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Abstract

:

Metabolic syndrome (MetS) is a cluster of metabolic risk factors for diabetes, coronary heart disease, non-alcoholic fatty liver disease, and some tumors. It includes insulin resistance, visceral adiposity, hypertension, and dyslipidemia. MetS is primarily linked to lipotoxicity, with ectopic fat deposition from fat storage exhaustion, more than obesity per se. Excessive intake of long-chain saturated fatty acid and sugar closely relates to lipotoxicity and MetS through several pathways, including toll-like receptor 4 activation, peroxisome proliferator-activated receptor-gamma regulation (PPARγ), sphingolipids remodeling, and protein kinase C activation. These mechanisms prompt mitochondrial dysfunction, which plays a key role in disrupting the metabolism of fatty acids and proteins and in developing insulin resistance. By contrast, the intake of monounsaturated, polyunsaturated, and medium-chain saturated (low-dose) fatty acids, as well as plant-based proteins and whey protein, favors an improvement in sphingolipid composition and metabolic profile. Along with dietary modification, regular exercises including aerobic, resistance, or combined training can target sphingolipid metabolism and improve mitochondrial function and MetS components. This review aimed to summarize the main dietary and biochemical aspects related to the physiopathology of MetS and its implications for mitochondrial machinery while discussing the potential role of diet and exercise in counteracting this complex clustering of metabolic dysfunctions.
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1. Introduction


Metabolic syndrome (MetS) is a constellation of major metabolic disorders, which include abdominal adiposity, insulin resistance, dyslipidemia, insulin resistance-induced hypertension, and inflammation [1,2]. Several healthcare organizations have established different criteria to define MetS, as detailed in Table 1 [1,2,3,4,5]. Although it is not included in major criteria for MetS diagnosis, non-alcoholic fatty liver disease (NAFLD) is closely related to MetS and is considered by some authors the hepatic representation of this syndrome. Additionally, it has been suggested that including NAFLD in MetS parameters enhances the screening of people with metabolic risk [6].



Regardless of the adopted definition, the presence of MetS is associated with increased risk for diabetes, cardiovascular disease, cancer, and non-alcoholic fatty liver disease, while its absence has been related to successful aging among community-dwelling elderlies [7]. The overall prevalence of MetS in the general population varies across countries and definitions (2.2–65.3%) but seems to be higher in women, urban residents, and older ages [8,9,10,11,12,13,14]. In individuals with obesity, the prevalence of MetS in Europe varied from 24% to 65% in women and from 43% to 75% in men [15].



The underlying cause of MetS has been a matter of debate, but experimental and human studies have included overnutrition and excess saturated fatty acids intake. At the molecular level, insulin resistance is the crucial cause of the MetS pathogenesis, apparently mediated by chronic systemic inflammation and oxidative stress involving mitochondrial dysfunction [16]. Indeed, ceramides, sphingolipids derived primarily from dietary long-chain saturated fatty acids (LCSFA), are believed to act as lipotoxic mediators of inflammation, mitochondrial and tissue dysfunction, and insulin resistance [17].



This review aimed to briefly describe the mitochondrial function and to summarize the main dietary and biochemical aspects related to MetS, its implications to mitochondrial machinery, and the potential role of diet modification and exercise in counteracting this complex metabolic cluster.




2. Mitochondrial Functioning


The major functions of mitochondria are energy and heat production. Acetyl-coenzyme A is the common metabolic intermediate that enters the tricarboxylic acid (TCA) cycle for adenosine triphosphate (ATP) synthesis. It may be generated from pyruvate as part of glucose catabolism or from fatty acids (FA) oxidation. Long-chain FA but not most of the medium-chain fatty acids (MCFA) require carnitine to shuttle into mitochondria [18].



Into the mitochondria inner space, electrons donated by NADH and FADH from the TCA cycle enter the electron transport chain, which consists of five enzyme complexes: NADH-CoQ reductase (complex I), succinate-CoQ reductase (complex II), CoQ-cytochrome c reductase (complex III), cytochrome c oxidase (complex IV), and ATP synthase (complex V). An electrochemical gradient is created by protons pumped into the intermembrane space—the mitochondria transmembrane potential (mΔψ). ATP is then generated from adenosine diphosphate and inorganic phosphate [18].



Conversely, proton leak from intermembrane space decreases mΔψ and favors heat production instead of ATP by uncoupling the TCA cycle and electron transport chain system. This process leads to the generation of reactive oxygen species (ROS) and is performed by specific proteins, or uncoupling proteins (UCPs) [19]. In ideal conditions, ROS are neutralized or scavenged by several enzymes, such as superoxide dismutase, glutathione peroxidase, peroxiredoxin III, and catalase. This process avoids mitochondrial dysfunction by preventing oxidative damage to the cell and mitochondrial proteins, desoxyribonucleic acid (DNA), and lipid membranes [19].



As part of the mitochondrial quality control, damaged mitochondria may enter the mitochondrial dynamics: (1) fission process (regulated by OPA1), (2) fusion process (regulated by Drp1 and Mfn1/2), and (3) mitophagy (PINK/Parkin pathway and autophagosome formation). However, extremely stressed conditions prompt mitochondrial permeability transition pore (mPTP) opening and mΔψ disrupting, leading to cytochrome c release, cytosolic caspases activation, and apoptosis [20]. Furthermore, mitochondrial biogenesis (increased mitochondrial cell content) is stimulated by peroxisome proliferator-activated receptor gamma coactivator-1α (PGC-1α) and allows for cell growth and proliferation [20].



