Metabolic Syndrome: A Systemic Perspective

Chronic Inflammation, Insulin Resistance. and Multi-Organ Dysfunction

A clinical framework for understanding how interconnected metabolic
and why early recognition Central Obes“}' H}'PEﬂEHSiﬂﬂ

risk factors converge into systemic disease

chan gEs outcomes.
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What Is Metabolic Syndrome?

Metabolic syndrome (MetS) is a complex condition marked by central
obesity, dyslipidemia, hypertension, insulin resistance, oxidative stress, and
chronic inflammation. These risk factors significantly raise the risk of
cardiovascular disease (CVDY) through various mechanisms, leading to a

public health challenge.

Nletabalic syndrome. Nafure Seviews Direave Primers, 2024

INCREASED  TYPE2 INCREASED
CV DISEASE = DIABETES CV DISEASE
RISK _ RISK C RISk

.
TYPE2
HYPERTENSION = DIABETES
RISK
Waist High blood
cincumfarence pressune
METABOLIC
SYNDROME
: Abnarmal
DYSLIPIDEMIA cholesterol HYPERGLYCEMIA
lriglycenides
- . ‘ "..
INCREASED TYPE2 INCREASED TYPE2
RISK RISK RISK RISK

A Comprehensive Review of Metabolic Symilrome and ls Hole in Cardievascular Disease and Type 2 Diabetes Mellitus: Mechanisms, Risk Factors, and Management. Coree. 2024

Medshalic avndeone: paideiminlacy mechanione aml dirronl Theranealic annfaaches Faoal Sore 00 Qenteamber 7075



The core driver: Adipose tissue insulin resistance

When adipose tissue becomes insulin resistant, it contributes to systemic metabolic dysfunction through impaired glucose uptake
and dysregulated adipokine production.

adipose tl1ssu{3 insulin dysregulated MetS-associated mitochondrial dysfunction
ISAIstanCs adipokine production inflammation further Metabolic Dysregulation
worsens adipose insulin
sensitivity.
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The Silent Engine: Chronic Low-Grade Inflammation

Adipose tssue 1s no longer viewed as passive energy storage — it 1s an active
endocrine organ seercting pro-inflammatory signals that sustain systemic F
INF-a

damage.

Disrupts msulin receptor signaling i penpheral tissues

/% Sustained NF-xB and JNK pathway activation drives tissue-level

insulin resistance across all organs. .6

Promotes hepatic acute-phase response and systemic inflammation

NF-xB / INK

Sustained pathway activation — the hallmark of metabaolic

mflammation



Endothelial Dysfunction: The Vascular Bridge

Metabolic syndrome attacks the entire vascular system through a progressive loss of endothelial integrity.
Excessive reactive oxygen species reduce nitric oxide bioavailability by impairing endothelial nitric oxide synthase function, leading to vascular

inflammation and impaired vasodilation. Adipose tissue-derived hormones such as leptin, adiponectin, and resistin exert opposing effects on vascular
homeostasis. influencing inflammation and oxidative stress in obesity and metabolic syndrome.
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| Nitric Oxide Vascular Stiffness Pro-Thrombotic State
Reduced NO bioavailability impairs Increased vessel rigidity, impaired Adhesion molecules activated, clot risk
vasodilation endothelial response elevated

Endothelial Dysfunction as the Common Pathway Linking Obesity, Hypertension and Atherosclerosis, Do J Mol Sci. 2025
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Cardiac Involvement

Accelerated Atherosclerosis

Endothelial injury and dyslipidemia synergize to promote plagque
formation

Cardiomyopathy

Hypertensive and diabetic subtypes compromise myocardial function

LVH & HFpEF

Left ventricular hypertrophy and heart failure with preserved ejection

fraction

Endothelial Dysfunction as the Common Pathway Linking Obesity, Hypertension and Atherosclerosis, fur 7 Mol Scl 2025



Renal Involvement

Diabetic Nephropathy

Hyperglycemia-driven glomerular

damage

CARDIORENALMETABOLIC SYNDROME
___(CRMS)

A pathopfrysiclogicsl condition in which dysfunction of the heart, kidneys, and metabolic
systems mutuslly interact and am plify each other, increasing the sk of adverse outcomes.
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[ypertensive Nephrosclerosis

Pressure-mediated arterial and glomerular

injury

Albuminuria — CKD

Early marker of glomerular injury;

progressive renal decline
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Hepatic Involvement

The liver is a primary site of ectopic lipid aceumulation, tightly coupled to systemie insulin resistance,

15/Cirrhosis

Ectopic Lipid MASLD

MASLD (Metabolic Dystunction-Associated Steatotic Liver Disease) 1s now the most common chronie liver disease globally — and a direct mirror of systemic metabolic health.
Between 1990 and 2021, the number of individuals with MASLD increased from 343 to 666 million, reflecting an average annual growth rate of 0.93%. The number of MASLD-
related deaths increased from 7,920 to 15,110, corresponding to an average annual growth rate of 0.8%,

EASL | Eurepean Associmtian for the Study of the Liverp, 2024
Glahal, reginnsl and natinmasl burden of Metabobic dysfusction-ssocisted steatotie liver disease in sdalescents nnd sdults aged 1549 vears fram 1900 ta 2021 results from the 2021 Clobal Burden of [dsense shady, Frons, Med | 25 June 2029



Cerebral Involvement

Cerebrovascular Disease White Matter Lesions
Elevated stroke risk from Microangiopathy visible on
atherosclerosis and endothelial neuroimaging; associated with
dysfunction cognitive decline

Alzheimer-Type Pathology

Emerging evidence links insulin resistance to amyloid and tau pathology

Braody insulin pesistanee tn Alzkemer i discaze and related disorders, mechaumms pnd therapeunc approaches. Lancet Neurology.
2020 .



