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Abstract

Cardiometabolic diseases, including ischemic heart disease, hypertensive heart disease, and associated vascular conditions, have
experienced a sharp global increase in prevalence and mortality over recent decades. According to the World Heart Federation, the global
death toll from cardiovascular diseases grew from 12 million in 1990 to 20.5 million in 2021. The development of cardiometabolic
diseases such as hypertension, type 2 diabetes, obesity, and vascular disorders is driven by a complex interplay of risk factors. These
include oxidative stress, chronic inflammation, imbalances in blood glucose and lipid levels, formation of lipid peroxides, increased
intima-media thickness (IMT), subclinical atherosclerosis, coronary artery calcification, arterial narrowing, the formation of vulnerable
plaques, and activation of platelet and coagulation pathways. These risk factors contribute to metabolic disorders by promoting insulin
resistance, endothelial dysfunction, and the progression of atherosclerosis. Despite this understanding, routine annual checkups often
fail to prioritize early risk detection or the development of preventive and management strategies. Instead, these checkups typically
focus on diagnosing existing metabolic conditions and managing them to prevent acute vascular events. However, the South Asian
Society on Atherosclerosis and Thrombosis has been actively promoting global education and the development of preventive strategies.
Recent research advances underscore the importance of addressing oxidative stress, inflammation, and lipid oxidation to slow disease
progression. Innovative therapeutic approaches, including statins, small-interfering RNA (siRNA), non-coding RNA (ncRNA) therapies,
and gene-editing tools like CRISPR/Cas9, have shown considerable promise in lowering cholesterol and lipoprotein(a) levels, lowering
risks associated with type-2 diabetes, stabilizing arterial plaques, and reducing overall cardiovascular risk. Additionally, breakthroughs in
mRNA vaccines and computational genomics emphasize the potential of precision medicine in tackling chronic diseases. This overview
highlights key findings on the roles of oxidative stress, inflammation, atherosclerosis, platelet-vessel wall interactions, and acute vascular
occlusion in the development and progress of cardiometabolic diseases. Major clinical trials indicate that addressing a few modifiable
risk factors can significantly reduce premature deaths from cardiovascular diseases. Nevertheless, managing cardiometabolic diseases on
a population scale remains a formidable challenge. Enhanced preventive measures, better diagnostic tools, and widespread education are
critical. Collaborative efforts involving governments, healthcare systems, professional organizations, and communities are essential to
alleviating the societal burden of these conditions and improving health outcomes globally. This, in turn, can improve health outcomes,
particularly in low-and middle-income countries where healthcare infrastructure and resources are often limited.
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Introduction

Cardiometabolic diseases accounted for more than 4.8 million
deaths among the U.S. working-age population from 1990 to
2017 [1]. Cardiovascular diseases (CVDs) remain the leading
cause of mortality worldwide. Of the 20.5 million CVD-related
deaths in 2021, approximately 80% occurred in low- and middle-
income countries [2]. Much of what we know about heart disease’s
pathophysiology comes from the Framingham Heart Study Group,
which identified traditional risk factors like high blood pressure,
diabetes, and cigarette smoking. Additionally, the Framingham
Heart Study (FHS) highlighted several critical risk factors
contributing to heart disease: hypertension, high cholesterol
especially low-density lipoprotein (LDL) or “bad” cholesterol
smoking, obesity, physical inactivity, diabetes, family history, age,
and sex [3]. Experts estimate that eliminating CVDs could increase
the average lifespan by about 11 years [4].

Despite the identification of modifiable risk factors for CVD six
decades ago, medical practice has been slow to evolve in managing
metabolic diseases like hypertension, diabetes and obesity.
Although high blood pressure, cholesterol, smoking, and inactivity
were identified as risks in the 1950s and 1960s, it has taken decades
for widespread adoption of these factors in medical management.
Early detection and management of these risks can significantly
reduce CVD incidence. Managing risk factors like hypertension,
high cholesterol, smoking, and obesity remains essential to
preventing heart attacks, strokes, and peripheral artery disease [5].

The INTERHEART study found that nine modifiable risk factors
explain over 90% of the global risk of heart attacks across all
regions and major ethnic groups, suggesting that managing these
factors could prevent most premature myocardial infarctions [6].
Khera and colleagues at the Harvard University showed that even
among participants with high genetic risk, a favorable lifestyle
reduced the relative risk of coronary artery disease by nearly 50%
[7]. Researchers at the Imperial College London reported a decline
in cardiovascular mortality but an increase in diabetes mortality in
high-income countries. Between 1980 and 2009, age-standardized
cardiometabolic mortality fell across 26 industrialized nations,
with reductions in risk factors accounting for 49% of the decline
in men and 40% in women. However, no country has successfully
reversed or prevented the rising incidence of vascular diseases [8].

Research underscores that managing CVD risk factors, such
as high blood pressure, cholesterol, and diabetes, can decrease
premature CVD mortality. Nonetheless, this reduction hasn’t
always resulted in a significant decline in overall CVD mortality
rates, highlighting the need for more comprehensive approaches.
In 2019, experts from the National Institutes of Health concluded,
“There have been substantial declines in premature CVD mortality
in much of the U.S. population. However, increases in CVD
mortality before age 50 years among American Indian/Alaska
Native individuals, flattening rates in white people, and overall
increases in deaths from hypertensive disease suggest that targeted
public health interventions are needed to prevent these deaths”
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[9]. Valentine Fuster and colleagues advocate for a comprehensive
approach, utilizing intervention opportunities across the lifespan
to promote cardiovascular health, prevent risk accumulation,
detect and mitigate risk, manage CVD events, and prevent disease
progression and recurrence [10].

Some experts suggest that improving current CVD risk models
by incorporating more risk factors could enhance treatment
targeting. The Framingham Risk Score (FRS), a widely used
model estimating 10-year coronary heart disease risk based on
age, sex, cholesterol levels, smoking, and blood pressure, may
benefit from adding new risk factors. These factors include a
family history of CVD, diabetes, high-sensitivity C-reactive
protein (hs-CRP), lipoprotein (a), and homocysteine. Including
additional metrics such as coronary artery calcium score, cardiac
troponin levels, waist circumference, LDL cholesterol, low HDL
cholesterol, triglycerides, and glucose index (TGI) could offer
a more comprehensive risk assessment. However, eliminating
CVDs might be unrealistic, accurate individual risk assessment
and preventive measures could significantly reduce cardiovascular
disease rates and mortality [3].

