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Cardiometabolic disorders, including cardiovascular diseases, hypertension, obesity,
dyslipidemia, insulin resistance, metabolic syndrome, and type 2 diabetes mellitus,
represent a major global health burden due to their increasing prevalence and associated
morbidity and mortality. Central pathophysiological processes driving these conditions
include oxidative damage, persistent inflammatory responses, vascular endothelial
impairment, and disrupted glucose and lipid homeostasis. Contemporary scientific
attention has increasingly turned toward natural nutritional approaches and bioactive
foods possessing broad-spectrum therapeutic capabilities. Within this context, garlic
(Allium sativum L.) has distinguished itself as among the most thoroughly studied
medicinal botanicals due to its varied pharmacological properties and abundant
phytochemical profile. This plant harbors multiple bioactive components, notably
organosulfur molecules including allicin, ajoene, diallyl sulfides, and S-allyl cysteine,
alongside flavonoids, phenolic substances, vitamins, minerals, and saponins. These
phytochemicals synergistically provide antioxidative, anti-inflammatory, lipid-
lowering, blood pressure-reducing, glucose-regulating, anticoagulant, and vascular
protective properties. Research demonstrates that garlic modulates various molecular
signaling cascades, including NF-«kB, Nrf2, AMPK, PI3K/Akt, and MAPK networks,
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consequently diminishing oxidative damage, controlling
inflammation, enhancing vascular performance, and
promoting metabolic equilibrium. Furthermore, garlic
affects nitric oxide and hydrogen sulfide transmission,
platelet function, mitochondrial activity, and intestinal
microbiome  composition, thereby reinforcing its
cardiovascular protective characteristics. This analysis
provides a thorough examination of garlic's botanical
characteristics, chemical constituents, mechanistic actions,
and cardiometabolic benefits. It emphasizes existing
obstacles regarding standardization, bioavailability, and
clinical verification while exploring future directions for
garlic-derived therapeutic approaches. In summary, garlic
emerges as a valuable natural cardiometabolic guardian with
considerable promise in preventive nutrition and integrative
medicine.

INTRODUCTION

Cardiometabolic  pathologies encompass an
extensive range of interrelated disease states,
including cardiovascular ailments, elevated blood
pressure, excessive body weight, lipid metabolism
disorders, glucose intolerance,
syndrome, and diabetes mellitus type 2 [1]. These
conditions collectively rank among the primary
contributors to global disease burden and mortality
while continuing to exert substantial pressure on
healthcare infrastructure, economic resources, and

metabolic

patient well-being. Accelerated urban
development, physical inactivity, poor nutritional
habits, prolonged psychological stress, tobacco
use, excessive alcohol intake, and environmental
factors have markedly increased the occurrence of
these pathologies across both industrialized and
emerging economies [2]. The rising frequency of
cardiometabolic disturbances has evolved into a
critical public health challenge owing to their
persistent character, advancing complications, and
correlation with early mortality. Cardiovascular
pathologies persist as the predominant cause of
worldwide deaths, responsible for millions of
fatalities each year. Concurrently, diabetes and
excessive weight have become global health
crises, impacting people of all ages [3-5]. These
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conditions demonstrate close interconnection
through shared pathophysiological processes
including  oxidative damage, sustained

inflammation, vascular endothelial impairment,
cellular energy dysfunction, altered lipid profiles,
and disrupted glucose homeostasis [6]. Continuous
subclinical  inflammatory  responses
overproduction of oxygen-derived free radicals
fundamental drivers in promoting
vascular injury, glucose intolerance, and metabolic
dysfunction,
cardiovascular sequelae [7].

and
serve as

eventually resulting in serious

The simultaneous presence of elevated blood

pressure, excess adiposity, and diabetes
substantially increases susceptibility to arterial
plaque formation, cardiac muscle death,

cerebrovascular accidents, kidney impairment, and
cardiac insufficiency. Hence, there exists an
immediate requirement for and
treatment approaches that can simultaneously
address multiple disease mechanisms [8]. While

preventive

established pharmaceutical treatments including
blood pressure medications, cholesterol-lowering
agents, glucose-controlling drugs, and blood-
thinning medications have shown clinical efficacy,
prolonged medication use frequently involves
unwanted effects, therapeutic resistance, financial
strain, and inadequate patient adherence.
Additionally, synthetic pharmaceuticals
commonly focus on individual pathways instead of
addressing ~ the = complex,  multifactorial
characteristics of cardiometabolic disorders [9].

Consequently, growing research focus has shifted
toward natural compounds and nutritional
approaches that demonstrate broad therapeutic
capabilities with relatively minimal adverse
reactions. Throughout recent years, functional
nutrition and botanical medicines have acquired
significant recognition due to their protective,
nutritional, and therapeutic characteristics. Within
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this category,
distinguished

garlic (Allium sativum) has
itself as among the most
comprehensively  studied medicinal plants
demonstrating  substantial ~ cardiometabolic
advantages [10]. Garlic represents a perennial
bulbous species within the Amaryllidaceae family
that has served dual purposes as a culinary
component and medicinal remedy throughout
history. This plant undergoes extensive cultivation
globally and demonstrates distinctive aromatic
characteristics alongside a
phytochemical profile [11]. The bioactive profile
of garlic encompasses constituents,

complex

various
notably organosulfur derivatives including allicin,
ajoene, diallyl sulfide, diallyl disulfide, S-allyl
cysteine, and allyl methyl sulfide, which primarily
account for its therapeutic properties. Moreover,
garlic provides substantial quantities of
flavonoids, phenolic  substances,
minerals, selenium, and enzymatic compounds
that enhance its antioxidative and anti-
inflammatory capabilities [12]. Research findings
have established that garlic demonstrates diverse
biological functions encompassing
antihyperlipidemic, antihypertensive, antidiabetic,
antithrombotic, antioxidant, anti-inflammatory,
antimicrobial, anticancer, hepatoprotective, and
immunomodulatory properties. The
cardiovascular protective capacity of garlic has
garnered considerable research attention due to its

vitamins,

influence on multiple fundamental processes
underlying cardiovascular disease [13]. Evidence
shows that garlic decreases serum cholesterol and
triglyceride concentrations, prevents low-density
lipoprotein  oxidation, promotes endothelial
function, increases nitric oxide availability,
reduces platelet aggregation, and controls blood
pressure. These combined actions support the
prevention of atherosclerotic development and
vascular impairment. Additionally, garlic-derived
substances demonstrate powerful antioxidant
capabilities that neutralize free radicals and
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strengthen intrinsic antioxidant mechanisms
including superoxide dismutase, catalase, and
glutathione peroxidase [14]. Through reducing
oxidative stress and inflammatory cascade
activation, garlic provides protection to vascular
structures and metabolic tissues against chronic

deterioration.

A notable characteristic of garlic involves its
antidiabetic and metabolic modulatory properties.
Accumulating research suggests that garlic
enhances insulin responsiveness, controls glucose
processing, and decreases hyperglycemia via
diverse pathways. Garlic bioactive compounds
affect insulin release, regulate glucose transporter
activity, inhibit hepatic gluconeogenesis, and
pancreatic ~ B-cell  performance.
Furthermore, garlic may contribute to reducing
obesity-associated complications by affecting
adipogenesis, lipid processing, and energy
utilization [15]. These comprehensive actions
position garlic as a valuable nutraceutical option

enhance

for addressing metabolic syndrome and related
conditions. The contribution of oxidative stress
and inflammation to cardiometabolic pathologies
has emphasized the significance of antioxidant-
enriched functional foods in disease prevention
strategies. Functional foods are characterized as
dietary products that offer health advantages
beyond fundamental nutrition through the
presence of biologically active substances [16].
The increasing focus on functional foods
represents a transition from treatment-focused
healthcare toward preventive medicine and
lifestyle interventions. Consumers demonstrate
growing interest in natural dietary approaches that
can promote  health, disease
susceptibility, and extend longevity. Garlic has
emerged as a significant element in functional

minimize

nutrition due to its broad pharmacological
characteristics and extensive history of human use.
In contrast to numerous synthetic pharmaceuticals,
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garlic demonstrates pleiotropic effects through
simultaneous influence on multiple molecular
targets and signaling networks [17].

