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Abstract

Background: Metabolic syndrome (MetS) has emerged as one of the most critical global public
health challenges of the 21st century, doubling the risk of cardiovascular events and
significantly increasing all-cause mortality. Moreover, epidemiological data reflect a sharp,

alarming upward trajectory in its prevalence.

Pathophysiology: This review explores the synergistic pathophysiological network of MetS.
Visceral adiposity acts as the primary cellular engine, driving systemic insulin resistance. In
turn, these core abnormalities trigger a cascade of downstream components, including
atherogenic dyslipidaemia (the "lipid triad"), neuroendocrine-driven arterial hypertension, and

systemic pro-inflammatory and pro-thrombotic states.

Diagnosis: We outline the evolution of diagnostic criteria. The consensus relies on abdominal
obesity or elevated BMI as a basic criterion, combined with at least two additional factors

(dysglycaemia, elevated non-HDL cholesterol, and high blood pressure).

Therapeutic Strategies: Non-pharmacological lifestyle modification — specifically the
Mediterranean and DASH diets, structured aerobic and resistance training, and proper sleep
hygiene — remains the absolute cornerstone of management. When lifestyle modifications fall
short, modern pharmacotherapy, particularly GLP-1 receptor agonists and SGLT2 inhibitors,

offers profound, synergistic cardio- and reno-protective benefits.

Conclusions: Halting the progressive multi-organ damage of metabolic syndrome requires
early, holistic clinical intervention. The combination of targeted behavioural strategies and
novel, organ-protective pharmacotherapies provides a powerful approach to reversing the

metabolic cascade and reducing cardiovascular risk.

Key words: metabolic syndrome, visceral adiposity, insulin resistance, atherogenic

dyslipidaemia, arterial hypertension, lifestyle modification.



1. Introduction
1.1. Definition and Global Burden

Metabolic syndrome (MetS) is not a single disease, but rather a complex clustering of co-
occurring clinical and metabolic risk factors. Characterized by a state of chronic, low-grade
systemic inflammation, MetS has emerged as one of the most critical public health challenges
of the 21st century. It acts as a major driver for the development of cardiovascular diseases
(CVD) and type 2 diabetes mellitus (T2DM), effectively doubling the risk of cardiovascular

events and increasing all-cause mortality [1].

This growing health crisis is clearly reflected in epidemiological data from Central Europe.
Recent cohort studies conducted in the Polish population demonstrate a worrisome, upward
trend in the prevalence of the syndrome over the last few decades. According to the landmark
WOBASZ II multi-centre national health survey (2013-2014), the overall prevalence of MetS

in Poland reached 32.8% in women and 39.0% in men [2].

Furthermore, a comparative analysis spanning the decade between the original WOBASZ
(2003-2005) and WOBASZ II studies reveals a sharp trajectory of growth among Polish adults
aged 20 to 74 years. During this ten-year interval, the prevalence of MetS increased
significantly by 3.3 percentage points in women (rising from 26.6% to 29.9%) and by a striking
8.8 percentage points in men (climbing from 30.7% to 39.4%). These findings underscore the
escalating burden of metabolic disorders and highlight the urgent need for targeted public health

interventions [3].

This alarming trajectory is by no means isolated to Central Europe, but rather reflects a deeply
concerning global phenomenon. Most notably, data from the United States further illustrate the
long-term escalation of this epidemic. According to the Centres for Disease Control and
Prevention (CDC) [4], the United States witnessed a substantial 35% increase in MetS

prevalence from the time the clinical term was first popularized in the 1980s up until 2012.

Taken together, these transnational trends underscore that metabolic syndrome has evolved into
a truly global pandemic, transcending geographical borders and posing an ever-growing threat

to healthcare systems worldwide.
1.2. Pathophysiological Underpinnings and Core Components

Metabolic syndrome arises from a sophisticated web of dysfunctional pathways, where various

physiological abnormalities actively reinforce one another to accelerate the clinical course of



the syndrome. Rather than presenting as isolated clinical findings, its core components act

synergistically to drive cardiovascular and metabolic deterioration [5].

