupts vascular repair
processes and contributes to the progression of
diabetes-related complications long after glucose
levels return to normal [2].

One of the significant consequences of
metabolic memory is altered reparative
potency [26]. Prolonged oxidative stress and
inflammation compromise the ability of
endothelial cells to repair damaged tissues,
reducing regenerative capacity in the vasculature
[27]. This impaired repair can contribute to
persistent endothelial dysfunction, which is
central to both microvascular and macrovascular
complications in diabetes [4].

Furthermore, metabolic memory exacerbates
insulin resistance by promoting chronic
activation of pro-inflammatory signaling
pathways, increasing the production of ROS, and
causing epigenetic changes that impair insulin
signaling. Even with improved glycemic control,
these molecular changes persist, perpetuating
insulin resistance and hindering the body’s
ability to manage glucose effectively [28].

Adipocyte dysfunction is another critical
aspect influenced by metabolic memory [29].
Prolonged hyperglycemia and oxidative stress
lead to chronic inflammation in adipose tissue,
altering the secretion of key adipokines, such as
adiponectin and resistin, which regulate insulin
sensitivity. This dysfunction further aggravates

insulin resistance, contributing to the metabolic
complications of diabetes [30].

Several antidiabetic drugs have shown promise
in mitigating the effects of metabolic memory.
For example, metformin has been shown to
reduce ROS production and improve endothelial
function, potentially enhancing reparative
potency and improving insulin sensitivity
[31]. Sodium-glucose co-transporter 2 (SGLT2)
inhibitors and glucagon-like peptide-1 (GLP-1)
agonists not only help control blood glucose
levels but also exhibit anti-inflammatory and
anti-oxidative effects, which can mitigate some
of the long-term consequences of metabolic
memory, including adipocyte dysfunction and
insulin resistance [32].

Moreover, thiazolidinediones (e.g.,
pioglitazone) activate peroxisome
proliferator-activated receptor (PPAR)-
gamma pathways, reducing inflammation and
improving endothelial repair. These agents may
help restore some reparative capacity while
also improving lipid metabolism and insulin
sensitivity, countering the effects of metabolic
memory on both vascular health and adipocyte
function [33].

MACRO AND MICROVASCULAR
COMPLICATIONS

Vascular complications are responsible for a
major portion of the health burden associated
with diabetes. They contribute to a multitude
of morbidities and mortalities across millions
of individuals [34]. Vascular complications
are currently stratified into two different
categories: macrovascular and microvascular.
Macrovascular complications occurring as a
result of atherosclerosis include many of the
common vascular diseases, such as coronary
artery disease (CAD), cerebrovascular disease
(CVD), and peripheral vascular disease (PVD)
[4]. Microvascular complications resulting from
the thickening of the basement membrane
include retinopathy, nephropathy, and
neuropathy [4, 35]. The impact of risk factors
is correlated with the individual risk factors.
Pertinent risk factors include elevated blood
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glucose, blood pressure, and cholesterol lipid
levels [4, 35, 36]. Related to increased stress, the
vascular endothelium experiences endothelial
dysfunction characterized by increased
inflammation and oxidative stress from reduced
NO biosynthesis, endothelial-mesenchymal
transition, senescence, and even cell death [4,
35, 36].

Hyperglycemia is the major systemic risk
factor for diabetic microvascular complications.
The duration of disease, the alteration of lipid
metabolism, higher age, obesity, hypertension,
and genetic factors also interplay in the vascular
compromise [4, 35-39]. Dysfunction of cellular
mechanisms like nonenzymatic glycation
and the formation of AGEs, production of
ROS, and multiple intracellular biochemical
pathways (endoplasmic reticulum stress, the
diacylglycerol-protein kinase C pathway,
Src homology region 2 domain-containing
phosphatase-1, Ras protein, and BK channel
synthesis) are also main contributors to vascular
complications [4, 35].

Hyperglycemia activates four main biochemi-
cal pathways which result in increased mitochon-
drial superoxide production, inhibiting glycolytic
enzyme glyceraldehyde 3 phosphate dehydroge-
nase, thereby diverting upstream substrates from
glycolysis and causing glucose overutilization.
This shunt causes increased conversion of dihy-
droxyacetone phosphate to diacylglycerol and
triose phosphates to methylglyoxal, the main
intracellular AGEs [4, 35]. AGEs can interact with
AGE receptors which promotes atherosclerotic
formation by increasing inflammatory signals
and upregulating inflammatory response ele-
ments. In addition, there is increased oxidative
stress due to intracellular hyperglycemia, which
accelerates the production of mitochondrial ROS
through the NADPH oxidase family (upregulated
in diabetic individuals) [4, 35]. This oxidative
and inflammatory stress is a major contributor
to endothelial dysfunction and is responsible for
microvascular complications.

Diabetic neuropathy refers to disorders of
the somatosensory or autonomic parts of the
peripheral system. Diabetic somatosensory
neuropathy is the most common cause of hos-
pital admissions and lower-limb amputations
among patients with diabetes. It is commonly

associated with autonomic involvement and has
a chronic and progressive course. Longer axons,
like ones on lower limbs, are more vulnerable
to nerve lesions induced by diabetes. The most
important contributing factors are poor gly-
cemic control, visceral obesity, diabetes dura-
tion, height, hypertension, age, and smoking
[4, 35]. Diagnosis is made through quantitative
bedside assessments and measurements, and
patients present with “positive” sensory symp-
toms like burning, stabbing, or shooting pain
[40]. On physical exam, physicians commonly
use monofilament testing, vibration perception
with a tuning fork, and temperature discrimina-
tion to assess the degree of sensory loss. Reflexes,
mainly the ankle reflex, may be diminished or
absent in patients with diabetic neuropathy [41].

There are also quantitative diagnostic tests,
such as nerve conduction studies, which are often
used to assess the speed of electrical conduction
in peripheral nerves. Slowed conduction is an
excellent indicator of diabetic neuropathy [42].
Electromyography can help evaluate the level of
nerve damage and differentiate between different
types of neuropathy [43]. In patients with sus-
pected autonomic neuropathy, heart rate vari-
ability tests, blood pressure response to posture
changes, and sweat function tests can provide
valuable diagnostic information. Treatment is
typically guided through lifestyle modifications
and pharmacology aimed toward near-normogly-
cemic patients [44].

Diabetic nephropathy can be looked at as
one of the primary causes of cases of chronic
kidney disease worldwide. Its diagnosis is made
through clinical investigation of worsening
renal function and albuminuria [4, 35, 36, 45].
If not treated early, patients can progress to end-
stage renal disease. It has also been reported that
diabetic nephropathy can potentially exacerbate
hypoglycemia due to reduced glucose produc-
tion, excretion of antidiabetic drugs, and lower-
ing overall food intake.

Diabetic retinopathy is one of the main causes
of blindness and moderate visual impairment
in adults worldwide [5]. Microaneurysm and
microhemorrhages caused by capillary occlu-
sion and increased vessel permeability are com-
mon causes of diabetic retinopathy. Patients
present with “cotton-wool spots” that can be
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seen as white-grayish areas with blurred margins
[4, 35, 36, 45]. Diabetic retinopathy can lead to
two major complications linked to a high risk
of vision loss, which include: diabetic macular
edema (DME) and proliferative diabetic retin-
opathy (PDR). In DME, microvascular complica-
tions involve the macula (a portion of the retina
responsible for the vision of colors and details),
causing severe functional impairment. In PDR,
progressive retinal ischemia leads to the growth
of new vessels, which may extend into the vit-
reous and iris. This leads to intraocular hemor-
rhage, fibrovascular proliferation, and retinal
detachment [4, 35, 36, 45]. The most important
contributing risk factors for all microvascular
complications are poor glycemic control, visceral
obesity, diabetes duration, height, hypertension,
age, and smoking [4, 35-39, 45, 46].

CAD, peripheral artery disease (PAD), and CVD
are increased 2—4-fold in patients with diabetes
[37, 45]. The mortality with each disease is much
worse in patients with diabetes. The hypergly-
cemic environment and the insulin resistance
environment in patients with diabetes increase
pro-atherogenic conditions by allowing plaque
build-up and altering vascular tone and perme-
ability [37, 45]. This allows inflammatory cells
to transmigrate and lipid accumulation in the
vessel wall. More than 60% of diabetes-related
deaths are due to cardiovascular disease. CAD is
characterized by reduced blood flow in the coro-
nary arteries, which is easily compromised due
to atherosclerotic plaque [37-39, 45, 46]. Patients
with diabetes commonly experience heart attacks,
otherwise known as myocardial infarctions (MI),
most presenting within the first 10 years of disease
status. PAD has a similar mechanism to coronary
artery disease; however, the disease status ditfers
in the anatomic location [37-39, 45, 46]. PAD is
denoted as the vessels affected other than coro-
nary or cerebrovascular vessels. Late signs of PAD
are seen with claudication and limb ischemia.
A common diabetes complication is the clini-
cal presentation of PAD, known as diabetic foot
[38, 39, 46]. The risks of amputation increase
almost four times. Amputation can be evaded
with timely and accurate intervention [38, 39,
46]. Cerebrovascular events are also due to ath-
erosclerotic buildup and thrombo-embolic events
associated with diabetes. Carotid disease, due to

atherosclerotic plaque rupture, is a major com-
plication in thrombo-embolic events leading to
stroke. In addition, the narrowing of the carotids
can reduce upstream blood flow to the Circle of
Willis, leading to debilitating complications [38,
39, 46]. The vessel stress of diabetes can also result
in aneurism rupture and hemorrhagic events,
which has a myriad affect based off the anatomic
location of the vascular compromise [38, 39, 46].

The concept of metabolic memory also plays
a significant role in the progression of micro-
vascular complications such as retinopathy and
nephropathy. Studies have shown that early
hyperglycemic events lead to sustained oxida-
tive stress and vascular inflammation, increasing
the risk of complications long after better glyce-
mic control is achieved. This highlights the need
for early and aggressive intervention in manag-
ing diabetes to mitigate these lasting effects [47].

MANAGEMENT AND TREATMENT
OPTIONS

Exercise
Aerobic Exercise and Resistance Training

Exercise is essential in both the prevention and
management of T2DM. Kirwan et al. showed
in their study that aerobic exercise (anything
from utilizing the Stairmaster, running outside
or on the treadmill, engaging in mixed martial
arts) had been shown to greatly improve levels
of glucose control, sensitize insulin levels, and
reduce causes of heart disease [48]. Furthermore,
he demonstrated in his study that even moderate
aerobic activity can significantly reduce glycated
hemoglobin (HbA1c) levels, a glucose control
marker over the long term [48]. Moreover,
aerobic exercise improves cardiovascular fitness,
which is crucial since individuals with diabetes
are at a higher risk for cardiovascular diseases.
Resistance training with weights also greatly
affects diabetes mellitus prevention and man-
agement. Resistance exercises, which include
weightlifting, body-weight exercises, and resist-
ance band workouts, help increase muscle mass.
Enhanced muscle mass improves the body’s
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ability to use glucose, reducing blood sugar lev-
els. Kirwan et al. note that resistance training
enhances insulin sensitivity by multiplying the
insulin receptors in muscle cells. Furthermore,
combining aerobic and resistance training pro-
vides synergistic benefits, resulting in more
effective glycemic control and overall metabolic
health. This combination of training improves
blood glucose levels, enhances lipid profiles, and
reduces blood pressure, addressing multiple risk
factors associated with diabetes [48].