Contemporary investigations have revealed that
garlic influences multiple molecular cascades
control,
encompassing nuclear factor-kappa B (NF-«xB),
AMP-activated  protein (AMPK),
phosphoinositide  3-kinase/protein  kinase B
(PI3K/Akt), nuclear factor erythroid 2-related
factor 2 (Nrf2), and mitogen-activated protein
kinase (MAPK) signaling networks [18]. By
modulating these signaling cascades, garlic
inhibits the synthesis of pro-inflammatory
cytokines, strengthens antioxidant mechanisms,
maintains endothelial function, and supports
metabolic equilibrium. These comprehensive
mechanistic actions establish garlic as a promising
cardiometabolic guardian with the capacity to
defend against various pathological challenges
[19, 20].

involved in cardiometabolic

kinase

Global burden of cardiometabolic disorders

Cardiometabolic conditions have emerged as a
predominant worldwide health concern owing to
their rapidly escalating incidence and related
complications. Based on international health
documentation, cardiac ailments represent roughly
one-third of global mortality, whereas diabetes
incidence continues expanding at a concerning
pace [21]. Adiposity, which demonstrates strong
associations with diabetes and cardiac pathology,
has attained pandemic levels across numerous
nations due to poor nutritional practices and
diminished physical engagement. The impact
proves especially pronounced in developing
economies where medical remain
constrained and lifestyle transformations occur
The  escalating  incidence  of
cardiometabolic pathologies stems from numerous
determinants including overconsumption of

resources

swiftly.
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manufactured foods, elevated intake of saturated
lipids and sugars, sedentary
psychological strain, tobacco use,
alcohol consumption, demographic aging, and
hereditary susceptibility [22]. Urban development
and technological advancement have substantially
modified nutritional

behavior,
excessive

behaviors, resulting in
heightened consumption of energy-dense products
and decreased intake of fruits, vegetables, and
fiber-containing foods. These modifications
contribute to adiposity, lipid abnormalities,
elevated blood pressure, and impaired glucose
metabolism,  which  collectively  enhance
vulnerability. Metabolic
syndrome constitutes a constellation of related
metabolic disturbances

cardiometabolic

encompassing central
adiposity, elevated glucose levels, increased blood
pressure, and lipid disorders [23-25]. Persons
presenting with metabolic syndrome face
considerably elevated risk for developing cardiac
complications and type 2 diabetes mellitus.
linked to
obesity further exacerbate endothelial impairment

Persistent inflammatory processes

and oxidative damage, facilitating vascular harm
and atherosclerotic development [26]. Therefore,

cardiometabolic pathologies represent
interconnected rather than independent conditions
sharing similar molecular pathways. The

socioeconomic consequences of cardiometabolic
disorders prove equally substantial [27]. These
conditions result in elevated medical costs,
decreased  work  performance, functional
impairment, and compromised life quality.
Extended management frequently necessitates
continuous pharmaceutical intervention and
hospital admissions, creating
considerable economic strain on individuals and
medical institutions. Consequently, prevention

recurrent

approaches emphasizing nutritional modifications,
exercise promotion, and natural therapeutic
approaches have gained prominence in
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diminishing disease occurrence and advancement
[28-30].

Role of functional foods in disease prevention

Functional foods have become an essential
element of preventive medicine due to their
capacity to deliver physiological advantages that
extend beyond fundamental nutritional needs.
These food products contain bioactive constituents
that can influence metabolic pathways, strengthen
immune responses, diminish oxidative damage,
and decrease disease susceptibility [31].
Increasing recognition of the constraints and
negative consequences associated with synthetic
medications has amplified focus on plant-based
nutraceuticals and nutritional therapeutics. The
bioactive constituents found in functional foods
encompass polyphenols, flavonoids, carotenoids,
alkaloids, compounds, dietary fibers,
omega-3 fatty acids, probiotics, and phytosterols.
These components demonstrate antioxidant, anti-
inflammatory, antimicrobial, antidiabetic,

sulfur

antihyperlipidemic, and cardioprotective
properties [32]. Consistent intake of functional
foods has been linked to decreased prevalence of
chronic conditions including cardiovascular
diseases, cancer, obesity, and diabetes. Garlic
represents one of the most significant functional
foods owing to its extensive pharmacological
characteristics and nutritional density. The sulfur-
bearing compounds in garlic demonstrate potent
free radical neutralizing capabilities and assist in
controlling lipid and glucose metabolism [33].
Garlic supplementation has been demonstrated to
lower blood pressure, enhance lipid parameters,
reduce oxidative damage, and suppress
inflammatory  factors.  Furthermore, garlic
modifies gut microbiota composition, which
serves a vital function in metabolic control and
immune performance. The principle of food
serving as medicine has achieved renewed
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scientific importance in contemporary times [34].
Nutritional strategies addressing inflammation and
oxidative damage are progressively acknowledged
as efficacious methods for preventing chronic
metabolic disorders. Functional foods provide a
more secure and sustainable methodology for
long-term health maintenance when compared to
synthetic pharmaceuticals.
Therefore, incorporating garlic into dietary and
constitutes a valuable

sole reliance on
therapeutic protocols
strategy for enhancing cardiometabolic wellness
[35].

Historical and traditional significance of Garlic

Throughout millennia, garlic has served both

therapeutic and nutritional functions across
diverse cultures. Multiple ancient civilizations,
including Egyptian, Greek, Roman, Chinese, and
Indian medical traditions, acknowledged garlic as
a potent healing agent effective against various
health conditions [36]. Within traditional Chinese
medicine and Ayurvedic practices, garlic found
widespread application in addressing respiratory
conditions, gastrointestinal infectious
diseases, elevated blood pressure, and vascular
complications. Greek medical practitioners,

notably Hippocrates, recommended garlic for

issues,

treating lung ailments, promoting wound recovery,
and resolving digestive disorders. Roman military

personnel  similarly  incorporated  garlic
consumption to enhance endurance and bolster
immunity against pathogenic threats [37].

Ayurvedic literature characterizes garlic as a
powerful revitalizing agent possessing heart-
strengthening, digestive-enhancing, antimicrobial,
and inflammation-reducing qualities. Indigenous
healers additionally utilized garlic for addressing
parasitic  conditions, febrile states, joint
inflammation, and metabolic imbalances [38]. The
therapeutic significance of garlic stems primarily
from sulfur-based constituents formed through
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mechanical disruption of the bulb segments. The
enzymatic transformation of alliin to allicin
generates the distinctive aroma and biological
activity characteristic of fresh garlic preparations
[39]. Traditional medical systems frequently
advocated unprocessed garlic or concentrated
preparations for cardiovascular and metabolic
wellness well before contemporary scientific
substantiation emerged. Subsequently,
technological progress has validated numerous
historical assertions concerning garlic's healing
capabilities. Current pharmacological
investigations have established garlic's blood
pressure-lowering, glucose-regulating,
antioxidative, anti-inflammatory, antimicrobial,
and heart-protective effects. This alignment
between ancestral wisdom and modern research
has intensified scientific interest in garlic as an
evidence-based functional food [40].

