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Abstract

:

Tocopherols and tocotrienols are natural compounds of plant origin, available in the nature. They are supplied in various amounts in a diet, mainly from vegetable oils, some oilseeds, and nuts. The main forms in the diet are α- and γ-tocopherol, due to the highest content in food products. Nevertheless, α-tocopherol is the main form of vitamin E with the highest tissue concentration. The α- forms of both tocopherols and tocotrienols are considered as the most metabolically active. Currently, research results indicate also a greater antioxidant potential of tocotrienols than tocopherols. Moreover, the biological role of vitamin E metabolites have received increasing interest. The aim of this review is to update the knowledge of tocopherol and tocotrienol bioactivity, with a particular focus on their bioavailability, distribution, and metabolism determinants in humans. Almost one hundred years after the start of research on α-tocopherol, its biological properties are still under investigation. For several decades, researchers’ interest in the biological importance of other forms of vitamin E has also been growing. Some of the functions, for instance the antioxidant functions of α- and γ-tocopherols, have been confirmed in humans, while others, such as the relationship with metabolic disorders, are still under investigation. Some studies, which analyzed the biological role and mechanisms of tocopherols and tocotrienols over the past few years described new and even unexpected cellular and molecular properties that will be the subject of future research.
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1. Introduction


Vitamin E is a group of eight compounds: α-, β-, γ-, δ-tocopherols and α-, β-, γ-, δ-tocotrienols, which are lipid-soluble [1,2]. Only photosynthetic organisms—plants, algae, and cyanobacteria as well as fungi, corals, sponges, and tunicates—have the ability to synthesize these compounds [2,3]. The main natural source of tocopherols and tocotrienols is the oily fraction of nuts and oil seeds [4,5]. Data on their presence in fruits and vegetables are often contradictory. This is due to the variety of analytical methods that can be used for their determination in food products [6]. The main sources of tocopherols are almond oil and other nut oils, olive oil, sunflower oil, rapeseed oil, corn oil, linseed oil, and soybean oil. Tocotrienols, in turn, can be found in palm and rice bran oil, wheat germ, barley, oats, hazelnuts, maize, and in annatto oil [4,7]. Habitual diet supplies mainly tocopherols, especially α-tocopherol and γ-tocopherol. γ-tocopherol is the most common in the US diet due to the higher consumption of soybeans, sesame, and corn oil, and α-tocopherol is the most common in the European diet [8]. In spite of the similar structure and antioxidant activity, vitamin E isoforms differ in bioavailability and metabolism [9]. All isoforms are biologically active, but only α-tocopherol is retained at high levels in plasma and tissues. The selectivity is achieved by the action of the hepatic α-tocopherol transfer protein (α-TTP) [10]. Plasma and body tissues are 90% saturated with α-tocopherol while other forms of vitamin E are degraded and excreted [11,12].



Except for the above-mentioned antioxidative activity of all vitamin E isoforms, antiproliferative, pro-apoptotic, anti-angiogenic, and anti-inflammatory effects are indicated. The beneficial impact on human health may also result from the ability to modulate signal transduction and gene expression in inflammation and immune system disorders [13,14].



Therefore, the aim of the present work is to describe known activities of both tocopherols and tocotrienols. This work focused on a review of the factors that influence the activity of compounds belonging to the vitamin E family, and their roles for human health are described. Based on the current scientific research, this paper presents the known and sought mechanisms of action of tocopherols and tocotrienols in the prevention of diet-related diseases, their differentiated bioactivity as well as the determinants of distribution and metabolism in humans.




2. Literature Search


The presented review shows current information on the known and sought-after properties of tocopherols, tocotrienols, and their metabolites as well as their importance in human health. The literature search was conducted between September 2020 and February 2021 in PubMed and ScienceDirect for articles related to vitamin E, using specific keywords such as tocopherol, tocotrienol, vitamin E, vitamin E metabolites, and health. Regarding health, the strongest emphasis was based on the most common and discussed disease entities, such as cardiovascular diseases, cancer, and obesity. Original articles on tocopherols and tocotrienols, published in English, were used. The review included clinical trials, controlled trials, cohort studies, systematic reviews, and meta-analyses.




3. Vitamin E Isoforms and Their Bioactivity


Tocochromanols, known as vitamin E, are the most common and dominant chromanols in the nature. Tocochromanols belong to a group of lipid-soluble antioxidants present in the plastids of plants [15]. Tocochromanols are a group of compounds synthesized only by plants and photosynthetic microorganisms. Most often eight compounds are mentioned as vitamin E: four tocopherols and four tocotrienols. In the group of tocotrienols, two further homologues occurring in rice bran have been identified. These are desmethylotocotrienol (d-P21-T3) and didesmethylotocotrienol (d-P23-T3), which differ from other tocotrienols by the lack of methyl groups in the benzene ring [16]. Tocochromanols are synthesized by plants from homogentisic acid [15]. Tocopherols and tocotrienols contain a chromanol ring (they are bicyclic phenols) and a hydrocarbon side chain. They consist of homologues α-, β-, γ-, δ- and differ in the number and location of the methyl substituent in the hydrophilic head of 6-chromanol, which is responsible for the presence of various isomeric forms of tocopherols and tocotrienols. Tocopherols are characterized by a saturated side chain (an aliphatic phytyl side chain), and tocotrienols have three double bonds in the side chain (an unsaturated farnesyl side chain) (Figure 1) [3].



