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Abstract

The Vitamin E family consists of four tocopherols and four tocotrienols. α-Tocopherol (αT) is the

predominant form of vitamin E in tissues and its deficiency leads to ataxia in humans. However,

results from many clinical studies do not support protective roles of αT in disease prevention in

people with adequate nutrient status. On the other hand, recent mechanistic studies indicate that

other forms of vitamin E such as γ-tocopherol (γT), δ-tocopherol (δT) and γ-tocotrienol (γTE)

have unique antioxidant and anti-inflammatory properties that are superior to αT in prevention and

therapy against chronic diseases. These vitamin E forms scavenge reactive nitrogen species,

inhibit cyclooxygenase- and 5-lipoxygenase-catalyzed eicosanoids and suppress pro-inflammatory

signaling such as NF-κB and STAT3/6. Unlike αT, other vitamin E forms are significantly

metabolized to carboxychromanols via cytochrome P-450 (CYP4F2)-initiated side-chain ω-

oxidation. Long-chain carboxychromanols, esp.13’-carboxychromanols, are shown to have

stronger anti-inflammatory effects than un-metabolized vitamins and may therefore contribute to

beneficial effects of vitamin E forms in vivo. Consistent with mechanistic findings, animal and

human studies show that γT and tocotrienols may be useful against inflammation-associated

diseases. This review focuses on non-αT forms of vitamin E with respect to their metabolism,

anti-inflammatory effects and mechanisms and in vivo efficacy in preclinical models as well as

human clinical intervention studies.
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Naturally-occurring vitamin E forms are eight lipophilic molecules, which include α-, β-, γ-,

δ-tocopherol (αT, βT, γT, δT) and α-, β-, γ-, δ-tocotrienol (αTE, βTE, γTE, δTE) (Figure 1).

All vitamin E forms have a chromanol ring and a 16-carbon phytyl-like side chain, in which
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tocopherols are saturated and tocotrienols have three double bonds (Figure 1). Different

isoforms of tocopherols and tocotrienols differ at 5- or 7-position of chromanol ring with

either -H or -CH3 group. Natural tocopherols have RRR configuration at 2, 4’ and 8’-

position, and tocotrienols have R-configuration at 2-position (Figure 1).

All tocopherols and tocotrienols are potent antioxidants with lipoperoxyl radical scavenging

activities. Only until recently, most research on vitamin E has primarily focused on αT [1],

because αT is the predominant form of vitamin E in tissues and low intake of this form

results in vitamin E deficiency associated ataxia [2]. However, many human and animal

studies on αT supplementation have yielded disappointing outcomes regarding its protective

role in prevention or treatment of chronic diseases including cardiovascular diseases and

cancer [3, 4]. On the other hand, recent mechanistic studies combined with preclinical

animal models have indicated that compared with αT, other forms of vitamin E appear to

have different and superior biological properties that may be useful for prevention and

therapy against chronic diseases. Furthermore, emerging evidence suggest that some long-

chain vitamin E metabolites have even stronger anti-inflammatory effects than their vitamin

precursors. These metabolites may be novel anti-inflammatory agents, and may contribute to

beneficial effects of vitamin E forms in vivo. Here we discuss recent development in the

field of non-αT forms of vitamin E with respect to their metabolism, antioxidant and anti-

inflammatory effects.

1. FOOD SOURCES AND BIOAVAILABILITY

Natural forms of vitamin E are made by plants. Although αT exists in some fruits and

vegetables [5], plant seeds including commonly-used nuts are rich sources of αT and γT. For

instance, αT is predominantly found in peanuts, almonds and sunflower seeds, while γT is

the major vitamin E in walnuts, pecans, pistachios and sesame seeds [6, 7]. As a result, αT

and γT are found in many food oils like corn, soybean and peanut oil (Table 1) [6, 7]. Due to

the widespread use of corn and soybean oil, γT represents ~60–70 % vitamin E consumed in

the typical US diet, while αT accounts for 20–25% [6]. Good sources of δT include tomato

seeds, rice germ and soybean oil [6]. Tocotrienols are much less prevalent than tocopherols

in commonly-used nuts; and they are mostly found in palm oil, barley, annatto and some

cereal grains [6, 8].

Vitamin E forms coexist with fats in many dietary sources. Therefore, high intake of these

vitamers is associated with enhanced consumption of certain types of fatty acids found in the

same diet. Interestingly, γT-rich nuts or oils often contain high levels of polyunsaturated

fatty acids (PUFA), while many αT-rich plant oils tend to have more monounsaturated fatty

acids (MUFA) than PUFA (Table 1). With only a few exceptions, large majority of PUFA in

plant oils are n-6 fatty acids. These nutrient data suggest that it may be necessary to consider

confounding factors from different types of fat when potential association of vitamin E

forms with diseases is considered in epidemiological cohort and case/control studies.

Considering that γT-rich diets often predominantly contain n-6 PUFA, plasma γT may be a

marker of high PUFA intake which plays complicated roles in diseases [9]. In contrast, high

αT may in part reflect favorable MUFA intake.
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As the major vitamin E forms in the food, αT and γT are more abundant than other

tocopherols or tocotrienols in tissues. On the other hand, despite variations in food sources,

it has long been observed that αT is the predominant form of vitamin E in the body. For

instance, plasma concentrations of αT in non-supplemented individuals range from 20–

30µM, whereas γT, despite higher than αT in the US diets, is often 5–10 times lower than

αT in the blood [1]. The preferential retention of αT over other vitamin E including γT is

rooted in distinct binding affinity and activity toward γT vs. other vitamers by liver proteins

that are important for transport and metabolism of tocopherols and tocotrienols.

2. METABOLISM AND METABOLTIES

2.1. Overview of Absorption and Metabolism

In the intestine, dietary tocopherols and tocotrienols appear to be similarly absorbed along

with dietary fat and are secreted in chylomicron particles together with triacylglycerol,

phospholipids and cholesterol [1, 10–12]. The chylomicron-bound vitamin E forms are

transported via lymphatic system to the peripheral tissues, including muscle, bone marrow,

adipose, skin and possibly brain. In these tissues, vitamin E forms are picked up by

lipoprotein receptor-mediated process, which is not-well understood [1, 12, 13].

Chylomicron-associated tissue uptake of vitamin E may contribute to the accumulation of

non-αT forms of vitamin E such as γT in human skin, adipose and muscle, where

unexpectedly high concentrations of γT were observed, in contrast to its low levels in the

plasma [14]. The resulting chylomicron remnants are subsequently taken up by the liver.

In the liver, αT is preferentially bound to α-tocopherol-transfer protein (α-TTP). α-TTP,

together with ATP-binding cassette transporter A1 (ABCA1) [15], incorporates αT into

lipoproteins, which transport vitamin E to other tissues via circulation [1, 2, 12] (Figure 2).

In contrast to high affinity to αT (100%), α-TTP has much lower affinity toward other

vitamin E forms, e.g. 50%, 10–30%, or 1% affinity to βT, γT and δT, respectively. Unlike

αT which is bound and thus protected by α-TTP, large portions of non-αT forms of vitamin

E are catabolized in the liver via cytochrome P450 (CYP4F2) initiated ω-hydroxylation and

oxidation followed by β-oxidation of the phytyl chain to generate 13’-hydroxychromanol

(13’-OH), various carboxychromanols and terminal metabolite 3’-carboxychromanol (3’-

COOH) or (2’-carboxyethyl)-6-hydroxychromans (CEHCs) (Figure 2). Conjugation such as

sulfation and glucuronidation of the phenolic on the chromanol may take place in parallel

with β-oxidation when there is high intake of vitamin E forms (Figure 2).

2.2. Mechanism of vitamin E catabolism

The terminal metabolite CEHC from δT was first identified from rats’ urine in 1984 [16].

Similar end metabolites derived from αT and γT were subsequently found in human plasma

and urine [17–21]. The structural characteristic of CEHCs suggests that vitamin E

catabolism involves oxidation of the hydrophobic side chain via cytochrome P450-catalyzed

reactions. It is not until 2002 that the mechanism of how vitamin E forms are metabolized

was unequivocally elucidated. Sontage and Parker [22] and Birringer et al [23] showed that

cultured hepatic HepG2 cells metabolize γT, δT and γTE to 13’-hydroxychromanol, long-

chain carboxychromanols including 13’-, 11’ and 9’-carboxychromanol (13’-COOH, 11’-
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COOH, 9’-COOH) and shorter side chain carboxychromanols (7’-COOH, 5’-COOH and 3’-

COOH) (Figure 2). The identification of these intermediate metabolites in cell culture media

provides direct evidence that vitamin E forms are metabolized via cytochrome P-450

mediated ω-hydroxylation and oxidation of 13’-carbon, followed by stepwise β-oxidation to

cut off a two- or three carbon moiety each cycle from the side chain.