Rationale and scope of the review

Although garlic has been subject to considerable
investigation, the rising incidence  of
cardiometabolic conditions demands a thorough
comprehension of its diverse therapeutic
pathways. Multiple experimental and clinical
investigations have examined specific impacts of
garlic on cardiac wellness, lipid processing,
oxidative burden, inflammatory responses, and
glucose regulation. Nevertheless, an integration of
these observations into a cohesive framework that
emphasizes garlic's role as a multi-targeted
cardiometabolic protective compound remains
necessary. This review's foundation stems from
the escalating requirement for natural therapeutic
approaches capable of targeting the intricate and
interrelated mechanisms
cardiometabolic pathologies. Garlic constitutes a
distinctive functional food possessing diverse

underlying

biological activities that simultaneously influence
various molecular and metabolic pathways.
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Comprehending these mechanisms could offer
important perspectives for developing innovative
nutraceutical and treatment approaches. This
review endeavors to thoroughly examine garlic's
phytochemical profile, its molecular action
mechanisms, cardiac and antidiabetic
characteristics, regulation of inflammatory and
oxidative cascades, interactions,
clinical documentation, safety profiles, and future
therapeutic applications. Additionally, the review
investigates garlic's function in controlling
signaling networks related to endothelial
performance, lipid processing, glucose balance,
health. Through combining

medicinal wisdom with modern

microbiome

and vascular
traditional
scientific data, this review attempts to position
garlic as a significant cardiometabolic guardian
with considerable preventive and treatment
capabilities. The presented evidence may advance
the expanding domain of functional nutrition and
promote additional investigation directed toward
evidence-supported application of garlic in

cardiometabolic condition management.
Botanical Profile of Garlic (Allium sativum)

Allium sativum L., commonly known as garlic,
represents one of the most extensively grown and
medicinally significant plant species globally. For
millennia, this species has served diverse functions
spanning culinary applications, therapeutic uses,
agricultural practices, and spiritual ceremonies. As
amember of the Allium genus, garlic demonstrates
taxonomic relationships with related species
including onions, shallots, leeks, and chives [41].
The species is particularly distinguished by its
distinctive  sharp sulfur-containing
bioactive compounds, and
pharmacological properties. Due to its remarkable
medicinal capabilities, garlic has generated

aroma,
extensive

substantial research attention across multiple
scientific disciplines, including phytochemical
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analysis, pharmacological investigation,
nutraceutical development, traditional medicine
studies, and cardiovascular-metabolic research
[42]. The therapeutic value of garlic stems
predominantly from its abundant content of
organosulfur molecules, flavonoid compounds,
essential vitamins, enzymatic proteins, amino acid
components, and mineral elements. These active
constituents antioxidative,
inflammatory, antimicrobial, cardiac-protective,
glucose-lowering, blood pressure-reducing, and
immune-modulating properties [43]. Beyond its
medicinal applications, garlic holds considerable

underlie its anti-

economic importance as a commercially valuable
spice crop grown across various temperate and
subtropical territories globally [44]. Its capacity to
adapt to diverse environmental conditions and soil
compositions has facilitated worldwide cultivation
and utilization. From a botanical perspective,
garlic constitutes a herbaceous perennial species
typically managed as an annual agricultural crop,
harvested for its subterranean bulbous structure
containing numerous cloves surrounded by papery
protective sheaths [45]. Various garlic cultivars
demonstrate differences in bulb dimensions, clove
quantities, coloration patterns, flavor potency, and
chemical profiles. Such variability results from
genetic  determinants, environmental factors,
agricultural methodologies, and regional origins.
Comprehensive understanding of garlic's botanical
features, taxonomic classification, and global
distribution patterns remains fundamental for
accurate  species identification,  successful
cultivation, quality assessment, and therapeutic
standardization [46]. Garlic has maintained
significant importance within traditional healing
systems, including Ayurvedic  medicine,
Traditional Chinese Medicine, Unani practices,
ancient Egyptian therapeutics, and Greco-Arab
medical traditions [47]. Historical civilizations
regarded garlic as a sacred and health-enhancing
organism capable of promoting physical vigor,
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immune function, and life extension [48].
Contemporary scientific investigations have
substantiated numerous traditional applications
and established garlic as a significant functional
food possessing diverse  pharmacological
mechanisms. Therefore, comprehensive botanical
understanding of garlic remains essential for both
agricultural progress and biomedical investigation

[49, 50].
Taxonomy and classification

Garlic is positioned within the kingdom Plantae
and categorized within the Amaryllidaceae family,
encompassing bulbous flowering
species of medicinal and culinary significance
[51]. Previously, garlic was assigned to the
Liliaceae family; nevertheless, progress in
molecular phylogenetic research and taxonomic
investigations resulted in its reassignment to the
Amaryllidaceae family and Allioideae subfamily
[52]. The Allium genus represents among the most
extensive genera of monocotyledonous flowering
species, containing over 900 species with
worldwide distribution. Species within this genus
are distinguished by sulfur-based volatile
compounds that account for their characteristic
odor and biological properties [53]. The scientific
classification of garlic is as follows:

numerous

o Kingdom: Plantae

e Subkingdom: Tracheobionta

o Division: Magnoliophyta

e Class: Liliopsida (Monocotyledons)
e Order: Asparagales

o Family: Amaryllidaceae

e Subfamily: Allioideae
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e Genus: Allium
o Species: Allium sativum L.

The taxonomic designation "sativum" originates
from Latin vocabulary signifying "cultivated,"
reflecting its extensive historical relationship with
human domestication and farming practices [54].
Garlic is thought to have emerged from Central
Asian regions, specifically areas spanning from
northeastern Iran through Turkmenistan and
adjacent territories. Throughout millennia, this
plant dispersed across Asia, Europe, Africa, and
ultimately reached all populated continents via
commercial pathways, population movements,
[55].
Two primary botanical classifications of garlic are
conventionally  distinguished according to
reproductive features and bulb architecture:
hardneck and softneck varieties. Hardneck garlic
(Allium sativum var. ophioscorodon) develops a
firm reproductive stalk termed a scape and
typically exhibits larger

and cultural interactions

fewer yet cloves
positioned around a central axis. Softneck garlic
(Allium  sativum var. sativum) demonstrates
absence of a rigid reproductive stalk and
commonly displays multiple smaller cloves.
Softneck cultivars receive greater commercial
attention due to their extended storage capacity
and tolerance to varied environmental
Garlic  reproduction

predominantly through vegetative means via

circumstances. occurs
cloves rather than sexual reproduction, as fertile
seed development remains constrained in
numerous commercial varieties [56]. Vegetative
multiplication preserves genetic consistency while
simultaneously  limiting  genetic
Nevertheless, considerable variation exists among
garlic regarding  morphological
characteristics, bulb coloration, taste attributes,

diversity.
cultivars

phytochemical profiles, and medicinal strength.
Scientists have documented multiple ecotypes and
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cultivars specialized for particular climatic and

cultivation environments. Taxonomic

classification of garlic serves essential purposes

beyond botanical recognition, extending to
pharmacognostic and pharmaceutical
standardization requirements [57]. Various

cultivars may demonstrate differences in allicin
concentrations, sulfur constituents, antioxidant
capacity, and therapeutic effectiveness. Therefore,
precise classification supports researchers in
identifying suitable varieties for medicinal and
agricultural purposes [58]. Molecular techniques,
cytogenetic analysis, and DNA profiling methods
are progressively utilized for garlic genetic
resource characterization, biodiversity evaluation,
and improvement initiatives. The Allium genus
possesses tremendous medicinal importance, as
multiple species including onion (Allium cepa),
leek (Allium porrum), and chives (Allium
schoenoprasum) demonstrate significant
pharmacological properties [59]. Nevertheless,
garlic maintains prominence as one of the most
bioactive species attributed to its remarkably
elevated sulfur-containing compound levels.
These constituents function critically in plant
protection systems against pathogens and
environmental challenges
providing human health advantages [60].

while concurrently

Morphological characteristics

Garlic represents a bulbous herbaceous perennial
species typically grown on an annual basis for its

subterranean bulb. This plant demonstrates
distinctive morphological characteristics that
enable its recognition and  agricultural

management. Garlic specimens commonly reach
heights between 30 and 100 cm, influenced by
variety selection, environmental parameters, and
cultivation methods. The organism features a
superficial fibrous root network, a subterranean
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bulb containing cloves, extended foliage, and
sometimes a reproductive stem [61].

Root Network: The plant develops a fibrous
adventitious root structure originating from the
basal disc positioned at the bulb's lower section.
These roots remain relatively superficial and
exhibit limited branching, rendering the species
vulnerable to moisture deficiency and soil
compaction. Proper root establishment proves
crucial for nutrient uptake, bulb expansion, and
overall plant performance. Root systems undergo
continuous renewal throughout development and
deteriorate following bulb maturity [62].