Due to their structure, they are incorporated into the amphipathic phospholipid bilayer of cell membranes. Thereby, they are able to protect membrane lipids, organs, and organs of photosynthesis in plants from oxidative stress [19,20]. Each of the tocopherols has three chiral centers, at C2′, C4′, and C8′ carbon atoms, which can have the R or S configuration, resulting in eight possible stereoisomers. The naturally occurring form of α-tocopherol is RRR-α-tocopherol [21]. The chemically synthesized α-tocopherol is a racemic mixture of all possible α-tocopherol isomers in equimolar concentrations (synthetic form: all-racemic-α-tocopherol) [22]. Results of many studies established that the animal organisms (including humans) preferentially absorb the natural stereoisomer RRR-α-tocopherol [23] due to the affinity of α-tocopherol transfer protein (α-TTP) to forms of R [19]. Studies have shown that only natural α-tocopherol (RRR-α-tocopherol) is the most biologically active, and the activity of non-α-tocopherol forms is expressed as the α-tocopherol equivalent (%), which accounts for 50% for β-tocopherol, 10% for γ-tocopherol, 3% for δ-tocopherol, 30% for α-tocotrienol, 8% for γ-tocotrienol, and 5% for β-tocotrienol. For δ-tocotrienol, the equivalent has not been established [24]. According to the Food and Nutrition Board of the Institute of Medicine, only α-tocopherol is recognized as a nutrient (vitamin) that is able to meet vitamin E requirements in humans. Additionally, the differences in antioxidant activities of vitamin E forms are relatively minor, while their biological activities are divergent and multidirectional [25].




4. Absorption, Bioavailability, and Biotransformation of Tocopherols and Tocotrienols


The amount of vitamin E absorbed depends on the differences in the food matrix that supplies this vitamin. It is known that retinoic acid, plant sterols, eicosapentaenoic acid, alcohol, and dietary fiber inhibit the absorption of vitamin E [26]. Studies have shown low bioavailability of vitamin E isoforms from the apples matrix and high bioavailability from the bananas, bread, and lettuce matrix. Additionally, they were more bioavailable from egg-free durum wheat pasta than from pasta containing eggs. The fragmentation of the food matrix may increase the bioavailability of vitamin E isoforms and their transfer to micelles; no similar effect was found for technological treatment (either thermal or high-pressure treatments). The higher the amount of fat in a meal, the higher absorption of vitamin E compounds occurs [13]. In the gastrointestinal tract, tocopherols and tocotrienols are absorbed to a similar extent, but their absorption depends on adequate pancreatic function, bile secretion, and the formation of micelles [13]. It turned out that transmembrane proteins play a key role in the intestinal absorption of vitamin E [27]. Initially, it was thought that vitamin E absorption occurred by passive diffusion through the enterocyte membrane [13]. In later years, it was shown that absorption is also mediated, at least in part, by three groups of proteins: Niemann–Pick C1-like 1 protein (NPC1L1), scavenger receptor class B type 1 (SRB1), and a cluster of determinant 36 (CD36). These three proteins are mainly described as cholesterol transporters, but they can also bind to the other substrates [20,28]. The absorption of tocopherols and tocotrienols in the intestine varies from 20% to 80% of the total ingested amount and is lower than the other fat-soluble vitamins [29]. The concentration of tocopherols and tocotrienols in the plasma is influenced by their content in a diet, absorption, and their metabolism. Some of these factors may be modulated by emerging genetic changes in the genes, which encode proteins responsible for the above factors [30].



Vitamin E is transported in the blood by plasma lipoproteins and erythrocytes. After entering the circulation, chylomicrons undergo a reconstruction process consisting mainly of the hydrolysis of triglycerides by lipoprotein lipase, resulting in the formation of chylomicron residues. Part of vitamin E forms is taken up by extrahepatic tissue, and the remaining part of vitamin E incorporated in the chylomicron remnants is taken up by the liver [30]. Due to the presence of protein α-TTP in the liver, α-tocopherol is preferentially transported further, while the remaining tocochromanols are metabolized and excreted in the bile. α-TTP mediates the incorporation of α-tocopherol into very-low-density lipoproteins (VLDL) and the secretion of these complexes into circulation. In the blood, VLDLs are catabolized to low (LDL) and high-density (HDL) lipoproteins by lipoprotein lipase (LPL). VLDL catabolism causes α-tocopherol to occur simultaneously in all the above-mentioned types of lipoproteins. α-tocopherol that is delivered into LDL lipoproteins is transferred to the tissues, where it performs its functions (Figure 2) [31].



