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The prevalence of metabolic syndrome (MetS) is presently an alarming public health problem globally. Oxidative

stress has been postulated to be strongly correlated with MetS, such as obesity, type 2 diabetes, hypertension,

cardiovascular diseases, and certain cancers. In addition, substantial evidence of the role of antioxidants in human

health and chronic disease prevention exist. Cereals are important staple foods which account for a huge

proportion of the human diet. However, owing to recent growing demand and the search for natural antioxidants,

the development of cereal peptidic antioxidants using bioinformatics approaches, simultaneous application of green

food processing technologies with enzymatic and fermentation methods could potentially be used as health-

promoting functional ingredients, foods or dietary supplements for the prevention and management of MetS.

However, the obtainability and achievability of human equivalent doses under physiological conditions still remains

controversial and requires further studies.
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1. Oxidative Stress

The term “oxidative stress” was initially conceptualized about three (3) decades ago . Since then, the term has

evolved remarkably. The inception of oxidative stress finds its roots in early publications of Seyle (loc. cit), which

were concerned with the toxicity of oxygen linked with aging, bodily responses and processes associated with

oxygen radicals, the concept of the physiology of the mitochondria and research on its aging, as well as work on

variances of redox reactions in living organisms . Table 1 shows several definitions proposed by different

scientists over the years. Consequently, oxidative stress is denoted by an imbalance between oxidant and

antioxidant species, such that oxidant species weigh more, which results in the excessive release of free radicals

or reactive oxygen species (ROS) and causes cellular and molecular disruption, as well as a negative influence on

redox signaling . Oxidative stress occurs when antioxidant defenses are impaired or are not strong enough to

overpower the production of reactive oxygen species (ROS) . The consequences of oxidative stress may be

progressive and often dire. The two underlying components in oxidative stress, as evidenced by the definition

above, are prooxidant and antioxidant species. It is their non-homeostatic co-existence that results in oxidative

stress. To prevent excess ROS production in mammalian cells, antioxidant molecules and antioxidant enzymes act

as defense systems. There are many prooxidant species and antioxidant species. In cells, glutathione (GSH) is the

most abundant and important non-protein antioxidant molecule. Antioxidants are those substances that counteract

the harmful effects of oxidants. They are usually produced in insufficient quantities by the body; therefore, they
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need to be supplemented frequently from external sources, typically food sources . Examples of antioxidants are

vitamins A, C, E, carotenoids (including beta-carotene and astaxanthins), and polyphenols (such as flavonoids,

isoflavones, anthocyanins, chlorogenic, and catechins) . Examples of prooxidants, particularly the reactive

species, include reactive oxygen species (ROS) , reactive sulfur species (RSS) , reactive electrophile

species (RES) , reactive carbonyl species (RCS) , reactive nitrogen species (RNS) , and reactive

halogen species (RHS) . ROS, RHS, and RNS are toxic oxidants that cause damage to DNA, RNA, lipids,

and phagocytosed pathogen proteins, especially during inflammation . According to Yang et al. , ROS, RHS,

and RNS cause apoptosis by directly oxidizing protein, lipid, and DNA signaling pathways, which increases the risk

of CVD, specifically atherosclerosis. RSS are molecules produced from sequential one-electron oxidations (loss of

electrons in a chemical reaction) of hydrogen sulfide, thus forming thiyl, hydrogen persulfide, and the persulfide

“supersulfide” radicals, before terminating in elemental sulfur . There are resemblances between ROS and RSS,

and they are sometimes misconstrued and used interchangeably. However, RSS have more effectiveness,

reactivity, signaling, and versatility potential compared to ROS. They can also be accumulated and reused . RES

have a wide range of functionality with overlying chemical reactivity, which sometimes makes the study of biological

RES challenging. Biologically, they range in different shapes and forms. RES involved in cell signaling may even

rise higher when they sense the human body is stressed. RHS control antioxidant response, cell growth, DNA

damage development, aging, cellular homeostasis events, such as apoptosis, and immune response .

Table 1. Some proposed definitions of oxidative stress throughout the course of time.