At the forefront of this pathological cluster is central (visceral) adiposity, which serves as a
major catalyst for the other abnormalities [6]. This ectopic fat accumulation is tightly linked
to glucose intolerance and systemic insulin resistance, impairing glucose uptake in peripheral

tissues and promoting hepatic gluconeogenesis [7].

Parallelly, patients exhibit a distinct atherogenic dyslipidaemia, characterized by elevated
fasting triglycerides, a preponderance of small dense low-density lipoprotein (sdLDL) particles,
and reduced high-density lipoprotein cholesterol (HDL-C) levels. This lipid triad, combined
with arterial hypertension — driven by sympathetic nervous system overactivity and arterial
stiffness — further accelerates vascular damage [8]. Crucially, this metabolic dysfunction is

overlaid by chronic, systemic pro-inflammatory and pro-thrombotic states [9].
2. A Deep Dive into the Components of Metabolic Syndrome
2.1.  Visceral Adiposity: The Cellular Engine of Metabolic Dysfunction

Although adipose tissue is widely distributed throughout the human body—occupying distinct
anatomical niches such as subcutaneous depots, the facial region, mammary glands, bone
marrow, and even investing vital organs like the heart [10] — not all fat depots carry the same
pathological weight. Among these, mesenteric adipose tissue represents the most critical

clinical concern in the pathogenesis of metabolic syndrome [11].

Although visceral adipose tissue constitutes only a minority of total body fat in both men and
women [12], it is structurally and functionally distinct from subcutaneous depots; specifically,
mesenteric fat possesses a unique anatomical advantage that translates into a major metabolic
disadvantage: its venous drainage flows directly into the portal system [13]. Due to this direct
vascular connection, pro-inflammatory mediators and adipokines released from mesenteric fat
bypass systemic dilution in the general circulation. Instead, they hit the liver in a highly
concentrated stream, making it exceptionally vulnerable to the development of hepatic insulin

resistance and subsequent glucose intolerance [14].

However, it is crucial to recognize that visceral adiposity is not the sole driver of this metabolic
disruption. While it acts as a primary catalyst, glucose intolerance in metabolic syndrome is
inherently multifactorial [15], arising from a complex interplay of genetic predispositions,
lifestyle factors, sedentary time, and neurological mechanisms that collectively impair systemic

glucose homeostasis [16].



2.2. Insulin Resistance: The Core Metabolic Block

Glucose intolerance and insulin resistance represent a state in which peripheral insulin receptors
become progressively desensitized — or effectively accustomed — to chronically elevated
levels of circulating insulin. This phenomenon serves as a prevalent medical condition tightly
linked to a spectrum of metabolic disorders, including type 2 diabetes mellitus, metabolic

syndrome, hypertension, obesity, and polycystic ovary syndrome (PCOS) [17].

Under physiological conditions, insulin binding to its cell-surface receptor triggers a precise
intracellular signalling cascade, allowing glucose entry into the cell. However, sustained
hyperinsulinemia induces a molecular negative feedback loop. This chronic overexposure
activates an array of counter-regulatory mechanisms, most notably driving the hyperactivation
of specific phosphatases and negative modulators. Crucially, this state of metabolic overload
converges on the activation of several intracellular kinases. Triggered by upstream cellular
perturbations such as lipotoxicity, chronic inflammation, hyperglycaemia, mitochondrial
dysfunction, and endoplasmic reticulum stress, these activated kinases mediate the inhibitory
phosphorylation of the insulin receptor itself and its key scaffolding substrates. Consequently,
this intricate network of negative feedback loops severely compromises the tissue's capacity for
insulin-stimulated glucose uptake and glycogen synthesis, transforming a physiological

adaptive system into a hallmark state of metabolic insulin resistance [18].