Conjugation including sulfation also plays a role in tocopherol metabolism. In human A549

cells, γT, δT and γTE are catabolized to sulfated long-chain carboxychromanols, i.e.,

SO3-13’-COOH, SO3-11’-COOH and SO3-9’-COOH, (Figure 2), in addition to

unconjugated carboxychromanols [24]. Although conjugated CEHCs have previously been

reported to be excreted to the urine, the discovery of conjugated long-chain

carboxychromanols indicates that sulfation occurs simultaneously with β-oxidation.

Interestingly, sulfated 13’-COOH, 11’-COOH and 9’-COOH as well as 13’-OH and 13’-

COOH were detected in the plasma of rats which were supplemented with γT, δT and γTE

[24–26]. Furthermore, the majority of plasma carboxychromanols were found to be in the

conjugated forms in rats supplemented with γTE [25]. These observations indicate that

under supplementation condition, sulfation takes place in parallel with β-oxidation in the

body (Figure 2) [24, 25]. These in vivo data confirm that vitamin E forms are metabolized

via ω-hydroxylation and β-oxidation as well as sulfation in a whole body environment.

Consistently, high levels of long-chain carboxychromanols including 13’-COOH were found

in feces in mice supplemented with γT, δT or mixed tocopherols [27–29], although Zhao et

al [30] reported relatively high fecal excretion of short-chain carboxychromanols.

To illustrate which subcellular compartment hosts different steps of vitamin E metabolism,

Mustacich et al. [31] analyzed subcellular contents of αT and metabolites in the liver of rats

injected with mega doses of αT. They observed much greater levels of αT and 13’-OH in

the microsomes which contain endoplasmic reticulum membranes than those in the

mitochondria and peroxisomes. On the other hand, α-CEHC was almost exclusively

detected in the mitochondria. These data indicate that like other CYP enzymes, ω-

hydroxylation and β-oxidation of 13’-carbon (by CYP4F2) take place in hepatic

endoplasmic reticulum, while subsequent β-oxidation of long-chain and short-chain

carboxychromanols occurs in the peroxisomes and mitochondria, respectively [31]. The

differential localization of ω-oxidation and subsequent β-oxidation helps explain the

observation that sulfated long-chain carboxychromanols are detected in rats supplemented

with γT or γTE [24–26]; Specifically, when long-chain carboxychromanols are transported

from microsomes to peroxisomes and/or mitochondria for further β-oxidation, cytoplasmic

sulfotransferases may catalyze sulfation of these intermediate metabolites. Hashiguchi et al.

[32] showed that sulfotransferases in SULT1 family were effective in sulfation of

carboxychromanols.

Besides ω-hydroxylase mediated ω-hydroxylation of 13’-carbon, 11’- and 12’-OH-

tocopherols were recently identified from the feces of mice that were supplemented with γT

and δT, indicating ω-1 and ω-2 hydroxylase activity [27, 28]. It was estimated that under a

moderate supplementation dose, ω-hydroxylation appears to be the predominant path of

vitamin E metabolism, accounting for more than 80% fecal excreted metabolites [28].
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2.3. Regulation of vitamin E retention, metabolism and excretion

It is becoming clear that both α-TTP and vitamin E ω-hydroxylase play critical roles in

controlling bioavailability and metabolism of vitamin E. α-TTP, which preferentially binds

to αT over other vitamers, functions to secrete vitamin E forms and facilitate transportation

of them among intracellular organelles [15]. As a result, α-TTP prevents αT and other

bound vitamin E forms from being catabolized in the liver. On the other hand, vitamin E ω-

hydroxylase, which is in charge of catabolizing unbound vitamin E forms, has stronger

activities toward non-αT forms than αT. Because of these two opposite interactions, αT is

predominantly accumulated in body tissues, whereas γT and other vitamin E forms are

preferentially metabolized to hydroxycarboxychromanol, carboxychromanols and their

conjugated counterparts (Figure 2A). In addition, proteins controlling vitamin E absorption

and excretion may also play a role in its bioavailability.

2.3.1. α-TTP—α-TTP is a member of the CARL-TRIO family, which consists of lipid-

binding proteins in control of intracellular trafficking of hydrophobic molecules ([15] and

references therein). α-TTP has strong affinity for αT with K(d) of 25nM, but shows much

weaker affinity to other vitamin E forms (K(d) =124, 266, 586 nM for βT, γT and δT,

respectively) [33]. Qian et al [34] showed that α-TTP is necessary for transporting

tocopherols from the lysosome to the plasma membrane prior to vitamin E secretion from

hepatocytes. Cell-based studies further indicate that optimal liver secretion of vitamin E

requires not only α-TTP but also ABCA1, a membrane protein known for cholesterol

transport [34–36]. As a result, knockout of ABCA1 led to lowered plasma levels of

tocopherols and cholesterol compared with those in the wild-type mice [36].

α-TTP is primarily responsible for maintaining high tissue contents of αT and preferentially

enriching αT over other vitamin E forms in the body. This notion is strongly supported by

the fact that knockout of α-TTP gene leads to severe deficiency of αT in mice [37, 38].

Familial vitamin E deficiency, which stems from genetic mutations of α-TTP in human, is

associated with very low levels of αT in the plasma and develops ataxia [39]. Compared

with healthy controls, patients with genetic defects in α-TTP also have impaired selectivity

between αT and γT [40] and enhanced urinary excretion of α-CEHC despite much reduced

plasma αT concentrations [41]. α-TTP also distinguishes naturally-occurring RRR-αT vs.

synthetic stereoisomers, which leads favorable retention of naturally occurring RRR- than

synthetic αT [10]. Interestingly, α-TTP appears to even play a role in retaining non-αT

forms of vitamin E as α-TTP knockout mice have not only lowered αT but also decreased

γT in tissues compared with controls [37].

Despite its critical role in preserving vitamin E forms in tissues and selectivity among the

different vitamers, α-TTP is not the only protein responsible for favorable retention of αT

over other vitamin E forms. This is because mice or Drosophila without TTP (TTP−/−) still

maintain higher levels of αT than γT in tissues [37, 42]. This observation suggests that

catabolic enzymes may also have selection in tocopherols and tocotrienols.

2.3.2. Tocopherol ω-hydroxylase (cytochrome P450 4F2)—Cytochrome P450

mediated hydroxylation and oxidation of the side chain is responsible for initiating vitamin
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E catabolism. Sontag and Parker [22] demonstrated that tocopherol-ω-hydroxylase activity

is associated with cytochrome P450 4F2 (CYP4F2) but not other isoforms including

CYP3A. CYP4F2, a microsomal ω-hydroxylase, was initially identified to metabolize

leukotriene B4 via ω-hydroxylation [43]. Sontag and Parker [44] further demonstrated that

ω-hydroxylase has higher activities toward vitamin E forms with unsubstituted C5 in the

chromanol ring such as γT and δT than αT which has methylated C5. The Vmax of ω-

hydroxylase toward tocotrienols is much higher than that to their tocopherol counterparts.

Interestingly, αT is a positive effector of ω-hydroxylation as it stimulates metabolism of

other vitamers [44]. Consistent with the key role of CYP4F2 enzyme in vitamin E

catabolism, mice with knockout of Cyp4f14, a murine ortholog of human CYP4F2, has

greatly enhanced tissue retention of non-αT forms of vitamin E such as γT and δT and

decreased urinary and fecal excretion of metabolites [28]. Nevertheless, Cyp4f14 knockout

did not completely abolish omega-series metabolites, suggesting involvement of other ω-

hydroxylase(s) in mice. Interestingly, αT levels were not affected in the absence of Cyp4f14,

which is in agreement with the notion that CYP4F2 has low catabolic activity of this vitamin

E form [28].

CYP4F2-initiated ω-oxidation metabolism is estimated to account for generation of >70%

whole body vitamin E metabolites [28]. Besides CYP4F2-mediated ω-hydroxylation of 13’-

carbon, ω-1 and ω-2 hydroxylase-catalyzed reactions have been reported as significant

amounts of 12’- and 11’-hydroxychromanol (12’-OH, 11’-OH) were found to be excreted in

mouse feces [27, 28]. It remains to be determined which cytochrome P450 enzymes has ω-1

and ω-2 hydroxylase activities. In addition, extra-hepatic metabolism is evident by the

observation that mice with liver-specific knockout of cytochrome P-450 activity have

reduced body metabolic capacity by 70% but not 100% [27]. To this end, intestine has been

shown to have ω-hydroxylase activity, which nevertheless is much less effective than that in

the liver [27].