As can be seen, exercise is a cornerstone of dia-
betes management, and additional studies have
also shown the above points. A meta-analysis
by Liu et al. [49] found that moderate-intensity
aerobic exercise significantly reduced HbAlc
levels in patients with T2DM by an average of
0.6% over a 12-week period. Francois and Lit-
tle [50] conducted a review demonstrating that
high-intensity interval training (HIIT) not only
improved glycemic control but also led to reduc-
tions in cardiovascular risk markers in patients
with diabetes. Colberg et al. [51], in their consen-
sus report for the American Diabetes Association
(ADA), recommend at least 150 min of moder-
ate-to-vigorous intensity aerobic activity per
week for adults with T2DM to improve glycemic
control and cardiovascular fitness. These studies
collectively reinforce the importance of exercise
in diabetes management, showing that regular
aerobic and resistance training improve glycemic
control, reduce insulin resistance, and enhance
cardiovascular outcomes. Moreover, incorporat-
ing a variety of exercise modalities ensures that
patients can achieve therapeutic benefits even
when time is limited.

High-Intensity Interval Training (HIIT)

HIIT is defined as high levels of energy-inducing
movement or exercise divided up into intervals
of time, separated by rest periods between
groups. HIIT not only improves skeletal muscle
oxidative capacity, glucose control, and insulin
sensitivity but effectively leads to higher levels
of fat loss over time [52]. The efficiency of
HIIT lies in its ability to provide significant
health benefits in a shorter duration compared
to traditional exercise routines. Studies have
shown that HIIT can significantly reduce HbAlc

levels and improve cardiovascular fitness in
individuals with diabetes, often with just a few
weekly sessions [49].

The metabolic benefits of HIIT are attributed
to its high intensity, which induces greater
muscle adaptations and efficiently increases the
body’s ability to utilize glucose. Additionally,
HIIT enhances mitochondrial function in muscle
cells, further improving insulin sensitivity and
glucose uptake [48]. This exercise modality is
advantageous for individuals with limited time
for exercise, as it offers substantial benefits in a
time-efficient manner [50].

Intensity and Frequency of Aerobic Exercise
for Therapeutic Effects

For aerobic exercise to provide therapeutic
benefits in managing diabetes mellitus and
its associated vascular complications, specific
guidelines regarding intensity and frequency
should be followed [51]. According to current
recommendations from the ADA and other
studies, the following guidelines are effective
in improving glycemic control, cardiovascular
health, and overall metabolic function [53].

Intensity Moderate-intensity aerobic exer-
cise is recommended for most individuals with
T2DM [54]. This typically involves activities that
raise the heart rate to 50-70% of the individ-
ual’s maximum heart rate (HRmax). Examples
include walking in a fast and brisk form, cycling,
or swimming [55]. Moderate-intensity activities
should allow a person to carry on a conversa-
tion, but not do activities such as performing
a speech, or even sing, during the activity [56].
For more advanced fitness levels, higher-inten-
sity aerobic activities, raising the heart rate to
70-85% of HRmax, can provide additional car-
diovascular and metabolic benefits [57].

Frequency To achieve therapeutic effects, it is
recommended that individuals engage in aero-
bic exercise at least 3-5 days per week, with a
minimum of 150 min of moderate-intensity aer-
obic activity spread throughout the week [58].
Ideally, exercise should be performed on most
days, with at most two consecutive days with-
out physical activity, as this can diminish the

A\ Adis



2666

Adv Ther (2025) 42:2659-2678

benefits of exercise on insulin sensitivity and
glycemic control [59].

Duration

Each session should last at least 30 min, but
benefits can be observed with as little as 10-min
bouts accumulated throughout the day to reach
150 min weekly. For those aiming for weight loss
or additional cardiovascular benefits, increasing
the duration to 300 min of moderate-intensity
weekly exercise may be beneficial [60].

Exercise Mediated Mechanisms

Exercise improves glucose metabolism
through various mechanisms. Yang et al. have
described that one of the most well-established
mechanisms is the increased expression and
translocation of GLUT4 proteins to the cell
membrane in skeletal muscle cells [61]. GLUT4
is a glucose transporter protein that facilitates
glucose uptake into cells, and its activity is
crucial for maintaining normal blood glucose
levels. Exercise triggers insulin-dependent and
insulin-independent pathways that enhance
GLUT4 translocation, improving glucose uptake
even in insulin-resistant conditions [61].

Moreover, exercise reduces systemic inflam-
mation, a key contributor to insulin resist-
ance. Chronic low-grade inflammation, often
observed in individuals with diabetes, impairs
insulin signaling pathways. Yang et al. discuss
how regular physical activity lowers levels of
pro-inflammatory cytokines, such as tumor
necrosis factor-alpha (TNF-a) and interleukin-6
(IL-6), and improves the anti-inflammatory
profile of adipose tissue [61]. This reduction in
inflammation enhances insulin sensitivity and
overall metabolic health. Additionally, exercise
boosts mitochondrial function and biogenesis in
muscle cells, increasing glucose and lipid oxida-
tion capacity, further supporting improved gly-
cemic control [61].

Dietary Changes

Mediterranean Diet

The Mediterranean diet is regarded worldwide
for its ability to effectively and efficiently
manage and prevent T2DM mellitus due to
its emphasis on a nutrient-rich profile that
promotes overall metabolic health [62]. This
diet integrates a high intake of fruits, vegetables,
whole grains, nuts, and olive oil, which are
fundamental in enhancing glycemic control and
insulin sensitivity [63]. Studies highlight that
the Mediterranean diet significantly improves
insulin sensitivity by moderating glycemic load,
thus reducing insulin demand and enhancing
lipid profiles through its rich mono-unsaturated
and omega-3 fatty acids content [64].

Adherence to this diet has been associated
with a great number of benefits in diabetes
management and prevention [65]. It has been
shown to lead to reductions in HbAlc levels, a
marker of long-term glucose management, and
to lower the incidence of cardiovascular diseases
commonly seen in patients with diabetes. The
Mediterranean diet’s effectiveness in reducing
blood glucose levels and HbAlc is particularly
significant, with reductions of 0.47% in HbAlc
being reported, which is notable compared to
other diets [66].

Moreover, the diet’s low-glycemic-index foods
slow down the absorption of sugar, avoiding
spikes in blood glucose levels, which is essential
for stable blood sugar management [67]. The
fiber-rich components also play a critical role
by reducing digestion speed and enhancing
satiety, which aids in weight management—a
key component of diabetes management [68].

Further research underscores the Mediterra-
nean diet’s role in improving cardiovascular out-
comes. Meta-analyses have indicated a consist-
ent reduction in the risk of heart diseases such as
myocardial infarctions and stroke among those
adhering to the diet, attributing this to the diet’s
balanced and diverse nutrient profile [69]. This
comprehensive approach addresses glycemic
control and targets associated metabolic condi-
tions such as dyslipidemia and hypertension,
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which are integral to comprehensive diabetes
care [70].

Nutrient Timing and Composition

The timing and composition of meals are
essential in managing and preventing diabetes.
Eating a balanced diet focusing on low glycemic
index foods, high fiber intake, and appropriate
portion sizes can help effectively manage blood
glucose levels [71]. Being able to eat meals at
a consistent time helps to not only maintain
steady blood sugar levels but also prevent any
fluctuations that can lead to insulin resistance
[72].

Including various nutrient-dense foods
in the diet ensures that the body receives
enough nutrients while minimizing excessive
calorie intake [73]. For instance, incorporating
lean proteins, healthy fats, and complex
carbohydrates in each meal helps balance
macronutrient intake and supports metabolic
health [74]. Avoiding excessive carbohydrate
intake in single meals can prevent postprandial
hyperglycemia, which is critical for diabetes
management [61]. Additionally, spreading
carbohydrate intake throughout the day rather
than consuming large amounts at once helps
maintain stable blood glucose levels.

Intermittent fasting is an alternative dieting
pattern that may assist in managing diabetes due
in part to the fact that after a period of caloric
intake restriction, serum insulin decreases and
insulin sensitivity increases [75]. Since high
insulin and/or a state of insulin resistance
promote atherosclerosis, a reduction by means
of intermittent fasting could reduce the rate of
fatty plaque formation in coronary vasculature
[76]. A review by Grajower and Horne found that
intermittent fasting can reduce many negative
mediators of diabetes, including inflammatory
cytokines, adiponectin, and advanced glycation
end products [77, 78]. The result of sustained
intermittent fasting is, therefore, a potential
increase in insulin sensitivity, providing patients
with diabetes the opportunity to delay the onset
of CVD complications.

Lifestyle Changes

Weight Management

Effective weight management is essential for
diabetes prevention. Studies, such as those by
Kirwan et al., demonstrate that losing 5-10%
of body weight significantly enhances insulin
sensitivity and reduces diabetes risk. This process
involves dietary adjustments, regular exercise,
and lifestyle changes. Lowering visceral fat,
which is linked to insulin resistance, improves
metabolic health, enhances lipid profiles,
and lowers blood pressure, thereby reducing
cardiovascular disease risks which are common
in diabetes. Ongoing support and structured
programs are crucial for sustainable weight
management [48].

In addition to exercise, lifestyle modifications
such as adopting a Mediterranean diet or
engaging in nutrient timing strategies can
help manage blood glucose levels and improve
cardiovascular outcomes. A systematic
review by Esposito et al. [79] demonstrated
that adherence to a Mediterranean diet was
associated with significant reductions in HbAlc
and cardiovascular risk factors in patients
with T2DM. Similarly, studies have shown
that intermittent fasting may improve insulin
sensitivity and reduce oxidative stress, further
enhancing metabolic health [80].

Behavioral Modifications

Behavioral interventions are essential in creating
sustainable lifestyle changes for diabetes
prevention. Kirwan et al. noted that regular
monitoring of blood glucose levels, stress
management, and smoking cessation are vital
components of diabetes prevention [48]. These
interventions help individuals develop healthy
habits and maintain long-term adherence to
preventive measures.

Stress management techniques, e.g.,
mindfulness meditation, yoga, and
cognitive-behavioral therapy, can reduce stress
levels, which are known to negatively impact
blood glucose control. Smoking cessation
is particularly important, as smoking is a
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significant risk factor for insulin resistance and
cardiovascular diseases. Behavioral modifications
also include setting realistic goals, tracking
progress, and seeking social support from family,
friends, and healthcare providers [48].

Education and Support Education about dia-
betes mellitus and lifestyle management, along
with support from healthcare providers, family,
and community, enhances adherence to preven-
tive measures. Kirwan et al. stress that structured
programs providing education on diet, exercise,
and behavior modification effectively reduce
the incidence of diabetes [48]. Educational pro-
grams about making healthier choices empower
individuals with the knowledge and skills to
make informed health decisions [81].

Educational interventions should focus on
conditions that could arise from not adhering
to a healthy lifestyle and cover various aspects
of diabetes prevention [82, 83]. Additionally,
personalized coaching and regular follow-up
with healthcare providers ensure individuals
receive tailored advice and ongoing motivation
to adhere to preventive measures [48].