Bulb anatomy: The bulb constitutes the primary
economically therapeutically  valuable
component of the garlic plant. This structure
consists of numerous individual units termed
cloves, surrounded by delicate papery coverings.
Clove quantity per bulb fluctuates based on
variety, environmental influences, and hereditary
traits. Individual cloves function as modified

and

lateral buds with the capacity to generate new
plants through vegetative reproduction. Garlic
bulbs exhibit variation in dimensions, form,
pigmentation, and clove organization across
different varieties. Bulb coloration spans from
white and cream tones to purple or pink hues due
to anthocyanin pigment External
protective layers prevent moisture depletion and
pathogen infiltration during storage periods. The

presence.

distinctive pungent fragrance characteristic of
garlic bulbs results from sulfur-based compounds
generated upon tissue damage. Intact garlic cloves
house the sulfur amino acid alliin and the enzyme
alliinase within distinct cellular locations. Upon
crushing or cutting garlic tissue, alliinase
transforms alliin into allicin, a highly reactive
substance responsible for garlic's typical scent and
numerous biological properties [63].
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Stem and basal structure: The actual stem of
garlic undergoes significant reduction and
compression into a basal disc positioned at the
bulb's base. This basal structure functions as the
attachment site for roots and cloves. In hardneck
garlic types, a pseudostem created by overlapping
leaf sheaths extends upward and generates a
reproductive stalk termed a scape.

Foliage: Garlic leaves appear elongated, slender,
flattened, and linear with parallel venation typical
of monocotyledonous species. Leaves emerge
alternately from the basal disc and possess tubular
sheaths at their base. Leaf pigmentation typically
ranges from light green to bluish-green based on
cultivar Foliage
performs an essential function in photosynthesis
and nutrient storage necessary for bulb formation.
Vigorous leaf development directly affects bulb
dimensions and quality. Throughout maturation,
older progressively deteriorate and
desiccate, indicating bulb preparation for harvest
[64].

and environmental factors.

leaves

Reproductive structure and flowers: Specific
garlic varieties, especially hardneck -cultivars,
develop a reproductive stalk or scape emerging
from the plant's center. The scape concludes in an
umbel-type inflorescence initially surrounded by a
papery bract. Garlic flowers typically appear
small, pinkish-white, or light purple. Nevertheless,
numerous cultivated garlic varieties demonstrate
sterility or diminished fertility and seldom
generate viable seeds. Rather than fertile flowers,
certain garlic plants develop bulbils—small aerial
bulb-like formations capable of vegetative
multiplication.  These  bulbils serve
germplasm preservation and breeding objectives.
The restricted seed production in garlic has
promoted its primary vegetative propagation
method [65].

may
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Considerable morphological variation
characterizes garlic cultivars, manifesting through
differences in bulb diameter, clove quantity and
dimensions, foliar coloration

patterns, scape development, and maturation

measurements,

periods. Hardneck types typically exhibit larger
cloves accompanied by more intense flavor
characteristics, softneck types
smaller cloves yet demonstrate enhanced storage
longevity. Environmental conditions including
temperature regimes, photoperiodic responses,
soil nutrient status, water management, and
elevation contribute significantly to

while feature

morphological
assessment serves

Morphological
a critical role in garlic
enhanced

expression.
improvement initiatives targeting
productivity, pathogen resistance, storage
durability, and bioactive compound content [66].

Cultivation of Garlic

Garlic widespread  cultivation
globally, serving dual purposes as a culinary
seasoning and therapeutic herb. The plant's
remarkable environmental flexibility facilitates
successful ~ production  across  temperate,
subtropical, and semi-arid zones. Optimal growth
requires cool weather during vegetative
development and relatively arid conditions
throughout bulb maturation phases [67].
Cultivation typically occurs during winter months
in subtropical areas and spring-summer periods in

experiences

temperate zones. The crop performs optimally
under moderate climatic circumstances with
temperature ranges of 12°C to 24°C. Lower
temperatures enhance vegetative development,
while elevated conditions encourage bulb
formation and ripening. Extremely high
temperatures may compromise bulb quality and
productivity, whereas severe freezing conditions
can harm foliage and impede development.
Daylength substantially affects bulb initiation.
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Extended daylight periods typically encourage
bulb expansion in numerous garlic varieties [68].
Adequate soil hydration during vegetative phases
remains crucial; nevertheless, excessive saturation
may increase susceptibility to fungal pathologies
and root decay. Garlic flourishes in nutrient-rich,
well-draining loamy substrates abundant in
organic content. Sandy loam and clay loam soils
providing adequate ventilation and moderate water
retention represent ideal cultivation media. Soil
acidity levels between 6.0 and 7.5 typically
optimize healthy development and bulb formation
[69]. Dense compacted substrates may impede
bulb expansion and root infiltration. Organic
amendments and balanced nutrient applications
substantially enhance garlic production. Nitrogen
facilitates  vegetative  development,  while
phosphorus and potassium support bulb formation
and quality improvement. Sufficient micronutrient
provision, especially sulfur, remains vital for
synthesizing sulfur-based bioactive constituents
[70]. Garlic reproduction occurs primarily through
vegetative propagation using cloves. Disease-free
healthy cloves serve as planting stock to ensure
superior crop establishment. Larger cloves
typically yield more robust plants and enhanced
bulb relative to smaller propagules.
Establishment usually involves manual placement
in rows with appropriate spacing to accommodate
bulb development and field operations [71].
Cloves are positioned in soil with the acute end
oriented upward. Based on environmental
conditions and variety characteristics, garlic
maturation may span approximately 4-8 months
following establishment. Consistent irrigation
remains essential throughout initial vegetative
growth phases. water application

decreases approaching maturity to prevent bulb

size

However,

deterioration and promote desiccation. Weed
management proves critical since garlic plants
exhibit superficial root systems and limited
competitive capacity against weeds [72].

4978 |Page



Kavita Narayan Gaisamudre (Sarwade), Int. J. of Pharm. Sci., 2026, Vol 4, Issue 5, 4969-4998 |Review

Mulching frequently serves to preserve soil
hydration, control weeds, and moderate soil
temperature. Garlic production may encounter
various pest and disease challenges including
nematodes, thrips, fungal decay, rust, downy
mildew, and bacterial infections. Comprehensive
pest management strategies, crop rotation systems,
resistant  varieties, appropriate  storage
protocols are essential for maintaining crop vitality
and output. Garlic bulbs undergo harvest when

and

foliage initiates yellowing and desiccation,
signaling  physiological — maturity  [73-75].
Following collection, bulbs receive curing

treatment under dry ventilated environments to
decrease moisture levels and improve storage
longevity. Appropriate curing inhibits microbial
deterioration and extends shelf duration. Softneck
garlic cultivars typically demonstrate enhanced
storage capabilities compared to hardneck
varieties. Stored garlic bulbs require protection
from excessive moisture and temperature
variations to prevent

deterioration [76].

sprouting and fungal

Geographical distribution

Garlic cultivation occurs on a worldwide scale and
represents a significant agricultural product across
numerous nations. The Asian continent serves as
the predominant garlic-producing area, with China
maintaining its position as the foremost global
producer. Additional significant garlic-producing
nations encompass India, Bangladesh, South
Korea, Egypt, Spain, Russia, and the United States
[77]. China maintains supremacy in international
garlic production and exportation through
expansive cultivation territories, advantageous
climate patterns, and industrial-scale farming
methodologies. India similarly functions as a
substantial producer, with garlic being widely
grown across states including Madhya Pradesh,
Gujarat, Rajasthan, Uttar Pradesh, and Punjab.
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Indian garlic cultivars are recognized for their
intense pungency and therapeutic properties [78].
Throughout Europe, garlic production is notable in
Spain, Italy, and France, where it serves as a
fundamental component of customary culinary
practices and botanical medicine. Mediterranean
climate patterns support the development of
superior garlic bulbs characterized by enhanced
flavor profiles and phytochemical concentrations
[79]. Within North America, garlic production
primarily occurs in California and additional areas
featuring appropriate temperate environments.
Garlic cultivation has successfully extended to
African, Middle Eastern, and South American
regions. Variations in environmental conditions,

elevation, soil characteristics, and farming
methodologies result in regional diversity
regarding  garlic  structure, taste, and

phytochemical composition. The extensive global
presence of garlic demonstrates its exceptional
adaptability and profound cultural, gastronomic,
and therapeutic importance.
developments in agricultural biotechnology,
selective breeding initiatives, and phytochemical
investigations are anticipated to further advance
garlic production and medicinal utilization

internationally [80].