The revelation of executive functions of α-TTP and tocopherol ω-hydroxylase helps explain

some well-documented phenomena related to vitamin E bioavailability. For instance, it is

well known that αT supplementation depletes plasma and tissue γT [1]. This observation is

likely partially rooted in α-TTP’s preferential affinity for αT as increased αT may compete

with γT in TTP binding and therefore leaves more γT for catabolism by hydroxylases.

Meanwhile, increased intake of αT may stimulate γT catabolism due to its effector activity

to CYP4F2 [44]. As a result, αT supplementation increased secretion of γ-CEHC [45]. In

addition, it has been reported that supplementation of sesame seed or sesamin, a lignin in

sesame seeds, result in enhanced plasma and tissue levels of γT [46, 47]. This is because

sesamin is a potent CYP4F inhibitor [48], and therefore blocks γT from degradation and

enhances its tissue retention. Recently, two common single nucleotide polymorphisms in the

CYP4F2 gene, i.e. W12G and V433M (which have a minor allele frequency of 6–21% and

9–26%, respectively), have been shown to have differential catalytic activity [49]. This

observation suggests that these genetic variants may contribute to alterations of tissue status

of vitamin E forms and their metabolites, which warrants further investigation in human.

2.3.3. Other vitamin E binding proteins—In addition to TTP and CYP4F2, several

tocopherol associated proteins (TAPs) such as SEC14p like proteins and supernatant protein
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factor (SPF) have been reported to be able to bind tocopherols [33, 50, 51]. SPF appears to

have stronger affinity to γT (Kd ~268nM) than αT (Kd at 615nM) [33], although its binding

affinity is much weaker than that of TTP toward αT (Kd at ~25nM). Recently, a ubiquitous

cytosolic protein saposin B is reported to bind to γT more potently than αT or Coenzyme Q

[52]. Despite preference of γT over αT, these proteins may not play critical roles in

maintaining γT due to relatively low affinity. Interestingly, Ulatowski et al. [53] showed that

αT status was perturbed in the brain and liver of Niemann-Pick type C (NPC) gene (NPC1

and NPC2)-knockout mice, while α-TTP status and plasma αT levels were not affected by

NPC gene knockout. These data indicate that NPC1/2 proteins, which regulate transport of

lipid including cholesterol through the endocytic pathway, play a role in vitamin E transport

and status. Nevertheless, more research is needed to determine how these proteins regulate

vitamin E transport and metabolism.

2.3.4. Excretion—Besides catabolism, excretion of vitamin E and their metabolites is

another factor influencing tissue retention of these compounds. Short chain

carboxychromanols and their sulfated or glucuronidated counterparts are excreted via

urination, while unconjugated carboxychromanols are primarily found in feces [27, 28, 30].

Bardowell et al. [28] estimated that as much as 80% of total metabolites were excreted via

feces, in contrast to the previous assumption that vitamin E metabolites are primarily

excreted in the urine. Unmetabolized tocopherols and tocotrienols are also discarded via

biliary excretion. Liver seems to preferentially excrete γT compared with αT [54–56].

Excretion of excess hepatic vitamin E into the bile is thought to be mediated by the ABC

transporter, P-glycoprotein (MDR2) [57]. Injection of large amounts of αT leads to

modulation of genes involved in hepatic xenobiotic metabolism such as CYP3 [58] and

ABC transporters [59], which may be resultant from its activation of the pregnane X

receptor [60]. Interestingly, fecal excretion of βT and αT is markedly enhanced in response

to their supplementation, which likely prevents excess accumulation of these tocopherols in

tissues [27, 28]. However, it is not clear whether enhanced excretion is partially caused by

decreased absorption. A recent study using Caco-2 monolayers suggested that

apolipoprotein B-dependent pathway and ABCA1 play important roles in vitamin E

secretion from intestine and ABCA1-dependent secretion shows favorable selectivity of αT

and γT over δT [61]. Factors that determine vitamin E absorption, secretion and excretion

warrant further investigation.

3. ANTIOXIDANT ACTIVITIES OF VITAMIN FORMS AND

CARBOXYCHROMANOLS

All vitamin E forms are potent antioxidants as they scavenge lipid peroxyl radicals by

donating hydrogen from the phenolic group on the chromanol ring (Figure 3). Because of

possessing similar phenolic moiety, all vitamin E forms are considered to have potent

antioxidant activities [1]. On the other hand, tocotrienols have been suggested to be better

than αT in scavenging peroxyl radicals due to more even distribution of tocotrieonls in the

phospholipid bilayer and more effective interaction with lipid peroxyl radicals than

tocopherols in membrane environments [62, 63].
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In contrast to the similar hydrogen donating capability, natural vitamin E forms possessing

an un-substituted 5-position such as γT are able to trap electrophils including reactive

nitrogen species (Figure 3), which are enhanced during inflammation. On the other hand,

this activity is not possessed by vitamin E with a methyl group at the 5-position, such as αT

[1]. As a result, γT is shown to be superior to αT in detoxifying NO2 and peroxynitrite via

formation of 5-nitro-γT [1, 64–66]. Consistently, 5-nitro-γT was elevated in zymosan

induced-peritonitis in rats [67] and during FeCl3 patch-induced occlusive thrombus

formation in rats [68].

In addition to tocopherols and tocotrienols, 13’-hydroxychromanol or 13’-

carboxychromanol from δT or δTE have been shown to have potent antioxidant activities by

preventing lipid peroxidation in vitro. Compared with αT, these compounds exhibit slightly

stronger radical scavenging activity [69].

4. ANTI-INFLAMMATORY ACTIVITIES AND MECHANISMS

4.1. Overview of pro-inflammatory pathways and anti-inflammatory mechanisms by
vitamin E forms and metabolites

Inflammatory diseases such as rheumatoid arthritis and asthma are among the leading causes

of disability worldwide. Chronic inflammation contributes significantly to the development

of chronic diseases including cardiovascular diseases and cancer [70–72]. Inflammation

results from over-reacting immune response and is characterized by a plethora of production

of reactive oxygen/nitrogen species and pro-inflammatory mediators including lipid

mediators, notably prostaglandins and leukotriences, and cytokines like TNF-alpha and IL-6,

which in turn aggravate inflammation and lead to excessive damage to host tissues [73–75].

Prostaglandins and leukotriences are synthesized from arachidonic acid (AA) and play

important roles in mediating inflammatory response [74, 75]. For instance, prostaglandin E2

(PGE2), which is produced from COX-1 and COX-2-catalyzed oxidation of AA, is believed

to cause pain and fever [74, 76], as well as activate cytokine formation [77]. Leukotriene B4

(LTB4), another lipid mediator derived from AA via the 5-lipoxygenase (5-LOX)-catalyzed

reaction in neutrophils, is one of the most potent chemotactic agents [75]. Leukotriene C4

and D4, which are also generated by 5-LOX in eosinophils and mast cells, play key roles in

allergic inflammatory diseases and asthma [78]. COXs- and 5-LOX-catalyzed eicosanoids

are known to promote different types of cancer [79]. Because of the central roles of PGE2

and LTB4 in inflammation, COXs and 5-LOX have been recognized as key targets for drug

therapy against chronic diseases. In particular, COX inhibitors, which are non-steroidal anti-

inflammatory drugs (NSAIDs), have proven effective in attenuating inflammatory response,

treatment of inflammatory diseases and prevention against cancer [79–81]. 5-LOX inhibitor

Zileuton has clinically been used to treat asthma [82].

Cytokines are critical in regulation of inflammation and pathogenesis of inflammation-

associated diseases. For instance, interleukin-6 (IL-6) secreted from stimulated macrophages

is a pro-inflammatory cytokine and contributes to arthritis, cancer and obesity-related

promotion of carcinogenesis [83, 84]. Anti-IL-6 antibody is clinically used to treat anti-

TNFα nonresponsive arthritis [85, 86]. Nuclear factor (NF)- κB and JAK-STAT6/3 (signal
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transducer and activator of transcription) are central transcriptional factors in mediating

response and expression of cytokines and chemokines. Activated by receptor-mediated

signaling in immune and other types of cells, NF-κB and STATs binds to consensus target

sequences in various promoters and induce expression of a large amount of genes including

proinflammatory cytokines.