Drug Therapeutics

Microvascular Complications

The current literature recommends
maintaining glycemic control with an HbAlc
of 6.5% or lower [84] to reduce microvascular
complications of diabetes. Studies have revealed
that blood pressure control and statin therapy
reduce microvascular complications such as
retinopathy and neuropathy [85].

Fibrates were found to delay the onset
of diabetic retinopathy [86]. Angiotensin-
converting enzyme (ACE) inhibitors and
angiotensin receptor blockers (ARBs) have also
been shown to decrease retinopathy progression
significantly [87]. Vascular endothelial growth
factor (VEGF) inhibitors, laser photocoagulation,
and glucocorticoid therapies reduce angiogenesis
and vessel leakage through anti-inflammatory
actions [88, 89].

To prevent, delay onset, or reduce the pro-
gression of diabetic nephropathy, reducing
blood pressure by means of reduced daily salt
intake has been shown to slow the progression
of diabetic nephropathy [90]. ACE inhibitors
and ARBs are also effective anti-hypertensives
used in managing diabetic nephropathy. It is
important to avoid drugs that are nephrotoxic
in these patients, including non-steroidal anti-
inflammatory drugs and aminoglycosides [91].

Like with diabetic retinopathy and nephropa-
thy, diabetic neuropathy is best managed with
the maintenance of an adequately low glycemic
index. To manage the pain commonly associated
with diabetic neuropathy, several agents may be
used, including tricyclic antidepressants, serotonin
and norepinephrine re-uptake inhibitors, anti-epi-
leptics, gabapentin, benzodiazepines, and opioids
[92, 93]. Capsaicin and isosorbide dinitrate have
also been reported as effective therapies for pain
associated with diabetic neuropathy [94, 95].

Macrovascular Complications

The macrovascular complications of diabetes
mellitus include CVD, stroke, and PVD. The
mainstay of therapy for preventing these
complications in patients with diabetes includes
antihypertensives such as ACE inhibitors
and ARBs, statins, aspirin, antiplatelets, and
glycemic control agents [96]. If patients smoke,
smoking cessation is also highly recommended,
as smoking increases the risk for macrovascular
diabetes complications by 2—4 times [97, 98].
Hypertension ultimately damages the endothe-
lium of blood vessel walls, preventing endothelial
cells from secreting vasodilatory and antithrom-
botic substances and causing pathologic alteration
of vessel walls to promote atherosclerosis, leading
to CVD, PVD, and stroke [99]. Antihypertensives
such as ACE inhibitors and ARBs can, therefore,
prevent these outcomes in patients with diabetes
who also have hypertension. Statins function by
reducing cholesterol synthesis and lipid deposi-
tion in the fatty plaques that define CVD, PVD,
and stroke [100]. Aspirin and antiplatelets reduce
blood clotting, which is an integral component of
thrombogenesis following plaque rupture, leading
to MI in patients with diabetes mellitus and CVD.
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Glycemic control agents are the typical
treatment for diabetes mellitus. These either
reduce serum glucose directly (exogenous
insulin, sulfonylureas) or increase insulin
sensitivity (metformin, thiazolidinediones).
Ultimately, reduced quantities of advanced
glycation end products and reduced oxidative
stress exist, which are believed to contribute to
vasoconstriction, inflammation, and thrombo-
sis in CVD, PVD, and stroke [101].

Given the potential long-term impacts of
metabolic memory, early and aggressive man-
agement of blood glucose levels is crucial to
minimizing the risk of vascular complications.
Strategies that focus on achieving and maintain-
ing near-normal glucose levels from the onset
of diabetes have been shown to reduce the pro-
gression of both microvascular and macrovas-
cular complications associated with metabolic
memory [37].

Cost

Diabetes mellitus leads to various
comorbidities and, therefore, poses a high
burden of illness on the healthcare system. As
of 2022, the total cost of diabetes in the US
was $419 billion [11]. Patients with diabetes
incur $19,736 of medical expenditures a yeatr,
with $12,022 being attributable to diabetes.
Of this, 17% goes towards glycemic control
medications. Patients with diabetes must
spend, on average, 2.6 times more on medical
costs than if they had not had diabetes [11].

One of the greatest contributors to diabetes
burden of care is the cost of medications other
than those for glycemic control [102]. ACE
inhibitor/ARB therapy is not very costly, cost-
ing a mean of $6.74 and $2.52 for commercially
insured and Medicare patients, respectively
[103]. In 2019, the mean out-of-pocket cost for
statins was $30, with a significant percentage of
the cost covered by insurance [104].

Pharmacological Therapies
Therapies used to treat diabetes and CVD include

SGLT2 inhibitors and GLP-1 agonists, such as
empagliflozin and liraglutide. These medications

have been shown to reduce cardiovascular
mortality and all-cause mortality in patients with
diabetes and CVD [105-107]. SGLT2 inhibitors
inhibit glucose reuptake in the renal tubules,
reducing serum glucose [108]. SGLT2 inhibitors
are also the only known medication to reduce
mortality rates in individuals experiencing
heart failure with preserved ejection fraction
[109]. GLP-1 agonists have also been shown to
reduce adverse cardiovascular events in patients
with diabetes by promoting myocardial glucose
utilization, inhibiting apoptosis, and reducing
oxidative stress [110]. SGLT2 inhibitors have
been on the market since 2013 and GLP-1
agonists since 2005.

Research into new targets for drug therapy
includes 11B hydroxysteroid dehydrogenase
(11B-HSD), adiponectin, meteoric-like (Metrnl),
pigment epithelium-derived factor (PEDF),
Vaspin, and G-protein coupled estrogen receptor
(GPER) [111]. Gene therapy is another potential
diabetes treatment under study.

11B-HSD is a precursor to glucocorticoid
(i.e. cortisol) synthesis [112]. Glucocorticoids
are hormones known to cause increased serum
glucose and a state of insulin resistance. By
reducing the activity of 11B-HSD, researchers
postulate that endogenous glucocorticoid
production can be decreased, leading to
improved insulin sensitivity and decreased
serum glucose levels.

Adiponectin is a hormone produced by
adipocytes [113]. It is decreased in diabetes and
obesity, and this is believed to contribute to
the state of insulin resistance found in diabetes
and metabolic syndrome [114]. By maintaining
adequate quantities of adiponectin in patients
with diabetes, researchers believe insulin
sensitivity can be increased.

Metrnl is a cytokine secreted by white adipose
tissue that maintains glucose homeostasis and
cardiovascular function, among other functions
[115]. It is believed to exert its effects through
the PPARy pathway, thereby increasing insulin
sensitivity [116]. The PPARy pathway is also
used by the thiazolidinedione drug class of dia-
betes medications, which function as agonists
for PPARy [117]. Metrnl has also been found
to promote adipose tissue browning, improv-
ing glucose tolerance [118]. These effects of
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Metrnl make it a promising candidate for future
research.

PEDF, Vaspin, and GPER are other research
targets that function at the insulin receptor sub-
strate, kallikrein insulin degradation pathway,
and estrogen signaling pathways, respectively
[111]. All of these pathways ultimately increase
insulin sensitivity or decrease serum glucose,
making them potential targets for new therapy.

Gene therapy is another area of interest for
managing diabetes. Patients can have a viral
vector implanted in them that suppresses
autoreactive T-cells from destroying insulin-
producing cells in the Islets of Langerhans. This
can increase endogenous insulin production in
patients with diabetes whose disease is caused by
autoimmune destruction [119].

Impact of Antidiabetic Agents
on Cardiovascular Outcomes

Many antidiabetic agents not only improve
glycemic control but also offer cardiovascular
benefits, particularly in reducing the risk
of major cardiovascular events such as MI,
stroke, and heart failure [70]. The mechanisms
underlying these CV outcomes vary depending
on the drug class, but several agents show
significant promise in improving long-term
outcomes for patients with T2DM.

SGLT2 Inhibitors SGLT2 inhibitors, such as
empagliflozin and canagliflozin, reduce car-
diovascular risk through several mechanisms
beyond glucose control [120]. By promoting
glucosuria (increased glucose excretion through
urine), these agents decrease blood pressure,
body weight, and arterial stiffness [121]. Addi-
tionally, SGLT2 inhibitors reduce preload and
afterload on the heart by improving diuresis and
natriuresis, which results in lower cardiovascu-
lar stress, particularly in patients with heart fail-
ure. Studies have shown that these agents sig-
nificantly reduce the risk of hospitalization for
heart failure and cardiovascular mortality, even
in patients without diabetes, highlighting their
role in direct cardiovascular protection [122].

GLP-1 Receptor Agonists GLP-1 receptor
agonists, such as liraglutide and semaglutide,
have been shown to reduce major adverse car-
diovascular events, including stroke, MI, and
cardiovascular death [123]. The underlying
mechanisms involve improvements in glycemic
control and anti-inflammatory and anti-ather-
osclerotic effects [124]. GLP-1 agonists reduce
inflammation by decreasing oxidative stress
and modulating inflammatory cytokine produc-
tion, thus reducing endothelial dysfunction and
slowing the progression of atherosclerosis [125].
Furthermore, GLP-1 agonists improve lipid pro-
files by lowering triglycerides and increasing
high-density lipoprotein cholesterol, contribut-
ing to better cardiovascular outcomes [126].

Metformin Metformin, one of the most com-
monly prescribed drugs for T2DM, has long
been recognized for its cardiovascular benefits
[127]. The drug improves insulin sensitivity,
reduces hepatic glucose production, and lowers
fasting blood glucose levels [128]. Beyond these
effects, metformin also reduces oxidative stress
and chronic inflammation, both of which are
key drivers of cardiovascular complications in
diabetes [129]. Metformin has been associated
with a reduction in the incidence of cardiovas-
cular events, especially in high-risk populations
[130].

Thiazolidinediones (TZDs) Thiazolidi-
nediones, such as pioglitazone, act as PPAR-
gamma agonists, which help improve insulin
sensitivity and have anti-inflammatory effects
[131]. These agents lower the risk of cardiovas-
cular events primarily through their ability to
improve endothelial function, reduce inflam-
mation, and slow the progression of atheroscle-
rosis [132]. However, their use must be carefully
monitored due to the potential risk of heart fail-
ure, as TZDs can cause fluid retention [133].

DPP-4 Inhibitors While dipeptidyl pepti-
dase-4 (DPP-4) inhibitors (e.g., sitagliptin) pri-
marily enhance incretin activity and improve
glycemic control, their cardiovascular effects are
generally neutral [134]. Unlike SGLT2 inhibi-
tors and GLP-1 agonists, DPP-4 inhibitors do
not significantly reduce the risk of major cardio-
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vascular events, but they are considered safe in
patients with established cardiovascular disease
[135].

CONCLUSION

Diabetes mellitus presents a significant public
health challenge, marked by early mortality
and a broad spectrum of macrovascular and
microvascular complications. The economic
burden of managing diabetes in the United
States is substantial, necessitating improved
patient education and ongoing development
of therapeutic strategies. This review highlights
various lifestyle modifications, such as exercise
and dietary changes, and discusses traditional
pharmacological treatments, including
SGLT-2 inhibitors, ACE inhibitors, and GLP-1
agonists. Additionally, emerging therapies
targeting cytokine activation, adiponectin
regulation, and other pathways show promise
in enhancing insulin sensitivity and glucose
control. Advancements in diabetes mellitus
management and education are essential for
leading to optimal patient outcomes and a
better quality of life for individuals with highly
prevalent systematic diseases.