This sustained compensatory effort eventually leads to a state that temporarily maintains
normal blood glucose levels, while covertly driving systemic vascular and metabolic damage

long before hyperglycaemia is detected [19].
2.3.  Atherogenic Dyslipidaemia: The Lipid Triad

Atherogenic dyslipidaemia is defined as a distinct metabolic abnormality characterized by the
simultaneous elevation of serum triglycerides and low-density lipoprotein cholesterol,
characteristically accompanied by reduced levels of high-density lipoprotein cholesterol [20].

It is widely recognized as the "lipid triad" or "atherogenic phenotype" [21].

This specific cluster of lipid derangements does not merely represent a quantitative alteration
in lipid parameters, but rather a profound qualitative shift toward highly atherogenic, small
dense LDL (sdLDL) particles that exponentially drive macrovascular complications [22]. The
clinical significance lies in its profound capacity to accelerate the cascade of atherosclerotic
cardiovascular disease [23]. Under conditions of persistent insulin resistance, the continuous

influx of free fatty acids to the liver drives the overproduction of large, triglyceride-rich very-



low-density lipoprotein (VLDL) particles. This lipid overload initiates an intravascular

remodelling process [24].

From a vascular standpoint, sdLDL particles possess distinct physical properties that
exponentially augment cardiovascular risk. Due to their reduced size, they easily penetrate the
fenestrated endothelial barrier of the arterial wall and accumulate in the subendothelial space
[25]. Concurrently, the reduction in functional HDL particles impairs reverse cholesterol
transport, leaving the arterial wall defenceless against progressive lipid deposition and plaque
destabilization, which ultimately precipitates acute coronary syndromes and ischemic events

[26].
2.4. Arterial Hypertension: Sympathetic Overactivity and Vascular Stiffness

Arterial hypertension within the metabolic syndrome is not merely a hemodynamic
consequence of volume overload, but rather a complex, neuroendocrine-driven disorder. The
primary driver linking metabolic dysfunction to elevated blood pressure is persistent
hyperinsulinemia. Under physiological conditions, insulin acts as a weak vasodilator; however,
in the state of selective insulin resistance, its metabolic signalling pathway is impaired, while
its sympathetic-stimulating effects remain fully intact. Consequently, chronic hyperinsulinemia
continuously stimulates the sympathetic nervous system (SNS), leading to increased cardiac
output, elevated renal sodium reabsorption, and systemic vasoconstriction [27]. This
sympathetic overactivity is further amplified by leptin—which is elevated due to visceral

adiposity — acting directly on the hypothalamus to drive pressor responses [28].

Simultaneously, the chronic low-grade inflammatory environment and localized oxidative
stress compromise vascular endothelial function [29]. The bioavailability of nitric oxide (NO)
— the primary endogenous vasodilator — is drastically reduced, while the production of potent
vasoconstrictors like endothelin-1 is increased [30]. This endothelial dysfunction, coupled with
the proliferation of vascular smooth muscle cells stimulated by insulin and insulin-like growth
factor-1 (IGF-1), initiates advanced structural remodelling of the arterial wall [8]. Over time,
the elastic fibres of the media are replaced by rigid collagen, leading to progressive vascular
stiffness [31]. This loss of arterial compliance increases pulse wave velocity, elevates systolic
blood pressure, and accelerates microvascular damage across vital organs, establishing a

vicious cycle of self-perpetuating hypertension and cardiovascular risk [32].



