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Abstract

:

Obesity is associated with numerous health issues such as sleep disorders, asthma, hepatic dysfunction, cancer, renal dysfunction, diabetes, cardiovascular complications, and infertility. Previous research has shown that the distribution of excess body fat, rather than excess body weight, determines obesity-related risk factors. It is widely accepted that abdominal fat is a serious risk factor for illnesses associated with obesity and the accumulation of visceral fat promotes the release of pro-oxidants, pro-inflammatory, and reactive oxygen species (ROS). The metabolic process in the human body produces several volatile organic compounds (VOCs) via urine, saliva, breath, blood, skin secretions, milk, and feces. Several studies have shown that VOCs are released by the interaction of ROS with underlying cellular components leading to increased protein oxidation, lipid peroxidation, or DNA damage. These VOCs released via oxidative stress in obese individuals may serves as a biomarker for obesity-related metabolic alterations and disease. In this review, we focus on the relationship between oxidative stress and VOCs in obesity.
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1. Introduction


Obesity, the major health dilemma of the twenty-first century, affects the physiological, economic, and psychological quality of life of individuals regardless of racial, financial, cultural, or societal background [1]. Excess accumulation of body fat reduces the quality of life, raises medical care costs, and increases the mortality rate. Obesity leads to numerous health challenges, including diabetes, cancer, renal dysfunction, cardiovascular complications, asthma, hepatic dysfunction, and infertility [2]. Obesity-related risk factors are governed by the distribution of excess body fat rather than excess body weight [3]. The accumulation of visceral fat promotes pro-inflammatory and pro-oxidant states and is recognized as a substantial risk element for obesity-related disorders [4]. The term “reactive oxygen species” (ROS) refers to a class of substances that are created during normal oxygen metabolism, which is having at least one unpaired electron occupying a single orbital.



Free radicals such as hydroxyl and superoxide anion radicals are examples of ROS species, along with non-radicals such as ozone, hypochlorous acid, and hydrogen peroxide. Under usual circumstances, low ROS levels have beneficial biological effects because they are involved in homeostasis and crucial molecular pathways such as redox state or modulating cellular metabolism, cell signaling, inhibiting, or activating numerous gene transcription factors, inhibiting bacterial growth, inactivating viruses, and producing inflammatory cytokines. Moreover, these rigorous environmental stress stimuli result in increased ROS levels [5].



Oxidative stress (OS) is a disruption in the balance between free radical generation and antioxidant defenses that can cause tissue damage. Free radical damage can build up over time and become a major contributor to a wide range of oxidative stress-related human diseases. Increased ROS concentrations are powerful inducers of cellular damage at the cellular level, specifically targeting structures such as phosphorylated lipids as components of proteins, cellular membranes, and DNA [5]. Methods have been developed to further understand the proportions of OS damage caused by various cellular OS products, such as protein carbonyls from protein oxidation, malondialdehyde as a marker for lipid peroxidation, and 8-hydroxy-20-deoxyguanosine (8OHdG) as a biomarker for DNA oxidative damage [5]. New diagnostic tools are surfacing as prospective biomarkers of these conditions. In the human body, metabolic processes release diverse volatile organic compounds (VOCs) through urine, breath, blood, saliva, skin secretions, milk, and feces [6]. VOCs are classified as organic compounds containing oxygen (acetone), sulfur (hydrogen sulfide, methyl-mercaptan, dimethyl sulfide), or nitrogen (dimethylamine, trimethylamine, ammonia), short-chain fatty acids (acetate, isobutyrate, propionate), as well as saturated and unsaturated hydrocarbons such as alkenes, alkanes, aldehydes, or ketones. It has been demonstrated in numerous studies that a metabolomics evaluation of VOCs from biological fluids might offer functional data for clinical diagnosis and treatment monitoring of several diseases including obesity, gastrointestinal problems, and cancer [7,8]. The ROS interactions with innate biological components promote protein oxidation, lipid peroxidation, or DNA damage, and several VOCs are generated. A clearer understanding of how OS and the emission of VOCs from intended substrates such as obesity, cancer, and cardiovascular disease interact would greatly aid in determining the precise origin or pathways of VOC compounds in various pathologies. In this review, we focus on the relationship between VOCs and OS in obesity.