According to the ancient systems of traditional medicines from
India and Tibet, every individual is born with a unique blend of
three primary energies. In Ayurveda, these energies are Vata, Pitta,
and Kapha, which correspond to Loong (movement energy), Tripa
(heat energy), and Baekan (cold energy) in Tibetan Medicine.
These Tri-Doshas oversee various functions at the cellular, tissue,
and systemic levels, ensuring that the body maintains equilibrium.
Professor Alex Hankey, Dean of Academic Studies at the Institute
of Ayurveda Integrative Medicine, Bengaluru, India, explains,
“Vata’s membrane transport governs homeostasis, enabling cells
to maintain a regulated internal environment. This constancy
ensures reliable enzyme function and keeps the organism far
from equilibrium with the external environment. Pitta governs
energy production, providing energy-rich molecules like ATP
that drive cellular metabolism. This energy, described as ‘negative
energy in thermodynamics, is crucial to sustaining an organized
and structured organism. Kapha ensures lubrication, maintaining
bodily structure. Together, these energies offer the most
comprehensive definition of life ever formulated” [11]. Professor
Hankey also emphasizes the importance of establishing scientific
validity for the Tridosha concept, particularly in a scientific era,
where relevance and evidence are paramount.

Modern views on altered metabolism and its role in initiating and
advancing metabolic diseases closely parallel these ancient insights.
Dong and colleagues highlight that “accumulating evidence
suggests multiple intricate molecular and cellular mechanisms
establish and maintain metabolic memory. This includes processes
like epigenetic regulation, gluconeogenesis, insulin secretion,
glycosylation of end products, and oxidative stress. Together, these
interconnected mechanisms form a complex network governing
metabolic memory and present novel targets for the detection
and intervention of metabolic diseases” [13]. In 1990, British
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epidemiologist David Barker proposed a hypothesis, linking
intrauterine growth retardation, low birth weight, and premature
birth to the development of hypertension, coronary artery disease,
and non-insulin-dependent diabetes in adulthood. According to
Malhotra and associates, the hypothesis has two main components
[14]. First, when a fetus faces nutrient limitations, it prioritizes
resource allocation to protect brain development. Second, the
fetus receives cues about the post-birth environment and adapts
accordingly. Barker suggested that a fetus experiencing nutrient
scarcity develops a ‘thrifty’ metabolic pattern. Although the
genetic regulation mechanisms responsible for this metabolic
programming were unclear at that time, research has since made
advancements in understanding some of the mechanisms [15].

A news release from Children’s National Health System in
Washington, DC, introduces research led by physician-scientist
Dr. Robert Freishtat. The findings may be transformative for early
intervention and prevention of obesity-related illnesses. It is well
known that there is a direct correlation between visceral adipose
(belly fat) and severe health complications, such as cardiovascular
disease and insulin resistance leading to diabetes. However, the
precise mechanisms linking increased belly fat to these diseases
were not understood until recently. Dr. Freishtat notes that as
visceral fat expands, fat cells undergo a transformation and begin
releasing different exosomes compared to lean adipose cells. These
new exosomal messages interfere with vital biological processes,
impairing the body’s ability to manage sugar and cholesterol
efficiently. Dr. Freishtat likens exosomes to “biological tweets”
brief messages that facilitate intercellular communication and alter
gene expression. The research team collected fat tissue samples
from lean and obese female patients, using modified bead-based
flow cytometry to separate, identify, and compare the exosomal
miRNA released by the fat cells. These researchers believe that
isolating these exosomes has opened possibilities for developing
diagnostic tests and potential early intervention strategies to delay
or prevent obesity-related diseases [16,17].

Despite the ancient, observation-based knowledge of Tridosha,
and modern concepts such as metabolic memory and the
fetal programming hypothesis of adult diseases, we still lack a
comprehensive understanding of the cellular and molecular
mechanisms that initiate and advance metabolic risks. These
mechanisms contribute to the onset and progression of metabolic
diseases, which can eventually lead to acute, occlusive arterial
events. While it is known that numerous cellular and molecular
events drive the progression of metabolic disorders, understanding
the complex interplay between altered metabolism, inflammation,
oxidative stress, and vascular dysfunction is crucial. These factors
are key in the development and progression of conditions such as
hypertension, obesity, type-2 diabetes, and vascular diseases. This
review highlights some of the significant molecular mechanisms
involved in the pathogenesis of metabolic diseases. It is a complex
topic, and readers are urged to refer to original articles and reviews
on this subject for additional information [17-32]. The initiation
of metabolic risks and disease progression primarily involves
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oxidative stress, chronic low-grade inflammation, disrupted
glucose and lipid metabolism, impaired insulin signaling, vascular
atherosclerosis, and the activation of platelet and coagulation
pathways. A better understanding of these processes is essential
for developing effective preventive and therapeutic strategies for
metabolic disorders.

Oxidative Stress and Cardiometabolic Diseases

Mitochondria are the powerhouses of cells, responsible for
generating energy. When mitochondrial function is impaired,
it can lead to a range of metabolic disorders. Mitochondrial
dysfunction can result in oxidative stress, inflammation, and
disruption of cellular metabolism, all of which are hallmarks of
metabolic diseases like metabolic syndrome, diabetes, obesity and
vascular diseases [33]. Mitochondria seem to play an important
role in molecular signaling and determining the state of cellular
health through generation of reactive oxygen species (ROS) [34-
44]. Cytosolic sources of reactive oxygen species include NADPH
oxidases (NOX), a complex of enzymes that generate superoxide
by transferring electrons from NADPH to molecular oxygen.
NOX enzymes are a major source of ROS in the cardiovascular
system and are tightly regulated in response to various stimuli
[44]. Xanthine oxidase also generates superoxide and hydrogen
peroxide during the breakdown of purines. These enzymes play a
role in oxidative damage, particularly under conditions of vascular
ischemia and reperfusion. Cyclooxygenases (COX) involved in the
production of prostanoids can also generate ROS as by-products
during the oxidation of arachidonic acid. Drug metabolizing
enzymes, -Cytochrome P450 are also involved in the oxidation of
organic substrates contributing to ROS production, particularly in
conditions of metabolic stress or inflammation.