Ongoing

Phytochemical composition of Garlic (Allium
sativum)

Allium sativum L., commonly known as garlic,
stands among the most pharmaceutically
significant medicinal plants due to its remarkably
rich and varied phytochemical profile. The
medicinal properties of garlic stem principally
from its abundant bioactive
encompassing organosulfur compounds, phenolic
substances, flavonoids,
proteins, amino acids, vitamins, minerals, and
[81]. These phytochemical
synergistically produce

components,
saponins, enzymatic

trace elements

constituents garlic's
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extensive range of biological functions, including
antioxidant, anti-inflammatory, antimicrobial,
cardioprotective, antihyperlipidemic, antidiabetic,
anticancer, hepatoprotective, and
immunomodulatory properties. The levels and
profiles of these active compounds vary according
to multiple variables such as cultivar selection,
growing environments, geographic location,
developmental stage, storage parameters, and
processing techniques including mechanical
disruption, thermal treatment, dehydration, or
fermentation.

Organosulfur constituents represent the most
significant and biologically potent components
within garlic's phytochemical
Unprocessed whole garlic bulbs predominantly
harbor sulfur-containing amino acid derivatives
termed cysteine sulfoxides, with alliin (S-allyl-L-
cysteine sulfoxide) serving as the principal

v

arsenal.

Blood vessels

Y

e

N o

Gut microbiota

Garlic

precursor molecule [82]. Alliin maintains relative
stability and remains odorless within undamaged
garlic tissues due to spatial separation from the
enzyme alliinase. When garlic undergoes
mechanical damage through crushing, cutting, or
mastication, cellular breakdown enables alliinase-
alliin interaction, leading to swift allicin (diallyl
thiosulfinate) generation. Allicin accounts for
garlic's distinctive sharp aroma and numerous
pharmacological properties associated with fresh
preparations. Nevertheless, allicin demonstrates
marked instability and rapidly degrades into
various lipophilic sulfur derivatives including
diallyl sulfide, diallyl disulfide, diallyl trisulfide,
ajoene, and vinyl dithiins. These sulfur breakdown
products  exhibit antioxidant,
antimicrobial, anti-inflammatory,

cardiovascular protective characteristics [83].

substantial
and

Adipose tissue

Pancreas
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Fig: 1 The impact of Garlic on metabolic health and related organs

Allicin has garnered considerable scientific
interest its powerful biological
functionality. It demonstrates robust antimicrobial
efficacy against diverse bacterial, fungal, viral,
and parasitic organisms through disruption of
sulthydryl-containing enzymes and metabolic

owing to

processes. Moreover, allicin displays exceptional
antioxidant capacity via reactive oxygen species
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neutralization and lipid peroxidation prevention
[84]. Research indicates that allicin facilitates
blood pressure reduction, platelet aggregation
inhibition, endothelial function enhancement, and
lipid metabolism modulation, thus contributing
significantly to cardiometabolic health protection.
Despite its therapeutic importance, allicin's
chemical instability and high reactivity restrict its

4980 | Page



Kavita Narayan Gaisamudre (Sarwade), Int. J. of Pharm. Sci., 2026, Vol 4, Issue 5, 4969-4998 |Review

direct bioavailability  within  physiological
systems.  Therefore, long-term
biological benefits of garlic are mediated through
its more chemically stable sulfur-containing

derivatives. Diallyl sulfide, diallyl disulfide, and

numerous

diallyl trisulfide constitute significant volatile
sulfur metabolites produced during
breakdown.  These  lipophilic
demonstrate comprehensive  pharmacological
properties encompassing antioxidant, anti-
inflammatory, anticarcinogenic, and
hepatoprotective functions. Diallyl disulfide has
been documented to regulate detoxification

allicin
molecules

enzyme systems, suppress inflammatory mediator
synthesis, and prevent oxidative stress-mediated
tissue injury. Diallyl trisulfide exhibits substantial
cardiovascular protection through augmentation of
endogenous  hydrogen  sulfide  signaling
mechanisms, vascular relaxation, and mitigation
of myocardial oxidative damage. Additionally,
these compounds affect lipid homeostasis and
contribute to decreased serum cholesterol and
triglyceride concentrations [85].

This compound prevents platelet aggregation
through disruption of fibrinogen binding and
thromboxane production, thus supporting garlic's
cardiovascular protective properties. Furthermore,
ajoene has shown inhibitory effects on tumor cell
growth and microbial biofilm development. Vinyl
dithiins, also produced from allicin breakdown,
display antioxidant and anti-inflammatory
characteristics and may enhance the therapeutic
benefits of garlic formulations. Aged garlic extract
encompasses water-soluble organosulfur
molecules that differ substantially from those
found in raw garlic. Throughout the aging
procedure, volatile sulfur components transform
into more stable and bioavailable substances
including  S-allyl cysteine and  S-allyl
mercaptocysteine. These molecules possess
exceptional antioxidant capacity and remarkable
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biological stability. S-allyl cysteine represents one
of the most thoroughly investigated garlic
components and demonstrates cardioprotective,
hepatoprotective, and
[86]. This compound
strengthens endogenous antioxidant mechanisms
encompassing glutathione, superoxide dismutase,
and catalase while concurrently diminishing
oxidative stress and inflammation. Additionally,
S-allyl cysteine exhibits favorable impacts on
endothelial performance, blood pressure control,
and lipid processing, establishing it as a significant
therapeutic element in aged garlic formulations.

neuroprotective,
antidiabetic properties

Beyond sulfur-bearing components, garlic
encompasses considerable quantities of phenolic
compounds and flavonoids that substantially
enhance its antioxidant capacity. Phenolic acids
including caffeic acid, ferulic acid, p-coumaric
acid, gallic acid, and chlorogenic acid exist in
garlic at different concentrations. These phenolic
substances function as free radical neutralizers and
metal binding agents, thus safeguarding cellular
components from oxidative harm. They
additionally regulate inflammatory mechanisms
and prevent low-density lipoprotein oxidation, a
critical process in atherosclerosis progression.
Flavonoids comprising quercetin, kaempferol,
myricetin, and catechin have been detected in
garlic. These molecules demonstrate potent
antioxidant and anti-inflammatory actions and
support vascular protection, metabolic control, and
immune regulation. Quercetin specifically has
shown antihypertensive, antiatherosclerotic, and
antidiabetic characteristics through regulation of
endothelial nitric oxide production, suppression of
inflammatory mediators, and inhibition of
oxidative stress mechanisms. The cooperative
relationship between sulfur compounds and
polyphenolic =~ components  amplifies  the
comprehensive therapeutic effectiveness of garlic
[87].
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Garlic  additionally encompasses  steroidal
saponins, which represent glycosidic molecules
with significant pharmacological characteristics.
Saponins extracted from garlic demonstrate
cholesterol-reducing, immunomodulatory,
antimicrobial, These
substances support the decrease of serum lipid
concentrations by disrupting cholesterol uptake
and bile acid processing. Moreover, steroidal
saponins may exhibit anti-inflammatory properties
and affect cellular signaling networks related to
metabolic control and programmed cell death. An
additional  significant element of garlic
phytochemistry the of
essential amino acids, peptides, and enzymes.
Garlic encompasses including
arginine, cysteine, methionine, and glutamic acid
that participate in protein formation and metabolic

and anticancer effects.