Mechanistic studies have demonstrated that specific forms of vitamin E such as γT, δT and

tocotrienols (esp. γTE) have anti-inflammatory effects by inhibiting COX-2- and 5-LOX

mediated eicosanoids, and suppressing NF-κB and JAK-STAT6 or JAK-STAT3 signaling

pathways in various types of cells (summarized in Figure 4). Long-chain

carboxychromanols esp. 13’-COOHs have been shown to inhibit COXs and 5-LOX more

strongly than un-metabolized vitamin E forms.

4.2. Vitamin E forms suppress generation of prostaglandins and leukotrienes in cellular
environments, but do not inhibit the COX-2 or 5-LOX activity

Jiang et al [87, 88] have shown that vitamin E forms differentially inhibited COX-2-

mediated PGD2 and PGE2 formation in LPS-stimulated RAW264.7 macrophages and IL-1β-

activated lung epithelial cells, respectively, with relative potency of δT ≈ γTE > γT >> αT.

Although γT, δT and γTE had no effects on endotoxin- or cytokine-stimulated COX-2 up-

regulation, they suppressed COX-2 activity in cellular environments [87, 88]. On the other

hand, none of these vitamin E forms appeared to inhibit the activity of purified COX-2 [87,

88]. These results support the notion that vitamin E forms are weak COX-2 inhibitors like

sallysalic acid and acetomanophen, both of which inhibit PGE2 in intact cells but show weak

inhibition of the purified COXs [89, 90].

γT, δT and γTE strongly inhibited A23187-stimulated LTB4 and LTC4 with IC50 of ~5 µM

in neutrophil- and eosinophil-like HL60 cells as well as human neutrophils isolated from

peripheral blood, while αT was much less effective with IC50s of 40–60 µM [91]. However,

these vitamin E forms failed to inhibit human recombinant 5-LOX at physiologically

relevant concentrations (IC50 > 200µM) [91]. Instead, δT and γT potently suppressed

A23187-stimulated ERK phosphorylation and 5-LOX translocation from cytosol to the

nucleus, which are key events for activation of 5-LOX to generate LTB4 in neutrophils [91].

Mechanistic investigation revealed that vitamin E forms reversed ionophore-triggered

membrane perturbation and consequently suppressed calcium influx, and thus leading to

inhibition of Ca2+ activated downstream signaling [91]. It is interesting to note that the

inhibitory effect of vitamin E forms on calcium influx and LTB4 depends upon specific

stimuli; for instance, δT inhibits LTB4 stimulated by calcium ionophores (A24187,

ionomycin), sphingosine-1-phosphate and lysophosphatic acid, but not by fMLP or

thapsigagin [91]. These observations are consistent with the lack of direct inhibition of 5-

LOX enzyme activity by vitamin E forms and suggest that their suppressive effects of

leukotrienes likely vary upon the nature of inflammation under whole body environments.

4.3. 13’-COOHs are dual inhibitors of COXs and 5-LOX

In contrast to unmetabolized vitamin E forms, long-chain carboxychromanols like 13’-

COOHs are able to suppress PGE2 in cellular environments and directly inhibit COX-1 and
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COX-2 enzyme activity [88]. In these activities, 13’-COOH from δT (δT-13’-COOH)

exhibits similar potency to ibuprofen and is much stronger than tocopherols or shorter-chain

carboxychromanols including 9’-COOH, 5’-COOH or 3’-COOH (α-CEHC and γ-CEHC)

[87, 92]. Mechanistic studies indicate that δT-13’-COOH inhibits the cyclooxygenase but

not the peroxidase activity of COX-1 and COX-2 [88]. Enzyme kinetic data reveal that 13’-

COOH is a competitive inhibitor of COX-1 and COX-2 with Ki at 3.9 and 10.7 µM,

respectively [88], indicating that 13’-COOH competes with arachidonic acid at the

substrate-binding site of the enzymes. Consistently, computer simulation confirms that 13’-

COOHs are capable of binding to the substrate binding site of COX and like arachidonic

aicd, the carboxylic acid group of 13’-COOH appears to form hydrogen-bonds with Tyr355

and Arg120. Moreover, Phe209, Phe381 and His226 are thought to provide extra interaction

with the chromanol of 13’-COOH via hydrophobic interaction and hydrogen bond formation

[88].

δT-13’-COOH also inhibits ionophore-stimulated LTB4 in HL-60 cells or isolated human

neutrophils. Unlike un-metabolized vitamin E forms, δT-13’-COOH directly inhibits human

5-LOX activity with IC50 of 1–2µM and effectively decreases LTB4 in neutrophils

regardless of the type of stimuli used for cell stimulation [91]. Our unpublished data indicate

that 13’-COOH is much stronger than shorter chain carboxychromanols in inhibition of the

activity of 5-LOX (Park N et al, unpublished observations). The nature of how 13’-COOH

inhibits 5-LOX is currently under investigation.

4.4. The effect of vitamin E forms on pro-inflammatory cytokines via modulating key
transcription factors C/EBPβ (CCAAT-enhancer binding protein β), NF-κB and STAT6/
STAT3

Several studies including ours [93–95] have shown that vitamin E forms inhibited LPS-

stimulated IL-6 in macrophages. Among different forms of vitamin E, γTE is the strongest

in this activity. On the other hand, vitamin E forms did not have significant impact on IL-10,

an anti-inflammatory cytokine [93, 94]. Mechanistic studies demonstrate that γTE inhibited

IL-6 by suppressing LPS-induced activation of NF-κB and up-regulation of C/EBPβ and C/

EBPδ [93]. γTE also inhibits NF-κB activation in cancer cell lines [96]. Consistent with its

inhibition of C/EBPs, γTE decreases LPS-stimulated granulocyte-colony stimulating factor

(G-CSF), a C/EBPβ target gene. Compared with RAW264.7 cells, γTE shows similar or

stronger inhibitory effects on LPS-triggered activation of NF-κB, C/EPBβ and C/EBPδ, and

more potently suppresses IL-6 and G-CSF in primary bone marrow-derived macrophages

[93].

γTE is stronger than other vitamin E forms in inhibition of interleukin-13 (IL-13)-stimulated

generation of eotaxin-3 via blocking phosphorylation of STAT6 and DNA-binding of

STAT6 in human lung epithelial A549 cells [97]. Eotaxins-3 (CCL26) is a key chemokine in

pathogenesis of asthma due to its capability of inducing airway eosinophilia, a hallmark of

asthma. Mechanistic investigation revealed that γ-TE inhibited IL-13/STAT6-activated

eotaxin via up-regulation of PAR4 (prostate-apoptosis-response 4), which consequently

suppresses atypical protein kinase C (aPKC)-mediated STAT6 activation. In addition, γTE
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is shown to block JAK1-STAT3 signaling via induction of protein-tyrosine phosphatase

SHP-1 in various types of cancer cells [98].

4.5. Effects on gene expression in activated T cells

Zingg et al [99] examined potential effect of αT or γT on CD3/CD28-stimulated gene

expression in spleen T cells isolated from old mice supplemented with these tocopherols at a

low (30mg/kg) or high dose (500mg/kg). Compared with high-dose αT, γT supplementation

led to suppression of CD3/CD28-induced cytokines, chemokines and signaling lymphocytic

activation molecules. As a result, γT appears to more strongly prevent gene up-regulation

upon T cell activation than αT [99]. On the other hand, αT seems to support T cell

activation. Despite these interesting results, the role of αT or γT in T cell activation is not

clear because comparisons were made between low and high doses of αT and γT without

including the control diet. Furthermore, it is not clear if similar results can be seen with

young animals.

5. ANTI-INFLAMMATORY AND IMMUNE MODULATORY ACTIVITIES IN

PRECLINICAL DISEASE MODELS

Overview

Animal studies in preclinical models have been conducted to examine potential benefits of

γT and other vitamin E forms under pathological conditions associated with inflammation

and oxidative stress (Summarized in Tables 2 and 3). Many of these studies have confirmed

antioxidant and antiinflammatory mechanisms discovered in cell-based studies (Figure 4).

Among these preclinical studies, γT shows protection against lung injury, modest colitis and

tumorigenesis. The modulatory effect of γT on allergic inflammation is evident, although

contradictory outcomes have been reported possibly because of different routes of drug

administration. As to tocotrienols, beneficial results have been observed in immune

response, radiation protection and anticancer activities. It should be noted that this review

includes the studies where anticancer effects of tocopherols and tocotrienols are partially

rooted in anti-inflammatory mechanisms, while anticancer outcomes due to other

mechanisms have been reviewed elsewhere [3].