Several nutrients (including vitamins and minerals) are precursors of mitochondrial enzymes and support mitochondrial function [18]. In this review, we focus on the role of macronutrients to contribute to or prevent MetS burden by affecting mitochondrial function.




3. Dietary Macronutrients That Prompt MetS via Mitochondria


3.1. Unveiling Lipotoxicity from LCSFA


There is a positive direct association between LCSFA consumption and MetS involving lipotoxicity that was previously explored in a systematic review [21]. Lipotoxicity is a term first coined by Young Lee and Roger H. Unger in 1994 to describe ẞ-cell abnormalities related to increased plasma levels of fatty acyl-CoA leading to insulin resistance. In their experiment, in obese prediabetic rodents, increased plasma free fatty acids (FFA) and triacylglycerol content in pancreatic islets preceded the loss of glucose-stimulated insulin secretion and correlated with glucose levels. These effects were alleviated by caloric restriction [22].



In obese conditions, increased plasma FFA is observed following increased LCSFA intake, as well as saturation of fat storage and loss of adipose tissue expandability [23]. Excess plasma FFA levels prompt a compensatory response to counteract lipid overload. This response includes: (1) triacylglycerol incorporation into fat cells for storage as “lipid droplets” (LD); (2) activation of oxidative programs in mitochondria and peroxisome; and (3) membrane lipid remodeling in cell membranes, with sphingolipids’ generation and functional membrane microdomains’ remodeling, or the “lipid rafts” [24].



Once fat storage is exhausted and the mitochondrial capacity of fatty acid oxidation is surpassed, the incomplete FA oxidation increases the generation of an intermediate metabolite (acylcarnitine), increases the lipid membrane remodeling through ceramide synthesis, and leads to an ectopic fat accumulation [24]. Several self-perpetuating mechanisms have been proposed to explain lipid-induced insulin resistance in MetS as listed in Table 2.



Experimentally, excessive exogenous LCSFA intermediates the disruption of mitochondrial function, leading to mitochondrial damage and apoptosis. This effect can occur in different ways: mitochondrial membrane depolarization, mPTP opening, and ROS generation [35]. LCSFA are precursors of ceramides during de novo synthesis, which have been pointed out as central players in lipotoxic mitochondrial dysfunction (see [17]). Ceramides are key molecules of sphingolipid metabolism, and their generation involves several metabolic pathways, including sphingomyelin hydrolysis by sphingomyelinase and de novo synthesis by ceramide synthase (CerS)-isoforms 1 to 6 [36].



Ceramides interact with oxidized cytochrome c from mitochondria; decrease mitochondria transmembrane potential; increase ROS and oxidative stress; and initiate the mitochondrial outer membrane permeabilization with cytochrome c release, caspase activation, and apoptosis in a dose-dependent manner [37,38]. These events might be prevented by enhancing LCSFA oxidation through increased carnitine-palmitoyl-transferase 1 expression (which shuttles FA into mitochondria through ẞ-oxidation) or by glutathione activity [38,39].



CerS expression has different tissue distribution and acyl chain specificity. These properties seem to affect the effect of CerS. For instance, CerS6 activity favors insulin resistance and diet-induced steatohepatitis, while CerS2 activity (C22:0, C24:0, C24:1), mainly expressed in the liver, seems to protect from these conditions [40]. Thus, the ceramide composition also seems to have a functionally relevant aspect. In a prospective 7-year follow-up trial, baseline plasma levels of saturated fatty acid chain ceramides were positively associated with higher triacylglycerols levels, retroperitoneal and intraperitoneal fat masses, and homeostatic model assessment of insulin resistance (HOMA-IR), while they were negatively associated with high-density lipoprotein (HDL) cholesterol, adiponectin, and subcutaneous fat. Interestingly, unsaturated fatty acid ceramides had the opposite relation regarding visceral and subcutaneous fat and HOMA-IR [41].



Understanding the factors influencing CerS activity and the ceramide composition is relevant when considering that ceramides can impact health. For instance, in the PREDIMED study, a high ceramide concentration (a sum of C16:0, C22:0, C24:0, and C24:1 ceramides) at baseline was correlated to increased cardiovascular disease risk [42]. Similarly, baseline circulating Cer16, Cer18, Cer20, and Cer22 were associated to a higher diabetes risk [43]. In a cross-sectional analysis, individuals with type 2 diabetes (T2D) had higher Cer18:0, Cer20:0, Cer24:1, and total ceramides levels, where elevated Cer18:0 levels were inversely correlated with insulin sensitivity and directly correlated with circulating TNF-α levels [44].



Bariatric procedures are highly efficient for T2D therapy. In a recent study, patients with obesity and T2M who underwent Roux-en-Y gastric bypass who exhibited low serum ceramide levels at baseline, and those who presented ceramides decrease from the baseline to the second postoperative year, experienced persistent T2D remission 12 years after surgery. Using a linear mixed effect model ceramides inversely predicted T2D remission, independent of changes in body weight. These observations suggest a metabolic contribution of ceramide on insulin sensitization and T2D resolution independent of weight loss [45]. Indeed, increased ceramide transport in LDL also is found in T2D and does not correlate with obesity severity, but with insulin resistance. Moreover, the infusion of LDL ceramide in a mice model impaired insulin action and glucose homeostasis [46].