involves occurrence

amino acids
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transformation of alliin to allicin following tissue
damage. Additional encompassing
peroxidases, myrosinase-like and
proteases may also participate in the biochemical
modifications occurring in garlic tissues. Garlic

enzymes
enzymes,

possesses an abundance of diverse vitamins that
enhance both its nutritional profile and medicinal
properties. These include vitamin C, vitamin B6,
thiamine, riboflavin, niacin, and folic acid.
Vitamin C functions as a powerful antioxidant
while promoting immune system activity, collagen
formation, and blood vessel health [89]. Vitamin
B6 is involved in amino acid processing,
neurotransmitter production, and homocysteine
control, which holds significance for heart health.
The simultaneous
vitamins alongside sulfur-containing compounds
amplifies garlic's ability to counteract oxidative

occurrence of antioxidant

processes [88]. The enzyme allilnase holds damage and inflammatory processes [90].
particular importance as it facilitates the
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Pathophysiology of cardiometabolic disorders

Cardiometabolic conditions constitute an intricate
constellation of interconnected pathological states

encompassing cardiovascular pathology,
adiposity, elevated blood pressure, lipid
abnormalities, diminished insulin sensitivity,

metabolic syndrome, and type 2 diabetes mellitus
[91]. These conditions exhibit shared molecular,
biochemical, and physiological pathways that
synergistically promote advancing vascular and
The
conditions is

metabolic  impairment.

cardiometabolic

etiology  of
multifaceted,
involving  complex relationships
hereditary susceptibility, environmental factors,
inactive lifestyle patterns, poor nutritional
practices,  persistent  psychological  stress,
hormonal dysregulation, inflammatory processes,
oxidative  damage, endothelial
impairment, and disrupted glucose and lipid

between

vascular

homeostasis. The simultaneous presence of these
abnormalities markedly elevates the likelihood of
atherosclerotic  disease, cardiac infarction,
cerebrovascular accidents, kidney pathology, and
early death [92].

A fundamental pathway
cardiometabolic conditions involves diminished
insulin sensitivity, wherein peripheral organs

underlying

including skeletal muscle, fat tissue, and hepatic

cells demonstrate decreased insulin
responsiveness. During typical physiological
states, insulin promotes cellular glucose

absorption and governs carbohydrate, fat, and
protein metabolism. Nevertheless, prolonged
excessive nutrition, adiposity, and lack of physical
activity compromise insulin signaling
mechanisms, resulting in reduced glucose
utilization and compensatory elevated insulin
levels. Sustained insulin resistance facilitates
elevated blood glucose, hepatic glucose

production, enhanced free fatty acid mobilization,
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and altered lipid metabolism, thus promoting type
2 diabetes mellitus and metabolic syndrome
development. Additionally,
correlates strongly with vascular endothelial
impairment, elevated blood pressure, and vessel

insulin resistance

inflammation, connecting metabolic disturbances
with cardiovascular consequences [93-95].

Adiposity, especially central or intra-abdominal
fat accumulation, serves a pivotal function in
cardiometabolic disorder development. Fat tissue
is currently understood as a metabolically active
endocrine  structure that produces various
bioactive substances termed adipokines, such as
leptin, adiponectin, resistin, tumor necrosis factor-
alpha (TNF-a), and interleukins. Excessive central
fat deposition causes fat cell enlargement and
inflammatory immune cell infiltration, particularly
macrophages, resulting in persistent mild
inflammatory states [96]. Enhanced pro-
inflammatory mediator synthesis interferes with
insulin signaling mechanisms and intensifies
oxidative damage, thus worsening metabolic
dysfunction. Additionally, adiposity encourages
lipid disorders characterized by increased
triglycerides, elevated low-density lipoprotein
cholesterol, and  decreased  high-density
lipoprotein  cholesterol, all contributing to
atherosclerotic processes and
disease advancement [97].

cardiovascular

Oxidative stress constitutes a core
pathophysiological process in cardiometabolic
disease development. This phenomenon emerges
from disequilibrium between the production of
reactive oxygen species and the capacity of
antioxidant defense mechanisms. Overproduction
of free radicals causes deterioration of lipids,
proteins, nucleic acids, and cellular membranes,
culminating in cellular malfunction and tissue
damage. Within cardiometabolic conditions,
elevated glucose levels, adiposity, and sustained
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inflammation trigger mitochondrial impairment
and stimulation of oxidative enzymes including
NADPH oxidase, resulting in enhanced reactive
oxygen species generation. This oxidative burden
promotes  endothelial impairment,
inflammation, resistance, lipid
peroxidation, thus accelerating atherogenesis and
organ deterioration. Furthermore, oxidative stress
diminishes nitric oxide availability, compromising
vasodilation and fostering vascular rigidity and
hypertension [98].

vascular

insulin and

Sustained inflammation demonstrates complex
interconnections with cardiometabolic disorder
advancement. In contrast to acute inflammatory
responses, cardiometabolic inflammation exhibits
persistent, subclinical, systemic
characteristics. Adipose tissue-produced cytokines
including TNF-a, interleukin-6, and C-reactive
protein  stimulate  inflammatory  cascades
encompassing nuclear factor-kappa B (NF-«xB)
and c-Jun N-terminal kinase pathways. These

and

inflammatory substances disrupt insulin receptor
signaling, compromise endothelial performance,
and facilitate vascular restructuring. Inflammation
additionally promotes atherosclerotic plaque
development and destabilization within arterial

structures, elevating thrombosis risk and
cardiovascular events. Therefore, persistent
inflammation serves as a crucial linking
mechanism among obesity, diabetes, and

cardiovascular pathology [99].

Endothelial impairment constitutes a critical
milestone in cardiovascular complications linked
to cardiometabolic conditions. The vascular
endothelium performs vital functions in preserving
vascular equilibrium through regulation of
vasodilation, coagulation, inflammation, and
vascular permeability. During pathological states,
oxidative stress and inflammatory substances
compromise endothelial nitric oxide production
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while enhancing vasoconstrictor synthesis such as
endothelin-1. Diminished nitric oxide accessibility
results in compromised vasodilation, enhanced
platelet aggregation, leukocyte adherence, and
vascular inflammation. Endothelial impairment
and facilitates

encourages arterial rigidity

atherosclerosis initiation and advancement.

Mitochondrial impairment substantially influences
cardiometabolic pathophysiology. Mitochondria
are crucial for cellular energy synthesis and
metabolic control. Excessive nutrient consumption
and oxidative stress compromise mitochondrial
performance, causing reduced ATP production
and elevated reactive oxygen species generation.
Mitochondrial dysfunction disrupts fatty acid
oxidation and glucose utilization, encouraging
lipid deposition, insulin resistance, and cellular
death. Within cardiac mitochondrial
abnormalities compromise myocardial energy
balance and contribute to heart failure and
ischemic damage [100].

tissue,

Hereditary and epigenetic elements additionally
affect cardiometabolic disorder susceptibility.
Genetic variations influencing insulin signaling,
lipid processing, inflammation, and blood pressure
control may increase individual vulnerability to
metabolic disturbances. Epigenetic alterations
including DNA methylation, histone modification,
and microRNA  regulation respond to
environmental and lifestyle influences and may
modify gene expression related to cardiometabolic
risk. Moreover, aging promotes gradual metabolic
deterioration through enhanced oxidative stress,
chronic inflammation, hormonal changes, and
diminished mitochondrial function.