The uptake of different forms of vitamin E into the liver is probably nonspecific. The mechanisms that are involved are promiscuous in that these are general xenobiotic processes [37,38]. It is worth noticing that α-TTP has 100% affinity for α-tocopherol, 38% for β-tocopherol, 9% for γ-tocopherol, and 2% for δ-tocopherol [1]. Research results confirmed the existence of bio-discrimination against tocotrienols due to the affinity of tocopherols to the α-TTP protein [39]. Among the tocotrienols, the α- form is known for the highest oral bioavailability. A low level or lack of α-tocopherol, as well as the higher content of α-tocotrienol in the food matrix are the determinants of increased absorption of the ingested tocotrienols [29]. Due to their low affinities for hepatic α-TTP, non-α-tocopherol forms are less efficiently transferred to VLDL and are detected in the blood and tissues in low concentrations [37]. Both tocopherols and tocotrienols are accumulated in many tissues, among others, the liver, adrenal glands, and adipose tissue [40]. It is estimated that 90% of the total amount of vitamin E is accumulated in the adipose tissue, mainly in adipocyte lipid droplets [32]. Vitamin E that is accumulated in adipose tissue consists of about two-thirds of α-tocopherol and one-third of γ-tocopherol [33]. Accumulated tocotrienols are difficult to detect, but supplementation of tocotrienols in animals increased their pool in the adipose tissue [34]. With a vitamin E-free diet applied for four weeks in rats, a decrease of tocopherol and tocotrienol was observed but only in the liver, not in the adipose tissue [39]. Supplementation of α-tocopherol and tocotrienols significantly increased the level of α-tocopherol in the plasma, reaching a maximum concentration 8 h after supplementation and maintaining a high level even after 24 h. Tocotrienols reached their maximum concentration 4 h after supplementation. Then their level decreased significantly, and they completely disappeared from the plasma after 24 h [35]. Moreover, accumulation of α-tocotrienol in selected organs was observed in rats after supplementation with α-tocotrienol (5 mg/kg body weight) for over two years. When vitamin E-deficient diet was applicated, the accumulated α-tocotrienol was depleted after less than two months, while the loss of α-tocopherol was negligible [41].



Human studies also provide evidence for α-tocopherol retention and degradation of other non-α-tocopherol forms. Uchida et al. [42] even noted that γ-tocopherol was metabolized and excreted faster than α-tocopherol. Additionally, faster turnover of tocotrienols was seen in humans [43]. The action of non-α-tocopherol homologues in the human body is limited because of the fact that they are immediately metabolized in the liver and excreted in bile or urine. Recent studies have highlighted that tocotrienols exhibit higher antioxidant activity in in vivo systems. However, their oral bioavailability is significantly limited as they are not recognized by α-TTP. Additionally, their occurrence in food is low or even rare [44]. Due to their fast metabolism their lifetime is short. They quickly penetrate the skin, combating the effects of oxidative stress induced by UV radiation and ozone [16]. Non-α-tocopherol forms are recognized as xenobiotics and are metabolized and excreted. Consequently, their plasma concentrations are decreased, and formed metabolites concentrations are increased [43]. Tocotrienols metabolites formed in the liver are the promising forms of vitamin E in the prevention of diseases caused by acute inflammation and oxidative processes [44].



Recent studies have found that supplementation with a mixture of vitamin E isoforms resulted in a significant increase in the concentration of tocotrienols in the tissues. This may indicate a different mechanism of intracellular transport of α-tocotrienol, independent of α-TTP. Each cell type likely has a different selectivity for the tocotrienols uptake, e.g., it was found that sirtuin 1 (SIRT 1) proteins in human fibroblasts may regulate the uptake and bioavailability of tocotrienol isomers [40]. Additionally, other proteins—tocopherol-associated proteins 1, 2, 3 (TAP 1, 2, 3), human plasma protein afamin, albumin, and phospholipid transfer protein (PLTP)—show binding capacity to other forms of vitamin E [45]. An alternative explanation for the metabolism of other forms of vitamin E was proposed after identifying the metabolites of vitamin E—carboxyethyl-hydroxychroman (CEHC)—and discovering that this pathway preferentially metabolizes non-α-tocopherol forms in hepatic cells [1]. Vitamin E isoforms that are not transferred from the liver by α-TTP are metabolized in the phase I (catabolism and side-chain shortening) and phase II (sulfation and glucuronidation) [46]. The catabolism of α-tocopherol and other isoforms occurs when the amount of hepatic α-tocopherol exceeds α-TTP’s transfer capacity. α-Tocopherol is endogenously converted to α-CEHC (2,5,7,8-tetramethyl-2-(2′-carboxyethyl)-6-hydroxychroman). Urinary excretion of α-CEHC positively correlates with α-tocopherol increase in both diet and plasma concentration in healthy subjects [47]. It is not clear whether the increase in urinary α-CEHC excretion is related to the increased consumption of α-tocopherol in a single meal or whether these changes reflect long-term higher consumption of this nutrient [38,47].



Initially, it was believed that the metabolism of α-tocopherol occurs through the opening of the chromanol ring and the subsequent degradation of the side chain, when only two metabolites are produced—namely, α-tocopheronic acid and its lactone, α-tocopheronolactone (α-TL), so-called Simon’s metabolites [48,49]. In later years, additional metabolic pathways were defined following the discovery of other α-tocopherol metabolites with an intact chromanol ring. ω-Hydroxylation of the aliphatic side chain leads to the formation of 13′-hydroxychromanol (13′-OH), and 13′-carboxychromanols (13′-COOH) are formed as a result of oxidation. The subsequent stages of oxidation lead to shortening of the side chain, creating further metabolites—carboxydimethyldecylhydroxychromanol (CDMDHC, 11′-COOH), carboxymethyloctylhydroxychromanol (CDMOHC, 9′-COOH), carboxymethylhexylhydroxychromanol (CDMHHC, 7′-COOH), and carboxymethylbutylhydroxyxhromanol (CMBHC, 5′-COOH). The end products of vitamin E metabolism are carboxyethyl-hydroxychromanols (CEHC), referred to as 3′-COOH or short-chain metabolites (SCM). Research confirms that tocotrienols follow the same metabolic pathway [26].