5.1. Anti-inflammatory and antioxidant effects in acute inflammation and oxidative stress
models

Potential inhibition of proinflammatory eicosanoids by γT has been examined in acute

inflammation models. Specifically, when pre-administered for three days prior to the

induction of inflammation, γT but not αT significantly inhibited pro-inflammatory PGE2,

LTB4 and 8-isoprostane and attenuated inflammation-associated damage in the rats’

carrageenan-induced airpouch inflammation model, which is believed to mimic joint

diseases [87, 100]. In this model, a combination of γT and aspirin was better than aspirin in

suppression of inflammation and attenuated aspirin-induced stomach lesions. In contrast,

aspirin combined with αT unexpectedly worsened aspirin-caused gastric injury [101]. In

addition, supplementation with γT or γT-rich mixed tocopherols inhibited PGE2 and/or

Jiang Page 11

Free Radic Biol Med. Author manuscript; available in PMC 2015 July 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



leukotrienes (LTB2, LTC4) in airway allergic inflammation [102–104] and colitis models

[105] (below).

Protective effects of γT via anti-inflammatory and scavenging reactive nitrogen species have

been demonstrated in different disease models. In zymosan-induced peritonitis,

supplementation of γT in αT-sufficient chow diet significantly reduced formation of protein

bound 3-nitrotyrosine and ascorbate oxidation in the kidney and prevented starvation-

induced ascorbate decrease [106]. To effectively increase γT in the lung, Hamahata and

colleagues [107] designed a lipid aerosolization device for delivering γT in flaxseed oil via

nebulization. They found that γT nebulization improved pulmonary function in sheep

suffering from 40% total body surface area burn and smoke-inhalation injury. Specifically,

γT nebulization prevented burn and smoke inhalation injury-caused fall in oxygenation,

reduced the obstruction score and edema and decreased nitrotyrosine and pro-inflammatory

cytokines IL-6 and IL-8. In a ovine similar model, Yamamoto et al. [108, 109] showed that

nebulization with γT attenuated oxidative stress and lung injury after burn and smoke

inhalation. In addition, γT but not αT attenuated balloon catheter-induced increase of

neointima/media ratio (a vascular injury marker) and 3-nitrotyrosine in insulin resistant rats.

Interestingly, both tocopherols reduced lipid peroxidation in the plasma, but neither showed

effects on superoxide production in the carotid arteries [110]. Saldeen et al [111] reported

that γT was more potent than αT in attenuating FeCl3-induced platelet aggregation,

superoxide production and occlusive thrombus in rats.

5.2 – Asthma and allergic airway inflammation

Asthma is a chronic airway inflammatory disease. Vitamin E and C have been reported to

decrease in airway fluids of asthmatics [112]. Therefore, it is proposed that supplementation

of these antioxidants may be helpful in asthma treatment. Potential benefits of αT to asthma

have been examined in allergic airway models, but these studies revealed inconclusive

outcomes [113, 114]. Meanwhile, inhibition of 5-LOX including clinical use of zileuton (a

5-LOX inhibitor) is recognized as an effective strategy in asthma treatment [82]. Because γT

and long-chain carboxychromanols inhibited 5-LOX-catalyzed leukotrienes in neutrophils

[91], these compounds may be useful anti-asthmatic agents. To this end, several studies have

been conducted to investigate the role of γT in airway inflammation in various animal

models.

Wagner et al [102] showed that oral administration of γT before or after antigen nasal

challenge led to suppression of airway eosinophilia and mucous cell hyperplasia in

ovalbumin (OVA)-induced allergic rhinitis and asthma in rats. γT supplementation

decreased pulmonary production of PGE2, LTB4, cysteinyl leukotrienes and nasal

expression of cytokines. In a similar airway allergic inflammation model, γT attenuated

OVA- and ozone-stimulated eosinophilic infiltration and decreased bronchoalveolar lavage

fluid (BALF) cys-leukotriene and cytokines [103]. γT also suppressed ozone-enhanced

intraepithelial mucosubstances in main axial airway [103]. Furthermore, in intranasal LPS-

challenge induced airway inflammation model, γT significantly mitigated neutrophil

infiltration to the lung tissue and neutrophil accumulation in the BALF fluid [104, 115]. γT

also inhibited LPS-stimulated BALF PGE2, mucin secretion, and cytokines including
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neutrophil-chemotactic cytokines (MIP-2 and GRO-KC) and mucus-production cytokines

(Muc5AC) [104].

In contrast to the observed asthma-dampening effects, when γT was given via subcutaneous

injection prior to antigen challenge, it enhanced airway inflammation and abolished αT-

exerted anti-inflammatory effects possibly by modulating endothelial cell signaling and

PKCα activation [113, 116]. The reason for this discrepancy with other above-mentioned

studies is not clear but may be in part due to different routes of drug administration. This is

because subcutaneous injection, which bypasses liver metabolism, likely leads to much

higher levels of γT but lower metabolites in the blood and tissues than oral gavage. Given

that vitamin E metabolites esp. long-chain carboxychromanol inhibit 5-LOX, whereas the

suppressive effect of tocopherols on leukotrienes is contingent upon specific stimuli [91], it

is reasonable to assume that oral administration of γT may yield more favorable outcomes

than subcutaneous injection, as substantiated in above-cited literature. Further investigation

is necessary to confirm the adverse effects from subcutaneous γT administration, which

should probably not be recommended in clinical studies.

5.3. Anticancer effects via antioxidant and anti-inflammatory mechanisms

Inflammatory bowel diseases including colitis are known to dramatically increase the risk of

colon cancer [72]. Eicosanoids from COXs and 5-LOX pathways are recognized to

contribute to cancer development [79, 80, 117, 118]. Because of their inhibitory effects on

COX-2 and 5-LOX catalyzed generation of eicosanoids [87, 88, 91], γT and δT have been

proposed to be potentially useful chemoprevention agents against cancer. To this end, Ju et

al. [119] reported that γT-rich mixed tocopherols suppressed colon tumorigenesis,

inflammation and eicosanoids (PGE2 and LTB4) induced by azoxymethane (AOM) and

dextran sodium sulfate (DSS) in mice, which is an experimental cancer model mimicking

colitis-promoted colon cancer. In a subsequent study, the same group of investigators

observed that γT-rich mixed tocopherols alleviated DSS (1%)-induced oxidative damage,

PGE2 and leukocyte infiltration in colon tissues and these protective effects were

independent of the nuclear factor (erythroid-derived 2)-like 2 (NFE2L2 or Nrf2)[105]. Jiang

et al [29] showed that γT attenuated moderate (induced by one cycle of DSS) but not severe

colitis induced by three cycles of DSS. γT also suppressed moderate colitis-promoted colon

carcinogenesis in the AOM-DSS model, while was not effective toward severe colitis-

promoted tumorigenesis [29].

Besides colon cancer, Sanches LD et al [120] recently reported that γT-enriched diet

decreased ventral prostate epithelial dysplasia and attenuated upregulation of COX-2 and

matrix metalloproteinase (MMP-9) activity induced by N-methyl-N-nitrosourea (MNU) in

rats. Barve et al. [121] showed that γT-rich mixed tocopherols suppressed the incidence of

palpable tumor and maintained redox sensitive transcription factor Nrf2 as well as Nrf2-

regulated antioxidant genes in the murine prostate cancer TRAMP model.

5.4. Anti-inflammatory and immune modulatory effects by tocotrienols

Besides tocopherols, recent literatures have documented anti-inflammatory and immune-

modulatory effects of γTE and δ-tocotrienol (δTE) in various disease models (Table 3).
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Shibata et al [122] showed that γTE but not αT suppressed UVB-induced PGE2 and

cytokines via blocking pro-inflammatory signaling in keratinocytes and attenuated UVB-

caused increase of skin thickness and COX-2 induction in HR-1 hairless mice. Dietary

supplementation of tocotrienol mixtures enhanced lymphocyte proliferation without

affecting major cytokines in old but not young C57BL/6 mice [123]. In CD2F1 mice,

subcutaneous injection of δTE prevented whole body irradiation-induced mortality as

indicated by 30-day post irradiation survival, promoted bone barrow stem and progenitor

cell regeneration and attenuated irradiation-caused damage [124]. This protective effect

appeared to stem from activation of extracellular signaling-related kinase and rapamycin

signaling in mouse bone marrow cells [124]. Tsuduki et al [125] reported that γTE-rich

tocotrienols attenuated allergic dermatitis in mice and suppressed degranulation and

histamine release in mast cells. In addition, tocotrienol rich fraction from palm oil mitigated

chronic pancreatitis [126], showed protection against potassium dichromate-caused acute

renal injury [127], and attenuated the increase of plasma liver enzyme and inflammatory cell

infiltration to the liver in high carbohydrate plus high fat diet-induced chronic disease model

[128].