Author Contribution. All authors listed
have made a direct and intellectual contribution
to the work. Study design and drafting of
the manuscript and critical revision of the
manuscript for important intellectual content:
Kazi Islam, Rahib Islam, Ivan Nguyen, Hassan
Malik, Humza Pirzadah, Barsha Shrestha, Isabella
B. Lentz, Sahar Shekoohi and Alan D. Kaye.

Funding. Data sharing is not applicable
to this article as no datasets were generated or
analyzed during the current study.

Data Availability. Data sharing is not appli-
cable to this article as no datasets were generated
or analyzed during the current study.

Declarations

Conflict of Interest. Alan D Kaye is an Edito-
rial Board member of Advances in Therapy. Alan
Kaye was not involved in the selection of peer
reviewers for the manuscript nor any of the sub-
sequent editorial decisions. All other authors (Kazi
Islam, Rahib Islam, Ivan Nguyen, Hassan Malik,
Humeza Pirzadah, Barsha Shrestha, Isabella B. Lentz
and Sahar Shekoohi) declare no conflict of interest.

Ethical Approval. This article is based on pre-
viously conducted studies and does not contain
any new studies with human participants or ani-
mals performed by any of the authors.

Open Access. This article is licensed under a
Creative Commons Attribution-NonCommercial
4.0 International License, which permits any
non-commercial use, sharing, adaptation,
distribution and reproduction in any medium
or format, as long as you give appropriate credit
to the original author(s) and the source, provide
a link to the Creative Commons licence, and
indicate if changes were made. The images or
other third party material in this article are
included in the article’s Creative Commons
licence, unless indicated otherwise in a credit
line to the material. If material is not included
in the article’s Creative Commons licence and
your intended use is not permitted by statutory
regulation or exceeds the permitted use, you
will need to obtain permission directly from the
copyright holder. To view a copy of this licence,
visit http://creativecommons.org/licenses/
by-nc/4.0/.

REFERENCES

1. Sapra A, Bhandari P. Diabetes. In: StatPearls. Treas-
ure Island: StatPearls Publishing; 2024. https://
www.ncbi.nlm.nih.gov/books/NBK560927/.

2. Rask-Madsen C, King GL. Vascular complications
of diabetes: mechanisms of injury and protective
factors. Cell Metab. 2013;17:20-33. https://doi.org/
10.1016/j.cmet.2012.11.012.

A\ Adis


http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
https://www.ncbi.nlm.nih.gov/books/NBK560927/
https://www.ncbi.nlm.nih.gov/books/NBK560927/
https://doi.org/10.1016/j.cmet.2012.11.012
https://doi.org/10.1016/j.cmet.2012.11.012

2672

Adv Ther (2025) 42:2659-2678

10.

11.

12.

Paneni F, Beckman JA, Creager MA, Cosentino F.
Diabetes and vascular disease: pathophysiology,
clinical consequences, and medical therapy: part I.
Eur Heart J. 2013;34:2436-43. https://doi.org/10.
1093/eurheartj/eht149.

. Yang D-R, Wang M-Y, Zhang C-L, Wang Y. Endothe-

lial dysfunction in vascular complications of dia-
betes: a comprehensive review of mechanisms and
implications. Front Endocrinol. 2024. https://doi.
org/10.3389/fendo.2024.1359255.

. Kropp M, Golubnitschaja O, Mazurakova A, Kokles-

ova L, Sargheini N, Vo T-TKS, de Clerck E, Polivka J,
Potuznik P, Polivka J, et al. Diabetic retinopathy as
the leading cause of blindness and early predictor
of cascading complications-risks and mitigation.
EPMA J. 2023;14:21-42. https://doi.org/10.1007/
s13167-023-00314-8.

Kovesdy CP. Epidemiology of chronic kid-
ney disease: an update 2022. Kidney Int Suppl.
2011;2022(12):7-11. https://doi.org/10.1016/j.kisu.
2021.11.003.

Molina CS, Faulk JB. Lower extremity amputa-
tion. In: StatPearls. Treasure Island (FL): StatPearls
Publishing; 2025. https://www.ncbi.nlm.nih.gov/
books/NBK546594/.

Fang L, Sheng H, Tan Y, Zhang Q. Prevalence of
diabetes in the USA from the perspective of demo-
graphic characteristics, physical indicators and
living habits based on NHANES 2009-2018. Front
Endocrinol (Lausanne). 2023;14:1088882. https://
doi.org/10.3389/fendo.2023.1088882.

CDC National Diabetes Statistics Report. https://
www.cdc.gov/diabetes/php/data-research/index.
html. Accessed 30 May 2024.

Sun H, Saeedi P, Karuranga S, Pinkepank M,
Ogurtsova K, Duncan BB, Stein C, Basit A, Chan
JCN, Mbanya JC, et al. IDF Diabetes Atlas: global,
regional and country-level diabetes prevalence esti-
mates for 2021 and projections for 2045. Diabetes
Res Clin Pract. 2022;183: 109119. https://doi.org/
10.1016/j.diabres.2021.109119.

Parker ED, Lin J, Mahoney T, Ume N, Yang G,
Gabbay RA, ElSayed NA, Bannuru RR. Economic
costs of diabetes in the US in 2022. Diabetes
Care. 2024;47:26-43. https://doi.org/10.2337/
dci23-0085.

Bancks MP, Kershaw K, Carson AP, Gordon-Larsen P,
Schreiner PJ, Carnethon MR. Association of modi-
fiable risk factors in young adulthood with racial
disparity in incident type 2 diabetes during middle
adulthood. JAMA. 2017;318:2457-65. https://doi.
0rg/10.1001/jama.2017.19546.

14.

15.

16.

17.

18.

19.

20.

21.

22.

. US Preventive Services Task Force. Screening for

prediabetes and type 2 diabetes: US preventive ser-
vices task force recommendation statement. JAMA.
2021;326:736-43. https://doi.org/10.1001/jama.
2021.12531.

Hill-Briggs F, Adler NE, Berkowitz SA, Chin MH,
Gary-Webb TL, Navas-Acien A, Thornton PL, Haire-
Joshu D. Social determinants of health and diabe-
tes: a scientific review. Diabetes Care. 2021;44:258—
79. https://doi.org/10.2337/dci20-0053.

Epstein FH, Vane JR, Anggard EE, Botting RM.
Regulatory functions of the vascular endothelium.
N Engl J Med. 1990;323:27-36. https://doi.org/10.
1056/NEJM199007053230106.

Xu S, Ilyas I, Little PJ, Li H, Kamato D, Zheng X,
Luo S, Li Z, Liu P, Han J, et al. Endothelial dysfunc-
tion in atherosclerotic cardiovascular diseases and
beyond: from mechanism to pharmacotherapies.
Pharmacol Rev. 2021;73:924-67. https://doi.org/10.
1124/pharmrev.120.000096.

Maruhashi T, Higashi Y. Pathophysiological asso-
ciation between diabetes mellitus and endothelial
dysfunction. Antioxidants. 2021;10:1306. https://
doi.org/10.3390/antiox10081306.

Yuan T, Yang T, Chen H, Fu D, Hu Y, Wang ],
Yuan Q, Yu H, Xu W, Xie X. New insights into
oxidative stress and inflammation during diabetes
mellitus-accelerated atherosclerosis. Redox Biol.
2019;20:247-60. https://doi.org/10.1016/j.redox.
2018.09.025.

Jomova K, Raptova R, Alomar SY, Alwasel SH,
Nepovimova E, Kuca K, Valko M. Reactive oxy-
gen species, toxicity, oxidative stress, and anti-
oxidants: chronic diseases and aging. Arch Toxi-
col. 2023;97:2499-574. https://doi.org/10.1007/
s00204-023-03562-9.

Forstermann U, Xia N, Li H. Roles of vascular
oxidative stress and nitric oxide in the pathogen-
esis of atherosclerosis. Circ Res. 2017;120:713-
35. https://doi.org/10.1161/CIRCRESAHA.116.
309326.

Charlton A, Garzarella J, Jandeleit-Dahm KAM, Jha
JC. Oxidative stress and inflammation in renal and
cardiovascular complications of diabetes. Biology.
2020;10:18. https://doi.org/10.3390/biology100
10018.

Zakir M, Ahuja N, Surksha MA, Sachdev R, Kalariya
Y, Nasir M, Kashif M, Shahzeen F, Tayyab A, Khan
MSM, et al. Cardiovascular complications of diabe-
tes: from microvascular to macrovascular pathways.
Cureus. 2023;15:e45835. https://doi.org/10.7759/
cureus.45835.

A\ Adis


https://doi.org/10.1093/eurheartj/eht149
https://doi.org/10.1093/eurheartj/eht149
https://doi.org/10.3389/fendo.2024.1359255
https://doi.org/10.3389/fendo.2024.1359255
https://doi.org/10.1007/s13167-023-00314-8
https://doi.org/10.1007/s13167-023-00314-8
https://doi.org/10.1016/j.kisu.2021.11.003
https://doi.org/10.1016/j.kisu.2021.11.003
https://www.ncbi.nlm.nih.gov/books/NBK546594/
https://www.ncbi.nlm.nih.gov/books/NBK546594/
https://doi.org/10.3389/fendo.2023.1088882
https://doi.org/10.3389/fendo.2023.1088882
https://www.cdc.gov/diabetes/php/data-research/index.html
https://www.cdc.gov/diabetes/php/data-research/index.html
https://www.cdc.gov/diabetes/php/data-research/index.html
https://doi.org/10.1016/j.diabres.2021.109119
https://doi.org/10.1016/j.diabres.2021.109119
https://doi.org/10.2337/dci23-0085
https://doi.org/10.2337/dci23-0085
https://doi.org/10.1001/jama.2017.19546
https://doi.org/10.1001/jama.2017.19546
https://doi.org/10.1001/jama.2021.12531
https://doi.org/10.1001/jama.2021.12531
https://doi.org/10.2337/dci20-0053
https://doi.org/10.1056/NEJM199007053230106
https://doi.org/10.1056/NEJM199007053230106
https://doi.org/10.1124/pharmrev.120.000096
https://doi.org/10.1124/pharmrev.120.000096
https://doi.org/10.3390/antiox10081306
https://doi.org/10.3390/antiox10081306
https://doi.org/10.1016/j.redox.2018.09.025
https://doi.org/10.1016/j.redox.2018.09.025
https://doi.org/10.1007/s00204-023-03562-9
https://doi.org/10.1007/s00204-023-03562-9
https://doi.org/10.1161/CIRCRESAHA.116.309326
https://doi.org/10.1161/CIRCRESAHA.116.309326
https://doi.org/10.3390/biology10010018
https://doi.org/10.3390/biology10010018
https://doi.org/10.7759/cureus.45835
https://doi.org/10.7759/cureus.45835

Adyv Ther (2025) 42:2659-2678

2673

23.

24.

235.

26.

27.

28.

29.

30.

31.

32.

33.

Berezin A. Metabolic memory phenomenon in dia-
betes mellitus: Achieving and perspectives. Diabe-
tes Metab Syndr. 2016;10(2 Suppl 1):S176-S183.
https://doi.org/10.1016/j.dsx.2016.03.016.