2.5. The Pro-inflammatory and Pro-thrombotic Cascade

The metabolic syndrome is fundamentally characterized by a chronic, sterile, low-grade
systemic inflammatory state coupled with a severe prothrombotic diathesis [9]. This dual
cascade is primarily orchestrated by dysfunctional visceral adipose tissue, which ceases to
function merely as an energy storage depot and instead transitions into a hyperactive endocrine
organ [33]. Under the influence of progressive hypertrophy and localized hypoxia, adipocytes
and infiltrated immune cells drastically alter their secretory profile. This phenotypic shift results
in the overproduction of classic pro-inflammatory cytokines [34], alongside a concurrent
reduction in the secretion of adiponectin, a crucial cardioprotective and anti-inflammatory
adipokine [35]. This persistent inflammatory milieu directly feeds into and amplifies the pro-
thrombotic cascade [9]. Altogether, hepatocytes are stimulated to synthesize and secrete acute-
phase reactants, most notably C-reactive protein (CRP) and fibrinogen, in response to this

coordinated cascade of pro-inflammatory cytokines [36].

Simultaneously, dysfunctional visceral adipocytes markedly upregulate the expression and
secretion of plasminogen activator inhibitor-1 [37]. High circulating levels of PAI-1 suppress
the conversion of plasminogen to plasmin, thereby severely impairing the degradation of fibrin
clots. Concurrently, systemic endothelial dysfunction, induced by chronic low-grade
inflammation, promotes platelet hyperreactivity [38]. Together, this suppressed fibrinolytic
capacity and enhanced procoagulant drive create a highly vulnerable systemic environment,
predisposing the patient to microvascular thrombosis, accelerated atherogenesis, and

catastrophic acute thrombotic occlusions during plaque rupture.
3. Diagnostics of Metabolic Syndrome

The clinical diagnosis of metabolic syndrome has historically been a subject of significant
debate among major global health organizations, including the World Health Organization
(WHO), the European Group for the Study of Insulin Resistance (EGIR), and the National
Cholesterol Education Program (NCEP). Early diagnostic models differed substantially, with
some prioritizing insulin resistance as an obligatory criterion, while others focused primarily
on the manifestation of cardiovascular risk factors without requiring direct proof of insulin
dysfunction. To resolve these discrepancies and establish a unified clinical approach, a joint
interim statement was published in 2009 by the International Diabetes Federation (IDF) and the
American Heart Association/National Heart, Lung, and Blood Institute (AHA/NHLBI) [39].
This "harmonized" definition shifted the diagnostic paradigm, removing any single obligatory

component and establishing a flexible, coordinate-based system.



Under current clinical guidelines [40], the diagnosis of metabolic syndrome requires the
presence of a basic diagnostic criterion combined with at least 2 out of 3 additional diagnostic

criteria:

. Basic Criterion (Must be present): abdominal obesity (waist circumference >88
cm >102 cm in men) OR a body mass index (BMI) >30 kg/m?
. Additional Criteria (At least 2 must be met):
1. Prediabetes or diabetes: Fasting glucose >100 mg/dL OR glucose
>140 mg/dL 120 minutes after an oral glucose tolerance test (OGTT) OR HbA .
>5.7%, OR active glucose-lowering drug treatment.
2. Elevated non-HDL cholesterol level: Non-HDL cholesterol >130 mg/dL,
OR active lipid-lowering drug treatment.
3. High normal blood pressure or hypertension: Blood pressure
>130/85 mmHg (in-office measurement) OR >130/80 mmHg (home

measurement) OR active anti-hypertensive treatment.
4. Implications of Metabolic Syndrome

The clinical implications of metabolic syndrome extend far beyond the traditional endpoints of
cardiovascular events and type 2 diabetes, representing a systemic multisystem disorder. The
chronic low-grade inflammation, insulin resistance, and visceral adiposity characteristic of the
syndrome drive a wide array of secondary pathologies that significantly increase patient
morbidity and complicate overall clinical management. Beyond these classical manifestations,
metabolic syndrome may play a significant role in the onset and progression of metabolic
dysfunction-associated steatotic liver disease and chronic renal dysfunction, while
simultaneously inducing a prothrombotic state that drastically elevates the risk of vascular
thrombosis [41]. Furthermore, the persistent low-grade inflammatory environment is
increasingly recognized as a key trigger in the development and exacerbation of autoimmune

diseases [42].

