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Abstract: Vitamin E, comprising tocopherols and tocotrienols, is mainly known as an antioxidant.
The aim of this review is to summarize the molecular mechanisms and signaling pathways linked to
inflammation and malignancy modulated by its vitamers. Preclinical reports highlighted a myriad of
cellular effects like modulating the synthesis of pro-inflammatory molecules and oxidative stress
response, inhibiting the NF-κB pathway, regulating cell cycle, and apoptosis. Furthermore, animal-
based models have shown that these molecules affect the activity of various enzymes and signaling
pathways, such as MAPK, PI3K/Akt/mTOR, JAK/STAT, and NF-κB, acting as the underlying
mechanisms of their reported anti-inflammatory, neuroprotective, and anti-cancer effects. In clinical
settings, not all of these were proven, with reports varying considerably. Nonetheless, vitamin E
was shown to improve redox and inflammatory status in healthy, diabetic, and metabolic syndrome
subjects. The anti-cancer effects were inconsistent, with both pro- and anti-malignant being reported.
Regarding its neuroprotective properties, several studies have shown protective effects suggesting
vitamin E as a potential prevention and therapeutic (as adjuvant) tool. However, source and dosage
greatly influence the observed effects, with bioavailability seemingly a key factor in obtaining the
preferred outcome. We conclude that this group of molecules presents exciting potential for the
prevention and treatment of diseases with an inflammatory, redox, or malignant component.
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1. Introduction

Lipids greatly vary in structure and function, and some, such as liposoluble vitamins
(A, D, E, and K) and polyunsaturated fatty acids (PUFAs), constitute essential nutrients
because they cannot be synthesized in the human body [1,2]. They and their metabolites
can exert direct cellular effects, participate in various cell processes, or yield numerous
regulatory functions like signal transduction modulation or gene expression [2,3].

Vitamin E, comprising eight vitamers (four tocopherols (TFs) and four tocotrienols
(TTs)), is the most abundant liposoluble antioxidant compound in the human body, and its
modulatory effects regarding signal transduction, cellular pathways (e.g., NF-κB signaling),
and gene expression (e.g., pro-inflammatory cytokines) have recently gained notoriety [3–5].

Though several in vitro and in vivo preclinical studies have reported numerous cellu-
lar pathways modulated and beneficial effects exerted by vitamin E, human clinical studies
have shown sometimes-conflicting results, skewing towards beneficial and protective ac-
tion of these molecules; notable differences have been found among them, with some of
the 8 vitamers proving to be more efficient than others [5].

The inadequate intake of vitamin E is associated with a higher risk of the develop-
ment of several low-grade inflammation-associated diseases [5]. Low-grade inflammation
represents a prolonged inflammatory state characterized by a modest increase of pro-
inflammatory molecules (e.g., C reactive protein (CRP)) without the well-known signs
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of inflammation, with an initial purpose of restoring tissue homeostasis. However, its
persistence leads to an alteration or loss of tissue function and is linked to the develop-
ment of numerous cardio-metabolic (e.g., metabolic syndrome, cardiovascular diseases,
type 2 diabetes mellitus, and non-alcoholic fatty liver disease) and neurodegenerative
diseases [5–9]. An increased vitamin E intake/dietary supplementation has been linked to
beneficial effects regarding the progression and management of these diseases [4,10,11].
Earlier reports focused on the effects of α-TF, as it is the best-represented in plasma [2], but
recent reports have shown important regulatory effects of the other vitamers such as δ-TF
and γ-TT [3,12].

The aim of this review is to present an overview and an update of the molecular
mechanisms and signaling pathways involved in inflammation and inflammation-related
alterations modulated by vitamin E (TFs and TTs) and/or their main metabolites observed
in vitro and in vivo; it also presents preclinical reports and findings in human studies
regarding their influence on cardio-metabolic health and anti-neoplastic effects, as well as
touching on key bioavailability and metabolism aspects.

2. Methods

A survey of literature was performed using PUBMED in order to find the most rel-
evant articles reporting preclinical, in vitro and in vivo, and clinical effects of vitamin E
vitamers. Articles were limited to those published in the English language, focusing on
most recent works between 2010 and 2021 (64% of the cited material), but not neglecting
any older relevant studies. For cell-based studies, the keywords and MeSH terms used
were: “tocopherol”, “tocotrienol”, “vitamin E” AND “anti-inflammatory”, “anticancer”,
“metabolic” AND “cellular effects”, “pathway”, and “signaling.” The 21 most relevant
papers were selected after eligibility analysis and cross-checking. For preclinical studies,
the keywords and MeSH terms used were: “tocopherol”, “tocotrienol”, “vitamin E” AND
“mice”, “rats” AND “anti-inflammatory effect”, “anticancer effect”, “antihyperlipidemic
effect”, and “neuroprotective effect.” A total of 41 papers were selected after eligibility anal-
ysis and cross-checking. For clinical trials, the used the keywords and MeSH terms were:
“tocopherol”, “tocotrienol”, “vitamin E” AND “clinical trial” AND “anti-inflammatory”,
“neuroprotective”, “cardiovascular”, “metabolic”, “neurodegenerative” AND “effects”, and
“disease.” A total of 70 papers were selected after eligibility analysis and cross-checking.
Additionally, literature was reviewed in order to ascertain the key aspects regarding the
intake, bioavailability, and metabolism of vitamin E; the keywords and MeSH terms used
were: “tocopherol”, “tocotrienol”, “vitamin E” AND “dietary sources”, “daily intake”,
“absorption”, “bioavailability”, and “metabolism”.