As to the mitochondrial source of ROS, the primary site of
ATP production where leakage of electrons from complexes 1
and 11 can reduce oxygen to form superoxide, especially under
conditions of high mitochondrial membrane potential or electron
transport dysfunction. Another source of ROS is monoamine
oxidases (MAOQs) located in the outer mitochondrial membrane
that degrades neurotransmitters, producing hydrogen peroxide
as by-product. This endogenously produced hydrogen peroxide
can be neutralized by various antioxidants, including glutathione,
catalase, and superoxide dismutase, which help maintain cellular
redox balance and prevent oxidative damage. A mitochondrial
adaptor protein, p66shc can influence ROS production and
regulate cellular responses to oxidative stress, impacting aging
and promoting vascular diseases [41]. A unique NADPH oxidase
isoform, NOX4 localized in the mitochondria produces hydrogen
peroxide, playing a role in redox signaling and mitochondrial
function. ROS signaling is intricately balanced during normal cell
function, with both beneficial and harmful outcomes depending
on the context and levels of ROS produced. The tight regulation
of ROS is crucial for maintaining vascular homeostasis and
preventing pathological manifestations and dysfunction.

An imbalance between energy production and utilization
can result in defective cell metabolism, a major factor in the
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development of metabolic syndrome. High glucose levels lead to
excessive production of reactive oxygen species (ROS), causing
mitochondrial morphological changes. Moreover, disruptions
in the insulin signaling pathway lead to the accumulation of
lipids, lipid peroxides, and free fatty acids (FFA), contributing to
various metabolic disorders. Cellular energy dysfunction (CED) is
a condition where cells are unable to efficiently generate energy
leading to metabolic dysregulation. CED is often associated
with metabolic diseases such as diabetes, obesity and metabolic
syndrome, characterized by impaired glucose and lipid metabolism,
resulting in increased blood glucose and lipid levels. Glucose and
lipid metabolism are dependent on mitochondria to generate
energy in cells. Mitochondrial dysfunction seems to be associated
with insulin sensitivity [35-39]. Recent research has focused on
the development of therapeutic strategies targeting mitochondrial
function and oxidative stress [38]. Kim and associates from the
Department of Nutrition Sciences, University of Connecticut have
reviewed the therapeutic potential of bioactive components such as
resveratrol, quercetin, coenzyme Q10, curcumin, and astaxanthin
as enhancers of mitochondrial function [39].

Although oxidative stress has been associated with various
human diseases, including cardiovascular conditions, clinical
trials involving oral antioxidant therapy have demonstrated
limited or no effectiveness in reducing morbidity or mortality.
For example, a recent meta-analysis of 50 randomized controlled
trials, which included nearly 300,000 participants, found no
significant benefit of vitamin or antioxidant supplementation
in preventing cardiovascular outcomes, such as cardiovascular
death. Traditionally, oxidative stress research has focused heavily
on the role of reactive oxygen species, particularly superoxide.
However, in recent years, the understanding of oxidative stress has
expanded significantly, now encompassing the genetic origins of
this imbalance. Nuclear factor erythroid 2-related factor 2 (NRF2)
has emerged as a critical regulator of the antioxidant response,
influencing the expression of hundreds of genes [40]. Researchers
from the University of Wisconsin demonstrated that activating
NRF2 with Protandim mitigates salt-induced vascular dysfunction
and microvascular rarefaction [39]. Their findings suggest that
direct activation of NRF2-regulated enzymatic antioxidant
defenses through dietary interventions may offer a more effective
therapeutic strategy for preventing and treating cardiovascular
disease compared to supplementation with external antioxidant
compounds. Joe McCord and colleagues have further noted that
oxidative stress may be linked to around 200 diseases, potentially
contributing to them, though not necessarily as a direct cause in
every case [40].

Chronic Inflammation and Cardiometabolic Diseases

Inflammation and  oxidative  stress are interrelated
pathophysiological processes that can mutually influence one
another. When one occurs, it often triggers the other, contributing
significantly to the pathogenesis of many chronic metabolic
diseases. Oxidative stress arises from an imbalance between the
production of reactive oxygen species (ROS) and the body’s ability
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to neutralize them, leading to cellular damage and activation of
inflammatory pathways. In contrast, inflammation is the body’s
protective response to injury or infection, but chronic inflammation
driven by persistent oxidative stress can lead to many health issues
[41-44]. The connection between oxidative stress and inflammation
is cyclical. Oxidative stress can initiate inflammatory responses,
and inflammation can further exacerbate oxidative stress, creating
a feedback loop that contributes to conditions like hypertension,
diabetes, obesity, vascular dysfunction and cardiovascular diseases
(CVD) [32].

The pathophysiology of CVD, which includes vascular
dysfunction, hypertension, atherosclerosis, and diabetes mellitus
(DM), is heavily influenced by chronic inflammation. Low-grade,
sustained inflammation is a key factor in insulin resistance and
hyperglycemia, leading to DM and its related microvascular and
macrovascular complications. Moreover, inflammation is a major
promoter of atherosclerosis, accelerating CVD progression [42-
44]. Chronic, low-grade systemic inflammation becomes more
prevalent with aging and is associated with increased risk of all-
cause mortality in older adults, independent of other risk factors.
Thus, systemic inflammation is a crucial determinant of long-term
health outcomes in this population [44]. Polyphenols, antioxidant
compounds found in plant-based foods, are being explored
for their potential to mitigate the effects of oxidative stress and
inflammation. Further research is needed to elucidate the precise
molecular mechanisms linking inflammation to metabolic disease
progression, which could promote the development of effective
and specific anti-inflammatory therapies [32].

