Mechanisms of Oxidative Stress in Metabolic
Syndrome

Subjects: Cardiac & Cardiovascular Systems
Contributor: Sepiso K. Masenga, Lombe S. Kabwe, Martin Chakulya, Annet Kirabo

Metabolic syndrome is characterized by abdominal obesity, high blood pressure, insulin resistance, a proinflammatory and
prothrombotic state, atherogenic dyslipidemia , and low high-density lipoprotein cholesterol (HDL-C). Metabolic syndrom
is mediated by oxidative stress and inflammation. Although the mechanisms are complicated and not very clear, this entry
elucidates the mechanisms and pathways that drive oxidative stress in contributing to metabolic syndrome.
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| 1. Introduction

Metabolic syndrome is characterized by the presence of several interconnected risk factors for type 2 diabetes (T2DM)
and cardiovascular disease (CVD) . The presence of metabolic syndrome increases the risk of developing T2DM by 5
fold, CVD by 2 fold, and the risk of all-cause mortality by 1.5 fold @8, Metabolic syndrome is highly prevalent in the
United States, with about 35% prevalence and almost half in those aged 65 years and older [, The risk factors of
metabolic syndrome include increased waist circumference or belly fat, high plasma triglycerides, elevated blood
pressure, high blood sugar, and low plasma high density lipoprotein (HDL) [, If a patient has three of the five major risk
factors, a diagnosis of metabolic syndrome is made 2.

Although many factors contribute to the pathophysiology of metabolic syndrome, several studies show that oxidative
stress, in conjunction with chronic inflammatory conditions, is at the core of the development of metabolic diseases 67,
The imbalance between oxidants and antioxidants, which is often tilted in favor of the oxidants, is what causes oxidative
stress, which in turn causes a disruption in redox signaling and regulation as well as molecular and cellular damage &9,
Metabolic syndrome is characterized by obesity-related problems, indicating a relationship between obesity and metabolic
syndrome 9. |nflammation and oxidative stress play a significant role in the development of metabolic comorbidities such
as hyperlipidemia, high blood pressure, and increased glucose intolerance, all of which lead to metabolic dysfunction %
(11 Several studies have shown that the risk for metabolic syndrome can be greatly reversed by reducing body weight
and focusing interventions on dietary changes such as time-restricted eating, special diets such as the Mediterranean
diet, including increasing physical exercise, sleep changes, or even reduce stress [ZBEIEI12]

| 2. Metabolic Syndrome Components

Metabolic syndrome is characterized by abdominal obesity, high blood pressure, insulin resistance (a risk factor for
T2DM), a proinflammatory and prothrombotic state, and atherogenic dyslipidemia (high triglycerides, high apolipoprotein
B, high low-density lipoprotein particle (LDL-p) number, and low high-density lipoprotein cholesterol (HDL-C) [EIEI13114]
The components of metabolic syndrome are interrelated, as briefly described below. Obesity is the primary risk factor in
the development of T2DM, and it is estimated that roughly 90 percent of people who have T2DM are either overweight or
obese L5118l Opesity is also linked to an increased risk of CVD, which includes conditions such as high blood pressure,
atherosclerosis, acute myocardial infarction, and heart failure 1. Central obesity is defined as having an abdominal
circumference that is greater than 102 cm for males and greater than 88 cm for women 4. Central obesity is one of the
most important factors in the etiology of metabolic syndrome, including insulin resistance X8l Obesity is associated with
low-grade inflammation, which may lead to insulin resistance, insulin deficiency, and metabolic disturbances @ Insulin, a
peptide hormone released by pancreatic beta cells in response to rising blood glucose, blocks lipolysis, and hepatic
gluconeogenesis, and increased glucose absorption in the liver, muscles, and adipose tissues 9. Insulin resistance is an
altered physiologic response to insulin stimulation of the target tissues, such as the liver, muscle, and adipose tissue, and
the resistance hinders glucose metabolism, resulting in hypertrophy of beta cells, increased beta-cell insulin production,
and hyperinsulinemia 2921, |nsulin resistance may result in hyperglycemia, hypertension, dyslipidemia, visceral obesity,



hyperuricemia, increased inflammatory markers, endothelial dysfunction, and thrombosis, which may lead to metabolic
syndrome, nonalcoholic fatty liver disease (NAFLD), and T2DM through several complex mechanisms [21122123],

Lipid metabolism is critical to the etiology of insulin resistance and the subsequent development of metabolic syndrome
24 |ipid changes also contribute to the diagnostic criteria for metabolic syndrome, and the two major lipids include
fasting triglyceridemia >150 mg/dL and HDL cholesterol concentration <40 mg/dL. This lipid derangement is characterized
by an increase in the synthesis of very low-density lipoproteins (VLDL), a decrease in the plasma’s lipolytic capacity, and
an increased cholesterol ester transfer protein activity 8. Patients with metabolic syndrome also exhibit hemostatic
changes that can elevate the risk of both atherothrombotic and thromboembolic cardiovascular disease L8235, The
atherothrombotic and thromboembolic changes result from endothelial dysfunction, which may be caused by chronic
inflammation, dyslipidemia, and hypertension 281251,

3. Mechanisms of Reactive Oxygen Species and Their Role in the
Development and Progression of Metabolic Syndrome

ROS production is tightly regulated by redox signaling and sensing mechanisms 28 (Figure 1).
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Figure 1. Structure of reactive oxygen species and their sources. ROS, reactive oxygen species; NADPH, nicotinamide
adenine dinucleotide phosphate; NOX2, NADPH oxidase.