There is a special role for lipid oversupply and ceramide generation in metabolic disturbances. Increased plasma FFA and total muscle ceramides (primarily C18:1, C20:0, C22:0, C24:1, C24:0) are observed in individuals with obesity and T2D, as well as impaired muscle FFA oxidation in obese premenopausal women and individuals with T2D [47,48,49] Furthermore, there is an inverse relation between visceral adiposity and insulin-stimulated FFA uptake [49]. Curiously, ceramides do not seem to interfere with whole-body fat oxidation in an individual without T2D, whereas a persistent lipid oversupply results in excessive ceramide muscle accumulation in people with T2D [47].



Beyond lipotoxicity by sphingolipids, dietary quality and quantity of fat intake are associated with epigenetic regulation of energy and lipid metabolism through DNA methylation [50,51]. PGC1-α hypermethylation is associated with reduced gene expression and reduced mitochondrial DNA (mtDNA) content. These alterations are increased by exposing cells to free fatty acids [52,53]. The epigenetic modifications of liver mtDNA have been linked to insulin resistance and the severity of NAFLD [54,55]. MtDNA alterations precede mitochondrial dysfunction either with increased mtDNA content (not functional) or with decreased content and reduced oxidative phosphorylation [56]. Studies with NAFLD in mice show that a HFD is associated with a reduced half-life of mitochondrial proteins along with ATP deficiency [57].



Mitochondrial dysfunction in MetS is also supported by increased plasma levels of long acyl-carnitines (AcylCNs) and free carnitines (CNs) in patients with obesity and T2D. The formers are intermediate FA metabolites that play significant roles in cellular energy metabolism. Increased circulant levels of these molecules suggest incomplete ẞ oxidation of long-chain fatty acids. In T2D, increased medium-chain AcylCNs (C10- to C14) were associated with nuclear factor kappa B (NFkB) pathway activation. Thus, circulant AcylCNs and free CNs are helpful markers of mitochondrial and peroxisomal oxidation function [58,59].



Altogether, these findings support the central role of long-chain ceramides’ generation from dietary LCSFA in lipotoxicity, which along with the mechanisms illustrated in Figure 1, prompts mitochondrial dysfunction and MetS pathogenesis.




3.2. Protein Modifications from Fructose- and Sugar-Sweetened Foods


Beyond a high-fat diet (HFD), a high-sugar diet also is associated with MetS [60]. Hepatic epigenetic and post-translational mitochondrial proteins’ modifications (PTM) have been described following long-term sugar intake, including mitochondrial DNA hypomethylation with protein hyperacetylation and/or hypo-succinylation (when combined with HFD). These modifications can rise from an accumulation of acetyl-coenzyme A, as an intermediate of the TCA, leading to disrupted glucose, lipid, and protein metabolism [31,61].



Fructose metabolism induces the activation of adenosine monophosphate deaminase, leading to uric acid generation and mitochondrial oxidative stress through distinct pathways. These include the activation of nicotinamide adenine dinucleotide phosphate oxidase subunit NOX4, aconitase inhibition (TCA cycle enzyme), and citrate overload [62]. L6 myotubes exposed to high fructose concentration were shown to induce mitochondrial dysfunction due to reduced mitochondrial enzyme activity, decreased mitochondrial membrane potential and mitochondrial electron transport chain, and disrupted energy metabolism. In turn, these events lead to increased ROS, reactive nitrogen species, and apoptosis [63].



It is suggested that the impact of sugars on MetS risk may be related to its caloric component. A United States survey with teenagers correlated increased sugar ingestion with progressive MetS risk, despite body mass index (BMI) values, physical activity, and total energy intake, mainly when consumed above 70 g/day [64]. Conversely, a meta-analysis showed an association of fructose consumption to MetS only when this was consumed as extra energy in hypercaloric diets (>+21% to 35% extra energy) [65]. In a large cohort study, the total carbohydrate intake showed an association with mortality where the lower mortality risk ranged between 50 and 55% of total energy intake [66].



The dietary source of sugar is an important issue concerning MetS risk, with sugar-sweetened beverages (SSB) conferring a higher risk and yogurt and fruits conferring a lower risk [67]. Together with foods with added sugar, SSB consumption is often a source of high sugar/fructose intake in children, adolescents, and adults and has been linked to insulin resistance and MetS [64,67]. In the Framingham Offspring Cohort, the frequency of SSB consumption correlated to plasma Cer16:0, Cer22:0, and Cer24:0. In individuals with prediabetes or T2D, plasma Cer24:0 correlated to more recurrent SSB ingestion [68]. In addition, a meta-analysis showed that subjects consuming more than 1–2 serving of SSB/day exhibited a 26% and 20% higher risk of developing T2D and MetS, respectively [69]. Curiously, artificially sweetened beverages (diet or non-carbohydrate low calorie foods) have shown a linear dose–response relationship in MetS risk [70].



In the KNHANES survey (2007–2014), a higher carbohydrate intake (≥ 74.2% of energy intake) correlated to MetS risk in women irrespective of dietary lipid composition [71]. Nevertheless, the long-term association of high fat + high sugar diet (HFSD) seems to be the most deleterious combination, exacerbating every isolated nutrient overload toxicity and culminating in mitochondrial inefficiency, reduced fatty acid utilization, and tissue lipid overload. Indeed, the HFSD diet has been used as an effective experimental model to induce MetS in rats [72].



Overall, a high-sugar diet prompts hepatic epigenetics and PTM, which are related to impaired glucose, lipid, and protein metabolism along with mitochondrial dysfunction. Therefore, sugar intake should be discouraged in individuals aiming to maintain a healthy status or to manage MetS. Artificially sweetened beverages (with no sugar) also have shown to be positively associated to MetS, but the mechanisms enrolled remain poorly elucidated.