2. Oxidative Stress in Obesity


The biomarkers of systemic oxidative stress such as isoprostanes (F2-IsoP), F-2 8-isoProstaglandin F2 α (8-isoPGF2 α), malondialdehyde (MDA), and protein carbonylation detected in serum, urine, or plasma have been linked to the degree of fat storage [9]. Fat accumulation and insulin resistance increase the hepatic TCA cycle’s oxidative and anaplerotic pathways, generating more NADH and FADH2. This raises the proton gradient along the inner mitochondrial membrane, causing electron leakage at complex III and superoxide production [10]. The upstream metabolites are redirected into four alternative pathways due to the free radical’s inhibition of glyceraldehyde 3-phosphate dehydrogenase. The pathways include glucose being moved to the polyol pathway, fructose-6-phosphate being moved to the hexosamine pathway, triose phosphates being converted to methylglyoxal, the primary precursor of advanced glycation end products (AGE), and dihydroxyacetone phosphate being converted to diacylglycerol, which stimulates the PKC pathway [11]. Increased free radical generation or weakening antioxidant defenses, and the activation of these alternate metabolism causes OS. Hyperglycemia-induced increases in polyol pathway flux, which promotes the conversion of glucose to sorbitol by aldose reductase and nicotinamide adenine dinucleotide phosphate (NADPH), thus activating numerous stress-related genes and increasing redox stress due to NADPH consumption. Since NADPH is needed to recreate reduced glutathione (GSH), which scavenges ROS, this could increase intracellular oxidative stress [12,13]. The hexosamine pathway’s generation of glucosamine-6-phosphate limits thioredoxin activity and causes oxidative and endoplasmic reticulum stress, and AGE and PKC promote ROS or reactive nitrogen species (RNS) by activating NADPH oxidases (NOX) enzymes and NF-kB [14,15]. Superoxide radicals (O2-) are produced in greater amounts when NOX enzymes are activated because they catalyze the reduction of oxygen with NADPH acting as an inner electron donor [16]. Reactive oxidants, which are the same as hydroxyl and superoxide radicals, are produced by the auto-oxidation of glucose [17]. AGE reacts with certain cell surface receptors, altering post-receptor signaling and promoting the generation of more ROS [18]. NF-kB activation promotes the transcription of adhesion molecules (intercellular adhesion molecule-1, E-selectin, and endothelin-1), pro-inflammatory cytokines (IL-6 and TNF-α), microRNAs, and inducible nitric oxide synthase (iNOS) which are involved in adipogenesis, inflammation, and OS [19]. The oxidative stress generation in obesity is represented in Figure 1.



2.1. Obesity Is Associated with Elevated Lipid Levels and Oxidative Stress


Elevated plasma free fatty acids (FFA) elevate the production of O2 in the mitochondrial electron transport chain by impeding adenine nucleotide translocation in the obese individuals via PKC-dependent activation of NOX in biological cultured vascular cells [20]. Free fatty acids increase the production of reactive intermediates [21]. Conjugated fatty acids are prone to oxidation, which leads to the production of radicals and excess oxidative byproducts [22]. Obese individuals have a higher level of 4-hydroxynonenal (4-HNE) per unit of intramuscular triglycerides, implying that lipids are susceptible to oxidative modification [23]. Obesity-related lipid molecule concentrations may also occur in a larger target for oxidative modification by ROS [24]. Furukawa et al. discovered that excessive fat accumulation in white adipose tissue (WAT) leads to a rise in lipid peroxidation in the WAT itself in several obesity studies [22]. The food source of some lipids can also lead to OS. Conjugated linolenic acid from dietary intake raised the urinary level of 8-epi PGF2 α in adults with visceral fat obesity [25].




2.2. Chronic Low-Grade Inflammation Produced Oxidative Stress in Obesity


Obesity induces the production of common inflammatory cytokine mediators in the adipose tissue such as IL-6, TNF-α, and IL-1, which promote ROS generation by monocytes and macrophages; thus, an increase in the level of ROS could suggest increased OS [26]. Macrophages play an important role in controlling obese inflammation by shifting T-helper (Th) cell differentiation toward the Th1 subtype, a pro-inflammatory condition. The most important inducer of ROS generation by macrophages during the Th1 immune response is interferon-gamma (IFN-γ). Increased levels of ROS from macrophages, including O2, H2O2, and OH, also promote the activation of Th1 cells [27]. Furthermore, leptin promotes the proliferation of macrophages and monocytes, thereby promoting the generation of pro-inflammatory cytokines (IL-6 and TNF-α) [28,29]. Plasma leptin concentrations are increased in obesity [30]. Leptin prompts macrophage lipoprotein lipase activity and PKC activity in monocyte-derived macrophages [31]. Leptin also decreases the action of the cellular antioxidant paranoxase-1 (PON-1) which is linked to a higher concentration of plasma MDA and hydroperoxides, as well as plasma and urinary 8-isoPGF2 α [28].




2.3. Obesity Causes Increased Hypoxanthine/Uric Acid and Oxidative Stress


Increased muscle activity in obese individuals can result in an excess of free radicals due to the stimulation of metabolic pathways such as increased activity of the electron transport chain and the transformation of hypoxanthine into urate [32]. After severe exercise and hypoxia or ischemia, serum hypoxanthine levels rise. They are extracellular metabolites that indicate tissue hypoxia by monitoring intracellular energy metabolism [33]. Hypoxanthine metabolism produces free radicals [34]. Studies showed a significant increase in hypoxanthine with exercise in obese people, which may harm organs due to free radicals [32]. In obese people, strenuous exercise may cause free radical damage. Muscle cells create hypoxanthine through inosine monophosphate (IMP) during hard exercise, decreasing muscle adenine nucleotide concentration [35]. Intensity and duration of exercise increased cell adenine nucleotide elimination [36]. Hypoxanthine is slowly released into the bloodstream and taken up by the liver to be converted to uric acid [32].