3. Structures, Dietary Sources, and Daily Intake
3.1. Structures

Natural forms of vitamin E include eight chemical forms that have a chroman ring
system (2-methyl-6-hydroxychroman) as a basic structural unit and a side chain of 16C
atoms. The vitamin E compound family include two subgroups: TFs and TTs, a shown
in Figure 1. The TFs have a saturated side chain known as a phytanyl tail, while the TTs
have an isoprenoid chain. In each group, there are four homologues (α-, β-, γ-, and δ-)
that differ in number and in the position of the methyl substituents in the chroman ring
Table 1 [13].
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mers, and 2S-stereoisomers, named all-rac-α-TF. The biological activity and in vivo biopo-
tencies are different between the TF stereoisomers, so it is important to make this distinc-
tion. The only forms retained in human plasma are the RRR-α-TF and the 2R-stereoiso-
mers [14]. As RRR-α-TF accounts for about 90% of vitamin activity in human tissues, over-
all vitamin E activity is expressed as equivalents of it. The relative potency of α-, β-, γ-, 
and δ-TF is reported to be approximately 100:50:25:1 [15].  
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Table 1. The structure of TFs and TTs.

Tocopherols Tocotrienols R1 R2 R3

α-tocopherol (α-TF) α-tocotrienol (α-TT) CH3 CH3 CH3
β-tocopherol (β-TF) α-tocotrienol (β-TT) CH3 H CH3
γ-tocopherol (γ-TF) α-tocotrienol (γ-TT) H CH3 CH3
δ-tocopherol (δ-TF) α-tocotrienol (δ-TT) H H CH3

The functional groups present on the benzene ring are a phenolic hydroxyl and at
least one methyl. The phenolic hydroxyl group is responsible for the antioxidant activity,
and the number of methyl radicals influence their activity; thus, α-TF is the most active
in the in the TF homologues series due to its three methyl groups, and δ-TF, with one
methyl group, is the least active. The TF scaffold has three chiral centers—the C2 in the
chroman ring and C4′ and C8′ in the side chain; the TT molecule only has the C2 in the
chroman ring. All the natural TFs have a 2R, 4R, 8R (RRR) configuration, and the TTs
have an R-configuration. The synthetic compounds are a mixture of 3R-stereoisomers,
2R-stereoisomers, and 2S-stereoisomers, named all-rac-α-TF. The biological activity and
in vivo biopotencies are different between the TF stereoisomers, so it is important to make
this distinction. The only forms retained in human plasma are the RRR-α-TF and the
2R-stereoisomers [14]. As RRR-α-TF accounts for about 90% of vitamin activity in human
tissues, overall vitamin E activity is expressed as equivalents of it. The relative potency of
α-, β-, γ-, and δ-TF is reported to be approximately 100:50:25:1 [15].

3.2. Dietary Sources

As a fat-soluble natural compound, vitamin E is found in plant-based oils, nuts, seeds,
fruits, and vegetables. The proportion of the four TFs varies in different parts of the
plant. In leaves, the most abundant is α-TF [16], while β-, γ-, and δ-TFs and TTs tend
to predominate in seeds [17]. Additionally, the proportion of these vitamin E isomers
substantially differs between the same plant varieties [18]. Moreover, the total amount
of vitamin E in the product varies with the oil extraction method [19] or the cooking
method [20].

The richest source of tocopherols is wheat germ oil, which specifically contains α-TF
(1.36–1.37 mg/g) and β-TF (0.99–1.2 mg/g) [21]. Other major sources for vitamin E are:
soybean seed oil (1.2 mg/g total TFs with 7% α-TF, 70% γ-TF, and 22% δ-TF), corn seed oil
(1 mg/g total TF with 20% α-TF, 70% γ-TF, and 7% δ-TF), and sunflower seed oil (0.7 mg/g
total TF with 96% α-TF, 4% γ-TF, and δ-TF) [17].

Vitamin E can also be found in: safflower oil, coconut oil [22], rapeseed oil [19], palm
oil, olive oil, almonds [23], peanuts, pistachio, and walnuts [24]. Some fruits and vegetables
also have significant amounts of vitamin E (more than 1 mg/100 g edible weight), such as
avocado, blackberries, cranberries, kiwi, asparagus, broccoli, and spinach [20].

3.3. Daily Intake

There are two ways to express the doses and the amount of a liposoluble vitamins in a
product: one based on quantity, with the measurement unit being the mg and one based
on biological activity, with the measurement unit being the international unit (IU). Even
though IUs are no longer recognized, they still can be found in some labelling [25]. In 2016,
the American Food and Drug Administration (FDA) established that the label declaration
should be in mg α-TF and required manufacturers to use these new labels starting from
January 2020, but companies with annual sales of less than $10 million may continue to use
the old labels that list vitamin E in IUs until January 2021 [26]. The conversion factors that
manufactures have to use are presented in Table 2 [27].
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Table 2. Conversion factors between different forms of vitamin E [27].

From Conversion to Mg α-Tocopherol (Label Claim)

1 mg α-TF 1
1 mg RRR-α-TF 1

2 mg all-rac-α-TF 1
1 U.I. Vitamin E from natural sources (RRR-α-TF) including its ester forms

(RRR-α-tocopheryl acetate and RRR-α-tocopheryl succinate) 0.67

1 U.I. Vitamin E from synthetic sources (all-rac-α-TF) including its ester forms
(all-rac-α-tocopheryl acetate and all rac-α-tocopheryl succinate) 0.45

In US, the Food and Nutrition Board (FNB) at the Institute of Medicine of The National
Academies (formerly National Academy of Sciences) developed Dietary Reference Intakes
(DRIs) that include estimated average requirement (EAR), recommended dietary allowance
(RDA), adequate intake (AI), and tolerable upper intake level (UL). For vitamin E, the
RDA refers to how much RRR-α-tocopherol (the only form that naturally occurs in food)
is maintained in the blood and has biological activity, as well as to the 2R-stereoisomeric
forms of α-tocopherol that occur in fortified foods and supplements; these values are
detailed in Table 3 [28].

Table 3. Dietary Reference Intakes (DRIs) for vitamin E (α-TF) in the US (mg/day) [28].