4. Dietary Macronutrients That Can Protect from MetS via Mitochondria


4.1. Long-Chain Unsaturated Fatty Acids


4.1.1. Polyunsaturated Fatty Acids (PUFAs)


Intake of N-3 PUFAs, but not n-6 PUFAs, has been associated with a 26% lower MetS risk in a large systematic review and meta-analysis, primarily in Asian populations [53]. N-3 PUFAs, primarily eicosapentaenoic acid (EPA), are precursors of less pro-inflammatory eicosanoids (3-series prostaglandins and thromboxane and 5-series leukotrienes) than those produced from the n-6 PUFAs, like arachidonic acid, and are also precursors of specialized pro-resolving mediators (SPMs)—resolvins (EPA and DHA), protectins, and maresins (DHA). When incorporated into cell membranes, EPA and DHA increase membrane fluidity and enhance insulin signal transduction [33,73]. They also are naturally PPARs ligands, able to inhibit NFκB signaling and exert a role in glucose and lipid metabolism, as well as in inflammation relief [74].



In the genetically modified mice model, endogen recovery of n-3 PUFAs reverted inflammation and prevented insulin resistance and obesity-induced inflammation [75]. N-3 PUFAs downregulate Sptlc3 and Degs2-CerS corresponding genes, reducing CerS activity (Cer16:0, Cer18:0, Cer20:0, Cer22:0, and Cer24:0) and decreasing hepatic steatosis in a hyperhomocysteinemia-induced hepatic steatosis mouse model [76]. This lipidomic improvement finding was previously described in a pre-diabetic mice model supplemented with fish oil (rich in EPA and DHA) [77].



The effect of n-3 PUFAs on CerS seems to be fat tissue-dependent. In mice, it reverses the experimentally induced increase in CerS2-6 activity at perigonadal (visceral fat) but not at subcutaneous fat [78]. In the MetS frame, this observation suggests that n-3 PUFAs impact visceral lipid infiltration more than the loss of adipose tissue. Indeed, in muscle cells cultured with palmitate, the addition of EPA, DHA, and alpha-linoleic acid decreased cell diglycerides and ceramides’ content as well as improved glucose uptake. In addition, only EPA and DHA prevented palmitate-impaired AKT phosphorylation, increased palmitate oxidation, decreased its incorporation in DG, and decreased protein kinase Cθ activation [79].



Systematic reviews and meta-analyses have found that fish-oil/n-3 PUFAs supplementation in patients with metabolic disturbances and T2D is associated with improvement in cardiometabolic profile. It has been shown to enhance glucose metabolism (increased insulin sensitivity and decreased fasting plasma glucose and glycated hemoglobin) and lipid profile (lowered total and low-density lipoprotein cholesterol and TG and increased high-density lipoprotein cholesterol). Additionally, it was shown to decrease inflammatory biomarkers (TNF-α and C-reactive protein) and body weight [80,81].



The effect of n-3 PUFAs may depend on its amount and the disease progression. In subjects at high risk of cardiovascular disease, fatty fish intake decreased several plasmatic lipid species, including ceramides, when compared to the lean fish intake group and subjects at low risk of cardiovascular disease [33]. Moreover, in T2D subjects, the enhanced insulin signaling effect seems to be associated with a low dietary n-6 to n-3 PUFAs ratio [82].



Indeed, a low n-6 to n-3 PUFAs ratio seems to be associated with overall MetS improvement. Experimentally, the mechanism associated includes an enhanced mitochondrial function via inhibition of the mammalian target of rapamycin complex 1 (mTORC1) signaling and upregulation of the mitochondrial electron transport chain and tricarboxylic acid cycle pathways [83]. In addition, n-3 PUFAs improve mitochondrial ATP synthesis and decrease ROS generation via increased mitofusin 2 (Mfn2) expression [84].



Although n-3 PUFAs are highly susceptible to lipid peroxidation, EPA and DHA have shown antioxidant effects, including the regulation of the nuclear factor erythroid-2 related factor 2 (Nrf2) activity, responsible for the transcription of the main antioxidant enzymes. In T2D patients, the oral supplementation of n-3 PUFAs (2.7 g for 10 weeks) versus a control group was associated to increased Nrf2 expression and antioxidant capacity on lipid peroxidation markers [85]. It is also has been shown that n-3 PUFAs intake decreases the amount of urinary F2-isoprostanes, a group of stable products from lipid peroxidation [86].



A systematic review showed that n-3 PUFAs supplementation increased total antioxidant capacity and glutathione peroxidase activity and decreased malondialdehyde [87]. In a randomized, double-blinded study, in patients with non-alcoholic steatohepatitis (NASH), the n-3 PUFAs supplementation changed the proteomics profile favoring proteins related to enhanced antioxidant capacity along with intracellular lipid transportation, oxidative phosphorylation, and decreased endoplasmic reticulum stress [88].



As summarized above, n-3 PUFAs have several effects on glucose and lipid metabolism and gene expression by mitigating lipotoxicity, inflammation, and oxidative stress biomarkers that are closely related to mitochondrial function. The consumption of n-3 PUFAs also shows an improvement in MetS features. These alterations are related to the epigenetic effects of this family of fatty acids and their individual biophysical and biochemical properties. Thus, their consumption either as food or supplement may be a good strategy to improve MetS.