Sterile inflammation, a non-infectious immune response driven by
damage-associated molecular patterns (DAMPs), plays a significant
role in the initiation and advancement of metabolic diseases [45].
The NOD-like receptor (NLR) family, -pyrin domain-containing 3
(NLRP3) inflammasome, is a key mediator of sterile inflammation.
This protein complex regulates caspase-1 and promotes the release
of interleukin (IL)-1 family of cytokines, which are implicated
in cardiometabolic diseases. The inflammasome’s activation,
particularly through cytokines like IL1p and IL-18, has adverse
effects on cardiometabolic disease progression. The Canakinumab
Anti-inflammatory Thrombosis Outcome Study (CANTOS)
provided evidence that anti-inflammatory treatment with
Canakinumab, an antibody targeting inflammation, significantly
reduced levels of high-sensitivity C-reactive protein (hs-CRP)
and IL-6 in patients with atherosclerotic disease, independently of
lipid-lowering effects [46, 47]. In this context, CRP just serves as a
biomarker for inflammation. However, reducing CRP alone may
not necessarily lower metabolic risks or prevent cardiovascular
events, as the relationship between inflammation and metabolic
disease is complex.

Atherosclerosis and Cardiometabolic Diseases

Atherosclerosis is a disease characterized by the accumulation of
lipids, lipid peroxides, fibrous elements, and calcification, leading
to plaque buildup on the arterial walls of blood vessels. The
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pathophysiology of atherosclerosis is complex process and involves
multiple stages, including damage to the endothelium, which
allows lipids to infiltrate the arterial wall. This damage promotes
monocyte adherence to endothelial cells, where monocytes
transform into macrophages. Smooth muscle cells then migrate
from the media to the intima, and collagen and elastic fibers are
produced. A fibrous cap forms around lipid pools, creating a mature
atherosclerotic plaque. These plaques may become calcified and,
upon rupture, can induce arterial occlusion, leading to ischemia
and potentially causing stroke or myocardial infarction. Professor
Russell Ross described atherosclerosis as an inflammatory disease
in his seminal article published in the New England Journal
of Medicine [48]. He explained that injury to the endothelium
results in alterations in the normal properties of endothelial cells
concerning leukocyte and platelet adhesion (Figure 1). Under
normal conditions, platelets and leukocytes do not adhere to the
endothelium (Figure 1A). However, when endothelial dysfunction
occurs, these cells interact with the damaged endothelium (Figure
1B). The molecular mechanisms involved in these interactions are
discussed under the section “Platelet-Vessel Wall Interactions”.

- [ >
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A.Healthy Endothelial Surface

B. Dysfunctional Endothelial Surface

(Courtesy: Late Professor James G. White, University of Minnesota)
Figure 1

Monocytes are circulating leukocytes that interact with endothelial
cells under various physiological and pathological conditions. This
interaction is mediated through a multistep process involving
a variety of cell surface adhesion molecules. At sites where the
endothelium is injured or activated, patrolling monocytes promote
endothelial cell proliferation by secreting growth factors such as
VEGE. In turn, activated endothelial cells facilitate the recruitment
and migration of monocytes. The ability of monocytes to
significantly promote endothelial cell proliferation and migration
plays a crucial role in processes like wound healing and vascular
remodeling. This dynamic interplay is essential for maintaining
vascular and tissue homeostasis and responding to injury or
inflammation. Monocytes are drawn to specific areas within
blood vessels or tissues by chemokines and receptors, where they
transdifferentiate into macrophages in response to tissue damage
or infection [49,50]. Bioactive molecules released by infiltrating
macrophages, such as monocyte chemoattractant protein-1 (MCP-
1) and tumor necrosis factor (TNFa), attract additional monocytes
and expose them to adhesion molecules.
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Atherosclerosis is a complex process involving formation
of glycosylated hemoglobin and advance glycated products,
accumulation of lipids, inflammatory cells, and fibrous elements
in the large arteries, leading to plaque formation and potential
rupture. Oxidative stress, caused by an imbalance between free
radical production and antioxidant defenses, can damage the
endothelium, the inner lining of blood vessels, making them more
susceptible to atherosclerosis. Inflammation, triggered by oxidative
stress, also contributes to the development of atherosclerosis by
promoting the adhesion and migration of inflammatory cells,
such as macrophages, into the arterial wall. These cells ingest
lipids, becoming foam cells that accumulate and contribute to the

progression of vascular atherosclerosis.
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.l

Complications

Myocardial
Infarction

Stroke

Chemical ||
Mediators

Metabolic Dysfuctions ||
In Mesenchymal Celis ||

Endothelial Cell Proliferation
Smooth Muscle Cell Migration
Smooth Muscle Cell Proliferation
Platelet Adhesion

Platelet Aggregation

Monocyte/Macrophage
Differentiation

Lipid Accumulation

Adrenaline
Hypertension

Diabetes Mellitus.
Hyperlipidemia
Stress

Schematic Presentation of Pathogenesis of Atherosclerosis, Thrombosis
and Stroke
(University of Minnesota, Artists, Personal Collection)
Figure 2

The development of the lipid-rich core in atherosclerotic plaques
is a complex process that begins early in lesion progression,
particularly during the transition from fatty streaks to fibrous
plaques [5]. These cores are often acellular, with lipid deposits
primarily located in the extracellular matrix. Low-density
lipoprotein (LDL) aggregates in the matrix, forming lipid-rich
deposits high in sphingomyelin, a lipid that impacts signaling
pathways by reducing protein kinase-C activity. Myeloperoxidase,
an oxidative enzyme produced by monocytes and granulocytes,
is frequently found in both the shoulder regions and the core
of fibrous plaques. Additionally, cholesterol crystals are often
observed, suggesting that local cell membranes may become
oversaturated with cholesterol, exceeding physiological levels.
Studies have demonstrated the efficacy of continuous statin
therapy in controlling plaque progression and reducing plaque
volume [52,53].

Oxidized lipids, particularly oxidized low-density lipoprotein
(oxLDL), play a critical role in atherosclerosis development. The
oxidation of LDL cholesterol (LDL-C) generates oxidized and
hydroxidized fatty acid products that drive this process. OxLDL
promotes the expression of adhesion molecules on cell surfaces,
activating endothelial cells. Modifications to LDL particles confer
atherogenic properties. Additionally, oxidized phospholipids
(Lps) can interact with platelet receptors, such as protease-
activated receptor 1 and CD36, providing a biological basis for
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their pro-aggregatory effects. Lipoprotein(a) {Lp(a)} subfractions
also increase thromboxane production in endothelial cells, an
effect observed in vitro studies on platelets [54-59]. Studies from
our laboratory at the University of Minnesota demonstrated
that cholesterol- enriched platelets produce increased levels of
thromboxane on stimulation compared to the control platelets.
Our studies also demonstrated that glutathione and glutathione
peroxidase levels modulate platelet arachidonic acid metabolism
[59,60].