Age 0–6 mo 7–12 mo 1–3 y 4–8 y 9–13 y 14–18 y 18 + y Pregnancy Lactation

DRI
(mg/day)

EAR 5 6 9 12 12 12 16
RDA − − 6 7 11 15 15 15 19

AI 4 5
UL 200 300 600 800 1000 1000 1000

In the European Union (EU), the most recent scientific opinion of European Food
Safety Authority (EFSA) was from 2015 and the only form of vitamin E that was considered
was α-TF. The Panel on Dietetic Products, Nutrition and Allergies (NDA) considered that
average requirements (ARs) and population reference intakes (PRIs) for vitamin E cannot
be derived for adults, infants, and children, and it therefore defines AIs based on the
observed intakes in healthy populations with no apparent α-tocopherol deficiency in the
EU. The values for AIs are presented in Table 4 [29].

Table 4. The recommended adequate intakes (AIs) of α-TF (mg/day) in the EU [29].

Age 7–11 mo 1–<3 y 3–<10 y 10–<18 18 + y

AI
boys girls men women

5 * 6 9 13 11 13 11
* derived by extrapolating upwards from the estimated α-TF intake in exclusively breast-fed infants aged
0–6 months and rounding.

For pregnant or lactating women, the NDA considers that there is no evidence for
an increased dietary α-TF requirement, and the same AI is set as for non-pregnant non-
lactating women [29]. Overall, a daily intake of 12–15 mg/day of vitamin E, in normal
healthy adults, is considered sufficient to provide adequate vitamin status.

3.4. Bioavailability and Factors That Influence It

Bioavailability is defined as “the degree and rate at which a substance is absorbed
into a living system or is made available at the site of physiological activity” [30]. To
determine this for vitamin E vitamers from various food sources, it is necessary to assess
their absorption, transport, and distribution in the body. Regardless of which form is
administered, the bioavailability of vitamin E can be influenced by numerous elements.
The complexity of the involved metabolic processes and the multitude of available vitamin
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E forms justify the huge number of studies undertaken to establish the bioavailability and
potency of vitamin E, as well as the influence of various factors on these parameters.

3.4.1. Absorption, Distribution, and Metabolism

Dietary vitamin E (post-intestinal passage) is imbedded into lipoproteins. Phospho-
lipid transfer protein (PLTP) is responsible for enriching lipoproteins with this liposoluble
antioxidant for the exchange of vitamin E between HDL and the other lipoproteins, as well
as for the normal distribution of vitamin E in tissues (brain and even spermatozoa) [31–34].

The RRR-α-TF is the preferred form secreted from the liver, distributed from plasma
to tissues, and incorporated into VLDL/HDL; these phenomena are controlled by the α-TF
transfer protein (α-TTP). The RRR-α-TF is also an important regulator of the metabolism
and excretion of other vitamin E forms [35–37]. Interestingly, α-TF supplementation leads
to a decrease of γ-TF plasma concentrations, due to the function of the hepatic transfer
protein, responsible for preferentially secreting α-TF into plasma and for increasing γ-TF
metabolism [38–40].

The metabolic interactions of vitamin E have been debated in the literature; for
example, preclinical studies showed that increased α-TF concentrations induced a signif-
icant increase of CYP3A protein expression; since the CYP3A4 family is involved in the
metabolism of a lot of drugs (>50%), there is a strong possibility that high doses of TFs
would alter the metabolism of associated drugs [35,41–44].

Based on preclinical data, according to the Food and Nutrition Board, the UL for
α-TF is 1000 mg (1100 IU for synthetic (all-rac) and 1500 IU for natural (RRR)), so its
toxicity is considered to be low. Still, the risk of drug interaction is a constant concern.
For example, in a double-blind trial including 160 patients, results showed that the HDL-
increasing effect of simvastatin/niacin was reduced and the adverse effects were more
frequent in subjects also receiving antioxidants (e.g., vitamin C, vitamin E, α-TF, β-carotene,
and selenium) [45,46]. The Women’s Angiographic Vitamin and Estrogen (WAVE) trial
included 423 postmenopausal women with at least one coronary stenosis at baseline
coronary angiography, and it showed that all-cause mortality was increased in women on
hormone replacement therapy who received antioxidant vitamins. This was probably due
to the fact that TF stimulated CYP3A4 drug metabolism and decreased drug concentrations
(for hormones and CVD drugs) [47].

3.4.2. Natural vs. Synthetic

The established biopotency ratio between the natural form (RRR-stereoisomers) and
all-rac (synthetic forms) is now 2:1, but the first ratio determined using the fetal rat resorp-
tion model was 1.36:1 [48]. Hoppe and Krennrich reviewed the bioavailability studies for
natural and synthetic vitamin E, and they highlighted that they have different pharma-
cokinetics due to their different chemical composition. Another important remark was
that studies using the competitive uptake method (with natural and synthetic forms con-
comitantly administered to the same individual) have a great value for comparing plasma
kinetics but are unreliable for estimating potency.

Bioavailability can be a surrogate for measuring the potency of preparations containing
identical active ingredients, but in the case of these compounds, the authors proved that
the studies need to aim at measuring the potency of vitamin E in humans in vivo or ex
vivo. They demonstrated that the RRR:all-rac ratio varied not only with the timepoint but
also with the dosage between 1.99 and 1.51 [49].

Another way to study bioavailability is using a non-competitive uptake method:
deuterium-labelled natural and synthetic vitamin E are administered on separate occasions
to the same individual. Lodge used this approach to compare the plasma biokinetics of
deuterated natural (RRR) and synthetic all-rac-tocopheryl acetate in smokers and non-
smokers, and they demonstrated that the RRR:all-rac ratio was 1.3:1 in non-smokers and
0.9:1 in smokers [50]. Additionally, with the different biopotency ratios (which were
similar with those derived from animal studies in the 80 s by Weiser et al. [48,51]), Lodge
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demonstrated that smokers and non-smokers handle natural and synthetic-TF differently
and this can be a factor that contributes to inter-individual variation.

3.4.3. Dietary Factors

Vitamin E, like all fat-soluble vitamins, needs dietary lipids for the formation of
micelles, which are emulsified in the presence of bile salts, in order to be absorbed [50].
The questions in this case are: how much fat and what kind of fat?