Radhakrishnan AK et al [129] examined potential effects of αT, δTE and mixed tocotrienols

on tetanus toxoid immunization in mice. These vitamin E forms were capable of enhancing

production of antibodies against tetanus toxoid with relative effectiveness of δTE > mixed

tocotrienols > αT. Interestingly, while these vitamin E forms increased interferon-γ and

interleukin-4, they decreased TNF-α in stimulated splenocytes.

Based on the inhibitory effect on NF-κB and STAT3, γTE and δTE have been proposed to

be useful in chemoprevention or adjuvant chemotherapy for cancer. To this end, γTE and

δTE are shown to inhibit pancreatic tumor growth and sensitized cancer cells to gemcitabine

treatment by inhibition of NF-κB in vivo [130, 131]. As a result, γTE or its combination

with gemcitabine led to down-regulation of NF-κB regulated gene products such as cyclin

D1, MMP-9 and CXCR4. Moreover, γTE also suppressed pancreatic tumor growth by

blocking STAT3 signaling and down-regulating the expression of STAT3-regulated anti-

apoptotic genes such as Bcl-2 and Bcl-xL in the orthotopic model [98].

6. HEALTH BENEFITS IN HUMAN CLINICAL STUDIES

6.1. Observational studies

Many epidemiological studies have observed inverse association between cardiovascular

diseases (CVD) and dietary intake of vitamin E which contains mainly γT and αT.

Association of vitamin E supplementation which primarily includes just αT with CVD has

been inconclusive. Meanwhile, both positive and negative association of αT and γT with

cancer risk has been reported [3]. Due to their well-recognized limitations, observational

studies need to be interpreted with caution. It is worth mentioning that since diet with γT

and αT often contains high levels of distinct fatty acids, e.g., PUFA vs. MUFA (Table 1),

the type and amount of dietary fat should be considered as potential confounding factors in

association studies.
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6.2. Clinical intervention studies

Unlike αT which has been investigated in many large clinical trials, only a handful of small-

scale clinical studies have been conducted to investigate potential beneficial effects γT in

humans (Table 4). In hemodialysis patients, supplementation of γT but not αT decreased

pro-inflammatory IL-6 and C-reactive protein (CRP) [45, 132] and a combination of γT and

DHA decreased IL-6 without influencing CRP [133]. Meanwhile, αT or γT supplementation

attenuated contrast-induced kidney injury in patients with chronic kidney disease [134]. It is

recently reported that γT combined with high n-3 fatty acids significantly reduced relapse of

multiple sclerosis and decreased the risk of sustained progression of disability in multiple

sclerosis patients [135]. However, in diabetic patients, mixed results have been observed

regarding the effect of γT and αT; Specifically, γT or its combination with αT suppressed

CRP and attenuated oxidative stress [136, 137], whereas in another study, αT or mixed

tocopherols increased blood pressure without affecting cytokines or endothelium-dependent

and independent vasodilation [138]

Potential modulatory effects of γT on inflammation and oxidative stress have been

investigated in healthy subjects. For instance, supplementation with γT or γT-rich mixed

tocopherols but not αT is reported to attenuate strenuous exercise-increased platelet

coagulation [139] or ADP-induced platelet aggregation [140]. γT-rich tocopherols

significantly attenuated endotoxin inhalation-induced increase of airway neutrophils [115],

suppressed ex vivo LPS-enhanced pro-inflammatory cytokines from peripheral blood

mononuclear cells [141], and alleviated postprandial hyperglycemia-caused impairment of

endothelial function, enhancement of lipid peroxidation and disruption in NO homeostasis

[142, 143].

In addition to γT, potential benefits from tocotrienol-rich fractions (extracted from palm oil)

have been investigated in some human studies. In a double-blinded, placebo-controlled

clinical trial, healthy volunteers supplemented with 400mg of tocotrienol-rich fraction had

increased production of anti-tetanus toxoid antibody, IL-4 and interferon-gamma induced by

tetanus toxoid vaccine challenge but reduced IL-6, compared with placebos [144]. A topical

formulation containing tocopherols and tocotrienols showed photoprotective effect in

photosensitive subjects [145]. Supplementation of tocotrienol-rich fraction (74% tocotrienol

and 26% tocopherols) modulated plasma proteins including CRP in healthy female subjects

[146]. Patel et al. [147] reported that tocotrienol mixtures (200mg, n=14) exhibited stronger

protective effect than αT (n=5) on end-stage liver disease in cirrhosis patients with hepatitis

B and C. In addition, Tamoxifen combined with γTE showed non-significant decrease of

breast cancer mortality compared with tamoxifen alone controls [148].

7. SUMMARY AND CONCLUSION REMARKS

During the last 15–20 years, basic research on vitamin E has expanded from primarily

focusing on αT and its antioxidant effect to investigation of different tocopherols and

tocotrienols, their metabolism and non-antioxidant activities including anti-inflammatory

properties. Despite well-documented antioxidant and other beneficial effects [2, 149] as well

as negative association between αT intake and chronic diseases, supplementation of αT has

failed to offer consistent benefits to prevention of chronic diseases including cancer and
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cardiovascular diseases in many large clinical intervention studies [3, 4, 150, 151]. One

explanation is that αT may be beneficial to individuals with deficiency in αT and/or other

micronutrients [149], which can be caused by low dietary intake of this vitamin E, depletion

of αT due to pathological situation or malnutrition associated with smoking, alcoholism and

mal-absorption. Under these subclinical conditions, αT supplementation is likely beneficial,

as indicated in the LinXian study in a population with deficiencies of micronutrients [152]

and the ATBC study including heavy smokers [153]. On the other hand, αT supplementation

did not show beneficial effects in people with adequate nutrient status [3, 4]. In contrast to

αT, despite no evidence that deficiency of other vitamin E forms would result in obvious

clinical symptoms, accumulating evidence suggests that γT, δT and tocotrienols appear to

have unique properties that are superior to αT and relevant to prevention and therapy against

chronic diseases even under conditions with adequate αT status. It is noteworthy that these

bioactivities of tocopherols and tocotrienols including anti-inflammatory properties have

been identified by mechanistic studies and subsequently substantiated in some preclinical

models as well as clinical studies.

One of the most significant differences between αT and other forms of vitamin E is that in

contrast to αT that is mostly retained in tissues due to preferential binding by α-TTP, large

quantities of other forms of vitamin E are readily metabolized by CYP4F2-initiated ω-

oxidation of the side chain to generate carboxychromanols and conjugated counterparts.

Short-chain carboxychromanols like CEHCs are excreted in the urine and γ-CEHC has been

shown to have natriuretic activities [18]. Long-chain carboxychromamols especially 13’-

COOHs are found in tissues and feces in animals supplemented with γT, δT and γTE [25,

27–29]. The discovery of potent anti-inflammatory [88, 91] and anticancer [154] effect of

long-chain carboxychromanols represents exciting research direction and provides new

insights into physiological role of less tissue-preserved forms of vitamin E.

Vitamin E forms and metabolites appear to have impact on multiple regulatory pathways

(Figure 4), and may therefore offer unique opportunities and advantage for prevention and

treatment of diseases, compared with pharmaceutical drugs targeting specific proteins. For

instance, γTE is effective in suppression of key regulatory transcription factors such as NF-

κB and STAT3/6. Unlike NSAIDs that inhibit COXs, γT, δT and γTE suppress both COXs

and 5-LOX mediated eicosanoids in cellular environments. 13’-COOHs are more effective

than un-metabolized vitamers in dual inhibition of these enzymes and therefore likely

contribute to anti-inflammatory activities of vitamin E forms in vivo. Dual inhibition of

COXs and 5-LOX has advantage over COXs inhibitors in that blocking both prostaglandin

and leukotriene formation likely not only results in more potent anti-inflammatory effects

than inhibition of either pro-inflammatory pathway, but also reduces adverse effects

compared with commonly-used NSAIDs. This is because a selective shutdown of COX

pathway (by COX inhibitors) causes alternative metabolism of arachidonic acid via the 5-

LOX pathway to increase leukotrienes, which are pro-inflammatory and promote

gastrotoxicity, tumorigenesis and atherogenesis [155–157].