However, increased respiration may result in leakage of some electrons from the electron transport chain due to rapid electron transfer [37]. Obese people consume more energy for a given workout load because they are less effective while exercising [38]. Obese people have higher hypoxanthine levels during exercise and the transformation of hypoxanthine to urate is related to the production of superoxide anion [32].




2.4. Obesity Causes Endothelial Dysfunction and Oxidative Stress


Numerous enzymatic sources of oxidant production, such as NO synthase, NOX, and xanthine oxidase are crucially located in the vascular endothelium [39]. The generation of endothelium O2− is significantly aided by NOX activation [40]. O2− and H2O2 are also produced by xanthine oxidase’s reaction with O2 [41]. Rapid formation of peroxynitrite ONOO- from excessive O2− production decreases the bioavailability of NO and results in protein nitrosylation [42]. The enzyme NO synthase promotes the production of excess ONOO- and O2- by facilitating the transfer of electron transport from NADPH to another heme group [43]. These oxidant-producing enzymes can be affected by the actions of other cytokines and hormones, most especially those in the renin–angiotensin system. Obesity is linked with higher renin–angiotensin system hormone concentrations [13]. Increased angiotensin II concentrations can stimulate OS in the vasculature through different pathways, such as NOX activation, O2−, and H2O2 formation [44,45]. Elevated intraluminal pressure caused by obesity-related hypertension may encourage the production of O2− and ONOO− [46].




2.5. Obesity Causes Mitochondrial Dysfunction and Oxidative Stress


Mitochondrial dysfunction is caused by the inability of mitochondria to generate and sustain sufficient ATP levels [47]. Rapid increases in mitochondrial biogenesis and activity during adipocyte differentiation imply that mitochondria play a significant role in this organelle [48]. During oxidative phosphorylation in the mitochondria, a slight excess of electrons results in a reduction in oxygen which generates potentially harmful free radicals [4]. The regulation of free radical generation in mitochondria can also change when several uncoupling proteins reintroduce protons into the mitochondrial matrix, under specific circumstances [49].




2.6. Diet and Oxidative Stress in Obesity


Diet may also affect how much ROS is produced by obesity and the risk factors that go along with it. A high-fat diet may change how your body metabolizes oxygen. It has been discovered that consuming a high-fat, high-carbohydrate diet causes significant oxidative stress and inflammation in obese people [50]. Reduced dietary intake of antioxidant-rich vitamins may result in insufficient antioxidant defense [51]. Adiposity, BMI, and lipid peroxidation are all negatively correlated with dietary consumption of antioxidant phytochemicals [51]. It was shown that obese people had lower serum concentration of dietary antioxidants and trace minerals (zinc, selenium, etc.) that serve as cofactors for antioxidant enzymes, than non-obese people.





3. Volatile Organic Compounds in Obesity


Some VOCs found in obese individuals include alcohols, short chain fatty acid, saturated hydrocarbons, and unsaturated hydrocarbons (Table 1). Potential routes for endogenous formation of straight chain and branched saturated hydrocarbons in mammals are reported as lipid peroxidation, protein oxidation, and intestinal bacterial metabolism [52,53]. Enhanced liver oxidative activity or increased bacterial metabolism in the ruminant gut following meal consumption may both contribute to increased lipid peroxidation.



3.1. Volatile Organic Compounds in Biological Samples


One of the most recent approaches in metabolomics for disease research appears to be the analysis of VOCs emitted from biological samples. Breath, human urine, saliva, feces, blood, human sperm, and cell cultures have all been tested for the presence of volatile markers. VOCs are a broad category of tiny, stable, lipophilic compounds with molecular weights between 50 and 200 Dalton that are volatile at room temperature [62]. All biological matrices have a volatile composition that is made up of endogenous and exogenous compounds. Endogenous molecules are those synthesized by cell metabolism (in vivo or in vitro) and may be used to identify pathological, physiological, and disease states. Exogenous VOCs are derived from environmental exposures [63,64]. Endogenous organic compounds from cell culture or biofluids can aid in understanding physio–pathological mechanisms of the root cause of diseases such as bacterial infection [65,66] and inflammation [67,68]. Exogenous, on the other hand, are crucial in exposome research for monitoring the health-related effects of other external elements, learning about pharmacokinetics, and evaluating the impact of the environment on human health. Metabolic alterations happen often throughout both healthy and unhealthy metabolic processes in the body. Such aberrant activities might affect the body’s metabolomics in metabolic diseases such as obesity by changing the level of VOCs or by creating new VOCs.



OS and the stimulation of cytochrome P-450 enzymes (CYP450, a group of oxidase enzymes) are linked to the main pathway in the creation of volatile organic molecules in a disease state [69]. ROS buildup in tissues causes various attacks on biological molecules such as polyunsaturated fatty acids (PUFA) and proteins. Free radicals and ROS are ejected from the mitochondria when a cell experiences oxidative stress, producing volatile alkanes that are released in the breath [70]. Additionally, in human tissue, ROS molecules can activate the CYP450 that catalyze the oxidation of organic substances [71,72]. In human adipose tissue, breast cancer tissue, and other tissues, it has been discovered that this enzyme family is overexpressed [73]. Keep in mind that most inflammatory disorders are linked to the formation of ROS, and obesity is an example of low-grade chronic inflammation.