Jeanes et al. compared the absorption of a stable-isotope-labelled vitamin E following
meals with varying fat contents and sources: toast with butter (17.5 g fat), cereal with
full-fat milk (17.5 g fat), cereal with semi-skimmed milk (2.7 g fat), and water (0 g fat).
They found that there was a significant difference between high-fat and low-fat meals, with
none between low-fat and water, and they reported a borderline difference between the
two high-fat meals (p = 0.065). The discrepancy between vitamin E absorption following
low-fat and high-fat meals demonstrates the need for certain amount of fat, with 2.7 g
proving insufficient in influencing bioavailability in this case. Secondly, the difference
between the two high-fat meals indicated that both the amount of fat and the food matrix
are factors [52].

Another study used deuterium-labeled α-tocopheryl acetate-fortified apples to evalu-
ate the influence of fat on vitamin E absorption. The apples were consumed at a breakfast
containing 0%, 6%, or 21% kcal from fat in three sequential trials. The results confirmed
that the presence of fat increased the absorption of vitamin E from 10 ± 4% (0% fat) to
20 ± 3% and 33 ± 5% in the 6% and 21% fat trials, respectively [53].

Vinson et al. studied the effect of Aloe vera liquid preparation consumption on the
absorption of water- or fat-soluble vitamins and proved that absorption was slower and
that vitamins were retained longer in plasma when given together with the Aloe-based
preparations [54].

3.4.4. Physiological and Pathological Factors

Each person is different, and that can also be observed in the case of vitamin E
bioavailability. Several diseases, such as cystic fibrosis, short-bowel syndrome, chronic
cholestatic hepatobiliary disease, Crohn’s disease, exocrine pancreatic insufficiency, and
liver diseases, are associated with fat malabsorption and, consequently, with a vitamin E
deficit [55].

Among physiological factors, age, sex, and genetic background are the most notable.
A substance’s bioavailability can vary with age and sex, but those facts are already well-
known, and RDAs are established accordingly. In contrast, the genetic background is
specific for each person and can lead to important inter-individual variability. Some genetic
diseases affect the absorption process of liposoluble vitamins. For example, abetalipopro-
teinemia is an autosomal-recessive disease that causes an error in lipoprotein production
and transport [55]. Furthermore, the inter-individual variation of vitamin E bioavailability
can be explained by a combination of single-nucleotide polymorphism (SNP) in genes
involved in vitamin E metabolism. Desmarchelier et al. found that the ability to respond
to vitamin E appears to be, at least in part, genetically determined [56]. They identified
32 SNPs in 13 genes and were able to validate a model that explained the variance of
the vitamin E response based on triacylglycerol (TG) concentration with good predictive
capacity (79%) [57].

3.4.5. Technological Factors

Compared to dietary intake, vitamin E supplements offer a precise dose with a pre-
defined profile. The incorporation of vitamin E in pharmaceutical formulations has some
limitations due to its poor water-solubility, which limits its absorption in the gastrointestinal
tract, and its sensitivity to oxygen, light, and temperature variations [58].

Several techniques can be used to obtain stable products with vitamin E, e.g., a self-
emulsifying formulation was found to produce an increase in bioavailability between 210
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and 410% compared with soft gelatin capsules under a fasted condition [59]. Encapsulation
has shown promising results for protecting bioactive molecules against light, humidity,
and oxygen, masking the taste and odor, and increasing the solubility and dissolution rates.

There are many methods to obtain microcapsules, such as spray drying, freeze drying,
complex coacervation, and emulsification [60]. Spray-freeze-drying is an unconventional
freeze drying technique that includes three main process steps: atomization, freezing, and
drying [61]. Parthasarathi et al. compared the bioavailability of vitamin E microcapsules
obtained by the three different methods of spray freeze-drying, spray drying, and freeze-
drying by using a whey protein isolate as an encapsulating agent. In male rats, spray freeze-
dried microcapsules achieved a maximum vitamin E plasma concentration of 9.449 µg/mL
at 3 h, whereas spray dried and freeze-dried microcapsules achieved 7.348 and 7.693 µg/mL,
respectively [62].

The use of cyclodextrins to enhance the solubility of different compounds is well-
known. For α-TF, a core-shell, bionanocomposite hydrogel based on β-cyclodextrin-soy
soluble polysaccharide was used to obtain a sustained in vitro release (over 230 h) and a
prolonged increase of plasma vitamin E levels over 12 h post-administration in vivo [63].
Another example is a γ-TT inclusion complex with γ-cyclodextrin, which improved the
oral bioavailability of γ-TT [64].

4. Molecular and Cellular Mechanism of Action

The regulatory effects of TFs and TTs were tested using both cancerous (prostate,
breast, HeLa, myeloid, adenocarcinoma, etc.) and non-malignant cell lines (neutrophils,
macrophages, epithelial cells, etc.), with different study designs and experimental con-
ditions. The most relevant studies we found regarding the purpose of this review are
presented in Table 5.

In neutrophils, TFs and their metabolites (e.g., CEHC—2,7,8-trimethyl-2-(beta-carboxyethyl)-
6-hydroxychroman) were found to regulate PKC signaling and the activities of NADPH
and xanthine oxidase in a PMA-stimulated model [65]. Furthermore, they inhibited the
generation of leukotriene B4 (LTB4), with no direct effect on 5-LOX (γ-TF, δ-TF, and γ-
TT >> α-TF), while 13′-carboxychromanol, a long-chain metabolite of δ-TF, was a potent
5-LOX inhibitor. δ-TF prevented ionophore-induced intracellular calcium rise and ERK1/2
(extracellular signal-regulated kinase) activation [66].

In macrophages, TTs (especially δ-TT) proved to exert better anti-inflammatory effects
than α-TF, reducing TNF-α, IL-1β, IL-6, PGE2, COX-2, and iNOS expression, as well as
NF-κB activation, in LPS-stimulated models [67–69]. γ-TF and its metabolite, γ-CEHC
(2,7,8-trimethyl-2-(beta-carboxyethyl)-6-hydroxychroman), decreased PGE2 synthesis via
the inhibition of COX-2 activity—possibly a competitive inhibition mechanism, as the
effects of α-TF were modest [70].