Muscular Involvement

Skeletal muscle accounts for ~80% of insulin-stimulated glucose disposal. Its dystunction 1s both a cause and consequence of metabolic syndrome.

Sarcopenic Obesity

e [ myokeines T systemic effects Adipokines
Loss of lean mass combined with increased adiposity — a double Effects of physical sxercise (" Include cantral hypathalaric regulation of y Effects of optimised AT mass
burden on metabolic capacity M‘hﬂﬂuuﬁmmmw l"f‘_"_"d__,-*"f

Mitochondrial Dysfunction

Impaired oxidative phosphorylation reduces fat oxadation and e — oy
worsens glucose uptake s - *F’.m".md 5N B
S scup P . - oxidation & +anﬂuh-x
pil K flucose g e
A ins R uptake Enhance miyogenssis \\_
Preserving and building skeletal 1 i 4 cose uptake ) SUPPCRA pEotectzls
aan m £ skelelal muscle mass 15 one Y, *u — via Adipa R1 W
s . : | Increased beige . I* )
of the most powertul therapeutic levers in metabolic || brown features '\hmn sansitivity |
Activates UCP 1 !
| | /
drome management. \ : 2L Facilitates glucose 4~ & Soexin
i L £¢ Y glycogen synthesis uptaks & lipid t 3
X metabolism i
R Improved metabolic 7
ko efficiency and 5M mass o
e _,.--""-FFFFF .-'/.

—

wp Leptin

Uptinised Shetetal Muscle Mass ax o Key Strategy for Cfbesity Management  Adesotodies TO2S.
Mechuminms of foodin Action and Inoddin Sesivtance, Physialogical Reviews, 20018



The Multi-Organ Cross-Talk

No organ is an island. Metabolic syndrome represents a svstemic breakdown of inter-organ communication.

BRAIN LIVER
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Cytokines, metabolites, hormones, and neural signals create a complex network — disturbance in one node propagates disease across the entire system.



Diagnostic Criteria

Diagnosis requires = 3 of § criteria (IDF/AHA/NHLEI harmonized definition).
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“Wegst Circumference =102 cm (M} / = 88 cm (F) Central adiposity
Fasting Triglycerides = 150 mg/dL Dwslipidemia marker
HDL Cholesterol <) gL (M) 80 oL TR Low protective lipid
Blood Pressure =130/ 85 mml Vascular stress

Fasting Glucose = 100 mg/dL Insulin resistance signal



Clinical Manifestations Overview

Elevated arterial pressure; endothelial and High TG, low HDL, small dense LDL Imipaired fasting glucose to overt T2DM
cardiac siress particles
Abdominal Obesity Pro-Thrombotic State

Visceral adiposity driving systemic inflammation Elevated fibrinogen, PAI-1: increased clot rsk



Pathophysiological Synthesis

The Sum iS reater I Individual Risk Factors

Obesity hvnertensi G
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L e SYSTEMIC vVascular consequence

' Multi-Organ Damage

Heart, kidney, liver. brain,

muscle — simultaneously



Therapeutic Strategies: Lifestyle

Lifestvle intervention remains the most potent first-line therapy — addressing root causes. not symptoms.
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Weight Manapentent Anti-trftanmmartory Diet

Even 5-10% body weight reduction significantly improves all five Low glyceémic index, Mediterranean-style: reduces inflammatory cytokine
diagnostic parameters burden

Exercise Sleep & Stress

Enhances insulin sensitivity, promotes endothelial NO production, Chronic cortisol elevation worsens insulin resistance: sleep quality is a

preserves muscle mass metabolic determinant



Therapeutic Strategies: Pharmacological

1 2 O GLP-1 agonists and SGLT2 inhibitors represent a paradigm shift —

£O rep p Em
targeting the metabolic syndrome ag a whole, not its individual
components.

control.

glucose output; first-line for cardiovascular benefit

glycemia
SGLT2 Inhibitors Statins & RAS Blockade
Renal and cardiac protection Dyslipidemia and hypertension
bevond glucose lowering management; pleiotropic

vascular effects



Emerging Therapeutic Avenues

The next frontier moves beyond symptom management toward precision metabolic medicine.

Advanced Metabc

Metabolomics and gen

Precision Medicine Endothelial Repair
Tailored interventions based on patient-specific metabolic phenotype Novel agents targeting endothelial progenitor cell activity and NO

restoration



Breaking the Cycle

Fhe Clinical Imperative 01

Early intervention is eritical. The window {o reverse Identify Early

metabolic dvsresulation narrows as orean damaee accumuolates . ”
Screen for all five diagnostic ¢

Atk - rool

fiomn. 02
Address Root Causes

Prioritize insulin sensitization and anti-inflammatory lifestyle strategics

03
Protect All Organs

Holistic, system-wide management — cardiac, renal, hepatic, cerebral