Bianchi C, Miccoli R, Del Prato S. Hyperglycemia
and vascular metabolic memory: truth or fiction?.
Curr Diab Rep. 2013;13(3):403-410. https://doi.
0rg/10.1007/s11892-013-0371-2.

Khalid M, Petroianu G, Adem A. Advanced glyca-
tion end products and diabetes mellitus: mecha-
nisms and perspectives. Biomolecules. 2022;12:542.
https://doi.org/10.3390/biom12040542.

Dong H, Sun Y, Nie L, Cui A, Zhao P, Leung WK,
Wang Q. Metabolic memory: mechanisms and
diseases. Signal Transduct Target Ther. 2024;9:38.
https://doi.org/10.1038/s41392-024-01755-x.

Higashi Y. Roles of oxidative stress and inflamma-
tion in vascular endothelial dysfunction-related
disease. Antioxidants (Basel). 2022;11:1958.
https://doi.org/10.3390/antiox11101958.

Zatterale F, Longo M, Naderi J, Raciti GA, Deside-
rio A, Miele C, Beguinot F. Chronic adipose tissue
inflammation linking obesity to insulin resistance
and type 2 diabetes. Front Physiol. 2020;10:1607.
https://doi.org/10.3389/fphys.2019.01607.

Farruggia MC, Small DM. Effects of adiposity and
metabolic dysfunction on cognition: a review.
Physiol Behav. 2019;208: 112578. https://doi.org/
10.1016/j.physbeh.2019.112578.

Feij6éo-Bandin S, Aragén-Herrera A, Morafia-Fernan-
dez S, Anido-Varela L, Tarazon E, Rosell6-Lleti E,
Portolés M, Moscoso I, Gualillo O, Gonzalez-
Juanatey JR, et al. Adipokines and inflammation:
focus on cardiovascular diseases. Int J Mol Sci.
2020;21:7711. https://doi.org/10.3390/ijms212077
11.

Triggle CR, Marei I, Ye K, Ding H, Anderson TJ, Hol-
lenberg MD, Hill MA. Repurposing metformin for
vascular disease. Curr Med Chem. 2023;30:3955-
78. https://doi.org/10.2174/092986732966622
0729154615.

Youssef ME, Yahya G, Popoviciu MS, Cavalu S,
Abd-Eldayem MA, Saber S. Unlocking the full
potential of SGLT2 inhibitors: expanding appli-
cations beyond glycemic control. Int J] Mol Sci.
2023;24:6039. https://doi.org/10.3390/ijms240760
39.

Duszka K, Gregor A, Guillou H, Konig J, Wahli W.
Peroxisome proliferator-activated receptors and
caloric restriction—common pathways affect-
ing metabolism, health, and longevity. Cells.
2020;9:1708. https://doi.org/10.3390/cells9071708.

34.

33.

36.

37.

38.

39.

40.

41.

42.

43.

Yachmaneni A, Jajoo S, Mahakalkar C, Kshirsagar
S, Dhole S. A comprehensive review of the vascular
consequences of diabetes in the lower extremities:
current approaches to management and evalua-
tion of clinical outcomes. Cureus. 2023;15:e47525.
https://doi.org/10.7759/cureus.47525.

Ziegler D, Porta M, Papanas N, Mota M, Jermendy
G, Beltramo E, Mazzeo A, Caccioppo A, Striglia E,
Serhiyenko V, et al. The role of biofactors in dia-
betic microvascular complications. Curr Diabetes
Rev. 2022;18: €250821195830. https://doi.org/10.
2174/1871527320666210825112240.

Crasto W, Patel V, Davies MJ, Khunti K. Preven-
tion of microvascular complications of diabetes.
Endocrinol Metab Clin North Am. 2021;50:431-55.
https://doi.org/10.1016/j.ecl.2021.05.005.

LiY, Liu Y, Liu S, Gao M, Wang W, Chen K, Huang
L, Liu Y. Diabetic vascular diseases: molecular
mechanisms and therapeutic strategies. Signal
Transduct Target Ther. 2023;8:152. https://doi.org/
10.1038/s41392-023-01400-z.

Paul S, Ali A, Katare R. Molecular complexities
underlying the vascular complications of diabe-
tes mellitus—a comprehensive review. J Diabetes
Complications. 2020;34: 107613. https://doi.org/
10.1016/j.jdiacomp.2020.107613.

Schalkwijk CG, Stehouwer CDA. Vascular complications
in diabetes mellitus: the role of endothelial dysfunc-
tion. Clin Sci (Lond). 2005;109:143-59. https://doi.
0rg/10.1042/CS20050025.

Atmaca A, Ketenci A, Sahin I, Sengun IS, Oner RI,
Erdem Tilki H, Adas M, Soyleli H, Demir T. Expert
opinion on screening, diagnosis and management
of diabetic peripheral neuropathy: a multidisci-
plinary approach. Front Endocrinol (Lausanne).
2024;15:1380929. https://doi.org/10.3389/fendo.
2024.1380929.

Yang Z, Zhang Y, Chen R, Huang Y, Ji L, Sun F,
Hong T, Zhan S. Simple tests to screen for diabetic
peripheral neuropathy. Cochrane Database Syst
Rev. 2018;2018:CD010975. https://doi.org/10.
1002/14651858.CD010975.pub2.

Novello BJ, Pobre T. Electrodiagnostic evaluation
of peripheral neuropathy. In: StatPearls. Treasure
Island (F1): StatPearls Publishing; 2025. https://
www.ncbi.nlm.nih.gov/books/NBK563169/.

Bains S, Rocha Cabrero F. Electrodiagnostic evalua-
tion of ulnar neuropathy. In: StatPearls [Internet].
Treasure Island (FL): StatPearls Publishing; 2025.
https://www.ncbi.nlm.nih.gov/books/NBK564408/.

. Serhiyenko VA, Serhiyenko AA. Cardiac autonomic

neuropathy: risk factors, diagnosis and treatment.

A\ Adis


https://doi.org/10.1016/j.dsx.2016.03.016
https://doi.org/10.1007/s11892-013-0371-2
https://doi.org/10.1007/s11892-013-0371-2
https://doi.org/10.3390/biom12040542
https://doi.org/10.1038/s41392-024-01755-x
https://doi.org/10.3390/antiox11101958
https://doi.org/10.3389/fphys.2019.01607
https://doi.org/10.1016/j.physbeh.2019.112578
https://doi.org/10.1016/j.physbeh.2019.112578
https://doi.org/10.3390/ijms21207711
https://doi.org/10.3390/ijms21207711
https://doi.org/10.2174/0929867329666220729154615
https://doi.org/10.2174/0929867329666220729154615
https://doi.org/10.3390/ijms24076039
https://doi.org/10.3390/ijms24076039
https://doi.org/10.3390/cells9071708
https://doi.org/10.7759/cureus.47525
https://doi.org/10.2174/1871527320666210825112240
https://doi.org/10.2174/1871527320666210825112240
https://doi.org/10.1016/j.ecl.2021.05.005
https://doi.org/10.1038/s41392-023-01400-z
https://doi.org/10.1038/s41392-023-01400-z
https://doi.org/10.1016/j.jdiacomp.2020.107613
https://doi.org/10.1016/j.jdiacomp.2020.107613
https://doi.org/10.1042/CS20050025
https://doi.org/10.1042/CS20050025
https://doi.org/10.3389/fendo.2024.1380929
https://doi.org/10.3389/fendo.2024.1380929
https://doi.org/10.1002/14651858.CD010975.pub2
https://doi.org/10.1002/14651858.CD010975.pub2
https://www.ncbi.nlm.nih.gov/books/NBK563169/
https://www.ncbi.nlm.nih.gov/books/NBK563169/
https://www.ncbi.nlm.nih.gov/books/NBK564408/

2674

Adv Ther (2025) 42:2659-2678

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

World J Diabetes. 2018;9:1-24. https://doi.org/10.
4239/wijd.v9.il1.1.

Mota RI, Morgan SE, Bahnson EM. Diabetic vas-
culopathy: macro and microvascular injury. Curr
Pathobiol Rep. 2020;8:1-14. https://doi.org/10.
1007/s40139-020-00205-x.

Wei ], Tian J, Tang C, Fang X, Miao R, Wu H, Wang
X, Tong X. The influence of different types of dia-
betes on vascular complications. ] Diabetes Res.
2022;2022:3448618. https://doi.org/10.1155/2022/
3448618.

Testa R, Bonfigli AR, Prattichizzo F, La Sala L, De
Nigris V, Ceriello A. The, “metabolic memory”
theory and the early treatment of hyperglycemia
in prevention of diabetic complications. Nutrients.
2017;9:437. https://doi.org/10.3390/nu9050437.

Kirwan JP, Sacks J, Nieuwoudt S. The essential role
of exercise in the management of type 2 diabetes.
CCJM. 2017;84:515-21. https://doi.org/10.3949/
ccjm.84.s1.03.

Liu]J, Zhu L, Li P, Li N, Xu Y. Effectiveness of high-
intensity interval training on glycemic control
and cardiorespiratory fitness in patients with type
2 diabetes: a systematic review and meta-analysis.
Aging Clin Exp Res. 2019;31:575-93. https://doi.
org/10.1007/s40520-018-1012-z.

Francois ME, Little JP. Effectiveness and safety of
high-intensity interval training in patients with
type 2 diabetes. Diabetes Spectr. 2015;28:39-44.
https://doi.org/10.2337/diaspect.28.1.39.

Colberg SR, Sigal R], Yardley JE, Riddell MC, Dun-
stan DW, Dempsey PC, Horton ES, Castorino K,
Tate DF. Physical activity/exercise and diabetes:
a position statement of the American Diabetes
Association. Diabetes Care. 2016;39:2065-79.
https://doi.org/10.2337/dc16-1728.

Atakan MM, Li Y, Kosar $N, Turnagol HH, Yan X.
Evidence-based effects of high-intensity interval
training on exercise capacity and health: a review
with historical perspective. Int ] Environ Res Pub-
lic Health. 2021;18:7201. https://doi.org/10.3390/
ijerph18137201.

Kirwan JP, Sacks J, Nieuwoudt S. The essential role
of exercise in the management of type 2 diabe-
tes. Cleve Clin J Med. 2017;84:S15-21. https://
doi.org/10.3949/ccjm.84.51.03.

Kanaley JA, Colberg SR, Corcoran MH, Malin SK,
Rodriguez NR, Crespo CJ, Kirwan JP, Zierath JR.
Exercise/physical activity in individuals with type
2 diabetes: a consensus statement from the Ameri-
can College of Sports Medicine. Med Sci Sports

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

63.

Exerc. 2022;54:353-68. https://doi.org/10.1249/
MSS.0000000000002800.

What Is Moderate to Vigorous Exercise Intensity?
PMC. https://www.ncbi.nlm.nih.gov/pmc/artic
les/PMC8493117/. Accessed 3 Oct 2024.

Jones M, Bright P, Hansen L, Ihnatsenka O, Carek
PJ. Promoting physical activity in a primary care
practice: overcoming the barriers. Am ] Lifestyle
Med. 2019;15:158-64. https://doi.org/10.1177/
1559827619867693.

Ito S. High-intensity interval training for health
benefits and care of cardiac diseases—the key to
an efficient exercise protocol. World J Cardiol.
2019;11:171-88. https://doi.org/10.4330/wjc.v11.
i7.171.