γ-TT reduced the TNF-α-induced activation of NF-κB and the expression of LPS-
stimulated granulocyte-colony stimulating factor, upregulating C/EBPs [71]. δ-TT also
decreases the TNF-α-induced activation of NF-κB (via TAK1 and A20 signaling) and the
LPS-stimulated expression of IL-6 in a time- and dose-dependent manner [72]. TFs were
able to prevent TNF-α-induced oxidative stress, increasing ICAM-1 an Cl-2 expression
in intestinal epithelial cells (via redox and non-redox mechanisms), while their sulfide
and disulfide derivates were even more active [73]. However, in fetal-derived intestinal
cells, TFs enhanced NF-κB and Nrf2 signaling after an IFN-γ/PMA challenge, possibly
contributing to a pro-inflammatory response [74]. γ-TT was found to decrease TNF-α-
stimulated inducible and constitutive NF-κB activation [75], as well as STAT3 activity and
its DNA binding activity in various cancer cell types (in contrast with γ-TF), which was
found to be correlated with the inhibition of Src kinase and JAK1 and JAK2 kinases [76].

In an assessment of blood and endothelial cytotoxicity (TNF-α stimulation), TFs
(especially δ-TF) proved useful in mitigating inflammation and angiogenesis [77], while
in lung epithelial cells, TFs (α, γ, δ) and γ-TT decreased the IL-13/STAT6-stimulated
expression of eotaxin-3 [78].
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Table 5. Molecular and cellular effect of TFs and TTs reported in in vitro cell-based studies.

Cell Line Design/Treatment Observed Effects Reference

Human isolated neutrophils

PMA-stimulated neutrophils model:

� Pre-incubation with α-TF
(10–50 µM), γ-TF (0.1–4 µM), δ-TF
(0.1–4 µM), α-CEHC (0.05–5 µM),
γ-CEHC (0.05–5 µM), or δ-CEHC
(0.05–5 µM) for 30 min

� Stimulation with PMA (10−7 M)
for 3 min

â Inhibition of the translocation and
activation of PKC: CEHC > TF

â TFs, but not CEHCs, directly
inhibit NADPH oxidase and
xanthine oxidase

[65]

Human blood neutrophils or
differentiated HL-60 cells

� Pre-incubation with α-, γ-, δ-TF,
or γ-TT for 10 min (0–50 µM) or
13′-hydroxychroman (0–15 µM)
for 15 min

� A23187/ionophore-stimulated
(1–2.5 µM)

â γ-TF, δ-TF, and γ-TT: ↓ LTB4 (IC50
5–20 µM), no direct effect
on 5-LOX

â 13′-hydroxychroman: ↓ LTB4
(IC50 of 4–7 µM) and potently
inhibited 5-LOX (IC50
of 0.5–1 µM)

â δ-TF: ↓ ionophore-induced
intracellular calcium increase and
calcium influx and the
subsequent signaling including
ERK1/2 phosphorylation

â δ-TF prevented ionophore-caused
cytoplasmic membrane
disruption, which may account
for its blocking of calcium influx

[66]

Raw 264.7 macrophages

LPS-stimulated inflammation model:

� α-TF
� Incubation with TT-rich fraction,

α-, δ-, and γ-TT versus α-TF,
(10 µg/mL for all)

� Stimulated with LPS (10 ng/mL)

â TT-rich fraction and α-, δ-, and
γ-TT: ↓ LPS-induced IL-6, NO

â α-TT: ↓ TNF-α
â TRF and α-, δ-TT: ↓ PGE2
â TT-rich mix, as well as δ- and

γ-TT: ↓ COX-2 gene expression

[67]

Murine peritoneal
macrophages

LPS-stimulated inflammation model:

� Incubation with TT-rich fraction,
α-TF, and α-TF-acetate
(5–30 µg/mL)

� Stimulated with LPS (1 µg/mL)

â ↓ LPS-induced NO, PGE2, TNF-α,
IFNγ, IL-1β, and IL-6 (TT-rich
fraction > α-TF and α-TF acetate)

â ↓ NF-κB activation (TT-rich
fraction > α-TF, α-TF acetate)

â TT-rich fraction (10 µg/mL): ↓
COX-2 and iNOS gene expression

[68]

Murine RAW 264.7 cells and
peritoneal macrophages (PM,
prepared from BALB/c mice)

� LPS-stimulated inflammation
model:

� RAW 264.7 cells: α-TF, α-TT, γ-TT,
or δ-TT (4, 8, and 16 µM) for 1 h,
then stimulated with LPS
(1 µg/well) for 4 h

� PM: LPS (10 ng/treatment), LPS
and α-TF (25, 50, and 100 µM),
and LPS and δ-TT (10, 20,
and 40 µM)

â RAW 264.7 cells: TT determined
significant and dose-dependent
inhibition of TNF-α

â PM: low concentrations of δ-TT
(10 and 20 µM) blocked
LPS-induced gene expression of
TNF-α, IL-1β, IL-6, and iNOS

[69]
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Table 5. Cont.