4.1.2. Monounsaturated Fatty Acids (MUFAs)


MUFAs are largely abundant in olive oil (OO) and exert epigenetic effects on ẞ-oxidation and triglyceride (TG) synthesis in muscle cells via PPAR-α and protein kinase A (PKA) signaling [89]. The formers are nuclear receptors that regulate lipid and bile acid metabolism, and the other is a key intracellular enzyme in the regulation of energy metabolism, including in mitochondria. Both these molecules have shown to revert palmitate-induced insulin resistance and inflammation [90,91].



MUFA consumption is associated with improvements in MetS risk factors either alone or associated with a Mediterranean diet (MedDiet) or PUFAs [92]. In the PREDIMED study, when compared to a low-fat diet, a MedDiet supplemented with OO or nuts (also rich in MUFAs) decreased body weight and enhanced glucose metabolism [93]. In the same cohort, OO or nut supplementation plus a MedDiet reduced the risk for cardiovascular disease in individuals with high ceramide levels at baseline [42]. The mechanisms involved in these benefits seem to include an augment of the antioxidant potential by increasing superoxide dismutase and catalase levels and decreasing xanthine oxidase [94]. OO also showed a synergic effect on fish oil in improving lipid profile and decreasing peroxidation biomarkers [95]. Indeed, compared to other therapies specially designed to manage MetS (but not placebo), MUFA administration showed a similar benefit on MetS parameters and antioxidant capacity [96].



The improvement in MetS parameters by OO supplementation may be followed by improvement in other related clinical conditions. The extra virgin OO supplementation decreased the fatty liver index (FLI), alanine transaminase, and inflammatory markers (IL-6, LI-17, TNF-, IL-1B) [97]. In the PREDIMED-Reus study, without calorie restriction, a decreased occurrence of T2D was observed in the group fed OO plus a MedDiet, compared to MedDiet alone and a control diet [98]. This finding was corroborated by a systematic review where the risk of T2D was decreased by 13% in individuals consuming ~15–20 g OO per day. In this review, previously diagnosed subjects with T2D, the OO ingestion was associated to lower HbA1c and FPG levels [99].



Taken together, these observations suggest that MUFAs enhance mitochondrial oxidation, increase antioxidant capacity, decrease inflammatory and peroxidation biomarkers, and improve MetS parameters; thus, it may be an easy dietary approach to manage this syndrome.





4.2. Medium-Chain Saturated Fatty Acids (MCFAs)


The physical-chemical characteristics of fatty acids interfere with metabolism. Compared to LCSFAs, MCFAs are more efficiently oxidized into mitochondria [100]. MCFAs have facilitated absorption, transport, and metabolism due to their direct entry to the portal vein from the intestinal lumen, albumin-binding transportation, and prompt mitochondrial ẞ-oxidation, partially dismissing carnitine transportation [101]. These MCFAs’ properties seem to favor important mitochondrial functions to avoid MetS.



In insulin-resistant THP-1 macrophage cultures, the incubation with MCFAs (lauric acid) improved mitochondrial content and biogenesis, restored mΔψ and ATP production, decreased ROS generation, increased peroxisome proliferator-activated receptor (PPAR)-γ expression along with its coactivator 1-alpha (PGC-1α), and increased the gene expression of mitochondrial transcription factor A (which has a role in mitochondrial biogenesis regulation) in a dose-dependent manner [102]. MCFAs also have been shown to stimulate uncoupling protein-1 expression even under caloric restriction and to play a key role in thermogenesis and body weight maintenance [103,104]. Indeed, MCFAs supplementation is associated with increased thermogenesis and energy expenditure [105,106]. A meta-analysis comparing to LCSFAs supported an effect of MCFAs on the improvement in body composition, reduction of waist circumference, visceral fat, and weight loss [107].



Mitochondrial dysfunction can promote liver inflammation and its progression to liver disease, a common feature of the MetS [108]. In an HFD-fed mice model, a dose-dependent isocaloric substitution of dietary lipids by MCFAs resulted in PPAR-α activation, increased ẞ- and ω-oxidation, enhanced mitochondrial respiration, and decreased lipid content and hepatic steatosis [109]. Another study found divergent findings with a worsening in metabolic profile and hepatic lipid content. In this experiment, MCFAs were added to HFD instead of replacing the lipid fraction of HFD [110].



In humans, MCFAs are shown to increase HDL and apolipoprotein A-1 compared to LCSFA [111]. In addition, MCFAs’ consumption is associated with decreased low-density lipoprotein cholesterol (LDL-C) compared to animal oils, but increased LDL-C compared to plant oils [112]. Considering that liver damage has shown an association with total cholesterol, HDL, and LDL levels, MCFAs may protect from liver damage in humans [113].



MCFAs are less prompt to lipid peroxidation than unsaturated FAs, and are not precursors of inflammatory mediators, suggesting a low oxidative potential. In a mice model, the supplementation of virgin coconut oil (rich in MCFAs) showed to increase the total antioxidant activity, individual superoxide dismutase, catalase, and glutathione peroxidase activities and decreased malondialdehyde and lactate dehydrogenase levels [114,115]. This antioxidant potential capacity has been correlated to enhanced insulin sensitivity and hepatic steatosis improvement [115,116]. Conversely, increased myocardial oxidative damage after MCFA supplementation was observed in a mice model, but this finding did not translate to human studies [117].



In addition to reports on the positive effects of MCFAs on MetS features, a randomized controlled trial found an association of increased endothelial dysfunction markers with virgin coconut oil ingestion, suggesting caution upon its supplementation [118]. Moreover, although MCFAs have a comparable effect to olive oil (OO) in reverting MetS parameters (fasting serum glucose, total cholesterol, and diastolic blood pressure) [119], there are conflicting findings regarding hepatic lipid content and steatosis improvement [120].