3.2. The Biochemical Pathway of VOCs


Different VOCs transmit distinct body compartments-specific information in diverse ways. The ability of the human body to store numerous volatile chemicals is incredibly rare. Furthermore, the period required to deplete a compound’s stores vary. Hydrocarbons, ketones, primary and secondary alcohols, aldehydes, and branched aldehydes, esters, nitriles, and aromatic compounds (benzene derivative and others) are among the chemical families of human VOCs that undergo different metabolic pathways for their production (Table 2).



Hydrocarbons—Oxidative stress is the main process that affects the body’s generation of hydrocarbons. PUFA, which are mostly found in adipose tissue, cellular and subcellular membranes are primarily used to create alkanes by peroxidation (lipid peroxidation). Tissue injury occurs in vivo because of lipid peroxidation [70]. Saturated hydrocarbons, including pentane and ethane are produced because of lipid peroxidation. Ethane and pentane in the breath are examples of in vivo non-invasive lipid peroxidation markers that are frequently utilized [74]. Even though the existence of other saturated hydrocarbons, such as C3-C11, can be linked to the lipid peroxidation pathway, it seems that branched hydrocarbons do not really benefit from this mechanism. Hydrocarbons that are poorly soluble in blood and are not digested by the body are promptly expelled through the breath, urine, and other bodily fluids [75,76].



Alcohols—Alcohols are predominantly absorbed into the blood via diffusion from all sections of the gastrointestinal tract. The metabolism of hydrocarbons can also produce alcohols. Due to their great affinity for water, short-chain alcohols are easily entered into the bloodstream. Confounding elements in the body affect alcohol metabolism, namely variations in water and fat content between individuals and genders, can have an impact on how the body processes alcohol [70]. Alcohol metabolism in the body may be regulated by enzymes such as CYP450 (CYP2E1, of which the liver is the primary location) and alcohol dehydrogenase (ADH). Humans can oxidize a variety of alcohols through the action of ADH and any residual VOCs are eliminated through excretion of alcohol through sweat, feces, urine, breath, saliva, and breast milk [70].



Aldehydes—The body creates aldehydes as an essential component of physiological function. Aldehydes are crucial for a variety of physiological processes, and some of them are cytotoxic intermediates that have a variety of functions in signal transmission, cellular proliferation, and gene regulation [77,78]. Aldehydes may be produced in the body through various pathways such as alcohols metabolism, the reduction of hydroperoxide by CYP450 as a byproduct of lipid peroxidation [79], and the production of aldehydes as secondary oxidation products; these pathways are a major source of aldehydes. CYP450 is involved in the monofunctional C3-C10 aldehydes such as n-nonanal, n-heptanal, n-hexanal, and n-decanal synthesis from the lipid oxidation of omega-3 and -6 PUFAs, such as arachidonic acid or linoleic [80,81]. The phase I metabolic process of a wide variety of substances depends on CYP450 enzymes. They convert these molecules to a hydrophilic state, making excretion easier [82,83]. Smoking contributes to the presence of aldehydes in the body. For example, formaldehyde, acetaldehyde, and acrolein are saturated and unsaturated aldehydes that are present in tobacco smoke [84], and the detoxification process is carried out by CYP450 because of the byproduct of tobacco metabolism [85,86]. Additionally, aldehydes can also come from food sources [87,88].



Ketones—Ketone bodies are produced when the rate of fatty acid oxidation accelerates because of modification in metabolic circumstances [89]. β-hydroxybutyrate and Acetoacetate, which are produced in huge quantities by the liver, can also undergo non-enzymatically decarboxylated to yield acetone. Acetone is the least abundant of the ketone bodies and can be expelled by the skin, urine, and breath because of its high vapor pressure. Ketone bodies can also be produced through the metabolism of proteins. In the state of Cachexia, which is caused by an increase in protein metabolism, which raises ketone body levels, acetone levels can be altered via eating, exercise, and fasting [90,91]. Furthermore, ketone synthesis from other external sources, such as food or environmental pollutants, may eventually be taken up by the body [92,93].



Esters—Esters are a class of substances that are abundantly present in fruit, essential oils, natural wax, fatty acids and lipids. In humans, at temperatures lower than 40 °C, esterase hydrolyzes esters into acid and alcohol [94]. Lipase is one common illustration of esterase enzymes, which catalyzes the breakdown of lipids as a byproduct of the body’s regular metabolic process.