Cell Line Design/Treatment Observed Effects Reference

Murine RAW264.7
macrophages

Human epithelial cancer
cells (A549)

� Pre-incubation with 0–50 µM
α-TF or γ-TF for 8–14 h

� RAW264.7 macrophages: TF
incubation and 0.1 µg/mL of LPS
were introduced for 14 h

� A549 cells: TF incubation and 10
ng/mL IL-1β for 24 h

â γ-TF and γ-CEHC: ↓ PGE2
synthesis (in both cell lines—IC50
of 7.5/4 µM, respectively
and ≈30 µM)

â α-TF slightly reduced (25%) PGE2
formation (50 µM) in
macrophages but had no effect in
epithelial cells

â Inhibition of COX-2 activity,
possibly as competitive inhibitors
of arachidonic acid

â γ-TF: suppression of iNOS
expression in LPS-stimulated
macrophages

[70]

Raw 264.7 macrophages

LPS-stimulated inflammation model:

� Pre-incubation for 14–16 h with
α-TF (50 µM), γ-TF (10–50 µM),
δ-TF (10–50 µM), and γ-TT
(5–40 µM)

� Stimulated with LPS (0.1 µg/mL)

â γ-TT: ↓ LPS-induces IL-6
synthesis (via blocking NF-κB
activation)

â γ-TT: ↓ LPS-stimulated
granulocyte-colony
stimulating factor

â γ-TT blocks LPS-induced the
upregulation of C/EBPβ without
affecting C/EBPδ

[71]

Raw 264.7 macrophages

TNF-α-induced NF-κB activation model:

� δ-TT (10 or 20 µM)
� TNF-α stimulation: 10 ng/mL

for 5 min

δ-TT:

â ↓ TNF-α-induced activation of
NF-κB and LPS-stimulated IL-6
(dose- and time-dependent).

â ↓ TNF-α-induced
phosphorylation of
TAK1—essential for NF-κB
activation

â ↑ A20—inhibitor of NF-κB by
modulating sphingolipid
metabolism

[72]

Intestinal epithelial
cells (HT29)

TNF-α-induced stress model:

� α-TF (5–100 µN)
� γ-TF (5–100 µN)
� Bis-δ-Toc sulfide (δ-Toc)2S

(5–100 µN)
� Bis-δ-Toc disulfide (δ-Toc)2S2

(5–100 µN)
� Versus N-acetylcysteine (20 mM)

All tocopherol derivates:

â Prevented TNF-α-induced
oxidative stress

â ↑ ICAM-1 and CI-2 expression
â (δ-Toc)2S and (δ-Toc)2S2 were

more effective than α- and γ-Toc
â Mechanism: antioxidant

properties (regulation of ICAM-1)
and both redox and
non-redox-dependent action in
the TNF-α-induced Cl-2
expression.

[73]
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Table 5. Cont.

Cell Line Design/Treatment Observed Effects Reference

Fetal-derived intestinal
(FHs 74 Int) cells

� 24 h pre-treatment with α-, γ-,
and δ-TF (1, 10, and 100 µM)

� IFNγ (4000 U/mL)/PMA
(0.05 µg/mL) challenge

â ↑ IL-8 expression:
δ-TF > γ-TF > α-TF

â ↑ Activation of NF-κB and Nrf2
signaling: δ-TF > γ-TF

â ↓ Glutamate-cysteine ligase:
δ-TF > γ-TF

[74]

Human myeloid KBM-5 cells
Human lung adenocarcinoma

H1299 cells
Human embryonic kidney

A293 cells
Human breast cancer

MCF-7Human multiple
myeloma (U266)

Head and neck squamous cell
carcinoma (SCC4) tumor cells

� Pre-incubation with 25 µM γ-TT
for 12 h and then with 0.1 nM
TNF-α for 30 min

â ↓ TNF-α-induced inducible and
constitutive NF-κB activation

â Inhibition TAK1/TAB1-induced
NF-κB-dependent gene
expression

[75]

Human multiple myeloma
(MM) cell lines U266, MM.1R,

and MM.1S
(dexamethasone-sensitive)
and MIA PaCa-2, PC3, and

DU-145 cells

� γ-TT (0–80 µM) for 0–8 h versus
γ-TF (0–80 µM)

â γ-TT inhibits (dose- and
time-dependently) constitutively
active STAT3 and its DNA
binding activity

â γ-TT downregulates IL-6-induced
p-STAT3, constitutively active Src,
JAK1, and JAK2

â γ-TT induced the expression of
SHP-1 in a dose-dependent
manner

â STAT3 inhibition by γ-TT is not
cell type-specific

[76]

Immortalized human dermal
capillary cells (HMEC-1)

and HMEC-1A (a subcloned
population of pure lymphatic

endothelial cells)

� HMEC-1→ human blood
cytotoxicity—BEC model

� HMEC-1A→ lymphatic
endothelial cytotoxicity (LEC)

� Pre-incubation with α-, γ-, or
δ-tocopherol at 10, 20, or 40 µM
for 24 h

� TNF-α at a concentration of
20 ng/mL stimulation and
incubation for 16 h

BEC:

â δ-TF, γ-TF: ↓ cell density
â γ-TF: ↓ invasiveness
â δ-TF: ↑ cell permeability (48 h)
â ↓ Capillary tube formation:

α-TF (40 µM), γ-TF (40 µM), and
δ-TF (40 µM)

â ↓ TNF-α-induced VCAM-1
expression: α-TF, γ-TF, and
δ-TF (dose-dependently)

â LEC:
â γ-TF and α-TF (40 µM): ↓

invasiveness
â δ-TF: ↑ cell permeability (48 h)
â ↓ Capillary tube formation:

α-TF (10 µM) and γ-TF (10–20 µM)

[77]

Human lung epithelial
A549 cells

� Pre-incubation with α-TF (50 µM),
γ-TF (10–50 µM), δ-TF (50 µM),
and γ-TT (5–20) for 14–18 h or
γ-CEHC/resveratrol for 1 h

� IL-13 (10 ng/mL) stimulation
for 24 h

â ↓ IL-13/STAT6-induced
expression of eotaxin-3: γ-TT
(IC50 ~15 µM) > γ-TF, δ-TF (IC50
~25–50 µM) > α-TF

[78]
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Table 5. Cont.

Cell Line Design/Treatment Observed Effects Reference

Melanoma cell lines, BLM
and A375

� δ-TT (5–20µg/mL) for 24 or 48 h

â Pro-apoptotic effect on both
cell lines

â Activation of the PERK, IRE1α,
and caspase-4 ER stress-related
branches.