ROS signaling may participate in normal physiological processes or contribute to maladaptive responses that result in
metabolic dysfunction and inflammatory signaling, depending on the ROS source, cell type, and tissue environment (27
(28] The two major sources of ROS inside the cell are nicotinamide adenine dinucleotide phosphate (NADPH) oxidase
(NOX) enzymes and the mitochondria 29, The NOX enzymes are a family of enzymes (NOX1, NOX2, NOX3, NOX4,
NOX5, DUOX1, and DUOX2) located in the cell membrane, and NOX2-NOX3 is important in most pathological conditions
(291 |n the mitochondria, ROS are formed during oxidative phosphorylation by oxidizing reduced nicotinamide adenine
dinucleotide (NADH) to NAD* [BUIBl The superoxide anion that is produced by the mitochondria and NOX2 is rapidly
converted by an enzyme called superoxide dismutase into hydrogen peroxide (H,O,), which serves as a signaling
molecule 233 (Figure 2). Hydrogen peroxide is a powerful oxidizing agent. For this reason, cells express antioxidant
proteins, including peroxiredoxin, catalase, glutathione (GSH), and thioredoxin, that convert H,O, to water 134l The
level of H,0, must be strictly maintained; hence, its production must be equal to its reduction ©. High H,O, in the
presence of free ferric iron (Fe2*) produces hydroxyl radicals (*OH) in the Fenton reaction [2128],
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Figure 2. Sources of reactive oxygen species. SOD2, superoxide dismutase 2; ROS, reactive oxygen species; ER,
endoplasmic reticulum; NADPH, nicotinamide adenine dinucleotide phosphate; H,O,, hydrogen peroxide.

Through tightly controlled redox regulation, signaling, and sensing, ROS are essential for normal biological functions in
physiologic settings 351, Oxidative posttranslational modification (Ox-PTM), also known as oxidative protein modification,
is a crucial molecular process that regulates proteins, which eventually affect the biological responses of cells 28, Redox-
sensitive proteins include ion transporters, receptors, signaling molecules, transcription factors, cytoskeletal structural
proteins, and matrix metalloproteases [&. Proteins are normally targets of reversible Ox-PTM; however, in pathological
conditions associated with oxidative stress, such as hypertension, proteins undergo irreversible Ox-PTM, which results in
a loss of protein function and, as a consequence, cell damage, tissue injury, and failure of the target organs B7[E8l ROS,
such as H,O, are also essential for the activation of cellular pathways, including those that interact with vasoactive drugs
such as angiotensin Il (Ang Il), endothelin-1 (ET-1), aldosterone, and prostanoids used to mediate cellular effects, and
those that regulate intracellular calcium homeostasis [&. ROS activate transcription factors such as hypoxia-inducible
factor (HIF) that regulates angiogenesis, activate the phosphoinositide 3 kinase (PI3K) pathway that regulates cellular
growth, the nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB) pathway, which in normal conditions
prevents apoptosis by regulating cell survival, activates the mitogen-activated protein kinase (MAPK) pathway, which
regulates cellular proliferation B2, ROS also stimulate the transcription of pro-inflammatory chemokine and cytokine
production and the recruitment and activation of inflammatory and immune cells [42[41],

Overproduction of ROS can occur in pathological disorders such as obesity, insulin resistance, hyperglycemia, chronic
inflammation, and dyslipidemia 49421431 Oxidative stress is detrimental because all the excess ROS induces cellular
damage, specifically damaging DNA and peroxidize lipids 4], Lipids present in plasma, mitochondrial, and endoplasmic
reticulum membranes are major targets of ROS attack and peroxidation in most macromolecules 244 The end products
of lipid peroxidation, known as lipid peroxides, can be toxic to a cell and require removal by glutathione through an elusive
mechanism 42, Many studies have found that metabolic syndrome patients had lower plasma antioxidant enzyme activity
and greater biomarkers of oxidative damage than healthy individuals, which may contribute to oxidative stress 8. In the
same manner, proteins and nucleic acids can be subject to peroxidation as well as nitrosylation 1. Nevertheless, these
end products are not usually directly toxic to the cell BL. However, accumulation of inactive proteins can overload the
ability of a cell to metabolize them and hence lead to the damage of DNA as they are capable of activating apoptosis 42!,
In addition, the accumulation of modified proteins decreases their function, leading to a severe loss of normal cell activity
[41[271(32][45] The overproduction of ROS results in an oxidative stress environment, which also destabilizes redox signaling
and control and leads to deleterious effects on gene expression, increases growth factors and stress response elements,
and activates the apoptosis pathway E[Z7. The disrupted redox signaling also promotes pro-inflammatory and pro-fibrotic
pathways, which affect insulin metabolic signaling and endothelial dysfunction and promote cardiovascular and renal
inflammation and fibrosis, which contribute to target organ damage 47, The mechanisms of ROS and their role in the
development of metabolic syndrome are shown in Figure 3.
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Figure 3. Mechanisms of metabolic syndrome. Under pathological conditions such as obesity, chronic inflammation, and
hyperglycemia, excessive ROS generation can occur. ROS production occurs through the activation of enzymes in the
cytosol, membrane, and mitochondria. An increase in the production of ROS and the depletion of antioxidants result in
oxidative stress. The resulting oxidative stress leads to intracellular cell damage and altered redox, which leads to the
irreversible accumulation of oxidation products, promoting endothelial dysfunction, which leads to insulin resistance,
hypertension, dyslipidemia, and, subsequently, metabolic syndrome. ROS, reactive oxygen species; NOX2, nicotinamide
adenine dinucleotide phosphate (NADPH) oxidase (NOX) enzymes.
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