Elevated Lp(a) levels are independent risk factors for
atherosclerotic cardiovascular disease (CVD) and aortic stenosis;
however, no effective therapies currently target these conditions.
Emerging RNA therapeutics are being developed to target hepatic
apolipoprotein synthesis [61]. Several trials, including the phase-3
Lp(a)-HORIZON and ASPREE studies, using aspirin as an
antithrombotic agent are underway to investigate whether lowering
Lp (a) levels or use of an anti-platelet agent (Aspirin) reduces CVD
risk in elderly patients with elevated lipoproteins [62]. Statins
have been shown to slow the progression of atherosclerosis, with
evidence from significant trials, such as the Post-Coronary Artery
Bypass Graft (POST-CABG) trial, the Reversal of Atherosclerosis
with Aggressive Lipid Lowering (REVERSAL) trial, the ASTEROID
trial (which evaluated rosuvastatin’s effect on coronary atheroma
burden via intravascular ultrasound), the SATURN study
(comparing rosuvastatin and atorvastatin), and the METEOR-
China study (which measured intima-media thickness [63].
Professor Rao has recently published case studies suggesting that
lowering LDL-cholesterol to below 33 mg/dL has likely stabilized
coronary plaques in individuals despite high coronary calcium
scores, with the right coronary artery having an Agatston Score of
1007 and the left circumflex artery a score of 1748. Although statin
therapy appears to accelerate coronary calcification, researchers
believe this calcification process may stabilize vulnerable plaques,
potentially lowering the risk of acute occlusive arterial events [64].

Platelet -Vessel Wall Interactions

Platelet-vesselwallinteractionsencompassthecomplexanddynamic
processes that occur between circulating platelets and the blood
vessel wall, especially during vascular injury or disease. Platelets
are not attracted to a healthy endothelium. Antithrombogenic
property of the healthy endothelium is modulated by a variety
of endogenously generated biomolecules including adenosine,
prostacyclin, thrombomodulin, protein C, plasminogen activators,
protein S and heparin- like glycosaminoglycans [32]. When a blood
vessel is damaged, subendothelial structures are exposed, initiating
rapid platelet responses. These include adhesion, activation, and
aggregation at the injury site. While platelets circulate in a resting
state under normal conditions, they promptly adhere to exposed
subendothelial structures following vascular injury. This process
is facilitated by adhesive proteins and platelet surface receptors
that bind to extracellular matrix components like collagen and
von Willebrand factor (vWF). The interaction triggers intricate
signaling pathways and cellular activating mechanisms. These
interactions are essential for physiological hemostasis but also
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play a central role in pathological processes, including thrombosis
and cardiovascular disease. Understanding these mechanisms
is crucial for developing therapies to mitigate platelet-mediated
vascular disorders.

In flowing blood, platelet adhesion to the vessel wall relies on
various adhesion molecules and receptors. Initially, plasma vWF
binds to exposed collagen in the subendothelium, creating a
substrate for platelet binding. Platelets then interact with vVWEF
via glycoprotein Iba (GPlba), a component of the GP1b-V-IX
receptor complex, especially under high shear forces. At lower
shear rates, activated platelets utilize additional receptors, such as
alIbp3 (GP IIb/IIIa), a2B1, and Glycoprotein IV (GP IV), to engage
with vWF and collagen. Under reduced shear conditions, adhesion
is further supported by other membrane-associated glycoproteins
(GP L, I1L, IV, VI) and adhesive proteins like laminin, fibronectin,
and thrombospondin. Specific binding mechanisms include
interactions with laminin via a5p1, thrombospondin via GP1ba,
fibrinogen via alIbB3, and collagen via a21 and GP VI. Research
from the University of Minnesota highlights that currently
available antiplatelet drugs fail to prevent platelet interactions
with exposed subendothelium [65]. This underscores the intricate
nature of these interactions, and the challenges associated with
developing effective treatments. Consequently, there is significant
interest in creating synthetic peptides and monoclonal antibodies
to disrupt platelet-vessel wall interactions (Figure 3) [66].

Platelet Interaction with Cell-matrix
Components Inhibition by Antibodies

PLATELET
__GPIb/ix GP lib/lla J_//
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Schematic Presentation of Platelet Interaction with Cell-matrix
Components
(University of Minnesota Artists, Personal Collection)
Figure 3

White and associates at the University of Minnesota, using
ultrastructure studies demonstrated that synthetic peptides
and monoclonal antibodies to the 11b/111a complex reduced
the tension of platelet-rich clots, suggesting that clot tension
requires the availability and interactions with a platelet receptor
for polymerizing fibrin. In this study fibrinogen peptides, Arg-
Gly-Asp-Ser (RGDS), Arg-Gly-Asp-Val (RGDV), Lys-Gly-
Asp-Ser (KGDS), Arh-Gly-Glu-Ser (RGES) and Ala-Gly-Asp-
Val (AGDV) were used as antagonists. Monoclonal antibodies
used were MABI0OE and C7E3. They all bound to 11b/111a
and prevented platelet aggregation and fibrinogen binding to
platelets [66]. Barry Coller of Rockefellers University, New York
developed a monoclonal antibody that inhibits platelet function
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and a derivative of that antibody (Abciximab; ‘ReoPro’; Centocor/
Eli Lilly) was approved for human use by the FDA in 1994. The
EPILOG Investigators concluded that inhibition of the platelet
glycoprotein 11b/111a receptor with abciximab markedly reduces
the risk of acute ischemic complications in patients undergoing
percutaneous coronary revascularization [67,68]. The discovery of
11b/111a receptor, which is responsible for fibrinogen recognition
and platelet aggregation, facilitated the development of newer
antiplatelet drugs. These drugs include abciximab (ReoPro),
eptifibatide (Integrilin), and tirofiban (Aggrastat) [69].