[79]

Human normal esophageal
epithelium cells Het-1A

NMBA-induced carcinogenesis model:

� NMBA (100 µM), α-TF (25, 50,
and 100 µM), or their
combination for 48–72 h

â ↓ Cell proliferation,
â ↑ Cell cycle G2-phase arrest

and apoptosis
â ↑ Expression of PPARγ and its

downstream tumor
suppressor PTEN

[80]

Human pancreatic cancer cells
(MiaPaCa-2 and AsPc-1)

For NF-κB activity assessment:

� Pre-incubation (72 h) with α-, β-,
γ-, δ-TT, and α-, δ-TF (0.05 µM),
δ-TT (0.05 µM), and gemcitabine
(0.02 µM)

â ↓ Survival
â ↓ NF-κB activity: γ- and δ-TT

(nuclear extract), β-, γ-, and δ-TF
(cytosolic fraction)

â δ-TT, not α- or β-TT, suppressed
NF-κB/p65 and phosphorylated
the IkBα expression and
downregulation of Bcl-xL

â α-TF and α-TT→ no effect on
NF-κB activity

[81]

Human prostate cancer cell
lines (PC-3, DU-145, LNCaP,

and CA-HPV-10)

TNF-α-induced stress model:

� α-TF (succinate salt at
15–20 µg/mL) with overnight
incubation

� TNF-α stimulation: 10 ng/mL
over 60 min for NF-κB and AP-1
activity and 18 h for IL-6, IL-8,
and VEGF expression

� α-TF (succinate salt at
15–20 µg/mL) in a 3 h-incubation
for adhesion assay

â ↓ NF-κB activity and ICAM-1
expression

â ↑ AP-1 activation
â ↓ IL-6, IL-8, and VEGF expression
â ↓ Cell adhesion

[82]

Prostate cancer cell
line DU145

� α-, γ-, and δ-TF (5–40 µM)
� EGF or IGF for 2, 5, 10, 15, 20,

and 30 min

â ↓↓ Phosphorylation of Akt
â δ-T ↓ EGF/IGF-induced

activation of Akt (via the
phosphorylation of Akt induced
by PIK3 activation)

[83]

Prostate cancer cell line PC-3

� Incubation for 24 h with α- and
γ-TF, α- and γ-CEHC, Trolox, and
α-TF succinate (α-TS) at a
concentration range of 0.1–50 µM

â ↓ Cell proliferation: γ-CEHC >
γ-TF > α-TF > α-CEHC > Trolox >
α-TF (γ-CEHC, γ-TF—maximal
inhibition of ~10 µM)

â ↓ Cyclin D1 expression: both TFs
and CEHCs

â γ-TF and γ-CEHC also interfere
upstream cyclin D1

[84]
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Table 5. Cont.

Cell Line Design/Treatment Observed Effects Reference

Castration-resistant prostate
cancer cells (PC3 and DU145)

� δ-TT (5–20µg/mL) for 24 h

â Cytotoxic/pro-apoptotic activity
â In PC3 cells via endoplasmic

reticulum (ER) stress and
autophagy pathways;

â In DU145 cells via ER stress
pathway

â ↑ Phosphorylated JNK and p38
(both cell lines)

[85]

Prostate cancer PC3
stem-like cells

� Pre-incubation for 6 h under
hypoxic condition

� Treatment with δ-TT at indicated
doses for 24 h under hypoxia:
δ-TT (0–40 µM)

â Dose-dependent cytotoxic effect
â ↓ HIF-1α [86]

CaCO-2 and primary FHs 74
Int cells intestinal epithelial

cell lines

� Peroxyl radical-induced
membrane oxidation: cells were
incubated with α-, γ-, δ-TF (1, 10,
and 100 µM) for 24 h before
labeled with DPPP

� Inflammatory response:
pre-incubation with TF isoforms
(1, 10, and 100 µM) for 24 h,
followed by exposure to IFNγ

(8000 U/mL) and PMA
(0.1 mg/mL) for 24 h

â Antioxidant capacity: δ-TF > γ-TF
> α-TF (CaCO-2 and FHs 74
Int cells)

â ↓ Inflammatory response in the
IFNγ/PMA-induced
inflammation (Caco-2 cells), ↑
IL-8 and PGE2 (FHs 74 Int cells)

â Apoptosis-mediated cytotoxicity:
δ-TF > γ-TF > α-TF (not cytotoxic)

[87]

CaCO-2 cells

� IFNγ (8000 U/mL)/PMA
(0.1 µg/mL)-induced
inflammatory response model

� 24 h treatment with α-, γ-, and
δ-TF (1, 10, and 100 µM)

â Suppression of
IFNγ/PMA-induced NK-κB
activation: α-TF> γ-TF >> δ-TF
(ineffective)

â IFNγ/PMA-induced activation of
Nrf2: δ-TF >> γ-TF > α-TF
(ineffective)

â δ-TF: ↑ Nrf2 + ↓ GSH/GSSG ratio
=> pro-oxidant activity, lowered
by ascorbic acid (with an
additional ↓ IL-8).

[88]

CaCO-2 cells � α-, γ-, and δ-TF (2.5–50 µm)

â Rapid increase in cytosolic
calcium for all isomers

â Intracellular calcium elevation is
necessary for the TF-induced
antioxidant impact

[89]

SW 480 human colon cancer
cell lines

� α-TF and γ-TF (5 or 10 µM)
versus troglitazone (positive
control at 100 µM)

� Incubation for 24 h for mRNA
expression and 48 h for protein
expression

â ↑ PPARγ mRNA (γ-TF >> α-TF)
â γ-TF increased PPARγ expression

much more efficiently than α-TF
or troglitazone

[90]
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Table 5. Cont.