Cardioprotective mechanisms of Garlic

Allium sativum L. has achieved substantial
scholarly acknowledgment as an effective
cardiovascular-protective nutraceutical owing to
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its diverse therapeutic characteristics and capacity
to modulate multiple biochemical pathways linked
to cardiac pathology [101]. Cardiac conditions,
encompassing elevated blood pressure, arterial
plaque formation, coronary vessel disease, heart
attack, and cardiac insufficiency, continue to
represent primary contributors to worldwide
illness and death rates. The development of these
conditions encompasses processes
including reactive oxygen damage, persistent
inflammatory lining
impairment, abnormal lipid profiles, blood cell
structural  changes, and

intricate

responsces, vascular

clumping, vessel
compromised nitric oxide communication. This
botanical species harbors an extensive array of
active plant compounds, notably sulfur-containing
molecules including allicin, ajoene, diallyl sulfide,
diallyl disulfide, diallyl trisulfide, and S-allyl
cysteine,  which  synergistically  produce
cardiovascular benefits [102]. These substances
demonstrate antioxidative, lipid-lowering, blood
pressure-reducing, inflammation-suppressing,
clot-preventing, vessel-relaxing, and vascular
protective properties, establishing this plant as a
significant natural remedy for cardiac wellness
maintenance. A primary cardiovascular protection
strategy 1involves the substantial antioxidative
capacity of this herb. Oxidative damage serves as
a fundamental factor in cardiac disease
development through excessive production of
harmful oxygen molecules that harm blood vessel
structures, alter lipid composition, compromise
vascular lining performance, and stimulate
inflammatory processes [103]. Sulfur-containing
derivatives from this plant function as efficient
radical and strengthen internal
protective antioxidant mechanisms encompassing
dismutase, catalase, glutathione

neutralizers

superoxide
peroxidase, and reduced glutathione. Allicin and
S-allyl cysteine have shown exceptional capacity
to diminish fat oxidation and shield heart muscle
from oxidative damage. This plant additionally

INTERNATIONAL JOURNAL OF PHARMACEUTICAL SCIENCES

stimulates the nuclear factor erythroid 2-related
factor 2 (Nrf2) communication system, which
controls antioxidant enzyme production and
cellular protection proteins. By reducing oxidative
damage, this botanical helps maintain blood vessel
slows

health, prevents vascular injury, and

cardiovascular disease advancement [104].

Garlic demonstrates notable antiplatelet and
antithrombotic properties that play a crucial role in
averting cardiovascular complications linked to
pathological blood coagulation. The processes of
platelet aggregation and thrombosis are implicated
in  myocardial infarction, cerebrovascular
accidents, and peripheral arterial disorders.
Compounds derived from garlic, including ajoene,
suppress platelet activation and clustering through
disruption of thromboxane production, fibrinogen
attachment, and intracellular calcium movement in
platelets. Garlic additionally promotes fibrinolytic
processes and enhances blood flow characteristics,
consequently diminishing thrombotic risk. These
anticoagulant mechanisms provide considerable

protection against ischemic cardiac events [105].

The cardiovascular protective capacity of garlic is
further associated with its influence on glucose
homeostasis and insulin responsiveness. Diabetes
mellitus and insulin resistance demonstrate strong

correlations  with  cardiovascular  pathology
through  hyperglycemia-mediated  oxidative
damage, endothelial impairment, and

inflammatory responses. Garlic enhances insulin
responsiveness, facilitates glucose uptake, and
ameliorates  hyperglycemic  conditions via
modification of insulin-related signaling cascades.
Enhanced glycemic regulation indirectly supports
cardiovascular health by minimizing vascular
injury and metabolic burden. Furthermore, garlic
decreases advanced glycation end-product
accumulation and prevents hyperglycemia-related
oxidative damage in vascular structures. An
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additional significant cardiovascular protective
mechanism of garlic encompasses the regulation
of intestinal microbiota and metabolic equilibrium
[106]. Garlic possesses prebiotic constituents,
particularly fructooligosaccharides, which
facilitate the proliferation of advantageous gut
Enhanced
leads to

intestinal microbial

decreased

bacteria.
composition

systemic

inflammatory optimized  lipid
processing, and improved glucose homeostasis.
Given that gut microbial imbalance is increasingly
acknowledged as a factor in cardiometabolic
disorders, garlic-induced microbiota regulation
may constitute an alternative mechanism for
achieving cardiovascular protection [107].

responses,
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Fig: 3 Pathophysiology and therapeutic outcome of garlic bioactive compound

Molecular signaling pathways influenced by
Garlic

Garlic (A/lium sativum L.) has a wide spectrum of
pharmacological and cardiometabolic protective
effects that are mediated by modulation of several
molecular signaling pathways related to oxidative
stress, apoptosis, endothelial
dysfunction, glucose = metabolism, lipid
homeostasis, and cell survival [108]. Biologically
active organosulfur compounds in garlic, such as
allicin, diallyl sulfide, diallyl disulfide, diallyl
trisulfide, ajoene and S-allyl cysteine interact with
many intracellular signaling cascades and
transcription factors which affect gene expression
and cellular response. These molecular
interactions play a major role in the antioxidant,
anti-inflammatory, antihypertensive, antidiabetic
and cardioprotective activities of garlic. Garlic

inflammation,

affects one of the most critical signaling pathways,
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nuclear factor-kappa B (NF-kB) pathway that is
important in inflammation and immune regulation
[109]. In pathogenic conditions like oxidative
stress, hyperglycemia, obesity and vascular injury,
NF-kB activation leads to its nuclear translocation
and promotes the transcription of pro-
inflammatory cytokines, adhesion molecules,
cyclooxygenase-2, inducible nitric oxide synthase
and other inflammatory mediators. The
compounds derived from garlic have been
demonstrated to inhibit activation of the NF-kB
pathway by preventing both phosphorylation and
degradation of inhibitor kappa B proteins [110].
This inhibition decreases the
inflammatory  cytokines,
necrosis factor-alpha, interleukin-1 beta and
interleukin-6, thus decreasing chronic
inflammatory response and vascular damage in
cardiometabolic diseases. Garlic also has a marked

secretion of
including  tumour
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effect on the signaling pathway involving nuclear
factor erythroid 2-related factor 2 (Nrf2) that
regulates the antioxidant defense mechanisms.
Nrf2 is a transcription factor that regulates the
expression of antioxidant and cytoprotective
enzymes such as heme oxygenase-1, glutathione
peroxidase, catalase, superoxide dismutase and
NADPH quinone oxidoreductase-1 [111]. Garlic
sulfur compounds activate the Nrf2 signaling
pathway by inducing dissociation of the protein,
Kelch-like ECH associated protein 1 (Keapl),
from Nrf2, thus facilitating the
translocation and the transcription activation of the

nuclear

antioxidant genes. The induction of the Nrf2
pathway increases the resistance of cells to
oxidative stress, decreases lipid peroxidation, and
prevents damage of vascular and myocardial
tissues by free radicals. This is believed to be an
important part of garlic's cardioprotective and anti-
aging properties [112]. Another crucial signaling
pathway regulated by garlic is the AMP-activated
protein kinase (AMPK) signaling pathway, a
central regulator of cellular energy metabolism.
AMPK activation promotes glucose utilization,
fatty acid oxidation, mitochondrial biogenesis,
insulin sensitivity, and inhibits lipid synthesis and
gluconeogenesis. Garlic bioactive compounds
induce AMPK phosphorylation and activation,
which improves metabolic homeostasis and
decreases metabolic abnormalities in obesity,
insulin resistance, and type 2 diabetes mellitus.
AMPK activation is also associated with better
endothelial function and decreased inflammatory
responses, connecting metabolic regulation to
heart and blood vessel protection [113].