Despite great advance in our understanding of different forms of vitamin E, many important

questions still remain and need to be addressed before we know how to utilize them in

disease prevention and even treatment. First, more preclinical and clinical studies should be
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conducted to investigate potential use of γT, mixed tocopherols and tocotrienols as

alternative or adjuvant therapy for prevention or treatment of chronic diseases including

asthma, multiple sclerosis, kidney diseases and certain types of cancer. Meanwhile, besides

efficacy, the safety of long-term use of these vitamin E terms should be thoroughly

evaluated before they can be recommended to the public. Secondly, the role of metabolism

in vitamin E forms-mediated health benefits should be further addressed. Although high

levels of 13’-COOHs are found in feces of animals supplemented with γT or δT [27–29],

whether these carboxychromanols directly contribute to in vivo beneficial effects from

vitamin E supplementation remains unclear. It is necessary to conduct pharmacokinetic

studies to characterize the bioavailability of these metabolites in different tissues. Utilization

of CYP4F2 knockout mice in disease models may help evaluate potential contribution of

metabolite formation to the protective effect of tocopherols and tocotrienols. In addition,

given their unique dual inhibition of COX and 5-LOX, long-chain carboxychromanols and

analogs may be a new class of anti-inflammatory and anti-cancer agents. More research is

needed to identify other molecular targets of these vitamin E metabolites, test efficacy in

preclinical models and evaluate their general safety.
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αT, βT, γT and δT α-, β-, γ- and δ-tocopherol

αTE, βTE, γTE and δTE α-, γ-, γ- and δ-tocotrienol

AA arachidonic acid

CEHC carboxyethyl-hydroxychromans

13’-COOH 13’-carboxychromanol

5-LOX 5-lipoxygenase

COX-1/-2 cyclooxygenase-1/-2

NF-κB nuclear factor kappa B

STAT signal transducer and activator of transcription

JNK c-Jun N-terminal kinase

CEPBβ CCAAT-enhancer binding protein β

PGE2 prostaglandin E2

LTB4 leukotriene B4

BALF bronchoalveolar lavage fluid

NSAIDs non-steroidal anti-inflammatory drugs
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• This is a comprehensive review on different forms of vitamin E.

• Gamma-, delta-tocopherol and tocotrienols inhibit multiple pro-inflammatory

pathways.

• Long-chain vitamin E metabolites have unique anti-inflammatory effects.

• Gamma-, delta-tocopherol and tocotrienols are beneficial to disease prevention/

treatment.
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Figure 1. Natural forms of vitamin E
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Figure 2.
A - Transport and metabolism of vitamin E forms in the liver. With exception of αT,

large portions of other vitamin E forms such as γT, δT and γTE are metabolized by

CYP4F2-initiated ω-oxidation to form terminal metabolite CEHCs. In contrast, αT and

small amounts of other vitamin E forms are incorporated into lipoproteins by α-TTP with

assistance of ABCA1 before being transported to other tissues via circulation. The crisscross

arrows (light blue) indicate relatively minor events taking place for αT (catabolism) and

other forms of vitamin E (binding to α-TTP) in the liver. B – Molecular mechanism of
vitamin E metabolism (representatively shown by γT). Vitamin E forms are metabolized

by CYP4F2-mediated ω-hydroxylation and ω-oxidation in endoplasmic reticulum. 13’-

COOHs are then further metabolized via β-oxidation in peroxisome and mitochondria to

generate series of shorter-chain carboxychromanols. Under the condition of high vitamin E

intake, sulfation of carboxychromanols in the cytosol may take place in parallel with β-

oxidation. It is currently not clear whether sulfated forms can be further metabolized via β-

oxidation (dash arrows).
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Figure 3. Antioxidant activities of vitamin E forms (representatively shown by γT)
Tocopherols and tocotrienols are potent lipophilic antioxidants by scavenging lipid peroxyl

radicals via donating hydrogen from the phenolic group on the chromanol ring. Vitamin E

forms with an un-substituted 5-position including γT may trap electrophiles such as NO2 or

peroxynitrite to form 5-nitro-γ-tocopherol (5-NγT). This figure is modified based on ref [1].
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Figure 4. Anti-inflammatory activities and mechanisms of vitamin E forms and long-chain
carboxychromanols
In epithelial cells, macrophages and neutrophils, γT, δT and γTE modestly inhibit PGE2 and

LTB4 without inhibiting COXs and 5-LOX activity. 13’-COOHs potently inhibit COX-1/

COX-2 and 5-LOX enzyme activity (red cross marks). In neutrophils, vitamin E forms

suppress ionophore- or S1P (sphingosine 1-phosphare)-stimulated calcium influx and its

downstream signaling. In lung epithelial cells, macrophages and some cancer cells, γTE

inhibits activation of NF-κB and STAT6/3 as well as their regulated genes including

cytokines and chemokines.
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Table 1
Tocopherols and fatty acids in commonly-used vegetable oils

PUFA: polyunsaturated fatty acid; MUFA: monounsaturated fatty acid; ref [6, 158] and

www.Veganhealth.org.

Vegetable oils αT; γT; δT (mg/100g oil) PUFA in %
(ratio of n-6/n-3)

MUFA (%)

Corn oil 14.3; 64.9; 2.8 61 (80/1) 25

Soybean 10.99; 62.4; 20.38 61 (7.5/1) 24

Flaxseed oil 0.31; 19.95 71 (0.25/1) 21

Canola oil 23; 40 31 (2/1) 63

Peanut oil 11.62; 12.98 34 (only n-6) 49

Olive oil 11.92; 0.72 9 (13.2/1) 77

Almond oil 39.2; 0.92 18 (only n-6) 73
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Table 2
Anti-inflammatory and antioxidant effects of γT and mixed tocopherols in animal
preclinical models

Animal model Vitamin E forms and doses Major outcomes and references

Acute inflammation and tissue-injury models

Zymosan-induced
peritonitis in F344 rats

γT at 100mg/kg in chow diet for four weeks before
induction of peritonitis

γT decreased 3-nitrotyrosine and ascorbate oxidation,
and spared starvation-induced loss of vitamin C [106].

Carrageenan-induced
airpouch inflammation
model in Wistar rats

Daily oral γT (33, 100mg/kg bw) or αT 33 mg/kg
(in core oil) for 3 days prior to induction of
inflammation

γT but not αT inhibited inflammation-induced PGE2,
LTB4, and 8-isoprostane. γT attenuated tissue damage
and partial loss of food consumption [100].

Combinations of aspirin (150mg/kg) with γT
(33mg/kg) or αT (33mg/kg) for 3 days via gavage
(in corn oil)

γT+aspirin showed prolonged anti-inflammatory
effects compared with aspirin. γT+aspirin attenuated,
but Aspirin+αT worsened, aspirin-caused gastric injury
[101].

Acute lung injury caused by
burn and smoke inhalation
in sheep

γT administered one hour after injury via lipid
aerosolization (51mg/ml, 24mL for 47h in flaxseed
oil) or in ethanol (3–48 h)

γT nebulization attenuated burn- and smoke-induced
acute lung injury, improved pulmonary function,
decreased nitrotyrosine and cytokines and ameliorated
collagen deposition [107–109].

Vascular injury in rats with
high fructose-induced
insulin resistance

Oral αT or γT at 100mg/kg for three days prior to
induction of the vascular injury by a balloon
catheter

γT but not αT reduced vascular injury and attenuated
3-nitrotyrosine. Both tocopherols decreased lipid
peroxidation in the plasma, but neither had effects on
superoxide production in the carotid arteries [110].

Airway inflammation and allergic asthma models

Airway inflammation
caused by intranasal LPS in
male F344/N rats

Oral gavage of γT at 30mg/kg bw daily prior and
during intranasal LPS (5 or 20µg) challenge

γT decreased neutrophil infiltration, BALF PGE2,
secreted mucins, intraepithelial mucosubstances as
well as chemokines and mucus-production cytokines,
while enhanced IL-10 and IFNγ [104, 115]

Allergy airway
inflammation and asthma
models in ovalbumin
(OVA)-sensitized and
challenged rats or mice

Oral γT (100mg/kg bw daily) before [102] or after
[103] intranasal antigen challenge in Brown
Norway rats

γT suppressed eosinophila, cys-leukotrienes and
cytokines (MCP-1, IL-6) in BALF and attenuated
ozone-enhanced intraepithelial mucosubstances [102,
103].