Non-α-tocopherol forms are preferentially catabolized in the oxidation of side chains with the formation of hydroxylated and carboxylated chromanols [50]. Vitamin E isoforms metabolism includes the phase I ω-hydroxylation to the alcohol derivative of 13′-OH, catalyzed by cytochrome P450 monooxygenase (CYP4F2), which takes place in the endoplasmic reticulum of liver cells. These products are considered as a phase I metabolic intermediate and limit the accumulation of the lipophylic vitamin [34,43]. The oxidized hydroxyl group leads to the formation of 13′-COOH long-chain metabolites (LCMs) under the action of aldehyde dehydrogenase. It is followed by a series of β-oxidations with the formation of medium and short-chain carboxychromanols—11′-COOH, 9′-COOH (in peroxisomes) and 7′-COOH, 5′-COOH (in the mitochondrial matrix)—and the final metabolite, 3′-COOH (CEHC). The metabolites are excreted from the body with urine and feces [46]. Metabolites occur in human urine in free form or as sulfates or glucuronides [51,52]. Because of the degradation of tocotrienols, CEHCs are formed, which suggests a similar metabolic mechanism as in tocopherols. The side-chain double bonds undergo a saturation step catalyzed by 2,4-dienoyl-CoA reductase and 3,2-enoyl-CoA isomerase (coenzyme A). They are also involved in the metabolism of unsaturated fatty acids [2].




5. The Bioactivity of Vitamin E Metabolites


Recent studies suggest that the properties of LCMs of vitamin E correspond to the functions of vitamins A and D. The structural similarity of vitamin E metabolites with vitamin A and D metabolites (9-cis-retinoic acid and 1,25(OH)2D3) allows us to reach the conclusion that there are also vitamin E-specific receptors, hitherto undiscovered. This hypothesis is likely confirmed by the findings on the regulatory activities of vitamin E metabolites. Although plasma concentrations of the metabolites are low, the results of animal and in vitro studies have indicated their strong biological potential [51]. Studies have reported that the functions of vitamin E metabolites can be divided in terms of anti-inflammatory activity, antitumor activity, participation in the regulation of cellular lipid homeostasis, drug interactions, and regulation of the metabolites’ own metabolism [51,53].



Research on anti-inflammation activity often focuses on the possibility of regulating the pro-inflammatory enzymes by vitamin E metabolites [54,55]. Cyclooxygenase (COX) that catalyzes pro-inflammatory eicosanoid production plays an important role in regulation of the inflammatory response and contributes to the development of many chronic diseases, such as cancers. The inhibitory effect of α-tocopherol metabolites—α-9′-COOH and α-13′-COOH—on the activity of COX-1 and COX-2, catalyzing the production of pro-inflammatory eicosanoids, was demonstrated [56]. Studies have shown that α-13′-COOH is a competitive COX inhibitor and therefore competes to join to the substrate-binding site. It shows a greater affinity for cyclooxygenases than other metabolites and forms of tocopherols [54].



The α-tocopherol metabolite α-13′-COOH inhibits inflammation by targeting 5-lipoxygenase (5-LO), which catalyzes the initial stages of biosynthesis of strong immunomodulatory lipid mediators [57,58]. Leukotrienes, generated by the enzyme 5-LO through metabolism, play a major role in the development of asthma and allergic rhinitis. They also contribute to oxidative DNA damage and consequently to cardiovascular diseases, inflammatory liver diseases, neurodegenerative disorders, and cancers [59,60,61]. It has been shown that the α-13′-COOH is accumulated at sites of inflammation and suppresses acute inflammation in murine peritonitis [57].



Studies focused on antitumor properties have shown that α- and δ-tocopherol metabolites stopped proliferation in the human hepatocyte HepG2 cancer cell line [62]. Both metabolites α-13′-COOH and δ-13′-COOH effectively inhibited cell growth while no such effect was noticed among the forms of hydroxy metabolites [53,62].



Additionally, Jang et al. [63] found a similar effect for 13′-COOH, derived from δ-tocopherol and δ-tocotrienol. In a mice model of colon cancer, they inhibited COX-2 and 5-LO and thus induced apoptosis and autophagy. They are seemingly promising factors that may act against cancer.



The metabolite of γ-CEHC, unlike α-CEHC, is attributed to natriuretic properties, including the regulation of the water–sodium balance and maintenance of cardiovascular homeostasis. Both γ-tocopherol and γ-CEHC also inhibit the activity of COX-2 [16].