Acute Occlusive Arterial Events

Metabolic alterations, such as oxidative stress, inflammation,
vascular dysfunction, arterial narrowing, formation of vulnerable
atherosclerotic plaques, and activation of platelet and coagulation
pathways, initiate and promote acute occlusive arterial events.
This overview does not address venous thromboembolism or
microvascular dysfunction, which can lead to limb function loss or
cognitive decline. In this section, we summarize our five decades
of research on platelet ultrastructure, morphology, physiology,
and pharmacology. While a detailed discussion of our discoveries
is beyond the scope of this review, readers are encouraged to
refer to a dedicated monograph on this topic [70]. Platelets
interact with various soluble agonists, such as epinephrine and
adenosine phosphate, insoluble extracellular matrix components,
including collagen, laminin, fibronectin, and biomaterials used in
medical devices. These interactions activate specific receptors and
glycoprotein-rich domains (both integrins and non-integrins) on
the plasma membrane, triggering intracellular effector enzymes.
The regulation of platelet activation predominantly depends on
the availability of membrane associated as well as free cytosolic
calcium.

Ionized calcium acts as the primary bioregulator, with numerous
biochemical mechanisms modulating the availability of free
cytosolic calcium [71]. Signal transduction begins when agonists
bind to specific receptors, leading to the stimulation of effector
enzymes via transmembrane GTP-binding proteins (Figure 4 A).

Modulation of lonized Calcium
in Human Platelets
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Key enzymes that regulate calcium levels via secondary messengers
include phospholipase C, phospholipase A,, phospholipase D,
adenyl cyclases, and guanyl cyclases. Phospholipase-C activation
results in the hydrolysis of phosphatidylinositol trisphosphate,
generating the secondary messengers 1, 2-diacylglycerol (1, 2-DG)
and inositol trisphosphate (IP3) (Figure 4B). Signal transduction
mechanisms induced by antagonists are similar to the agonist-
induced transmembrane signaling. Platelet antagonists act at the
membrane receptors, induce transmembrane signals that result
in the formation of second messengers, cyclic AMP (cAMP) and
cyclic GMP (cGMP) (Figure 4A). These second messengers lower
cytosolic calcium levels and thereby limit the availability of free
calcium needed for platelet activation, leading to the assembly of
actin, contraction of cytoskeletal proteins and secretion of granule
contents [19,23].

Diglyceride induces activation of protein kinase C (Figure
5A) whereas IP, mobilizes cytosolic calcium (Figure 5B). The
activation of Protein Kinase C (PKC) leads to the translocation
of cytosolic enzyme to membranes. This is a critical step in the
signal transduction pathway. Upon activation, PKC undergoes a
conformational change that enables it to interact with membranes
rich in diacylglycerol (DAG) and calcium ions. We followed
Protein kinase C activation and translocation to the membranes
using Phorbol myristate and mobilization of cytosolic calcium
using calcium-specific Fura-2 [72,73]. Elevation of cytosolic
calcium leads to the activation of Phospholipase A, and release
of arachidonic acid from the membranes. Free arachidonic acid
is transformed into novel transient pro-aggregatory molecules,
Prostaglandin (PG) PGG, and PGH, by cyclooxygenase (COX-
1). These metabolites are further converted to a proaggregatory
Thromboxane A, by thromboxane synthetase. Thromboxane A,
acts on specific receptors and initiates the activation process again
similar to the action of other agonists (Figure 6).

Endothelial dysfunction is a hallmark of atherosclerosis. This
impairs the normal protective functions of the endothelium, leading
to a pro-inflammatory and pro-thrombotic state. Vulnerable

Agonist-mediated Formation of Second Messengers (DAG, IP;)

and Calcium Mobilization in Platelets
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Schematic representation of signal transduction and formation of second messengers.
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atherosclerotic plaques are characterized by a thin fibrous cap, a
large lipid-rich necrotic core, and inflammatory cells [74]. These
unstable plaques are more prone to rupture, which can trigger acute
events like myocardial infarction or stroke. In addition, activated
platelets also contribute to the progression of vascular dysfunction
and thrombosis. Dysfunctional endothelium and activated
platelets promote the coagulation cascade, further destabilizing
the plaque. Factors like inflammation, endothelial senescence, and
the presence of molecules like SI00A8/A9, matrix metalloproteins,
(MMP-7, MMP-9), ANGPTL2, endogdlin, annexin V, serum
homocysteine and apoptic microparticles influence prothrombotic
events. All these molecules contribute to the development of
vascular dysfunction. In summary, the complex interplay between
endothelial dysfunction, vulnerable plaque formation, and platelet
hyperfunction are key drivers of acute vascular events like heart
attacks and strokes [74-78].

Aspirin (ASA) became the first effective antiplatelet drug in the
20th century. It is still widely used today to prevent cardiovascular
complications caused by atherothrombosis, although it also
increases the risk of major bleeding. Aspirin has been used as an
antiplatelet drug for over a century, building on its long history as
a painkiller and antipyretic, dating back thousands of years [79].
Aspirin acetylates the serine residue of the COX-1 enzyme. This
prevents the production of prostaglandins and thromboxanes [80].
Newer drugs of this class include Prasugrel a novel thienopyridine
similar to Clopidogrel that exerts its antiplatelet effects binding
to the P2Y , receptor for adenosine diphosphate (ADP), thereby
preventing platelet aggregation [81]. Ticagrelor on the other
hand is a cyclopentyl-triazolo-pyrimidine, a reversible inhibitor
of the P2Y , receptor. Guidelines suggest the use of these newer
antiplatelet drugs as part of dual antiplatelet therapy with ASA
in acute coronary syndromes. We have described other class of
inhibitors such as peptides and antibodies (ReoPro, Epifibatide
and Tirofiban) to various cell matrix components in an earlier
section. When considering other antithrombotic therapies, recent
guidelines recommend more potent P2Y , inhibitors like ticagrelor
and prasugrel over abciximab in stable patients. For instance,
ticagrelor, an active drug providing rapid and potent inhibition of
platelet aggregation, has shown a significant reduction in mortality
and rates of major adverse cardiac events (MACE) compared to
clopidogrel. In contrast, abciximab’s advent was marked in the era
of balloon angioplasty, showcasing its role in reducing myocardial
infarction (MI) rates during PCI. It is now often reserved for high-
risk scenarios or “bail-out” situations.