Yang Y]J. An overview of current physical activity
recommendations in primary care. Korean ] Fam
Med. 2019;40:135-42. https://doi.org/10.4082/
kjfm.19.0038.

Syeda USA, Battillo D, Visaria A, Malin SK. The
importance of exercise for glycemic control in
type 2 diabetes. Am ] Med Open. 2023;9: 100031.
https://doi.org/10.1016/j.ajmo0.2023.100031.

Qiu Y, Fernandez-Garcia B, Lehmann HI, Li G, Kroemer
G, Lopez-Otin C, Xiao J. Exercise sustains the hall-
marks of health. J Sport Health Sci. 2023;12:8-35.
https://doi.org/10.1016/j.jshs.2022.10.003.

Yang D, Yang Y, Li Y, Han R. Physical exercise as therapy
for type 2 diabetes mellitus: from mechanism to ori-
entation. Ann Nutr Metab. 2019;74:313-21. https://
doi.org/10.1159/000500110.

Derrick SA, Nguyen ST, Marthens JR, Dambacher
LL, Sikalidis AK, Reaves SK. A Mediterranean-style
diet improves the parameters for the manage-
ment and prevention of type 2 diabetes mellitus.
Medicina (Kaunas). 2023;59:1882. https://doi.org/
10.3390/medicina59101882.

Khemayanto H, Shi B. Role of Mediterranean diet
in prevention and management of type 2 diabetes.
Chin Med J (Engl). 2014;127(20):3651-3656.

Mirabelli M, Chiefari E, Arcidiacono B, Corigliano
DM, Brunetti FS, Maggisano V, Russo D, Foti DP,
Brunetti A. Mediterranean diet nutrients to turn
the tide against insulin resistance and related dis-
eases. Nutrients. 2020;12:1066. https://doi.org/10.
3390/nu12041066.

Sarsangi P, Salehi-Abargouei A, Ebrahimpour-
Koujan S, Esmaillzadeh A. Association between
adherence to the Mediterranean diet and risk of
type 2 diabetes: an updated systematic review and
dose-response meta-analysis of prospective cohort

A\ Adis


https://doi.org/10.4239/wjd.v9.i1.1
https://doi.org/10.4239/wjd.v9.i1.1
https://doi.org/10.1007/s40139-020-00205-x
https://doi.org/10.1007/s40139-020-00205-x
https://doi.org/10.1155/2022/3448618
https://doi.org/10.1155/2022/3448618
https://doi.org/10.3390/nu9050437
https://doi.org/10.3949/ccjm.84.s1.03
https://doi.org/10.3949/ccjm.84.s1.03
https://doi.org/10.1007/s40520-018-1012-z
https://doi.org/10.1007/s40520-018-1012-z
https://doi.org/10.2337/diaspect.28.1.39
https://doi.org/10.2337/dc16-1728
https://doi.org/10.3390/ijerph18137201
https://doi.org/10.3390/ijerph18137201
https://doi.org/10.3949/ccjm.84.s1.03
https://doi.org/10.3949/ccjm.84.s1.03
https://doi.org/10.1249/MSS.0000000000002800
https://doi.org/10.1249/MSS.0000000000002800
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8493117/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8493117/
https://doi.org/10.1177/1559827619867693
https://doi.org/10.1177/1559827619867693
https://doi.org/10.4330/wjc.v11.i7.171
https://doi.org/10.4330/wjc.v11.i7.171
https://doi.org/10.4082/kjfm.19.0038
https://doi.org/10.4082/kjfm.19.0038
https://doi.org/10.1016/j.ajmo.2023.100031
https://doi.org/10.1016/j.jshs.2022.10.003
https://doi.org/10.1159/000500110
https://doi.org/10.1159/000500110
https://doi.org/10.3390/medicina59101882
https://doi.org/10.3390/medicina59101882
https://doi.org/10.3390/nu12041066
https://doi.org/10.3390/nu12041066

Adyv Ther (2025) 42:2659-2678

2675

66.

67.

68.

69.

70.

71.

72.

73.

74.

studies. Adv Nutr. 2022;13:1787-98. https://doi.
org/10.1093/advances/nmac046.

Milenkovic T, Bozhinovska N, Macut D, Bjekic-
Macut J, Rahelic D, Velija Asimi Z, Burekovic A.
Mediterranean diet and type 2 diabetes mellitus:
a perpetual inspiration for the scientific world. A
review. Nutrients. 2021;13:1307. https://doi.org/10.
3390/nu13041307.

Sabarathinam S. A glycemic diet improves the
understanding of glycemic control in diabe-
tes patients during their follow-up. Future Sci
OA. 2023;9:FSO843. https://doi.org/10.2144/
fsoa-2022-0058.

Lattimer JM, Haub MD. Effects of dietary fiber and
its components on metabolic health. Nutrients.
2010;2:1266-89. https://doi.org/10.3390/nu212
1266.

Cai Z, Wang L, Zhang B, Zhu A. Mediterranean diet
for cardiovascular disease: an evidence mapping
study. Public Health Nutr. 2024;27:e118. https://
doi.org/10.1017/51368980024000776.

Jyotsna F, Ahmed A, Kumar K, Kaur P, Chaud-
hary MH, Kumar S, Khan E, Khanam B, Shah SU,
Varrassi G, et al. Exploring the complex connec-
tion between diabetes and cardiovascular dis-
ease: analyzing approaches to mitigate cardio-
vascular risk in patients with diabetes. Cureus.
2023;15:e43882. https://doi.org/10.7759/cureus.
43882.

Reynolds A, Mitri J. Dietary advice for individu-
als with diabetes. In: Feingold KR, Anawalt B,
Blackman MR, Boyce A, Chrousos G, Corpas E,
de Herder WW, Dhatariya K, Dungan K, Hofland
J, Kalra S, Kaltsas G, Kapoor N, Koch C, Kopp P,
Korbonits M, Kovacs CS, Kuohung W, Laferrére B,
Levy M, McGee EA, McLachlan R, New M, Purnell
J, Sahay R, Shah AS, Singer F, Sperling MA, Strata-
kis CA, Trence DL, Wilson DP, editors. Endotext.
South Dartmouth: MDText.com, Inc.; 2000.

Associations between timing and duration of
eating and glucose metabolism: a nationally rep-
resentative study in the US-PMC. https://www.
ncbi.nlm.nih.gov/pmc/articles/PMC9919634/.
Accessed 6 Aug 2024.

Troesch B, Biesalski HK, Bos R, Buskens E, Calder
PC, Saris WHM, Spieldenner J, Verkade HJ, Weber
P, Eggersdorfer M. Increased intake of foods with
high nutrient density can help to break the inter-
generational cycle of malnutrition and obesity.
Nutrients. 2015;7:6016-37. https://doi.org/10.
3390/nu7075266.

Carreiro AL, Dhillon J, Gordon S, Jacobs AG,
Higgins KA, McArthur BM, Redan BW, Rivera

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

83.

RL, Schmidt LR, Mattes RD. The macronutri-
ents, appetite and energy intake. Annu Rev Nutr.
2016;36:73-103. https://doi.org/10.1146/annur
ev-nutr-121415-112624.

Klempel MC, Kroeger CM, Bhutani S, Trepanow-
ski JF, Varady KA. Intermittent fasting combined
with calorie restriction is effective for weight
loss and cardio-protection in obese women.
Nutr J. 2012;11:98. https://doi.org/10.1186/
1475-2891-11-98.

Breen DM, Giacca A. Effects of insulin on the vas-
culature. Curr Vasc Pharmacol. 2011;9:321-32.
https://doi.org/10.2174/157016111795495558.

Grajower MM, Horne BD. Clinical management
of intermittent fasting in patients with diabetes
mellitus. Nutrients. 2019;11:873. https://doi.org/
10.3390/nu11040873.

Golbidi S, Daiber A, Korac B, Li H, Essop MF, Laher
1. Health benefits of fasting and caloric restriction.
Curr Diab Rep. 2017;17:123. https://doi.org/10.
1007/s11892-017-0951-7.

Esposito K, Maiorino MI, Ceriello A, Giugliano
D. Prevention and control of type 2 diabetes by
Mediterranean diet: a systematic review. Diabe-
tes Res Clin Pract. 2010;89(2):97-102. https://doi.
org/10.1016/j.diabres.2010.04.019.

Vasim I, Majeed CN, DeBoer MD. Intermittent fast-
ing and metabolic health. Nutrients. 2022;14:631.
https://doi.org/10.3390/nu14030631.

Auld ME, Allen MP, Hampton C, Montes JH, Sherry
C, Mickalide AD, Logan RA, Alvarado-Little W,
Parson K. Health literacy and health education in
schools: collaboration for action. NAM Perspect.
2020. https://doi.org/10.31478/202007b.

Galaviz KI, Narayan KMV, Lobelo F, Weber MB. Life-
style and the prevention of type 2 diabetes: a status
report. Am J Lifestyle Med. 2015;12:4-20. https://
doi.org/10.1177/1559827615619159.

Chawla SPS, Kaur S, Bharti A, Garg R, Kaur M, Soin
D, Ghosh A, Pal R. Impact of health education on
knowledge, attitude, practices and glycemic con-
trol in type 2 diabetes mellitus. ] Family Med Prim
Care. 2019;8:261-8. https://doi.org/10.4103/jfmpc.
jfmpc_228_18.

Khalil H. Diabetes microvascular complica-
tions—a clinical update. Diabetes Metab Syndr.
2017;11(Suppl 1):S133-9. https://doi.org/10.1016/j.
dsx.2016.12.022.

UK Prospective Diabetes Study Group. Tight blood
pressure control and risk of macrovascular and
microvascular complications in type 2 diabetes:

A\ Adis


https://doi.org/10.1093/advances/nmac046
https://doi.org/10.1093/advances/nmac046
https://doi.org/10.3390/nu13041307
https://doi.org/10.3390/nu13041307
https://doi.org/10.2144/fsoa-2022-0058
https://doi.org/10.2144/fsoa-2022-0058
https://doi.org/10.3390/nu2121266
https://doi.org/10.3390/nu2121266
https://doi.org/10.1017/S1368980024000776
https://doi.org/10.1017/S1368980024000776
https://doi.org/10.7759/cureus.43882
https://doi.org/10.7759/cureus.43882
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9919634/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9919634/
https://doi.org/10.3390/nu7075266
https://doi.org/10.3390/nu7075266
https://doi.org/10.1146/annurev-nutr-121415-112624
https://doi.org/10.1146/annurev-nutr-121415-112624
https://doi.org/10.1186/1475-2891-11-98
https://doi.org/10.1186/1475-2891-11-98
https://doi.org/10.2174/157016111795495558
https://doi.org/10.3390/nu11040873
https://doi.org/10.3390/nu11040873
https://doi.org/10.1007/s11892-017-0951-7
https://doi.org/10.1007/s11892-017-0951-7
https://doi.org/10.1016/j.diabres.2010.04.019
https://doi.org/10.1016/j.diabres.2010.04.019
https://doi.org/10.3390/nu14030631
https://doi.org/10.31478/202007b
https://doi.org/10.1177/1559827615619159
https://doi.org/10.1177/1559827615619159
https://doi.org/10.4103/jfmpc.jfmpc_228_18
https://doi.org/10.4103/jfmpc.jfmpc_228_18
https://doi.org/10.1016/j.dsx.2016.12.022
https://doi.org/10.1016/j.dsx.2016.12.022

2676

Adv Ther (2025) 42:2659-2678

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

UKPDS 38. UK Prospective Diabetes Study Group.
BM]J. 1998;317:703-13.