Many of the studies have focused on vitamin E metabolites and their influence on the regulation of key pathways in the development of macrophage foam cells [64,65]. Macrophages bind oxidized LDL cholesterol (oxLDL) through many types of receptors, among them scavenger receptor CD36, which is also involved in the transport of tocopherol (as well as a number of lipid compounds) [8]. The expression of CD36 is reduced by α-tocopherol [65], while long-chain α-tocopherol metabolites (α-13′-OH and α-13′-COOH) influence oxLDL uptake independent of CD36 [64]. They can inhibit the formation of macrophage foam cells, thus having a positive effect on the prevention of atherosclerosis [64].



Torquato et al. [66], found that the α-13′-OH metabolite increased the expression of the CYP4F2 protein gene in human hepatic HepG2 cells. This protein is involved in the metabolism of vitamin E. This proves that derivatives of vitamin E metabolism, mainly α-13′-OH, may be responsible for the existence of a positive regulatory feedback loop that occurs in the metabolism of vitamin E.



The results of the research also indicate that α-13′-COOH and γ-tocotrienols activated the pregnane X receptor (PXR), which is a transcription factor of P-glycoprotein (P-gp), which is responsible for the intracellular concentration and transport of pharmaceuticals. What is more, it induced protein expression and P-gp transporter activity [67]. This means that in patients receiving γ-tocotrienol supplementation or high doses of α-tocopherol, drug levels that are P-gp substrates should be monitored.




6. Proven Antioxidant and Anti-Inflammatory Effects of α- and γ-Tocopherols, and What Is the Role of Other Isoforms?


α-Tocopherol is a specific non-enzymatic, chain-breaking antioxidant in aerobic organisms. It is present in cell membranes and plays a significant preventive role in the oxidative damage of molecules such as DNA or lipids [20,68]. α-Tocopherol neutralizes free radicals and breaks the chain reaction in the oxidation of the polyunsaturated fatty acids [69]. This activity is associated with the non-esterified hydroxyl groups of the chromanol ring. Moreover, the lipophilic tail of tocopherol can interact with cellular lipids and other molecules, protecting them from oxidation or peroxidation [8]. The α-tocopheroxyl radical is relatively long-lived, and it can be reduced to the α-tocopherol by water-soluble antioxidants such as ascorbic acid [43].



It is reported that the antioxidant activity of vitamin E isomers depends on the number of hydroxyl groups and is in the order of α > β > γ > δ [21]. Some research results indicate a greater antioxidant potential of tocotrienols than of tocopherols [70]. This may be due to their greater distribution in the phospholipid bilayer of cell membranes and more effective interaction with lipid peroxyl radicals [71]. However, compared to tocopherols they are less orally bioavailable [72]. Moreover, when they become radicals, they are more reactive and can readily form adducts that are potentially cytotoxic [43].



In addition, other forms of vitamin E, for instance, γ-tocopherol, δ-tocopherol, and γ-tocotrienol, have unique antioxidant properties. It has been observed that γ-tocopherol has the ability to scavenge reactive forms of nitrogen. This activity is not observed for α-tocopherol [50].



Moreover, at the molecular level, non-antioxidative functions of tocopherols and tocotrienols have been shown [45]. This activity is possible because of specific interactions with enzymes, structural proteins, structural lipids, and transcription factors [73]. The main effect of α-tocopherol is the inhibition of the activity of protein kinase C (PKC). It affects the proliferation of monocytes, macrophages, and neutrophils of smooth muscle cells and reduces the production of superoxide free radicals in neutrophils and macrophages. α-Tocopherols can modulate of phospholipase A2 activity and inhibition of prostaglandin activity E2 and cyclooxygenase 2. In the regulation of gene expression, several genes have been described as modulated by tocopherol. Several possible regulatory pathways have been described for α-tocopherol, which can alter the activity of transcription factors and induction pathways through enzyme modulation and may ultimately affect gene expression. Vitamin E isoforms can directly modulate the activity of transcription factors through pregnane X receptor (PXR), peroxisome proliferator-activated receptors (PPARs), orphan nuclear receptors, or one of the three human α-tocopherol associated proteins (hTAPs). Additionally, they can affect gene expression by binding to human α-tocopherol-related hTAP proteins, which regulate tocopherol access to specific enzymes and transcription factors and control the level of “free” tocopherol. Ultimately, tocopherols and tocotrienols can be metabolized to bioactive compounds (metabolites) and affect the activity of transcription factors [71,74].



Both the anti-inflammatory and antioxidant functions of vitamin E may enhance the immune system [75]. In addition, vitamin E regulates the maturation and functioning of dendritic cells, whose role is to connect the innate and adaptive immune system to coordinate the immune response. Other main roles of vitamin E isoforms include the increase in NK cells (natural killer cells) activity, humoral response, antibody function, and the improvement of T lymphocyte synapses formation as well as the initiation of the T cell activation signal [76,77,78]. Later studies revealed that various forms of vitamin E act as signaling and gene-regulating molecules and indicated a nonantioxidant molecular function of α-tocopherol [79]. However, Traber and Atkinson [74] underlined that the mechanism of action of α-tocopherol results from its antioxidative role. It seems that this fundamental role of compounds with vitamin E activity is unquestionable, while its other properties require confirmation in further in vivo research.