Ultimately, this cumulative burden of multi-organ dysfunction and systemic vascular damage
dramatically accelerates overall disease progression, effectively doubling the risk of acute

cardiovascular events and substantially increasing all-cause mortality [1].



5. Therapeutic Strategies: The Primacy of Lifestyle Modification
5.1.  Nutritional Interventions and Dietary Patterns

Nutritional therapy is the cornerstone of non-pharmacological management in metabolic
syndrome [43]. Rather than simple caloric restriction, clinical guidelines prioritize high-quality

dietary patterns [44] — most notably the Mediterranean and DASH [45] diets.

The Mediterranean diet, rich in monounsaturated fatty acids (MUFAs), polyphenols, and
marine-derived omega-3 polyunsaturated fatty acids (PUFAs), directly targets endothelial
dysfunction by restoring nitric oxide bioavailability [46]. Simultaneously, PUFAs suppress the
hepatic synthesis of very-low-density lipoproteins (VLDL) [47], actively lowering circulating
triglycerides and shifting the atherogenic lipid triad toward a less pathogenic profile. Parallelly,
the DASH diet — characterized by sodium restriction and high intake of potassium,
magnesium, and calcium — directly mitigates arterial hypertension by reducing sympathetic

tone and improving arterial compliance [48].

Beyond hemodynamics, these fibre-rich, plant-forward dietary patterns profoundly shape the
gut microbiota. Enhanced bacterial fermentation of complex fibres increases the production of

short-chain fatty acids (SCFAs), which fortify the intestinal mucosal barrier [49].
5.2.  Physical Activity and Exercise

Structured physical activity and exercise function as powerful non-pharmacological therapies
that directly counteract the pathophysiological core of metabolic syndrome [50]. Both aerobic
and resistance training exert profound insulin-sensitizing effects by stimulating the
translocation of glucose transporter 4 (GLUT-4) to the cell membrane of skeletal muscles via
insulin-independent pathway [51]. This acutely bypasses receptor-level insulin resistance,
lowering systemic glucose levels and reducing the pancreatic demand for insulin [52].
Furthermore, regular physical exercise serves as a major systemic anti-inflammatory stimulus
[53]. Beyond metabolic and immunological reprogramming, exercise directly reverses vascular

remodelling and reduces cardiovascular risk [54].

The mechanical shear stress induced by increased blood flow during exercise upregulates
endothelial nitric oxide synthase activity, restoring nitric oxide bioavailability, improving
endothelial function, and reducing arterial stiffness [55]. Simultaneously, exercise effectively
dampens sympathetic nervous system overactivity, leading to a sustained reduction in resting
blood pressure and heart rate [56]. By combining improved skeletal muscle insulin sensitivity,

systemic anti-inflammatory signalling, and enhanced arterial compliance, regular exercise



directly targets and disrupts the self-perpetuating cycle of metabolic dysfunction, hypertension,

and macrovascular damage.
5.3. Behavioural Strategies and Sleep Hygiene

Behavioural interventions and sleep hygiene are increasingly recognized as indispensable
pillars in mitigating metabolic syndrome, directly targeting the neuroendocrine disruptions that
drive its progression. Chronic psychological stress and sleep deprivation — defined as restricted
sleep duration or poor sleep quality — exert a profound, synergistic impact on the
hypothalamic-pituitary-adrenal axis and the sympathetic nervous system [57]. This chronic
neuroendocrine overactivation leads to sustained hypercortisolaemia, which promotes visceral

adiposity, impairs peripheral insulin sensitivity, and elevates blood pressure [58].