ACCORD Study Group, ACCORD Eye Study Group,
Chew EY, Ambrosius WT, Davis MD, Danis RP,
Gangaputra S, Greven CM, Hubbard L, Esser BA,
et al. Effects of medical therapies on retinopa-
thy progression in type 2 diabetes. N Engl ] Med.
2010;363:233-44. https://doi.org/10.1056/NEJMo
a1001288.

Wang B, Wang F, Zhang Y, Zhao S-H, Zhao W-], Yan
S-L, Wang Y-G. Effects of RAS inhibitors on diabetic
retinopathy: a systematic review and meta-analy-
sis. Lancet Diabetes Endocrinol. 2015;3:263-74.
https://doi.org/10.1016/52213-8587(14)70256-6.

Abbate M, Cravedi P, lliev I, Remuzzi G, Ruggenenti
P. Prevention and treatment of diabetic retinopa-
thy: evidence from clinical trials and perspectives.
Curr Diabetes Rev. 2011;7:190-200. https://doi.org/
10.2174/157339911795843168.

Zhang X, Wang N, Schachat AP, Bao S, Gillies MC.
Glucocorticoids: structure, signaling and molecular
mechanisms in the treatment of diabetic retinopa-
thy and diabetic macular edema. Curr Mol Med.
2014;14:376-84. https://doi.org/10.2174/15665
24014666140128114414.

Suckling RJ, He FJ, Macgregor GA. Altered dietary
salt intake for preventing and treating diabetic
kidney disease. Cochrane Database Syst Rev. 2010.
https://doi.org/10.1002/14651858.CD006763.
pub2.

Fineberg D, Jandeleit-Dahm KAM, Cooper ME.
Diabetic nephropathy: diagnosis and treatment.
Nat Rev Endocrinol. 2013;9:713-23. https://doi.
org/10.1038/nrendo.2013.184.

Khalil H. Painful diabetic neuropathy manage-
ment. Int J Evid Based Healthc. 2013;11:77-9.
https://doi.org/10.1111/1744-1609.12010.

Cohen K, Shinkazh N, Frank J, Israel I, Fellner C.
Pharmacological treatment of diabetic peripheral
neuropathy. P T. 2015;40:372-88.

van Nooten F, Treur M, Pantiri K, Stoker M,
Charokopou M. Capsaicin 8% patch versus oral
neuropathic pain medications for the treatment
of painful diabetic peripheral neuropathy: a sys-
tematic literature review and network meta-anal-
ysis. Clin Ther. 2017;39:787-803.e18. https://doi.
org/10.1016/j.clinthera.2017.02.010.

Spallone V. Management of painful diabetic neu-
ropathy: guideline guidance or jungle? Curr Diab
Rep. 2012;12:403-13. https://doi.org/10.1007/
$11892-012-0287-2.

96.

97.

98.

99.

100.

101.

102.

103.

104.

10S.

106.

Beckman JA, Creager MA. Vascular complications
of diabetes. Circ Res. 2016;118:1771-835. https://
doi.org/10.1161/CIRCRESAHA.115.306884.

Lu JT, Creager MA. The relationship of cigarette
smoking to peripheral arterial disease. Rev Cardio-
vasc Med. 2004;5:189-93.

Conen D, Everett BM, Kurth T, Creager MA, Bur-
ing JE, Ridker PM, Pradhan AD. Smoking, smok-
ing cessation and risk of symptomatic peripheral
artery disease in women: a prospective study. Ann
Intern Med. 2011;154:719-26. https://doi.org/10.
1059/0003-4819-154-11-201106070-00003.

Haller H. Hypertension, the endothelium and the
pathogenesis of chronic vascular disease. Kidney
Blood Press Res. 1996;19:166-71. https://doi.org/
10.1159/000174066.

Ludwig S, Shen GX. Statins for diabetic cardio-
vascular complications. Curr Vasc Pharmacol.
2006;4:245-51. https://doi.org/10.2174/15701
6106777698388.

Davidson JA, Parkin CG. Is hyperglycemia a causal
factor in cardiovascular disease? Does proving this
relationship really matter? Yes Diabetes Care.
2009;32(Suppl 2):S331-333. https://doi.org/10.
2337/dc09-S333.

Shore S, Basu T, Kamdar N, Brady P, Birati E, Hum-
mel SL, Chopra V, Nallamothu BK. Use and out-
of-pocket cost of sacubitril-valsartan in patients
with heart failure. J] Am Heart Assoc. 2022;11:
€023950. https://doi.org/10.1161/JAHA.121.
023950.

Matyori A, Brown CP, Ali A, Sherbeny F. Statins
utilization trends and expenditures in the US
before and after the implementation of the
2013 ACC/AHA guidelines. Saudi Pharm ]J.
2023;31:795-800. https://doi.org/10.1016/j.jsps.
2023.04.002.

The role of newer anti-diabetic drugs in cardio-
vascular disease. https://www.acc.org/latest-in-
cardiology/articles/2018/05/22/16/59/http%3a%
2f%2fwww.acc.org%2flatest-in-cardiology%2fart
icles%2£2018%2£05%2£22%2£f16%2£59%2fthe-
role-of-newer-anti-diabetic-drugs-in-cv-disease.
Accessed 19 July 2024.

Neal B, Perkovic V, Matthews DR. Canagliflozin
and cardiovascular and renal events in type 2 dia-
betes. N Engl ] Med. 2017;377:2099. https://doi.
org/10.1056/NEJMc1712572.

Marso SP, Daniels GH, Brown-Frandsen K, Kris-
tensen P, Mann JFE, Nauck MA, Nissen SE, Pocock
S, Poulter NR, Ravn LS, et al. Liraglutide and car-
diovascular outcomes in type 2 diabetes. N Engl ]

A\ Adis


https://doi.org/10.1056/NEJMoa1001288
https://doi.org/10.1056/NEJMoa1001288
https://doi.org/10.1016/S2213-8587(14)70256-6
https://doi.org/10.2174/157339911795843168
https://doi.org/10.2174/157339911795843168
https://doi.org/10.2174/1566524014666140128114414
https://doi.org/10.2174/1566524014666140128114414
https://doi.org/10.1002/14651858.CD006763.pub2
https://doi.org/10.1002/14651858.CD006763.pub2
https://doi.org/10.1038/nrendo.2013.184
https://doi.org/10.1038/nrendo.2013.184
https://doi.org/10.1111/1744-1609.12010
https://doi.org/10.1016/j.clinthera.2017.02.010
https://doi.org/10.1016/j.clinthera.2017.02.010
https://doi.org/10.1007/s11892-012-0287-2
https://doi.org/10.1007/s11892-012-0287-2
https://doi.org/10.1161/CIRCRESAHA.115.306884
https://doi.org/10.1161/CIRCRESAHA.115.306884
https://doi.org/10.1059/0003-4819-154-11-201106070-00003
https://doi.org/10.1059/0003-4819-154-11-201106070-00003
https://doi.org/10.1159/000174066
https://doi.org/10.1159/000174066
https://doi.org/10.2174/157016106777698388
https://doi.org/10.2174/157016106777698388
https://doi.org/10.2337/dc09-S333
https://doi.org/10.2337/dc09-S333
https://doi.org/10.1161/JAHA.121.023950
https://doi.org/10.1161/JAHA.121.023950
https://doi.org/10.1016/j.jsps.2023.04.002
https://doi.org/10.1016/j.jsps.2023.04.002
https://www.acc.org/latest-in-cardiology/articles/2018/05/22/16/59/http%3a%2f%2fwww.acc.org%2flatest-in-cardiology%2farticles%2f2018%2f05%2f22%2f16%2f59%2fthe-role-of-newer-anti-diabetic-drugs-in-cv-disease
https://www.acc.org/latest-in-cardiology/articles/2018/05/22/16/59/http%3a%2f%2fwww.acc.org%2flatest-in-cardiology%2farticles%2f2018%2f05%2f22%2f16%2f59%2fthe-role-of-newer-anti-diabetic-drugs-in-cv-disease
https://www.acc.org/latest-in-cardiology/articles/2018/05/22/16/59/http%3a%2f%2fwww.acc.org%2flatest-in-cardiology%2farticles%2f2018%2f05%2f22%2f16%2f59%2fthe-role-of-newer-anti-diabetic-drugs-in-cv-disease
https://www.acc.org/latest-in-cardiology/articles/2018/05/22/16/59/http%3a%2f%2fwww.acc.org%2flatest-in-cardiology%2farticles%2f2018%2f05%2f22%2f16%2f59%2fthe-role-of-newer-anti-diabetic-drugs-in-cv-disease
https://www.acc.org/latest-in-cardiology/articles/2018/05/22/16/59/http%3a%2f%2fwww.acc.org%2flatest-in-cardiology%2farticles%2f2018%2f05%2f22%2f16%2f59%2fthe-role-of-newer-anti-diabetic-drugs-in-cv-disease
https://doi.org/10.1056/NEJMc1712572
https://doi.org/10.1056/NEJMc1712572

Adyv Ther (2025) 42:2659-2678

2677

107.

108.

109.

110.

111.

112.

113.

114.

11S5.

116.

Med. 2016;375:311-22. https://doi.org/10.1056/
NEJMo0al1603827.

Kalra S. Sodium glucose co-transporter-2 (SGLT2)
inhibitors: a review of their basic and clinical
pharmacology. Diabetes Ther. 2014;5:355-66.
https://doi.org/10.1007/s13300-014-0089-4.

Anker SD, Butler J, Filippatos G, Ferreira JP, Boc-
chi E, Bohm M, Brunner-La Rocca H-P, Choi D-J,
Chopra V, Chuquiure-Valenzuela E, et al. Empa-
gliflozin in heart failure with a preserved ejec-
tion fraction. N Engl J] Med. 2021;385:1451-61.
https://doi.org/10.1056/NEJMo0a2107038.

Ferhatbegovié L, M13i¢ D, Macié-DZankovié A.
The benefits of GLP1 receptors in cardiovas-
cular diseases. Front Clin Diabetes Healthc.
2023;4:1293926. https://doi.org/10.3389/fcdhc.
2023.1293926.

Dhankhar S, Chauhan S, Mehta DK, Nitika, Saini K,
Saini M, Das R, Gupta S, Gautam V. Novel targets
for potential therapeutic use in diabetes mellitus.
Diabetol Metab Syndr. 2023;15:17. https://doi.org/
10.1186/s13098-023-00983-5.

Chapman K, Holmes M, Seckl J. 11p-Hydroxysteroid
dehydrogenases: intracellular gate-keepers of tissue
glucocorticoid action. Physiol Rev. 2013;93:1139-
206. https://doi.org/10.1152/physrev.00020.2012.

Hug C, Lodish HF. Diabetes, obesity, and Acrp30/
adiponectin. Biotechniques. 2002;33:654. https://
doi.org/10.2144/02333dd01. (656, 658 passim).