Interest in tocopherols and tocotrienols has grown in recent years due to the emerging evidence that they can prevent common diseases. Both tocopherols and tocotrienols have been shown as compounds with the following properties: anti-atherosclerotic [80], anti-cancer [42,50,81,82], anti-allergic [83], improvement of immune functions [75], anti-cardiovascular disease [84], anti-lipidemic [85], anti-diabetic [86], antihypertensive [87], anti-inflammatory [88], anti-obesity [5], and anti-non-alcoholic steatohepatitis (NASH) [89]. On the other hand, the results of many clinical trials do not confirm the protective role of α-tocopherol in preventing disease in people with adequate nutritional status. Based on the current state of research, γ-tocopherol and tocotrienols, as well as metabolites of α- and γ-tocotrienol, are promising compounds in the prevention of diseases driven by acute inflammatory and oxidative damage. To verify their biological role, large-scale clinical trials are needed [44].




7. α-Tocopherol Status and Requirements


The assessment of the human requirement for α-tocopherol is hampered by the rare occurrence of clinical symptoms of deficiency [3]. Symptoms usually develop in premature babies, infants, and adults with fat malabsorption, liver disease, or genetic diseases [78]. Extremely low values of α-tocopherol in the body may lead to disease named ataxia with vitamin E deficiency (AVED). This is a rare disorder caused by a mutation in the gene encoding α-TTP. Patients with AVED have the ability to absorb vitamin E isoforms in the intestine, but they have extremely poor ability to retain it. Symptoms of the disease include as follows: progressive ataxia, clumsiness of the hands, loss of proprioception, areflexia, retinal atrophy, degeneration of the spine, accumulation of lipofuscin in neurons, and loss of Purkinje cells. The disease causes low blood levels of α-tocopherol, but it can be prevented by α-tocopherol supplementation. People who suffer from α-tocopherol deficiency because of genetic mutations also have impaired selectivity between α-tocopherol and γ-tocopherol, and increased excretion of α-CEHC [45,90]. Other forms of vitamin E than α-tocopherol are not effective against the human deficiency disease [91]. Severe α-tocopherol deficiency causes significant neuronal disorders, such as ataxia and oxidative disorders, cardiovascular diseases, cancer, and cataracts. As pointed out by Azzi [91], only α-tocopherol should be called vitamin E, so consistently, both in the diet and in recommendations, only this form of the vitamin E family should be considered.



Now, 8–15 mg of α-tocopherol or an α-tocopherol equivalent for women and men, according to the different scientific institutions, is recommended [25,92,93,94]. There are significant differences in α-tocopherol intake in different countries, varying from 8 to 10 mg/person/day in Finland, Iceland, Japan, and New Zealand, to 20 to 25 mg/person/day in France, Greece and Spain [3]. However, in a study that focused on a comparison of vitamin E intake in different subpopulations, over 80% of the mean and the median data points were below the RDA of 15 mg/day [95].



It was also noted that the requirements for α-tocopherol depend on the content of polyunsaturated fatty acids (PUFA) in a diet [96]. Peroxyl radicals react 1000 times faster with α-tocopherol than with polyunsaturated fatty acids (PUFA), which prevent their further oxidation [97]. Therefore, to quantify the need for α-tocopherol, in addition to the basal need, additional amounts depending on PUFA intake should be considered. It has been estimated that the need for α-tocopherol should be in the range of 12–20 mg/day for the “typical” range of PUFA consumption [96].



The concentration of α-tocopherol in serum or plasma is the main method used for α-tocopherol status assessment. According to Traber et al. [98], levels of α-tocopherol in serum below 9 µmol/L in men and below 12 µmol/L in women are considered as deficiency. A large prospective cohort analysis with more than 30 years of follow-up has provided strong evidence that men with higher serum α-tocopherol levels (≥14.2 mg/L vs. <9.3 mg/L) had lower overall mortality and lower mortality from cardiovascular disease (CVD), heart disease, stroke, cancer, and respiratory disease [99]. In cancer prevention studies, higher blood levels of α-tocopherol were associated with lower mortality. The lowest total mortality was observed at the concentration of α-tocopherol at the level of 30 µmol/L in the blood serum [100,101]. Additionally, other results of observational studies showed that at the point of 30 µmol/L and above, the concentration of α-tocopherol in the serum has a positive effect on human health [102]. However, as it was summarized by Eggersdorfer [95], only 21% of the reported populations and subpopulations reached this threshold, which may indicate a generally low vitamin E (α-tocopherol) nutritional status worldwide. No reference values have been established for the other forms of vitamin E. According to Traber [43], plasma α-tocopherol concentration is not a reliable marker for the assessment of vitamin E status, especially in subjects with an abnormal lipids profile. Therefore, adjusting α-tocopherol to plasma lipids and lipoproteins is recommended. However, it is not widely used, and it may be a cause of overinterpretation and ambiguity of the described results about α-tocopherol status. Plasma α-tocopherol concentration may be modified by several factors such as age, gender, lifestyle, low circulating lipid levels, genetic variation and variation in the absorption, metabolism, and excretion of vitamin E, as well as by obesity, metabolic syndrome, or high levels of oxidative stress [5,12]. Urine or plasma α-CEHC has been suggested as a better biomarker of adequate vitamin E status, but the methodology was not sensitive enough to detect their low levels and thus they are not widely used [43]. Additionally, the assessment of vitamin E status is also difficult because it is a fat-soluble vitamin, which is stored in adipose tissue [12].