Discussion

Cardiometabolic diseases, which include conditions like ischemic
heart disease and hypertensive heart disease, have seen a significant
rise in mortality and prevalence globally in recent decades. Deaths
from ischemic heart disease have increased by more than 1.4
million globally, which is the second- largest rise in any income
group in terms of absolute numbers. The global prevalence of
hypertensive heart disease has risen steadily over the last 3 decades,
as have the total number of deaths, There are also significant racial
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and ethnic disparities in the prevalence of diagnosed heart disease
and diabetes. Overall, deaths from cardiovascular disease, which
includes many cardiometabolic conditions jumped globally from
12.1 million in 1990 to 20.5 million in 2021, a surge of around
60%. [82]. According to a study conducted in 21 high-middle
and low-income countries, a small number of modifiable risk
factors seems to be the cause of premature death due to CVDs
[83]. Adding additional risk factors to the Framingham risk score
seems to improve coronary heart risk scores [84]. Since vascular
disease progresses very slowly, risk prediction scores should
be calculated for 20 to 30 years rather than the current practice
of risk stratification over five- or ten-year periods. A recent
study validated four cardiovascular risk prediction models and
concluded that we need better models to predict CVD risk in a
multiethnic populations [85]. A recent Finnish study,- Kuopio
Ischemic Heart Disease Study (KIHD), reported that four health
behaviors (physical activity, diet, nicotine exposure and sleep
health) and four health factors (BMI, Lipids, blood glucose, and
blood pressure) computed as ‘Life’s Essential (LE8) influenced the
CVD risk and not the venous thrombosis risk [86].

Oxidative stress and chronic inflammation are recognized as
significant contributors to the risk of metabolic diseases. While
they may not directly cause these conditions, they can exacerbate
them by promoting insulin resistance, metabolic syndrome, and
other related disorders [87,88]. Research highlights the critical
role of the microvasculature in maintaining vascular and neural
health by delivering oxygen and nutrients to endothelial cells.
The endothelium, which lines the circulatory system, plays a vital
role in this process. However, increased oxidative stress, excessive
lipid oxidation, and nitric oxide depletion are major pathological
mechanisms that disrupt endothelial function. This dysfunction
fosters platelet and leukocyte interactions with the endothelium,
further fueling inflammation, impairing signal transduction
pathways, altering cytoskeletal structure, and disrupting
intercellular communication. Addressing oxidative stress and
inflammation in the microvasculature is essential to improving
treatment outcomes for clinical complications associated with
microvascular diseases, such as those affecting the lower limbs and
cerebrovascular regions. Identifying the underlying mechanisms
that drive oxidative stress and chronic sterile inflammation in these
areas is vital for developing effective prevention and therapeutic
strategies.

Oxidative stress and inflammation play a significant role in
promoting vascular atherosclerosis [89]. Atherosclerosis is a
condition characterized by the buildup of plaque in the arterial
walls, leading to restricted blood flow. Oxidative stress, caused by
an imbalance between free radicals and antioxidants, damages the
endothelial lining of blood vessels, making them more susceptible
to inflammation. Chronic inflammation in the arterial walls
accelerates the progression of atherosclerosis, increasing the
risk of cardiovascular events such as heart attacks and strokes.
High levels of LDL cholesterol can contribute to the formation
of this plaque, while also increasing the risk of atherosclerotic
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complications such as heart attacks and strokes. LDL’s ability to
transport cholesterol to the arteries contributes to the development
of atherosclerosis, making it a key factor in the progression of the
disease [90]. Clinical trials have consistently demonstrated the
effectiveness of lowering cholesterol and Lp(a) levels in preventing
the risk of cardiovascular diseases (CVDs). By reducing LDL
(bad) cholesterol and Lp(a), a type of lipoprotein-associated with
an increased risk of CVDs, individuals can significantly decrease
their likelihood of developing conditions such as coronary artery
disease, heart attack, and stroke. Studies have shown that statins
and other cholesterol-lowering medications can lower Lp(a) levels,
thereby reducing CVD risk [91].

Newer gene editing techniques are being evaluated for the
treatment of hypercholesteremia in animal models [92]. A research
paper by Minjares, Wu, and Wang has explored the relationship
between oxidative stress and microRNAs in endothelial cells
under metabolic disorders [93]. Lowering both cholesterol and
lipoprotein (a)(Lp(a) levels can contribute to stabilizing vulnerable
plaques in the arteries. Reducing these substances helps to decrease
the size of the lipid core with the plaque and thicken the fibrous
cap, making it less prone to rupture and causing an acute vascular
event [94,95]. Zerlasiran is a small-interfering RNA (siRNA) being
studied in a Phase 2 clinical trial. The trial is focused on its potential
to target lipoprotein(a), a type of lipoprotein that can contribute to
cardiovascular disease when elevated. Lipoprotein(a) is a complex
protein composed of an apolipoprotein(a) component, and a
B100 component, which can increase the risk of atherosclerotic
cardiovascular disease. A clinical trial evaluated the safety and
efficacy of Zerlasiran in reducing lipoprotein(a) levels in patients
with elevated levels [96]. A recent publication in JAMA indicates
that Zerlasiran was well tolerated and reduced lipoprotein (a)
by 60% and in some cases up to 90% from the baseline in some
dosages in patients with elevated Lp(a). By suppressing an LPA
gene Zerlasiran (N-acetyl galactosamine conjugated small RNA)
lowers Lp(a), and thereby is expected to reduce the risk of heart
disease.