Yamauchi T, Kamon J, Waki H, Terauchi Y, Kubota
N, Hara K, Mori Y, Ide T, Murakami K, Tsuboy-
ama-Kasaoka N, et al. The fat-derived hormone
adiponectin reverses insulin resistance associ-
ated with both lipoatrophy and obesity. Nat Med.
2001;7:941-6. https://doi.org/10.1038/90984.

Li Z-Y, Song J, Zheng S-L, Fan M-B, Guan Y-F, QuY,
Xu J, Wang P, Miao C-Y. Adipocyte Metrnl antago-
nizes insulin resistance through PPARy signaling.
Diabetes. 2015;64:4011-22. https://doi.org/10.
2337/db15-0274.

Li Z, Gao Z, Sun T, Zhang S, Yang S, Zheng M,
Shen H. Meteorin-like/Metrnl, a novel secreted
protein implicated in inflammation, immunol-
ogy, and metabolism: a comprehensive review of
preclinical and clinical studies. Front Immunol.
2023;14:1098570. https://doi.org/10.3389/fimmu.
2023.1098570.

Chiarelli F, Di Marzio D. Peroxisome proliferator-
activated receptor-gamma agonists and diabetes:
current evidence and future perspectives. Vasc
Health Risk Manag. 2008;4:297-304. https://doi.
0rg/10.2147/vhrm.s993.

117.

118.

119.

120.

121.

122.

123.

124.

125.

Rao RR, Long JZ, White JP, Svensson K], Lou ],
Lokurkar I, Jedrychowski MP, Ruas JL, Wrann
CD, Lo JC, et al. Meteorin-like is a hormone that
regulates immune-adipose interactions to increase
beige fat thermogenesis. Cell. 2014;157:1279-91.
https://doi.org/10.1016/j.cell.2014.03.065.

Garcia-Beltran C, Navarro-Gascon A, Lopez-Ber-
mejo A, Quesada-Lopez T, de Zegher F, Ibafiez L,
Villarroya F. Meteorin-like levels are associated
with active brown adipose tissue in early infancy.
Front Endocrinol (Lausanne). 2023;14:1136245.
https://doi.org/10.3389/fendo.2023.1136245.

Wong MS, Hawthorne W], Manolios N. Gene
therapy in diabetes. Self Nonself. 2010;1:165-75.
https://doi.org/10.4161/self.1.3.12643.

Fatima A, Rasool S, Devi S, Talha M, Wagqar F, Nasir
M, Khan MR, Ibne Ali Jaffari SM, Haider A, Shah
SU, et al. Exploring the cardiovascular benefits of
sodium-glucose cotransporter-2 (SGLT2) inhibi-
tors: expanding horizons beyond diabetes man-
agement. Cureus. 2023;15:e46243. https://doi.
org/10.7759/cureus.46243.

Yang F, Meng R, Zhu D-L. Cardiovascular effects
and mechanisms of sodium-glucose cotrans-
porter-2 inhibitors. Chronic Dis Transl Med.
2020;6:239-45. https://doi.org/10.1016/j.cdtm.
2020.07.002.

Yuliya L, Petter B, Udell JA, Lovshin JA, Cherney
DZ. Sodium glucose cotransporter-2 inhibition
in heart failure: potential mechanisms, clinical
applications and summary of clinical trials. Cir-
culation. 2017;136:1643-58. https://doi.org/10.
1161/CIRCULATIONAHA.117.030012.

Parab P, Chaudhary P, Mukhtar S, Moradi A, Kodali
A, Okoye C, Klein D, Mohamoud I, Olanisa OO,
Hamid P. Role of glucagon-like peptide-1 (GLP-1)
receptor agonists in cardiovascular risk manage-
ment in patients with type 2 diabetes mellitus:
a systematic review. Cureus. 2023;15:e45487.
https://doi.org/10.7759/cureus.45487.

Scisciola L, Cataldo V, Taktaz F, Fontanella RA,
Pesapane A, Ghosh P, Franzese M, Puocci A, De
Angelis A, Sportiello L, et al. Anti-inflammatory
role of SGLT2 inhibitors as part of their anti-
atherosclerotic activity: data from basic sci-
ence and clinical trials. Front Cardiovasc Med.
2022;9:1008922. https://doi.org/10.3389/fcvm.
2022.1008922.

Alharbi SH. Anti-inflammatory role of glucagon-
like peptide 1 receptor agonists and its clini-
cal implications. Ther Adv Endocrinol Metab.
2024;15:20420188231222370. https://doi.org/
10.1177/20420188231222367.

A\ Adis


https://doi.org/10.1056/NEJMoa1603827
https://doi.org/10.1056/NEJMoa1603827
https://doi.org/10.1007/s13300-014-0089-4
https://doi.org/10.1056/NEJMoa2107038
https://doi.org/10.3389/fcdhc.2023.1293926
https://doi.org/10.3389/fcdhc.2023.1293926
https://doi.org/10.1186/s13098-023-00983-5
https://doi.org/10.1186/s13098-023-00983-5
https://doi.org/10.1152/physrev.00020.2012
https://doi.org/10.2144/02333dd01
https://doi.org/10.2144/02333dd01
https://doi.org/10.1038/90984
https://doi.org/10.2337/db15-0274
https://doi.org/10.2337/db15-0274
https://doi.org/10.3389/fimmu.2023.1098570
https://doi.org/10.3389/fimmu.2023.1098570
https://doi.org/10.2147/vhrm.s993
https://doi.org/10.2147/vhrm.s993
https://doi.org/10.1016/j.cell.2014.03.065
https://doi.org/10.3389/fendo.2023.1136245
https://doi.org/10.4161/self.1.3.12643
https://doi.org/10.7759/cureus.46243
https://doi.org/10.7759/cureus.46243
https://doi.org/10.1016/j.cdtm.2020.07.002
https://doi.org/10.1016/j.cdtm.2020.07.002
https://doi.org/10.1161/CIRCULATIONAHA.117.030012
https://doi.org/10.1161/CIRCULATIONAHA.117.030012
https://doi.org/10.7759/cureus.45487
https://doi.org/10.3389/fcvm.2022.1008922
https://doi.org/10.3389/fcvm.2022.1008922
https://doi.org/10.1177/20420188231222367
https://doi.org/10.1177/20420188231222367

2678

Adv Ther (2025) 42:2659-2678

126.

127.

128.

129.

130.

131.

132.

Piccirillo F, Mastroberardino S, Nusca A, Frau L,
Guarino L, Napoli N, Ussia GP, Grigioni F. Novel
antidiabetic agents and their effects on lipid pro-
file: a single shot for several cardiovascular tar-
gets. Int ] Mol Sci. 2023;24:10164. https://doi.org/
10.3390/ijms241210164.

Chen C, Yuan S, Zhao X, Qiao M, Li S, He N,
Huang L, Lyu J. Metformin protects cardiovas-
cular health in people with diabetes. Front Car-
diovasc Med. 2022;9: 949113. https://doi.org/10.
3389/fcvm.2022.949113.

Wiernsperger NF, Bailey CJ. The antihypergly-
caemic effect of metformin: therapeutic and cel-
lular mechanisms. Drugs. 1999;58 (Suppl 1):31-
82. https://doi.org/10.2165/00003495-19995
8001-00009.

Bu Y, Peng M, Tang X, Xu X, Wu Y, Chen AF,
Yang X. Protective effects of metformin in vari-
ous cardiovascular diseases: clinical evidence and
AMPK-dependent mechanisms. J Cell Mol Med.
2022;26:4886-903. https://doi.org/10.1111/
jemm.17519.

Bu Y, Peng M, Tang X, et al. Protective effects of
metformin in various cardiovascular diseases:
Clinical evidence and AMPK-dependent mecha-
nisms. J Cell Mol Med. 2022;26(19):4886-4903.
https://doi.org/10.1111/jcmm.17519.

Eggleton JS, Jialal I. Thiazolidinediones. In: Stat-
Pearls. Treasure Island (FL): StatPearls Publish-
ing; 2025. https://www.ncbi.nlm.nih.gov/books/
NBK551656/.

Medina-Leyte DJ, Zepeda-Garcia O, Dominguez-
Pérez M, Gonzalez-Garrido A, Villarreal-Molina
T, Jacobo-Albavera L. Endothelial dysfunction,

133.

134.

133.

inflammation and coronary artery disease: poten-
tial biomarkers and promising therapeutical
approaches. Int J Mol Sci. 2021;22:3850. https://
doi.org/10.3390/ijms22083850.

Wh T. Do Thiazolidinediones cause heart failure?
A critical review. PubMed.

Kasina SVSK, Baradhi KM. Dipeptidyl peptidase IV
(DPP 1V) inhibitors. In: StatPearls. Treasure Island
(FL): StatPearls Publishing; 2025. https://www.ncbi.
nlm.nih.gov/books/NBK542331/.

Patoulias DI, Boulmpou A, Teperikidis E, Katsima-
rdou A, Siskos F, Doumas M, Papadopoulos CE,
Vassilikos V. Cardiovascular efficacy and safety of
dipeptidyl peptidase-4 inhibitors: a meta-analysis
of cardiovascular outcome trials. World J Cardiol.
2021;13:585-92. https://doi.org/10.4330/wjc.v13.
i10.585.

A\ Adis


https://doi.org/10.3390/ijms241210164
https://doi.org/10.3390/ijms241210164
https://doi.org/10.3389/fcvm.2022.949113
https://doi.org/10.3389/fcvm.2022.949113
https://doi.org/10.2165/00003495-199958001-00009
https://doi.org/10.2165/00003495-199958001-00009
https://doi.org/10.1111/jcmm.17519
https://doi.org/10.1111/jcmm.17519
https://doi.org/10.1111/jcmm.17519
https://www.ncbi.nlm.nih.gov/books/NBK551656/
https://www.ncbi.nlm.nih.gov/books/NBK551656/
https://doi.org/10.3390/ijms22083850
https://doi.org/10.3390/ijms22083850
https://www.ncbi.nlm.nih.gov/books/NBK542331/
https://www.ncbi.nlm.nih.gov/books/NBK542331/
https://doi.org/10.4330/wjc.v13.i10.585
https://doi.org/10.4330/wjc.v13.i10.585

	Diabetes Mellitus and Associated Vascular Disease: Pathogenesis, Complications, and Evolving Treatments
	Abstract
	Introduction
	Mechanism of Vascular Endothelial Damage
	Metabolic Memory: Mechanisms and Implications for Diabetes Management
	Macro and Microvascular Complications
	Management and Treatment Options
	Exercise
	Aerobic Exercise and Resistance Training
	High-Intensity Interval Training (HIIT)
	Intensity and Frequency of Aerobic Exercise for Therapeutic Effects
	Intensity 
	Frequency 

	Duration
	Exercise Mediated Mechanisms

	Dietary Changes
	Mediterranean Diet
	Nutrient Timing and Composition

	Lifestyle Changes
	Weight Management
	Behavioral Modifications
	Education and Support 


	Drug Therapeutics
	Microvascular Complications
	Macrovascular Complications
	Cost
	Pharmacological Therapies
	Impact of Antidiabetic Agents on Cardiovascular Outcomes
	SGLT2 Inhibitors 
	GLP-1 Receptor Agonists 
	Metformin 
	Thiazolidinediones (TZDs) 
	DPP-4 Inhibitors 



	Conclusion
	References