Nitriles and aromatic compounds—Typically, nitriles and aromatic VOCs are regarded as exogenous source contaminants, including exposure to pollution, radiation, smoking, and alcohol [70]. High reactivity of these compounds causes peroxidative damage to PUFA, DNA, and proteins [95]. These chemicals are kept in the body’s adipose tissues. A more excretable and soluble version of the molecule is produced because of the two-phase elimination of dangerous compounds and xenobiotics by cellular, mechanical, and enzymatic defense mechanisms [70,96]. Acetonitrile is one such substance that is present in smokers. The mechanism proposed for acetonitrile is the biotransformation of cyanohydrin to hydrogen cyanide and formaldehyde by CYP450 monooxygenase which can be excreted via exhaled breath and/or urine [70,97].




3.3. Analytical Techniques for VOCs Detection


Gas chromatography linked with mass spectrometry (GC-MS) has been widely acknowledged as the ultimate standard in VOCs detection with the attachment of various pre-concentration techniques such as SPME (solid phase microextraction), NTDs (needle trap devices), or TD (thermo-desorption). Each preconcentration method has a unique set of traits. TD offers great sensitivity and consistently produces quantitative data, whereas NTD is adaptable but has additional calibration procedures. SPME is straightforward to use but has a low sensitivity and is only semi-quantitative. Direct mass spectrometric methods include proton-transfer-reaction time-of-flight mass spectrometry (PTR-TOF-MS), selected ion flow tube mass spectrometry (SIFT-MS), secondary electrospray ionization mass spectrometry (SESI-MS, SESI-Q-TOF), and proton-transfer-reaction mass spectrometry (PTR-MS). These techniques can analyze samples considerably more quickly than GC-MS since they do not split the volatile chemicals before analysis.





4. Interconnection of Volatile Organic Compounds and Oxidative Stress in Obesity


The production of aldehydes and hydrocarbons is typically attributed to increased OS [98], which denotes an imbalance between the formation of ROS and the antioxidant capacity of the organism [99]. The OS may lead to an excess of ROS, such as hydroxyl radical (OH−), hydrogen peroxide (H2O2), and superoxide anion (O2−). Adipogenesis is always accompanied by an elevated OS concentration and the activation of CYP450 [100], which leads to the lipid peroxidation of PUFA in adipose tissue [101,102]. Then, the volatile aldehyde, hydrocarbon, and hydrocarbon-derivatives can be produced and excreted via exhaled breath, urine, skin, blood, etc. [101,102].



Many potential VOCs have been proposed successively as oxidative stress biomarkers, such as 2-propanol [103], formaldehyde [104], and the markers of octanal, hexanal, nonanal, and heptanal [105]. Elevated lipid peroxidation produced hydrocarbon. Alkanes, aldehydes, and ketones synthesized by lipid peroxidation are suggested to be the major pathway of VOC changes in exhaled breath diagnosis [98]. Linear chain alkanes such as N-dodecane and hexane, are shown to be present in higher amounts in the OS. According to research, alkanes in the breath are frequently suggested as OS byproducts [53,98,106]. Saturated hydrocarbons, such as C3–C11, may be produced due to the lipid peroxidation pathway. However, in the presence of branched hydrocarbons, this mechanism is probably ineffective. Hydrocarbons that cannot be digested and absorbed in the body are eliminated through the urine, blood, and breath. The solubility of volatile hydrocarbons in diverse cellular mediums affects the concentrations of these substances in biological matrices. Poor solubility in the blood hydrocarbons quickly escaped into the breath. According to Kneepkens et al. [107] ROS might change n-carbon atoms PUFAs into lipid alkoxy groups, which would then decompose to produce n-1 carbon atoms alkanes. Ethane and pentane, respectively, were produced by the conversion of the ω3 and ω6 fatty acids. Other alkanes such as propane, hexane, butane, heptane, and octane could also be produced via the method. It has been reported that OS can raise the levels of branched chain alkanes such as 3-ethylhexane, 2,6,10-trimethyltetradecane, 2,3,5,8-tetramethyldecane, 5-methyltridecane, and 2,4-dimethyleicosane [108]. Hydrocarbons such as 1-octene and 1-decene are thought to be oxidative stress biomarkers in obesity [80,109]. Acrolein is produced endogenously from lipid peroxidation during OS, as well as catabolism of threonine and methionine can lead to the observed levels [110]. According to a review by Moghe et al. [111], acrolein influences metabolic pathologies through several mechanisms and target tissues, such as oxidative stress induction, endoplasmic reticulum (ER) stress, protein adduction, inflammation, mitochondrial dysfunction, immune changes, deregulated signal transduction, and structural and membrane effects. As a result, it might be a useful breath resource for tracking obesity and carbonyl stress [111]. The link between branched chain alkanes and linear chain alkanes is not yet fully understood theoretically. Furthermore, Phillips et al. [53] hypothesized that while OS rose with age, branched chain alkanes and linear chain alkanes in exhaled breath also increased. Branched chain alkanes can thus also be an outcome of OS. The branched chain alkanes, however, may undergo intricate chemical processes in cells, tissues, or even complete organisms. Due to the absence of branched unsaturated fatty acids in cells, the opposing theory contends that branched chain alkanes may not be the end-product of lipid peroxidation [112,113].