In summary, an isocaloric dietary lipid substitution including low MCFAs amounts may exert beneficial effects on MetS features due to enhanced mitochondrial function and biogenesis, thermogenesis regulation, and increased lipid oxidation.




4.3. Protein Supplements


Increased plasma-free amino acids (PFAAs) and branched-chain amino acids (BCAAs; isoleucine (Ile), leucine (Leu), and valine (Val)) have been described in individuals with T2D, hypertension, dyslipidemia, and MetS from different ethnicities (Asian, Mediterranean, Caucasian, and Afro-American). The type of amino acid may be important for this association with MetS and its metabolic components [121,122,123]. In a Japanese Cohort, tyrosine, alanine, and BCAA positively correlated with metabolic profile (impaired glucose metabolism and abdominal adiposity), while glycine presented a negative correlation with these features. Nevertheless, the total PFAA index has been correlated to abdominal adiposity and increased risk for developing MetS, even after adjusting for other common risk factors (age, gender, waist circumference, BMI, glucose, and lipid profile) [124].



Increased levels of BCAA are associated with NAFLD, independent of gender, insulin resistance, and obesity. It seems to be related to impaired BCAA catabolism in adipose tissue, which primarily supports the adipose tissue dysfunction in MetS [125]. In individuals with NAFLD, decreased levels of BCAA also are associated with liver mitochondrial damage and increased levels of metabolites from Krebs cycle [126]. A 50% increase in reactions for reestablishing TCA intermediates—the so-called anaplerotic fluxes—was observed in humans and mice models with NAFLD [127,128]. These alterations were shown to positively correlate with the increased liver synthesis of aminotransferases and consequently increased gluconeogenesis, which could explain the increased amino acid levels in MetS [129].



Along with increased plasma BCAA, an increased short acylcarnitine to all carnitine ratio was observed in individuals with obesity, metabolic unwellness, and T2D [130]. Short acyl chain carnitines may derive from ketone bodies, BCAA metabolism, or even glucose to counteract the excess of TCA in conditions of energetic oversupply or to reestablish energy substrate in fasting conditions. Both situations are characterized by increased mitochondrial lipid fluxes and oxidation [131,132].



Similarly, increased short acylcarnitines (C3 and C5) derived from BCAA metabolism correlate with plasma BCAA levels, but not with BCAA intake, in individuals with obesity and MetS [133]. Decreased hydroxydecanoyl carnitine and methylglutarylcarnitine (medium-chain acylcarnitines, which are intermediates of FA oxidation) are also observed in subjects with MetS, which could also depend on increased fatty acids fluxes and utilization [134]. Indeed, plasmatic glutamic (amino acid metabolism) and lactic (anaerobic energy production) acids were positively associated to MetS parameters (obesity and lipids and glucose-impaired metabolism). In parallel, glutamic acid and 2-ketoglutaric acid (amino acid metabolism and urea cycle) also showed a positive significant association with the levels of aspartate transaminase and alanine transaminase. These enzymes are primarily located in the liver, which catalyzes amino acid transamination, especially glutamate [135]. Taken together, the observations above suggest a reduced oxidative phosphorylation and disrupted amino acid metabolism.



One can then propose that impaired mitochondrial function may underlie protein catabolism in MetS due to the anaplerotic protein/amino acids metabolism [31]. An important point concerning this topic was described by two different studies reporting PFAA modifications when individuals with MetS were submitted to lifestyle modification and weight loss and experienced PFAA normalization [136,137]. In another study, increased BCAA intake correlated to MetS in subjects with ≥7% weight gain, but not in individuals with <7% weight gain for 8.9 years follow-up [138].



Therefore, increased PFAA in MetS seems not to be a direct causative relationship but rather a consequence of deficient energy generation from lipids and glucose, mainly due to mitochondrial dysfunction and insulin resistance. Corroborating this hypothesis, two different systematic reviews with up to 2344 subjects demonstrated an improvement of different MetS features following a BCAA-containing whey protein supplementation, including body composition, blood pressure, and glucose and lipid metabolism [139,140]. Another systematic review suggests that soy protein intake with isoflavones may confer enhanced cardiovascular protection over animal-based proteins given its increased total cholesterol, LDL, and blood pressure-lowering properties [141].



Altogether, these findings suggest that the increased BCAA levels found in individuals with MetS and T2D seem to be related to an anaplerotic mechanism due to impaired mitochondrial function that is improved by weight loss. Additionally, a plant-based protein diet along with whey protein supplementation has been shown to improve MetS parameters.





5. The Role of Exercise in MetS


Exercise training has a well-described cardiovascular benefit and has been shown to improve MetS biomarkers by reducing body weight, waist circumference, and blood pressure, as well as improving circulating lipid and glucose profiles [142]. The proposed mechanism includes adaptative metabolic modifications in response to increased metabolic tissue demands and increased generation of ROS and reactive nitrogen species [143]. Experimentally, mice submitted to endurance training have shown improvements in antioxidant capacity and lipid peroxidation markers, enhanced bioenergetics (increased oxygen consumption and increased mitochondrial complexes), enhanced mitochondrial biogenesis and dynamics (increased expression of PGC-1 α and Mfn1 protein, fission inhibition, and fusion induction), and mitophagy regulation [144,145,146].