In contrast, structured behavioural strategies — such as mindfulness-based stress reduction,
cognitive behavioural therapy for insomnia and the maintenance of a consistent circadian
rhythm — effectively dampen hypothalamic-pituitary-adrenal axis reactivity [59]. By lowering
circulating cortisol, restoring autonomic balance, and reducing systemic inflammatory tone,
these behavioural and sleep-focused interventions may play a critical role in halting the self-
perpetuating cycle of metabolic dysfunction, sympathovagal imbalance, and cardiovascular

risk.
5.4. Pharmacological Interventions

Pharmacological management of metabolic syndrome is initiated when structured lifestyle
modifications fail to adequately mitigate cardiometabolic risk, targeting individual components

of the syndrome to disrupt their synergistic progression.

First-line therapy for hyperglycaemia and insulin resistance is historically anchored by
metformin [60]. However, modern pharmacotherapy increasingly utilizes sodium-glucose
cotransporter-2 (SGLT?2) inhibitors and glucagon-like peptide-1 (GLP-1) receptor agonists due
to their profound, organ-protective properties. GLP-1 receptor agonists enhance glucose-
dependent insulin secretion, delay gastric emptying, and suppress appetite via hypothalamic
signaling, driving significant visceral adiposity reduction and lowering systemic pro-
inflammatory cytokines [61]. Simultaneously, SGLT2 inhibitors promote glucosuria, induce
osmotic diuresis to lower blood pressure, and reduce sympathetic nervous system tone, directly

mitigating arterial stiffness and offering robust cardiorenal protection [62].

To address the atherogenic lipid triad and prevent macrovascular events, HMG-CoA reductase

inhibitors (statins) remain the clinical cornerstone, drastically reducing low-density lipoprotein



cholesterol (LDL-C) and stabilizing vulnerable atherosclerotic plaques [63]. When
hypertriglyceridemia dominates, peroxisome proliferator-activated receptor-alpha agonists
(fibrates) are utilized to lower circulating triglycerides and elevate high-density lipoprotein

(HDL) levels.

Concurrently, arterial hypertension in metabolic syndrome is preferentially managed with
renin-angiotensin-aldosterone system inhibitors, such as angiotensin-converting enzyme
inhibitors or angiotensin II receptor blockers. By blocking the pro-inflammatory,
vasoconstrictive, and hypertrophic pathways of angiotensin II, these pharmacotherapies not
only lower blood pressure but also improve peripheral insulin sensitivity [64] and halt

progressive structural remodelling of the arterial wall [65].
6. Conclusions

The metabolic syndrome represents one of the most critical public health challenges of the
modern era, serving as a complex, multifaceted precursor to cardiovascular disease and type 2
diabetes. Rather than a collection of isolated clinical findings, the syndrome is a highly
integrated pathophysiological state. At its core, sustained hyperinsulinemia and peripheral
insulin resistance act as the primary metabolic drivers, triggering a cascade of downstream
systemic disruptions. This includes the development of atherogenic dyslipidaemia —
characterized by a qualitative and quantitative shift toward highly atherogenic small, dense
LDL particles — and arterovascular changes that culminate in hypertension and progressive

tissue damage long before overt clinical endpoints are diagnosed.

Fortunately, because metabolic syndrome is heavily rooted in overnutrition and physical
inactivity, lifestyle modification remains the undisputed cornerstone of clinical management.
Structured nutritional changes, such as the Mediterranean diet, combined with a precise
prescription of both aerobic and resistance exercise, possess the unique physiological capacity
to target and reverse the underlying insulin resistance. When implemented early and sustained
long-term, these non-pharmacological interventions can halt the progression of the metabolic

cascade, drastically reducing the patient's cardiovascular risk profile.

Concurrently, the therapeutic landscape has been revolutionized by the emergence of novel
pharmacotherapies, specifically GLP-1 receptor agonists and dual GIP/GLP-1 receptor
agonists. Originally designed to manage type 2 diabetes, these agents have demonstrated

unprecedented efficacy in driving substantial weight loss, restoring metabolic homeostasis, and



directly mitigating cardiovascular mortality, thereby serving as a powerful, synergistic adjunct

to foundational lifestyle interventions.
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