ROS can be produced due to reactions initiated by CYP450s, which are overabundant in obesity, diabetes, and cancer cells. The CYP450 family 1B1 gene has been shown to be overexpressed in many types of tumor cells and has been linked to angiogenesis [114]. Another member of the CYP450 family, CYP2E1, is one of the main potent enzymes in terms of ROS production. They cause ROS production, which results in unfolded protein response, autophagy, enhanced angiogenic responses, DNA damage, and ER stress. Exogenous (e.g., ethanol, pyrazole, isoniazid) or endogenous (e.g., obesity, diabetes, fasting, hypophysectomy) factors can both increase CYP2E1 activity [115]. It has been demonstrated that animals with diet-induced obesity express more hepatic CYP2E1 protein and better metabolize typical CYP2E1 substrates [116]. A higher number of inflammatory cytokines in the adipose microenvironment is caused by overexpression of the CYP2E1 gene in morbidly obese people compared to non-obese people, and this raises hepatocellular CYP2E1 expression in those with steatohepatitis [117]. Therefore, it has been proposed that CYP2E1 upregulation and CYP2E1-mediated oxidative damage play a major part in the mediation of steatohepatitis linked with morbid obesity [118]. CYP2E1-generated ROS can support the growth of tumors in several ways [115]. Alkanes are largely generated by the lipid peroxidation of the PUFAs found in adipose tissue, which leads to phospholipid degradation and, ultimately, cellular deterioration [53,107]. Aldehyde can also produce alkanes in the context of hepatic ethanol metabolism. Several alkanes such as ethane and pentane have been found to be elevated in obese people but only pentane is much more elevated in obesity. Oxidative stress can be estimated using breath measurements of biomarkers such as ethane, ethylene, and pentane [119,120]. Although the amount of these hydrocarbons in total peroxidized PUFA is tiny and probably changeable, their detection in exhaled breath enables in vivo evaluation of oxidative stress [52]. Aghdassi and Allard measured oxidative stress in several inflammatory conditions, including obesity, by measuring breath alkane output and other markers of lipid peroxidation [119]. Obese people had significantly higher lipid peroxidation and significantly lower antioxidant vitamin status when compared to non-obese people. According to Allard et al. in an animal study of vitamin E deficiency, increased peroxidation of tissue lipids causes an increase in breath pentane [121]. However, Gelmont et al. suggest that dietary linoleate was also necessary for pentane synthesis [122]. Breath pentane was mostly produced by gut bacteria in addition to endogenous membrane lipid peroxidation [122]. However, alterations in the lipid composition of membranes and raised oxidative stress in tissue cells may be responsible for increased aldehyde generation in obese people. Moreover, increased amounts of unsaturated fatty acids in adipose cell membranes may boost the lipid peroxidation process’ ability to produce certain aldehydes. In contrast, ROS in the cells may increase the activity of the CYP450 and encourage the conversion of alkanes to alcohols [71,72]. However, excessive aldehydes from lipid oxidation under OS could turn into carboxylic acids by additional oxidation. As a result, the production of alcohols and carboxylic acids under OS would encourage the formation of esters.



Although the metabolism of lipids and amino acids, which are thought to be the main likely sources of VOCs, significantly shift when cells are under OS, in order to link volatile metabolites to intracellular metabolic pathways, more research is necessary. For instance, a metabolic pathway that demonstrates the conversion of phenylalanine to phenylethylamine. Of course, there might be other unintended causes as well, including how powerful OS regulates the metabolism of the entire cell and activates antioxidant enzymes. Previous research has proven that there is derangement in glucose and fatty acid metabolism in obese adipose tissue which exhibit hyperlipolytic activity, resulting in excess free fatty acids and glycerol [123,124]. These excess lipid, fatty acids, and glycerol are easily attacked by free oxygen radicals or ROS to produce volatile hydrocarbon through the process of lipid peroxidation. The hypertrophied adipocytes tissue also produced free volatile fatty acids or its esters derivatives [123,124], although more research is needed to establish this statement.



Increased mitochondrial enzyme activity is associated with adipogenic development, which denotes an increase in oxidative phosphorylation and oxidation capability and, consequently, a shift towards lipid metabolism [125]. The primary source of ATP in humans is the TCA cycle in the mitochondrion. In contrast to skeletal muscle and liver, obese adipose tissue grows due to energy oversupply [126,127,128,129]. Due to the high levels of oxidative phosphorylation in adipose mitochondria, either an excess of released electrons results in a decrease in oxygen, which creates potentially harmful free radicals [4], or several uncoupling proteins can reintroduce protons into the mitochondrial matrix, which alters how free radical production in mitochondria is regulated [49]. These ROS produced during oxidative stress also attacked DNA and protein apart from lipid which led to protein and DNA damage. These ROS attacked amino acids molecules of the protein and nucleic acids molecules of the DNA which led to production of small fragments of molecules that are volatile in nature. According to a recent study, obese mice produce more uric acid than normal because their adipose tissue secretes more glutamate [130]. The liver or skeletal muscle did not exhibit these metabolic alterations. Excessive uric acid synthesis in obese adipose tissue may be linked to accelerated purine metabolism due to ROS attack on the DNA and protein which may be accompanied by production of some volatile compounds such as 2,4,6-trimethyl-pyridine, triethylamine, and trimethylamine etc. Previous studies reported that amino acids, particularly isoleucine, and leucine are vulnerable to the generation of volatile hydrocarbons when attacked by ROS, and antioxidant enzymes can prevent the formation of VOCs [113]. As a result, OS exposure causes aberrant amino acid metabolism, which is a significant source of volatile indicators. VOCs can be directly produced from amino acids and fatty acids [98,113].