Indeed, physical exercise has been shown to upregulate PPARγ/PGC-1 α activity, which is associated with improvement in lipid and anti-inflammatory profile [147,148]. It also exerts epigenetic modifications by reducing PGC-1 α methylation, favoring mitochondrial biogenesis [149]. Therefore, physical activity may improve the MetS by enhancing mitochondrial function. In patients with T2D, endurance training improved mitochondrial respiration and increased maximal oxygen uptake (VO2max) when combined or not with resistance training [150,151]. Along with cardiorespiratory fitness, aerobic exercise is associated with a reduction in liver fat and enzymes in individuals with MetS [152]. In healthy men and post-menopausal women, endurance and resistance training have shown to increase mitochondrial O2 respiration coupled to ATP synthesis, which is a marker of mitochondrial function [153,154].



These observations above point out an improvement in the mitochondrial oxidation capacity after exercise. Linked to enhanced energetic efficiency, endurance training in individuals with obesity and T2D has also been shown to decrease diacylglycerol, total ceramides, and Cer14:0 content in skeletal muscle with a positive correlation with insulin sensitivity [155,156]. These microenvironment adaptations in response to physical exercise contrast to the ceramide skeletal muscle content (C16:0 and C20:0) found in aging that is positively correlated with NFkB signaling activation and impaired anabolic signaling (Akt, FOXO1, and S6K1 molecules) [157]. This may explain the anabolic resistance found in the elderly. These also may reflect on inflammation markers and clinical outcomes. A systematic review showed a decrease in inflammatory markers (TNF-α, CRP, IL-8) and an increase in IL-10 in subjects with MetS submitted to either regular aerobic or combined exercises [158].



The metabolic response to physical exercise may be impacted by the kind of training program applied. A meta-analysis evaluated different exercise modalities compared to a non-exercising group (≥3 days/week during ≥12 weeks) on MetS parameters. They found a significant decrease in WC, fasting glucose, diastolic blood pressure, and TG and an increase in HDL and cardiorespiratory fitness (+4.2 mL/kg/min). Relevant benefits of resistance exercise training (RET) over aerobic exercise training (AET) were not observed on MetS features [159]. However, another meta-analysis that specifically addressed comparing aerobic, resistance, and combined exercising training (CET) found CET to have a greater impact on glucose metabolism and TG, while RET was more effective in reducing body fat and AET in reducing BMI [160]. Moreover, the exercise intensity may also impact its metabolic response. The high-intensity aerobic exercise showed to have a greater impact on VO2max gain and systolic blood pressure decrease than moderate intensity [142].



When associated with diet intervention, physical activity is more effective in reverting MetS, compared to exercise alone or diet alone (67.4%, 23.5%, and 35.3% respectively) [161]. The impact of a structured combined exercise program on weight loss is suggested to increase with long-term interventions [162]. Indeed, high cardiovascular fitness aligned with a healthy dietary pattern is described to have an inverse association with MetS risk [163], as seen in Figure 2.



Briefly, it seems that exercise has a pleiotropic effect on nutrients, metabolism, mitochondrial function, and biogenesis that prompts cardiovascular fitness and improvement of inflammation markers and MetS features. Indeed, the benefits of exercise are enhanced when combining aerobic and resistance training.




6. Conclusions


Overnutrition and a high-fat/high-sugar diet have been shown to be associated to MetS in several animal models and epidemiological trials by impairing fat storage capacity and prompting ectopic fat accumulation. A high-fat/high-sugar diet leads to increased ceramide generation and mitochondrial post-translational protein modification, which play a central role in mitochondrial dysfunction, insulin resistance, epigenetic modification, and MetS development. Dietary interventions to improve clinical outcomes in MetS should include the intake of a low calorie or isocaloric diet, enriched with MUFAs, PUFAs, fruits and yogurt with low sugar content, and low sugar-sweetened beverage and artificially sweetened beverage intake. Intake of plant-based protein, eventually supplemented with whey protein, is recommended, as well as the inclusion of low-dose medium-chain fatty acids intake. When combined with structured exercise programs, irrespective of exercise modality, dietary modifications may mitigate MetS biomarkers and improve weight loss with time-dependent effectiveness.
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Figure 1. Mechanisms enrolling metabolic dysfunction in MetS. Cyt c, cytochrome c; ER, endoplasmic reticulum; HF, high fat; HS, high sugar; IRS-1, IL-1ẞ, interleukin 1ẞ; IL-6, interleukin 6; insulin receptor substrate 1; JNK, c-Jun N-terminal kinase; mPTP, mitochondrial permeability transition pore; mΔψ, mitochondrial transmembrane potential; PKC, protein kinase C; PPAR-γ, peroxisome proliferator-activated receptor γ; TLR4, toll-like receptor 4; UPR, unfolded protein response, TNF-α, tumor necrosis factor α. 
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Figure 2. Dietary and exercise approaches targeting MetS. LCSFA, long-chain saturated fatty acids; MCT, medium-chain fatty acids; MUFAs, monounsaturated fatty acids, PUFAs, polyunsaturated fatty acids. 
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Table 1. Available definitions for metabolic syndrome considering common metabolic disturbances.






Table 1. Available definitions for metabolic syndrome considering common metabolic disturbances.