It is generally accepted that the concentration of α-tocopherol in adipose tissue reflects the long-term concentration of vitamin E [12]. Studies suggest that the α-tocopherol that is stored in the tissues would not be released on demand, but its concentration depends on the lipid content of the tissue. Adipose tissues were used to assess the long-term status of α-tocopherol, and it was determined that the typical concentration of α-tocopherol in adipose tissue in adults is about 100–300 µg/g (200–700 nmol/g). Additionally, the concentration of α-tocopherol in adipose tissue was used to determine the adequacy of vitamin E supplementation in patients with deficiency and was related to the concentration in peripheral nerves [12]. Measuring this biomarker of vitamin E status requires a biopsy of adipose tissues that is not widely accepted and used.



In conclusion, validated questionnaires and appropriate biomarkers are needed to assess vitamin E intake and status. To assess the dietary intake, mainly dietary records are used; however, they may lead to losing the key sources of vitamin E such as nuts and fats. In turn, for a nutritional status assessment, an adjustment for plasma lipids should be applied. If possible, the concentration of metabolites in the plasma and urine should be measured.




8. Adiposity and Vitamin E status


The existing results indicated a significant relationship between the content of adipose tissue in the body and the demand and metabolism of tocopherols and tocotrienols, mainly α-tocopherol. An excessive level of adipose tissue generates chronic inflammation visible in the increased secretion of cytokines, proteins, and immune response mediators, leading to the activation of inflammatory signaling pathways. Chronic, low-grade inflammation in obesity leads to increased oxidative stress and a disturbed balance of oxidants and antioxidants in the body [103]. Bioactive dietary antioxidants such as tocopherols and tocotrienols can prevent damage caused by inflammation and reactive oxygen species, thereby reducing the negative effects of obesity. On the other hand, an excess of adipose tissue may generate in the body an increased demand for antioxidants, which may cause their greater utilization, leading to their decreased concentration in the blood [104].



Research into the relationship between obesity and plasma α-tocopherol concentration is inconclusive. In some studies, the concentration of tocopherols (α-, γ-) in blood plasma was significantly and positively associated with anthropometric indices, the strongest associations of which were with waist-to-hip ratio (WHR), body mass index (BMI), waist circumference (WC), waist-to-height ratio (WHtR), indicative of central obesity [104,105]. Some studies have found opposite results and a negative relationship between plasma α-tocopherol concentration and the incidence of central obesity [106,107,108]. The results of Barzegar-Amini and colleagues’ studies [68] showed that low serum α-tocopherol levels were significantly associated with increased waist and hip circumference, body weight, and cholesterol and triglyceride levels. It can be assumed that all these associations show certain tendencies, but the clinical significance of the associations may be questionable.



More valuable for further research seem to be the results concerning the relationships between adiposity and plasma α-tocopherol, other vitamin E isomers, or their metabolites concentration. Chai et al. [109] found significantly higher levels of γ-tocopherol in the blood in people with obesity compared with subjects with normal body weight (classification based on BMI) and a lack of differences between the groups for α-tocopherol [109]. It has also been shown that in people with metabolic syndrome, which was associated, i.e., with excessive adipose tissue, the level of excreted α-tocopherol metabolites as well as the plasma level of α-tocopherol were lower, and the level of oxidative stress increased [110].



In patients with excess body weight who remained on a reduction diet for six weeks, significant reduction in blood plasma α-tocopherol was observed. Almost 80% of them had this level below 20 μmol/L. This may indicate an increased risk for cardiovascular diseases and low antioxidant protection [103]. Similar results were obtained after the eight-week weight reduction program [111]. Eighty-five subjects with initially normal levels of α-tocopherol (mean 28 μmol/L) reduced their body weight by an average of 13%, but a significant decrease in the level of α-tocopherol (to about 21 µmol/L) was observed [111]. It is unclear whether the above-mentioned differences in distribution of the α-tocopherol and other isoforms are due to insufficient intake, changes in metabolism in obese individuals, or due to these two factors simultaneously [112]. This is explained by decreased α-tocopherol catabolism (by slower turnover) in people with excess body weight, although it is unclear whether this is due to greater oxidative damage, decreased dietary vitamin intake, or impaired absorption. Any reduction in the absorption of α-tocopherol limits its availability. In addition, inflammation and increased oxidation associated with metabolic disorders reduce the bioavailability of tocopherol [37].



Recently, the research results also indicated that tocotrienols may have a positive effect in reducing obesity. It has been shown that tocotrioenols inhibit adipogenesis by reducing the accumulation of triglycerides (TGs) and lipid droplets in murine Hepa 1-6 liver cancer cells, HepG2 human liver cancer cells, 3T3-L1 preadipocytes, and human adipose-derived stem cells (hASCs). γ-T3 was characterized by the greatest potency of the anti-adipogenic effect, followed by δ-, β-, and α- forms. Additionally, studies have reported that tocotrienols reduce body weight, especially fat mass in obese animals [112]. Uto-Kondo et al. [113] assessed the effect of a tocotrienol-rich fraction from palm oil on adipocyte differentiation in 3T3-L1 cells. The authors suggested that the α- and γ-tocotrienol fractions inhibited the differentiation of pre-adipocytes into adipocytes, potentially preventing obesity. A study in rats [114] showed that γ-tocotrienol (60 mg/kg body weight/day) decreased adipose tissue mass induced by various doses of glucocorticoid.