Furthermore, if OS affected other significant intracellular metabolisms, including the TCA cycle and glycogen metabolism, energy and intracellular metabolic intermediates might be impacted. The volatile metabolites may change in relation to the overall adipose tissue metabolism, but more research is required to prove the VOCs and their metabolic pathways. Studies have also shown an increase in dihydroxyacetone phosphate and citrate biosynthesis in obese adipose tissue [108], which could be a source of some volatile compound such as acetone. Isoprene is a cholesterol biosynthesis byproduct that may be overexpressed in obese people [131]. In fact, the metabolism of cholesterol in obese individuals with fatty liver disease is characterized by increased isoprene synthesis and decreased absorption [132]. Additionally, research points to the possibility of isoprene production by the gut flora [133]. It is widely known that obese individuals with liver dysfunction have higher levels of ammonia and sulfur-containing chemicals [134]. Fatty liver disease has 40–50% prevalence in obese children and adolescents which may help to explain some of the alterations in hydrogen sulfide and ammonia levels [135,136]. Aromatic VOCs found in exhaled breath were once assumed to result from exogenous substances such as cigarettes [137].



It has been hypothesized that hydrocarbons (alkane, alkene, and alkyne) are produced when lipids are peroxidized by the action of OS caused by ROS. CYP450 will further oxidize these hydrocarbons to alcohols [119], and then into aldehydes and carboxylic acids, respectively, by alcohol dehydrogenase and aldehyde dehydrogenase [138]. The interconnection between oxidative stress and volatile organic compounds production in obesity is represented in Figure 2.



Potential Role of Oxidative Stress-Generated VOC in Obesity-Related Problem


VOC alterations in patients with chronic renal disease and diabetes have been detected in recent investigations [139]. One of the leading causes of both cardiovascular disease and type 2 diabetes mellitus is obesity. Further, it has been connected to renal dysfunction [140]. Obesity has been shown to create persistent low-grade inflammation and to generate oxidative stress, both of which play a role in the systemic metabolic dysfunction that is connected to obesity-related illnesses [141]. As a result, a metabolic flip or dysregulated metabolism in adipose tissue might be detected early and simply by VOC profiling, which could speed up and improve the sensitivity of clinical diagnosis. There may be a correlation between the altered release of VOCs from adipocytes and the breath VOCs of diabetic patients [142], which is related to the metabolic connection between diabetes, obesity, and adipose tissue. It has been postulated that in the presence of an abundance of energy (as is the case in the obese state), lipogenesis is triggered by a metabolic switch that allows adipocytes to survive and sustain stress episodes such as hypoxia [143]. Long term, this may explain the escalating nature of obesity, metabolic shifts, and the emergence of metabolic diseases. Indeed, extensive microarray analysis has discovered strong links between the gene expression pattern of human adipocytes and matching indicators for metabolic disorders such as diabetes and insulin resistance [143]. Unfortunately, human adipocytes’ VOCs profiles have not been studied.



VOCs have been linked to obesity in several studies. Alkhouri et al. [57] discovered that isoprene-1decene, 1-octene, ammonia, and hydrogen sulfide were significantly higher in fat people than lean people, which explains that overweight children’s exhaled VOCs can be used to screen for obesity-related comorbidities and study the epidemic’s causes and mechanisms. Obesity-related liver problems are examined through breath analysis. Alkhouri et al. [58] examined exhaled breath analysis for pediatric diagnosis. SIFT-MS breath analysis was used to distinguish obese children with and without nonalcoholic fatty liver disease (NAFLD). They found that isoprene, acetone, trimethylamine, acetaldehyde, and pentane may identify NAFLD children from others.



Solga et al. [144] compared breath indicators to blood serum tests for diagnosing NAFLD patients, some of whom had nonalcoholic steatohepatitis (NASH). Patients with severe steatosis (grade 2 or 3), steatohepatitis, and NASH exhibited greater breath acetone levels than those with lesser forms. Breath ethanol also increased with hepatic steatosis severity (grade 2 and 3).



Raman et al. [145] investigated VOCs trends in feces between obese and NAFLD patients and healthy controls using GC-MS. A core group of ester VOCs was higher in obese NAFLD patients than healthy controls (normal liver and lean). Ester compounds dominated VOCs (i.e., aliphatic esters of ethanoic, butanoic, propanoic, and pentanoic acids) and they are short-chain aliphatic alcohols and carboxylic acid derivatives compounds.