	
Feature

	
Definition




	
WHO 1

	
NCEP-ATP III 2

	
IDF 3

	
AHA-NHLBI ⁴

	
JIS ⁵






	
Impaired glucose

metabolism

	
DM: FG ≥ 126 or 2 h PGL ≥ 200 mg/dL or

IGT: FG < 126 and 200 < 2 h PGL ≥ 140 mg/dL or

IFG: FG ≥ 110 and 126 < 2 h PGL< 140 mg/dL

	
FG ≥ 110 mg/dL

	
FG ≥ 100 mg/dL

Or previously

diagnosed DM

	
FG ≥ 100 mg/dL

Or current drug treatment for ↑ glucose

	
FG ≥ 100 mg/dL

Or current drug treatment for ↑ glucose




	
Central

Obesity

	
WHR > 0.9 M and >0.85 W or BMI > 30 Kg/m2

	
WC > 102 cm M

WC > 88 M

	
WC > 102 cm M

WC > 88 M

	
WC ≥ 102 cm M

WC ≥ 88 M

	
Specific definitions by country and population




	
HDL

	
<35 mg/dL M

<39 mg/dL W

	
<40 mg/dL M

<50 mg/dL W

	
<40 mg/dL M

<50 mg/dL W

	
<40 mg/dL M

<50 mg/dL W

or current drug treatment for ↓ HDL

	
<40 mg/dL M

<50 mg/dL W




	
Triglyceride

	
≥150 mg/dL

	
≥150 mg/dL

	
≥150 mg/dL or

previously diagnosed lipid abnormality

	
≥150 mg/dL or current drug treatment for ↑ triglyceride

	
≥150 mg/dL




	
Blood

Pressure

	
≥160/90 mmHg

	
≥130/≥85 mmHg

	
≥130/≥85 mmHg

Or treatment of

previous hypertension

	
≥130/≥85 mmHg

Or current

antihypertensive treatment

	
≥130/≥85 mmHg

Or current

antihypertensive treatment




	
Microalbuminuria

	
≥20 µg/min or albumin:creatinine ratio ≥20 mg/g

	
--

	
--

	
--

	
--




	
Criteria

	
Glucose-impaired metabolism

+ 2 other features

	
≥3 features

	
Central obesity

+ 2 other features

	
≥3 features

	
≥3 features








Diagnostic criteria for MS, according to: 1-the World Health Organization; 2-the Third Report of the National Cholesterol Education Program, the Expert Panel on Detection, Evaluation, and Treatment of High Blood Cholesterol in Adults—Adult Treatment Panel III; 3-the International Diabetes Federation; 4-the American Heart Association, and the National Heart, Lung, and Blood Institute; and 5-the Joint Interim Statement of the International Diabetes Federation Task Force on Epidemiology and Prevention; National Heart, Lung, and Blood Institute; American Heart Association; World Heart Federation; International Atherosclerosis Society; and International Association for the Study of Obesity. BMI: body mass index, DM: diabetes mellitus; IGT: impaired glucose tolerance; IFG: impaired fasting glycaemia; FG: fasting glucose; PGL: post glucose load; WHR: waist-to-hip ratio; WC: waist circumference; M: men; W: women; ↑: increased; ↓: decreased.
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Table 2. Mechanisms proposed to explain insulin resistance induced by lipids.
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	Causes
	Consequences
	References





	TLR4 activation in adipocytes, macrophages, and skeletal cells
	Pro-inflammatory cytokine production (TNF-α, IL-1ẞ, IL-6)
	[25]



	PKC activation
	↓ insulin-stimulated IRS-1 tyrosine phosphorylation
	[26,27,28]



	Mitochondrial dysfunction
	↑ oxidative stress and anaplerosis
	[29,30,31]



	↓ n3-PUFAs intake
	↑ pro-inflammatory cytokine production and impaired insulin signaling
	[32,33]



	UPR and JNK activation
	ER stress
	[30,34]







Causes and consequences of lipid-induced insulin resistance in MetS: ER, endoplasmic reticulum; IRS-1, IL-1ẞ, interleukin 1ẞ; IL-6, interleukin 6; insulin receptor substrate 1; JNK, c-Jun N-terminal Kinase; n-3 PUFAs, n-3 polyunsaturated fatty acids; PKC, protein kinase C; UPR, unfolded protein response, TNF-α, tumor necrosis factor α; TLR4, toll-like receptor 4; ↑, increased; ↓, decreased.



















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
Combined
(Aerobic + resistance)

|

Aerobic 4 Exercise training —— > Resistance

Isocaloric / hipocaloric diet

Plant-based
protein

|

Whey
protein

MUFA PUFA MCT






nav.xhtml


  nutrients-15-01217


  
    		
      nutrients-15-01217
    


  




  





media/file0.png





media/file2.png
_________
-~

” N

\

( Bt stvoss — UPR and JNK

activation

-
~ -
LI

- -
— ~—
- -

[ 1 TNF-a, IL-18, ;' —n

N /
activation T l | i,
A

£ - - \
(\ Insulin resistance )

~ ’/
~
~ o
T -

Post-translational

™TCA —
< 40 intermediates mitochondrial protein
________ modifications
mtDNA ——» ¥ mitochondrial
modifications protein : .
| 4 bioenergetic
PPAR-y down . . efficiency
expansion et sl T
______ i {_ Anaplerosis
l/'P Oxidative stressy mPTP opening ot c hindin Coramides
\ M Mitochondrial ¥ Cytochrome ¢ +—— “Y1 CDINANE 4=~  ration
*~ dysfunction. - release +
Caspase activation ectopic fat deposition

Suc Suc

ubstrate

 Substrate
Suc






media/file3.jpg
Aetobic  +——

Combined
(Aerobic »resistance)

I

Exedse toining. > Ress

I

Iocatoic hipocalri diet

I

PURA

- i

I

|
a2

Plantbased
‘protein

|

Whey
proten

et






media/file1.jpg