Definition of Oxidative Stress Reference

Oxidative stress is a disturbance in the prooxidant–antioxidant balance in favor of the former.

Oxidative stress is defined as a disturbance in the prooxidant–antioxidant balance that leads to
potential damage.

Oxidative stress is a situation when steady-state ROS concentration is transiently or chronically
enhanced, disturbing cellular metabolism, its regulation, and damaging cellular constituents.

Oxidative stress is defined as excess production of reactive oxygen species (ROS) relative to
antioxidant defense.

Oxidative stress refers to the imbalance between cellular antioxidant cascade and processes that
generate reactive oxygen species (ROS), such as superoxide (O ), hydrogen peroxide (H O ),

and hydroxyl anion (OH ).

Oxidative stress is defined as an imbalance between oxidants and antioxidants in favor of the
oxidants, leading to a disruption of redox signaling and control and/or molecular damage. This

implies a deviation to the opposite side of the balance (thus, “reductive stress”), as well as
physiological and supraphysiological deviations, which tie into the overarching concept of

“oxidative distress” and “oxidative eustress”, respectively.

The oxidation of macromolecules, such as carbohydrates, lipids, and amino acids, produces many reactive

carbonyl species (RCS). RCS can react and cause changes to the surface composition of proteins, nucleic acids
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and amino phospholipids, and therefore serve as agents of cell destruction and gene mutation. Furthermore,

interaction of RCS with biological samples results in many chemical products that have diverse negative effects on

human health . RCS are shown to be involved in ROS signaling, and are typically classified under RES .

Electrophilic and nucleophilic reactions are some of the most common covalent bond formations that are found in

many chemical–cellular reactions. The electrophilic nature of carbonyl compounds has a high affinity for

nucleophilic cellular constituents, thus making it possible for easy accessibility of the cells by RCS to render its

physiological effects . In the form of free radicals, such as nitric oxide and other nitric oxide-derived species

(organic species, such as 3-nitrotyrosine (3-NT) and S-nitrosothiols (RS–NO), and inorganic species, such as

nitrite ), RNS are involved in a variety of biological activities, and their detection and quantification are

technically difficult . However, there is evidence that, when RNS is produced in excess, it disrupts protein

synthesis in the body, which harms mitochondrial metabolism dynamics and mitophagy in the nervous system .

RHS, especially those with chlorine, bromine, and iodine (thus, HOX with X=Cl, Br or I) induce injuries to DNA,

RNA, lipids, and proteins cells . They render the immune system’s defense useless when they are released

into the body in high quantities by reversing the action of phagocytes (including neutrophils, monocytes,

macrophages, mast cells, dendritic cells, osteoclasts, and eosinophils) that capture pathogens, and, thus, instigate

disease or infection pathogenesis . When RHS interreact with extracellular myeloperoxidase (MPO) produced

by neutrophils to provide immune system defenses against pathogens, it results in tissue damage, cellular

damage, and inflammatory reactions that facilitate the occurrence of a variety of diseases, particularly CVD

(atherosclerosis), obesity, T2DM, and, ultimately, metabolic syndrome (MetS) . Owing to the vast quantities

and differences in prooxidant and antioxidant species, the best way to understand oxidative stress is through a

classification system. According to Sies et al. , oxidative stress can be classified according to its intensity (basal,

low, intermediate, and high), specific forms, related terms, and associated biological responses (Figure 1). A further

assessment by Lushchak  establishes that imbalance could also result from one or a combination of the

following: elevated levels of endogenous and exogenous compounds entering autoxidation, coupled with ROS

production; depleted stores of low molecular mass antioxidants; deactivated antioxidant enzymes; and reduced

production of antioxidant enzymes and low molecular mass antioxidants. These determine the three types of

oxidative stress—acute, chronic, and quasi-stationery  (Table 2).
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Figure 1. Classifications of oxidative stress adapted with permission from Sies et al. . Copyright 2017 Annual

Reviews, Inc.

Table 2. Types/Levels of oxidative stress.