Garlic (Allium sativum L.) has a wide spectrum of
pharmacological and cardiometabolic protective
effects that are mediated by modulation of several
molecular signaling pathways related to oxidative
stress, inflammation, apoptosis, endothelial
dysfunction,  glucose = metabolism, lipid
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homeostasis, and cell survival. Biologically active
organosulfur compounds in garlic, such as allicin,
diallyl sulfide, diallyl disulfide, diallyl trisulfide,
ajoene and S-allyl cysteine interact with many
intracellular signaling cascades and transcription
factors which affect gene expression and cellular
response. These molecular interactions play a
major role in the antioxidant, anti-inflammatory,
antihypertensive, antidiabetic and cardioprotective
activities of garlic. Garlic affects one of the most
critical signaling pathways, nuclear factor-kappa B
(NF-xB) pathway that 1is important in
inflammation and immune regulation [114]. In
pathogenic conditions like oxidative stress,
hyperglycemia, obesity and vascular injury, NF-
kB activation leads to its nuclear translocation and
promotes the transcription of pro-inflammatory
cytokines, adhesion molecules, cyclooxygenase-2,
inducible nitric oxide synthase and other
inflammatory mediators. The compounds derived
from garlic have been demonstrated to inhibit
activation of the NF-kB pathway by preventing
both phosphorylation and degradation of inhibitor
kappa B proteins. This inhibition decreases the
secretion of inflammatory cytokines, including
tumour necrosis factor-alpha, interleukin-1 beta
and interleukin-6, thus decreasing chronic
inflammatory response and vascular damage in
cardiometabolic diseases. Garlic also has a marked
effect on the signaling pathway involving nuclear
factor erythroid 2-related factor 2 (Nrf2) that
regulates the antioxidant defense mechanisms.
Nrf2 is a transcription factor that regulates the
expression of antioxidant and cytoprotective
enzymes such as heme oxygenase-1, glutathione
peroxidase, catalase, superoxide dismutase and
NAD(P)H quinone oxidoreductase-1. Garlic sulfur
compounds activate the Nrf2 signaling pathway by
inducing dissociation of the protein, Kelch-like
ECH associated protein 1 (Keapl), from Nrf2, thus
facilitating the nuclear translocation and the
transcription activation of the antioxidant genes.
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The induction of the Nrf2 pathway increases the
resistance of cells to oxidative stress, decreases
lipid peroxidation, and prevents damage of
vascular and myocardial tissues by free radicals
[115]. This is believed to be an important part of
garlic's cardioprotective and anti-aging properties.
Another crucial signaling pathway regulated by
garlic is the AMP-activated protein Kkinase
(AMPK) signaling pathway, a central regulator of
cellular energy metabolism. AMPK activation
promotes glucose utilization, fatty acid oxidation,
mitochondrial biogenesis, insulin sensitivity, and
inhibits lipid synthesis and gluconeogenesis.
Garlic bioactive compounds induce AMPK
phosphorylation and activation, which improves
metabolic homeostasis and decreases metabolic
abnormalities in obesity, insulin resistance, and
type 2 diabetes mellitus. AMPK activation is also
associated with better endothelial function and
decreased inflammatory responses, connecting
metabolic regulation to heart and blood vessel
protection [116].

Garlic also affects the phosphoinositide 3-
kinase/protein kinase B (PI3K/Akt) pathway,
which plays a role in cell survival, glucose
metabolism, nitric oxide production and vascular
function. The PI3K/Akt pathway has been linked
to the phosphorylation of endothelial nitric oxide
synthase (eNOS) and the enhancement of nitric
oxide (NO) bioavailability, resulting in
vasodilation and better relaxation of the blood
vessels. Akt signaling is enhanced and endothelial
cells are protected from oxidative and
inflammatory injury by garlic derived compounds.
In addition, activation of this pathway is involved
in anti-apoptosis and protection of myocardial cell
viability in ischemic/oxidative stress [117]. Garlic
also regulates mitogen-activated protein kinase
(MAPK) signaling pathways. The MAPK
pathways, such as extracellular signal-regulated
kinase, c-Jun N-terminal kinase, and p38 MAPK,
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control cell proliferation, inflammation, stress
response and apoptosis. MAPK pathway
overactivation due to oxidative stress and
inflammation causes endothelial dysfunction,
vascular remodeling, and cardiomyocyte injury.
The compounds in garlic inhibit the activation of
p38 MAPK and c-Jun N-terminal kinase signaling
and modulate extracellular signal-regulated kinase
activity to decrease inflammatory responses and
cellular damage [118]. The regulation of the
MAPK signaling pathway by garlic contributes to
the integrity of the vessel wall and to cellular
homeostasis. Another way garlic affects the body
is by regulating nitric oxide and hydrogen sulfide
signaling pathways critical for cardiovascular
functions and vascular tone regulation. Sulfur
compounds in garlic induce vasodilation, inhibit
platelet aggregation and enhance endothelial
function by enhancing the activity of endothelial
nitric oxide synthase and nitric oxide production
[119]. Diallyl trisulfide is a hydrogen sulfide
provider that plays roles in vascular relaxation,
antioxidant defense and cytoprotection. Together,
increases in nitric oxide and hydrogen sulfide
signaling lead to improved blood pressure control
and to decreased vascular inflammation and
oxidative injury [120].

Challenges and Future Perspectives

Garlic also affects the phosphoinositide 3-
kinase/protein kinase B (PI3K/Akt) pathway,
which plays a role in cell survival, glucose
metabolism, nitric oxide production and vascular
function. The PI3K/Akt pathway has been linked
to the phosphorylation of endothelial nitric oxide
synthase (eNOS) and the enhancement of nitric
oxide (NO) bioavailability, resulting in
vasodilation and better relaxation of the blood
vessels. Akt signaling is enhanced and endothelial
cells are protected from oxidative and

inflammatory injury by garlic derived compounds.
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In addition, activation of this pathway is involved
in anti-apoptosis and protection of myocardial cell
viability in ischemic/oxidative stress. Garlic also
regulates mitogen-activated protein  kinase
(MAPK) signaling pathways. The MAPK
pathways, such as extracellular signal-regulated
kinase, c-Jun N-terminal kinase, and p38 MAPK,
control cell proliferation, inflammation, stress
response and apoptosis. MAPK pathway
overactivation due to oxidative stress and
inflammation causes endothelial dysfunction,
vascular remodeling, and cardiomyocyte injury.
The compounds in garlic inhibit the activation of
p38 MAPK and c-Jun N-terminal kinase signaling
and modulate extracellular signal-regulated kinase
activity to decrease inflammatory responses and
cellular damage. The regulation of the MAPK
signaling pathway by garlic contributes to the
integrity of the vessel wall and to cellular
homeostasis. Another way garlic affects the body
is by regulating nitric oxide and hydrogen sulfide
signaling pathways critical for cardiovascular
functions and vascular tone regulation. Sulfur
compounds in garlic induce vasodilation, inhibit
platelet aggregation and enhance endothelial
function by enhancing the activity of endothelial
nitric oxide synthase and nitric oxide production.
Diallyl trisulfide is a hydrogen sulfide provider
that plays roles in vascular relaxation, antioxidant
defense and cytoprotection. Together, increases in
nitric oxide and hydrogen sulfide signaling lead to
improved blood pressure control and to decreased
vascular inflammation and oxidative injury.

CONCLUSION

Garlic (Allium sativum L.) 1s a medicinal plant and
a functional food that has significantly emerged as
valuable due to its therapeutic potential in
cardiometabolic diseases. Garlic has a wide range
of phytochemicals, especially organosulfur
compounds like allicin, ajoene, diallyl sulfides and
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S-allyl cysteine, which imparts a variety of
pharmacological activities to it like antioxidant,
anti-inflammatory, antihyperlipidemic,
antihypertensive, antidiabetic, antithrombotic and
endothelial protective. These are multifaceted and
allow garlic to act on various interrelated
pathological mechanisms related to cardiovascular
diseases, obesity, insulin resistance, metabolic
syndrome and type 2 diabetes mellitus. There is
scientific evidence from experimental, clinical and
epidemiological studies showing that garlic
regulates critical molecular signaling pathways
including NF-«xB, Nrf2, AMPK, PI3K/Akt, and
MAPK pathways, which control oxidative stress,
chronic inflammation, vascular function and
glucose/lipid metabolism. Garlic also helps to
increase nitric oxide, inhibit platelet aggregation,
and promote mitochondrial and endothelial
integrity, which all help to promote cardiovascular
health. Moreover, the prebiotic activity of garlic
and the modulation of gut microbiota has other
therapeutic implications in metabolic regulation

and immune homeostasis. While these
encouraging therapeutic effects exist, there are still
issues with phytochemical variability,

bioavailability, standardization, and the lack of
long-term clinical information that needs to be
addressed. Large-scale clinical trials, standardized
formulations and advanced pharmaceutical
technologies are crucial for proving evidence-
based therapeutic uses and dose recommendations.
Garlic is a potential natural multitargeted
cardiometabolic protective agent with a high
potential for use in preventive nutrition and
complementary medicine. Continued studies
targeting molecular pharmacology, nutrigenomics
and novel delivery systems may further enhance
the therapeutic relevance of garlic and help
develop this scientifically validated strategy to
improve cardiometabolic health and alleviate the
global burden of chronic diseases.
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