5. Conclusions


The current review discusses how volatile organic compounds can be produced during oxidative stress in obese individuals. Overall, it can be suggested that the exact metabolic mechanisms for VOCs are gradually unfolding. This review has highlighted that VOCs are generated by the peroxidation of lipids due to the action of ROS as a result of OS, and they will be further oxidized into alcohols by CYP450, which can be further oxidized into aldehydes and carboxylic acids by alcohol dehydrogenase and aldehyde dehydrogenase. Then, as is widely believed, adipose tissue might play a more direct role in metabolic regulation and detoxifying processes. Adipose tissue regulates lipid mobilization because it serves as a fuel storage. Changes in the human volatilome are therefore reflective of adipose tissue malfunction and may be identified non-invasively using breath or urine tests. VOCs produced during lipid peroxidation may serve as useful indicators of this metabolic status. However, the findings show a mixed result, because VOCs can also be produced via colonic and gut bacterial metabolism. Hence, more future research needs to be conducted using both human and cellular models. This will help to elucidate the precise origin of VOC compounds in obese individuals which can be used as a diagnosis tool in the disease prognosis.
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Figure 1. Oxidative stress generation via ROS production in obesity. 
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Figure 2. Model showing interconnection between oxidative stress and volatile organic compounds production in obesity. 
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Table 1. Volatile organic compounds evident in obese individuals.
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	No.
	Volatile Metabolite
	Study
	Method
	Fluid





	1
	5-methyl-3-hexanone, 1-heptanol, 4-methyl-2-heptanone, 2-hexanol, dimethyl sulfone, formamide N, N-dibutyl, 1-hexanol, 2-pentanone, 2,4,6-trimethyl-pyridine, 3-hexanone, 3-octanone, 2,4,4-trimethyl-1-pentanol
	Cozzolino et al. [54]
	SPME and GC-MS
	Human urine



	2
	Acetic acid, methanol, carbon dioxide, (methylthio)methanethiol, acrolein, methylacetate, ammonia, fragments of aldehyde (butanal, hexanal, octanal or nonanal), acetone, propanol
	Kistler et al. [55]
	Proton-transfer reaction time-of-flight mass spectrometry (PTF-MS)
	Mouse breath



	3
	Methanol, methylacetate, propionate, dimethyl disulfone
	Kistler et al. [56]
	PTF-MS
	Mouse breath



	4
	Acetaldehyde, acetone, isoprene, 1-decene, 1-octene, ammonia, hydrogen sulfide
	Alkhouri et al. [57]
	SIFT-MS
	Human breath



	5
	2-propanol, acetaldehyde, acetone, acrylonitrite, benzene, carbon disulfide, dimethylsulfide, ethanol, isoprene, pentane, 1-decene, 1-heptane, 1-nonene,1-octene, 3-methylhexane, 2-nonene, ammonia, ethane, hydrogen sulfide, triethylamine, trimethylamine
	Alkhouri et al. [58]
	SIFT-MS
	Human breath



	6
	Acetaldehyde, acetone, 2-methyl-butanal, 3-methyl butanal, 5-octadecene, 3-methyl butanol, 1-pentanol, methylpyrazine, 2,6 dimethyl pyrazine, dimethylsulfide, nonanal, methional, 3-octadecene, phenol
	Uchikawa et al. [59]
	Headspace sampler GC-MS
	Mouse feces



	7
	Acetaldehyde, pentane, 1,3-bis-(1,1- dimethylethyl) benzene, ethylbenzene, benzaldehyde, heptanal and octanal
	Klemenz et al. [60]
	Needle trap micro extraction and GC-MS
	Adipogenically differentiated mesenchymal stromal/stem cells from human adipose tissue



	8
	Tetrachloroethane, 2,3,5 trimethyl-hexane, beta-pinene, 1,3,5 trimethyl benzene, 9-methyl acridine, tetradecane, 6,10 dimethyl-5,9 undecadien-2-one, beta-ionone
	Dragonieri et al. [61]
	Electronic nose TD-GC-MS
	Human breath
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Table 2. Biological VOCs and potential metabolic pathway.
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	No.
	Class of VOC
	Metabolic Pathway
	Examples of the VOC





	1
	Hydrocarbon
	Lipid peroxidation
	Ethane, pentane, decane, hexane, dodecane, branched chain: 3-ethyl hexane, tetradecane, tridecane. 2,4 dimethyl eicosane



	2
	Alcohol
	Production of hydrocarbon metabolism, alcohol metabolism by alcohol dehydrogenase and cytochrome p450 (CYP2E1)
	Cyclohexanol, propanol, 1-decanol, 3-octanol



	3
	Aldehydes
	Alcohol metabolism, secondary product of lipid peroxidation, detoxification process by cytochrome p450, smoking and diet
	Nonanal, decanal, butanal, pentanal



	4
	Ketones
	Fatty acid oxidation and protein metabolism
	Heptanone, acetone, 2-pentanone, 4-octanone



	5
	Esters
	Lipid hydrolysis
	Isopropylmyristate



	6
	Nitriles and aromatic compounds
	Exogenous origin that are highly reactive resulting in peroxidative damage to PUFA, DNA, and protein.
	Acetonitrile
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