Oxidative
Stress Definition Reference

Acute
The inability of cells to neutralize enhanced ROS level over a period of time, such

that the time is enough to result in specific physiological consequences.

Chronic
It occurs when acute oxidative stress progresses to significantly disturb

homeostasis. Here, the ROS levels are elevated and very stable, and very potent
in altering healthy cell components.

Quasi-
stationery

It occurs when ROS levels are so elevated that it is almost impossible to return to
ideal homeostatic levels, thus resulting in the need for a substantial reorganization

of the entire homeostatic system.

2. Metabolic Syndrome (MetS)
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Insulin resistant syndrome, MetS, or dysmetabolic syndrome are other terms used to denote metabolic syndrome.

MetS is a health condition characterized by the summative complexities of three or more of the following risk

factors: high blood pressure, abdominal obesity, elevated triglyceride (TG) levels, low high-density lipoprotein

(HDL) levels, and high fasting levels of blood sugar that instigate the potential for cardiovascular diseases (CVDs)

and type 2 diabetes mellitus (T2DM) . Typically, low high-density lipoprotein (HDL) levels are less than 40

mg/dL in men, or less than 50 mg/dL in women; elevated TG is 150 mg/dL of blood or higher; elevated fasting

glucose is l00 mg/dL or higher; and high blood pressure is indicated by systolic levels of 130 mmHg or higher

and/or diastolic levels of 85 mmHg or higher . Research purports a positive correlation between increases in age

and obesity, and the prevalence of MetS . Sigit et al.  argue that MetS is sex and population specific.

Current trends suggest Asian populations are showing, relatively, the highest prevalence (an estimate of 39.9 ±

0.7%) ; about one-third of US adults (thus, 34.3 ± 0.8% of all adults and 50% of those aged 60 years or older)

have MetS ; and about 29.2 ± 0.7% in European populations . Comparatively, the prevalence is very

minimal in populations in Africa; however, diabetes, one of the pre-indicators of MetS, is expected to have huge

spikes in sub-Saharan Africa, the Middle East, and North Africa (141% and 104%, respectively) in the next 25

years . It is worth noting that sex and populations showed differing prevalence and contributing risk factors of

MetS. For instance, in relation to sex, the incidence of MetS was higher in Indonesian women than in Indonesian

men, but higher in Dutch men than in Dutch women ; in relation to contributing risk factors, Asian–Chinese men

recorded higher TG and FBS levels than European men. Again, Chinese women recorded higher glucose levels

than European women ; abdominal obesity was higher in Dutch women than in Indonesian women .

The Link: Oxidative Stress and Metabolic Syndrome

There is compelling evidence of the association between oxidative stress and MetS from both human and animal

studies . Oxidative stress correlates with increased BMI, increased adiposity, and high blood pressure,

which are all components of the risk factors of MetS. Particularly in obesity-related MetS, elevated ROS production

targets adipose tissue and rapidly incites fat accumulation, thereby contributing to atherosclerosis, among other

vascular medical conditions . Oxidative stress reduces the number of helpful proteins, such as adiponectin

(involved in regulating glucose levels and fatty acid breakdown); as adiponectin decreases, systemic oxidative

stress levels increase. Oxidative stress associated with increased adiposity mediates the development of MetS 

. There are two main mechanisms by which this occurs: first, through increased oxidative stress in

accumulated fat, resulting in uncontrolled adipocytokines production; and second, the selective rise in reactive

species production in accumulated fat, resulting in high systemic oxidative stress . Oxidative stress

impairs pancreatic beta cells’ ability to secrete insulin, affecting glucose transport in muscle and adipocytes which

relates to the development of hypertension and diabetes . The association between oxidative stress and

MetS is shown in Figure 2.
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Figure 2. Association between oxidative stress and MetS. ROS: reactive oxygen species; RNS: reactive nitrogen

species; RHS: reactive halogen species; RSS: reactive sulfur species; RSeS: reactive selenium species; RCS:

reactive carbonyl species; RES: reactive electrophile species; CVD: cardiovascular diseases.
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