Based on those results, some authors indicate that strong epidemiological evidence is still needed regarding the relationship between vitamin E intake, status, and weight loss in humans [115]. However, on the other hand, given tocopherols and tocotrienols metabolism and the existence of the specific proteins for α-tocopherol, it may be supposed that vitamin E, despite its undoubted bioactivity, will be not a remedy for metabolic syndrome or obesity.



These results rather indicate the need for further research aimed at establishing the vitamin E requirements and desirable plasma concentrations for non-α-tocopherol forms for individuals with disorders associated with increased oxidative stress or inflammation [37,110]. Nonetheless, it is worth noting that people with excess body weight do not meet the requirements for many vitamins and minerals in their diet (the phenomenon of malnutrition in obesity), including vitamin E. It is often related to the reduction of fat in the diet, which is the main source of many lipid-soluble compounds, such as vitamin E [116].




9. Summary


This review presents the available evidence confirming the role of γ- and δ-tocopherol as well as α- and γ-tocotrienol as bioactive compounds that are defined to have documented health benefits beyond the normal nutritional effects and a positive effect on specific functions of the human body. The positive role of α-, γ-, and δ- tocopherol as well as α- and γ-tocotrienol and also their metabolites in cell homeostasis; modulation of signaling pathways, enzymes, and genes; and the mechanism of antioxidant action contributing to the reduction of inflammation was clearly documented. This activity is possible by specific interactions with enzymes, structural proteins, and structural lipids as well as by transcription. The metabolism of vitamin E is under constant control of the organism, and RRR-α-tocopherol as the most biologically active form is preferred. Although many studies confirm the multidirectional activity of vitamin E isoforms, the exact mechanisms require further research. In addition to its influence on fertility, early animal studies documented that this vitamin is a necessary factor for other vital functions and for the development of tissues and organs such as brain and nerves, muscles and bones, skin, bone marrow, and blood. Some of these functions have been confirmed in humans, while others are still under investigation. Over past few years, several laboratories have described new and even unexpected cellular and molecular properties of tocopherols, tocotrienols, and their metabolites (Figure 3).



In many scientific studies, the terms α-tocopherol and vitamin E are used interchangeably, which can result in ambiguity and confusion. The need to specify nomenclature, to stop combining isoforms into one vitamin E compound, is highlighted. This is mainly due to the differences between the various forms of vitamin E as well as the differences in the mechanisms of action and biological activity between tocopherols and tocotrienols as well as the fact that α-tocopherol is the form of vitamin E that preferentially accumulates in blood and tissues This aspect, similar to the consideration of lipids/lipoproteins in the determination of plasma tocopherols levels, needs to be systematized. We believe that this updated knowledge is worth considering as a way of improving the nutritional recommendations and for creating the criteria for a new wave of research into tocopherols and tocotrienols and their relationship with health.
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Figure 1. The structure of tocopherols, tocotrienols, and differences in the structure of their isoforms [17,18]. 
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Figure 2. The simplified scheme of the transport and metabolism of vitamin E. The metabolism of vitamin E follows generally like other lipids species. In the intestine, vitamin E, along with other lipids, is packed into micelles, which are captured by receptors. In the intestinal epithelial cells, vitamin E is incorporated into chylomicrons or HDL via ABCA1. Vitamin E in the blood follows the lipoprotein transport route and is delivered to the liver or extrahepatic tissues. Vitamin E transport takes place with the participation of chylomicrons, which are subjected to hydrolysis by lipoprotein lipase. Further transport of vitamin E is through by chylomicron remnants, HDL, LDL, and VLDL. In the liver, vitamin E is sorted and directed to catabolism or to various lipoproteins (the mechanisms are not fully understood), returning to the bloodstream. The transport route is the same for all forms of vitamin E. Discrimination of the other forms in favor of α-tocopherol occurs in the liver by α-TTP, which protects against excessive degradation and excretion of α-tocopherol. The remaining forms of vitamin E are included in catabolism (phase I and II). NPC1L1, Niemann-Pick C1 Like 1 protein; SR-B1, scavenger receptor class B type 1; ABCA1, ATP-binding cassette transporter; VLDL, very-low-density lipoproteins; HDL, high-density lipoproteins; LDL, low-density lipoproteins; LDLR, LDL receptor; VE, vitamin E; α-T, alpha-tocopherol; γ-T, gamma-tocopherol; T3, tocotrienols; LRP, LDL receptor-related protein; LCM, long-chain metabolites (13′-COOH); ICM, intermediate-chain metabolites (11′-COOH, 9′-COOH); SCM, short-chain metabolites (7′-COOH, 5′-COOH, 3′-COOH); FFAs, free fatty acids; MDR3, multidrug resistance protein 3. The figure was modified from [1,32,33,34,35,36]. 
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Figure 3. Summary of potential health benefits of tocopherols and tocotrienols. T, tocopherol; T3, tocotrienol; VE, vitamin E; VEM, vitamin E metabolites. The author’s own study based on [4,8,10,11,12,35,36,37,74,99,104,105,106,107,112,113,114]; icons source: www.flaticon.com (accessed on 31 March 2021). 
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