Subcutaneous injection of αT or γT (100mg/kg bw)
prior to and during antigen challenge in Balb/c mice
[113, 116]

In contrast to αT, γT elevated airway inflammation and
blocked αT-related anti-inflammatory effects partially
by modulating endothelial cell signaling and PKCα
activation [113, 116]

Colitis, colon inflammation and carcinogenesis

Colitis induced by dextran
sodium sulfate (DSS) in
mice

γT or mixed tocopherols (45% γT, 45% δT and
10% αT) at 0.1%-diet, a week before DSS (1.5% or
2.5% in water) in BALB/c mice

γT but not mixed tocopherols attenuated moderate
colitis induced by one cycle of 1.5% DSS, while
neither was protective to severe colitis induced by 3
cycles of 2.5% DSS. [29]

γT-rich mixed tocopherols (57% γT, 24% δT and
14% αT) at 0.1, 0.17, or 0.3% diet, DSS at 1.5% in
CF-1 or 1% in C57BL/SV129 mice.

Mixed tocopherols mitigated AOM/DSS-induced
colon inflammation but had no effect on 1.5%-DSS
induced colitis [119], while dose-dependently
attenuated 1%-DSS induced colitis [105].

Inflammation-promoted
tumorigenesis induced by
AOM-DSS in mice

γT or mixed tocopherols (45% γT, 45% δT and
10% αT) at 0.1%-diet, AOM (10mg/kg)-DSS (1.5%
or 2.5% for 3 cycles) in BALB/c mice.

γT but not mixed tocophcerols suppressed AOM-DSS
(1.5%)-promoted colon tumorigenesis, but was
ineffective to severe inflammation (3 cycles of 2.5%
DSS) promoted carcinogenesis [29].

γT-rich mixed tocopherols (57% γT, 24% δT and
14% αT) at 0.17 or 0.3% in AOM (5 or 10mg/kg)
and DSS induced colon cancer in CF-1 mice.

Mixed tocopherols suppressed AOM-DSS induced
tumorigenesis [119]
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Table 3
Protective effects of tocotrienols in various inflammation-associated disease models

Animal model Vitamin E forms and doses Major outcomes and references

UVB-induced
inflammation in HR-1
hairless mice

γTE-rich mixture (2.3 mg/d), oral in corn oil γTE attenuated UVB-induced skin damage and
increased thickness as well as up-regulation of COX-2
[122].

Gamma irradiation in
CD2F1 mice

δTE (400 mg/kg bw) subcutaneously injected to
mice 24h before and 6h after total body irradiation
at 5 or 8.75 Gy at 0.6Gy/min.

δTE not only protected irradiation-induced death, but
also promoted cell survival and regeneration of
hematopoietic microfoci, stem and progenitor cells in
irradiated mouse bone marrow [124].

Pancreatitis induced by
repeated arginine
injection in male Wistar
rats

Tocotrienol-rich fraction from palm oil (TRF)
(100mg/kg bw) by gavage 1wk before and day 5
after arginine administration

TRF blunted arginine-induced pancreatic atrophy,
activation of stellate cell, protease and Smad 3, and
increased hydroxyproline and TGF-β1 [126].

PiCl-induced allergic
dermatitis in NC/Nga
mice

Oral γTE-rich tocotrienols containing 89.9% γTE, 1
mg per mouse in corn oil

Tocotrienols suppressed PiCl-induced allergic
dermatitis and serum histamine secretion [125].

Tetanus-toxoid (TT)
immunezation in Balb/c
mice

Oral tocotrienol-rich fraction (TRF), or αT or δTE,
1 mg daily for two weeks before TT vaccination

TRF and δTE treatment led to increase of anti-TT
antibody and promoted Th1 cytokines like IFN-γ and
IL-4 [129]

Pancreatic cancer cells
implanted in nude mice

Oral γTE (400 mg/kg bw daily) with or w/o
gemcitabine (25mg/kg) in MIA PaCa-2 cells
orthotopically implanted model

γTE inhibited tumor growth and enhanced antitumor
effects of gemcitabine probably via suppression of NF-
κB [130] and/or STAT3 [98].

Oral δTE (200 mg/kg bw) or with gemcitabine in
AsPc-1 implanted to both flanks of nude mice

δTE was stronger than other tocotrienols in suppression
of pancreatic tumor growth and inhibited NF-κB
activation, and augmented anticancer effects of
gemcitabine [131].
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Table 4
Human intervention studies regarding beneficial effects of γT or mixed tocopherols

Subjects / design (References) Vitamin E forms; duration Major outcomes

Patients with renal/kidney diseases and multiple sclerosis

Hemodialysis patients with end-
stage renal disease / [45, 132]

300 mg αT or 300 mg γT-rich mixed
toocpherols (60% γT, 28% δT and 10% αT),
for 14 d, n=15 per group

Supplementation of γT-rich mixed tocopherols
decreased CRP and IL-6 in the plasma, whereas αT
alone increased IL-6 without affecting CRP.

Hemodialysis maintenance
patients / randomized, double-
blinded, placebo-controlled [133]

308 mg γT plus 800 mg DHA
(docosahexaenoic acid) (n=31) vs. placebo
(n=30) for 4 and 8 wk

Compared with placeboes, γT plus DHA decreased
white blood cells, neutrophils and erythropoietin
index as well as IL-6, but did not affect plasma CRP,
F2-isoprostane or carbonyls.

Patients with chronic kidney
disease undergoing coronary
procedures / prospective, double-
blind, randomized and placebo-
controlled trial [134]

350 mg αT, or 300 mg γT, or placebo (n=101–
102 per group) for 5 days prior to coronary
procedure and 2 days afterwards

Prophylaxis administration with αT or γT decreased
the risk of contrast-induced acute kidney injury in
chronic kidney disease patients.

Patients with relapsing-remitting
multiple sclerosis / randomized,
blind, placebo-controlled [135]

A: n-3 (EPA+DHA)/n-6 fatty acids at 1:1 with
αT (22mg); B: A plus γT (760mg); C: γT
(760mg); placebo, for 30 months. n=20 per
group

The combination of n-3/n-6 (1:1) fatty acids and γT
(B) significantly reduced relapse rate of multiple
sclerosis by 64%, delayed disability progression by
72% and decreased the risk of the sustained
progression disability by 85%.

Diabetic patients and CVD

Type 2 diabetic patients / double-
blind, placebo-controlled [137,
138]

500 mg of RRR-αT, or γT-rich mixed
tocopherols (75mg αT, 315mg γT and 110mg
δT), and placebo (n=18–19), for 6 wk.

αT or γT-rich mixed tocopherols decreased plasma
F2-isoprostane but increased blood pressure without
affecting inflammation markers. γT-rich mixed
tocopherols but not αT reduced LTB4 from
stimulated neutrophils.

Participants with metabolic
syndromes / randomized,
placebo-controlled double-blind
trial [136]

800 mg αT, or 800 mg γT, or their
combination, or placebo (n=20 per group) for 6
wk

The combination of αT and γT decreased CRP,
nitrotyrosine and oxidation markers, while αT and γT
alone showed partial benefits regarding these
markers.

Healthy subjects

Healthy volunteers / platelet
aggregation after tocopherol
supplementation in placebo
controlled study [140].

Mixed tocopherols (100mg γT, 40mg δT and
20mg αT) (n=18) or all-rac-αT acetate at
100mg (n=18), or placebo (n=10) for 8 wk

Mixed tocopherols were better than αT in
suppression of ADP-induced platelet aggregation and
in induction of nitric oxide release and endothelial
constitutive nitric oxide synthase, while showed
similar effect on SOD and PKC.

Healthy sedentary subjects in
strenuous exercise / randomized
placebo controlled [139]

300 mg γT, or 400IU αT, every day or every
other day for 6 wk (n=36)

γT but not αT ameliorated exercise-induced decrease
of APTT (activated partial thromboplastin time) and
exercise-increased platelet aggregation induced by
collagen.

Healthy volunteers challenged by
intranasal endotoxin (LPS) /
double-blind, randomized,
placebo controlled, crossover
study [115]

γT-enriched tocopherols (540, 50 and 240 mg
of γT, αT, δT) twice a day for a week before
endotoxin inhalation challenge (n=13)

γT-rich tocopherols attenuated intranasal LPS-
induced tissue infiltration and accumulation of
airway neutrophils, reduced % eosinophils in sputum
and neutralized LPS-induced increase of IL-β.

Healthy men with oral glucose
tolerance test following overnight
fasting / randomized, crossover,
single-blind design [142, 143]

Mixed tocopherols (500mg γT, 60mg αT,
170mg δT and 9mg βT) daily for 5 days (n =
15)

γT-rich tocopherols attenuated glucose-induced
decrease of brachial artery flow-mediated dilation,
lipid peroxidation and disruption in NO homeostasis
as well as dicarbonyl methylglyoxal.
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