Research conducted at the Thrombosis Research Laboratory of the
Lillehei Heart Institute, University of Minnesota, has significantly
advanced our understanding of the cellular and molecular
mechanisms underlying platelet activation [70]. A new phase in
ultrastructural investigation began in the early 1960s under the
leadership of Prof. White, who emphasized the importance of
platelet membrane systems in physiology and function [98]. His
work highlighted the role of the dense tubular system (DTS) as a key
site for calcium sequestration, a critical bioregulator. Additionally,
the DTS was identified as the location of enzymes responsible for
fatty acid metabolism and prostaglandin synthesis [96-99]. Further
studies from this laboratory explored the role of various calcium
sources, actin and actin-binding proteins, the phosphorylation of
cytoskeletal proteins, and the modulation of membrane-associated
receptors by agonists and antagonists in platelet activation -signal
transduction- coupling [71,97-108]. A unique phenomenon
termed “Membrane Modulation,” mediated by alpha-adrenergic
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signals, was also discovered, showing its capacity to restore the
responsiveness of drug-induced refractory platelets to agonists
[108]. The research also revealed the effects of cholesterol loading
and glutathione depletion on platelet hyperfunction [59,60].
In a groundbreaking study, it was demonstrated that in a drug-
induced hyperglycemia model, arachidonic acid metabolism shifts
toward a prothrombotic state. Remarkably, pancreatic islet cell
transplantation in this model not only normalized blood glucose
levels but also restored a balanced arachidonic acid metabolism
[109].

Our understanding of the cellular and molecular mechanisms
underlying the initiation of cardiometabolic risks and the
progression of metabolic diseases such as hypertension, type- 2
diabetes, obesity, and vascular disorders has advanced significantly
in recent years. Insights from these foundational studies have led
to the development of innovative interventions for managing these
chronic conditions at the individual level. However, addressing
metabolic diseases like hypertension, diabetes, and obesity on
a population level remains a formidable challenge. There is an
urgent need for more effective educational, preventive, and
early diagnostic strategies to combat these diseases. Such efforts
should focus on promoting healthy lifestyle choices, enhancing
access to healthcare services, and raising awareness about the
risks and consequences of these conditions. Achieving these
goals requires a comprehensive approach involving government
policies, community-driven programs, and individual actions.
This multi-pronged strategy can help reduce the societal and
individual burden of metabolic diseases. The South Asian Society
on Atherosclerosis and Thrombosis (SASAT) has dedicated its
efforts to developing educational and preventive initiatives in
this field [110]. Over the years, we have organized more than a
dozen international conferences on these and related topics across
India and other countries. Additionally, we have collaborated
with international experts to publish several monographs on these
subjects [111-121]. As a professional society, we strongly believe
in our role as an independent educational institution committed
to informing healthcare professionals and the public at large [122].

The development of messenger RNA (mRNA) vaccines is a prime
example of the rapid advancements in interventions for public
health challenges. The therapeutic use of mRNA and noncoding
RNAs has fueled great hope to combat a wide range of incurable
diseases, including type-2 diabetes and vascular disease risks
[123,124]. The advancement of gene editing technologies, such
as CRISPR/Cas9, and computational genomics have greatly
contributed to the development of modern therapeutic approaches
[125]. Gene editing enables precise modifications to an organism’s
genome, while computational genomics provides the tools to
analyze and interpret large amounts of genetic data. This synergy
has led to breakthroughs in gene therapy, personalized medicine,
and cancer treatment, offering new hope for patients with
previously incurable diseases. Furthermore, these technologies
have also enabled the discovery of new therapeutic targets and the
development of more effective treatments. Large language models,
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like Evo, have the potential to revolutionize the interpretation
of biological sequence data [126]. Alpha Fold3 was published
recently [127]. According to the authors, this can predict not just
the structures of protein complexes, but also how proteins interact
with other kind of molecules. This represents a major step in our
understanding how biomolecules interact with one another. These
technologies represent a significant advancement in our ability
to comprehend and engineer biological processes across various
modalities. By leveraging advanced algorithms and computational
power, these models can analyze complex biological data, identify
patterns, and provide insights that were previously inaccessible.

Conclusion

The rise of cardiometabolic diseases, hypertension, type-2 diabetes,
obesity, including ischemic heart disease, is driven by modifiable
risk factors, lifestyle changes, and disparities in healthcare access.
Key mechanisms, such as oxidative stress, chronic inflammation,
and endothelial dysfunction, play critical roles in the pathogenesis
of cardiometabolic conditions. Advances in understanding
these mechanisms have shed light on the interplay between lipid
oxidation, nitric oxide depletion, and vascular health, emphasizing
the need for therapeutic strategies that target both oxidative stress
and inflammation to mitigate disease progression. Atherosclerosis
remains a primary contributor to CVD, with LDL cholesterol and
lipoprotein(a) being major risk factors. New approaches, such as
statinsand emerging therapieslike Zerlasiran, demonstrate promise
in reducing cholesterol and stabilizing plaques. Innovations in
gene editing and RNA-based treatments offer hope for addressing
hypercholesterolemia and other metabolic disorders. The role of
platelets in vascular dysfunction and thrombosis has also been
explored extensively. Research into platelet activation, calcium
regulation, and arachidonic acid metabolism has advanced our
understanding of prothrombotic states, with potential implications
for diabetes and hyperglycemia-related complications. Despite
these advances, there is a disconnect between the discoveries and
their application in the diagnosis and management or CVD risks.
According to the recently elected president of the Atherosclerosis
Society, Professor Peter Libby, the lag time from garnering
scientific evidence to changing the clinical practice may endure an
average of 17 years (IAS Bi-Monthly News Letter Nov-Dec 2024).
We hope that reviews like this will shorten this lag time from
laboratory discovery to the bench by few years.

Despite these advancements, challenges persist in addressing
cardiometabolic diseases on a population level. A multi-faceted
approach, involving government policy, community-driven
initiatives,andindividualactions,isnecessaryto promoteeducation,
early diagnosis, and healthy lifestyle choices. Professional societies,
such as SASAT, have made significant contributions through
international collaborations and educational initiatives to raise
awareness and combat these conditions. Emerging technologies,
such as mRNA therapeutics, CRISPR/Cas9 gene editing, and
computational genomics, provide groundbreaking opportunities
for personalized medicine and targeted therapies. These
innovations hold promise for addressing previously untreatable
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diseases and paving the way for future advancements in managing
cardiometabolic health. In summary, while significant progress
has been made in understanding and addressing cardiometabolic
diseases, continued investment in research, preventive strategies,
and equitable healthcare delivery is essential to reduce the global
burden of these chronic conditions.
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