Cell Line Design/Treatment Observed Effects Reference

Breast adenocarcinoma cell
lines MDA-MB-231 and MCF7

� β-TT and γ-TT (10–50 µM)
incubated for 24 and 48 h

â Cytotoxic effects: β-TT > γ-TT
(IC50 significantly higher)

â Mild G1 arrest on both cell lines
â Mitochondrial stress-mediated

apoptotic response in
MDA-MB-231 cells

â β-TT: downregulation of
phosphorylated PI3K and GSK-3
cell survival proteins

[91]

MDA-MB 231 and MCF-7
breast cancer cells

� α-TT and γ-TT (10–40 µM)
incubated for 48 and 72 h

γ-TT:

â ↑ Apoptosis via PARP cleavage
and caspase-7 activation

â Activation of PERK and pIRE1α
pathway to induce ER stress

â ATF3—molecular target for γ-TT

[92]

MDA-MB-231 and MCF-7 and
breast cancer cells

� γ-TT (0–7 µM) over a 96 h
treatment

â Dose-dependent ↑ AMPK→ ↓
Akt activity

â Dose-dependent ↓
phosphorylated-FOXO3
(inactivated)

â ↓ Expression of genes associate
with metabolic signaling and
glycolysis

[93]

MCF-7 breast cancer cells
� γ-TT (0–10 µM) over a 96 h

treatment

â Dose-responsive inhibition of
mammary tumor cell growth

â ↓ Glucose use and expression of
associated enzymes
(hexokinase-II,
phosphofructokinase, pyruvate
kinase M2, and lactate
dehydrogenase A), intracellular
ATP production, and extracellular
lactate excretion

â ↓ Phosphorylated (active) Akt,
phosphorylated (active) mTOR,
and c-Myc but not HIF-1α
or GLUT-1

â Result were significant for higher
concentrations (6 and 8 µM)

[94]
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Table 5. Cont.

Cell Line Design/Treatment Observed Effects Reference

HeLa cells
� γ-TT (15–60 µM) for 12, 24,

and 48 h

â Dose- and time-dependently
inhibited cell proliferation and
induced apoptosis

â Arresting the cell cycle at the
G0/G1 phase and increasing the
Bax/Bcl-2 ratio, the activation of
caspase-3 and caspase-9, and the
cleavage of PARP

â Downregulated the expression of
proliferative cell nuclear antigen
(PCNA) and Ki-67

â Promotion of the
mitochondria-mediated intrinsic
apoptotic pathway

[95]

TF—tocopherol; TT—tocotrienol; CEHC—carboxyethyl hydroxychroman; PMA—phorbol–myristate–acetate; PKC—protein kinase C;
NADPH—nicotine-adenine-dinucleotide phosphate; LTB4—leukotriene B4; 5-LOX—5-lipooxygenase; ERK1/2—extracellular signal-
regulated kinases 1/2; LPS—lipopolysaccharide; NO—nitric oxide; TNF-α—tumor necrosis factor α; PGE2—prostaglandin E2; COX-2—
cyclooxygenase 2; IFNγ—interferon γ; IL—interleukin; NF-κB—nuclear factor kappa-light-chain-enhancer of activated B cells; iNOS—
inducible nitric oxide synthase; C/EBP—CCAAT-enhancer binding protein; TAK1—transforming growth factor β-activated kinase 1;
ICAM-1—intracellular adhesion molecule 1; CI-2—claudin-2; Nrf2—nuclear factor-erythroid 2-related factor 2; TAB1—TGF-beta activated
kinase 1/MAP3K7 binding protein 1; STAT3—signal transducer and activator of transcription 3; p-STAT3—phosphorylated signal
transducer and activator of transcription 3; Src—Proto-oncogene tyrosine-protein kinase Src; JAK 1/2—Janus kinases 1/2; SHP-1—Src
homology 2-containing protein tyrosine phosphatase; VCAM-1—vascular cell adhesion molecule 1; STAT6—signal transducer and activator
of transcription 6; PERK—protein kinase R-like ER kinase; IRE1α—inositol-requiring enzyme 1 α; pIRE1α—phosphorylated inositol-
requiring enzyme 1 α; NMBA—N-nitrosomethylbenzylamine; PPAR—peroxisome proliferator-activated receptor; PTEN—phosphatase
and tensin homolog; p65—nuclear factor NF-kappa-B p65 subunit; IkBα—nuclear factor of kappa light polypeptide gene enhancer
in B-cells inhibitor, alpha; Bcl-xL—B-cell lymphoma extra-large protein; VEGF—vascular endothelial growth factor; AP-1—activator
protein 1; IGF—insulin growth factor; EGF—epidermal growth factor; ER—endoplasmic reticulum; JNK—c-Jun N-terminal kinase;
p38—p38 mitogen-activated protein kinase; HIF-1α—hypoxia-inducible factor 1α; DPPP—1,3-Bis(diphenylphosphino)propane; GSH—
glutathione; GSSG—oxidized glutathione; PI3K—phosphoinositide 3-kinase; GSK-3—glycogen synthase kinase 3; PARP—poly (ADP-ribose)
polymerase; ATF3—activating transcription factor 3; AMPK—AMP kinase; FOXO3—forkhead box O-3; mTOR—mammalian target of
rapamycin; GLUT-1—glucose transporter 1; Myc—proto-oncogenes; Akt—protein kinase B; Bax—Bcl-2-like protein 4; Ki-67—marker of
proliferation Ki-67.

Several of the cellular pathways modulated by TFs and TTs have been highlighted
in cancer cells studies. In melanoma cells, δ-TT-activated, ER stress-related pathways
(activation of the PERK, IRE1α, and caspase-4 signaling) were found to result in pro-
apoptotic activity [79]. In an esophageal epithelium cell carcinogenesis model, α-TF
reduced cell proliferation and increased PPARγ expression, along the downstream PTEN
tumor suppressor, acting as a PPARγ agonist [80].

Compared to α-TF, which had little effect in pancreatic cancer cells, δ-TT was efficient
in augmenting gemcitabine activity, with a significant suppression of NF-κB activity and
the expression of NF-κB transcriptional targets [81].

Several cellular pathways were reported to be regulated by various vitamin E forms
in prostate cancer cells. α-TF reduced the TNF-α-stimulated expression of ICAM-1, VGEF,
IL-6, and IL-8, as well as the activation of NF-κB and AP-1 [82]. δ-TF interfered with EGF
signaling, resulting in the inhibition of the receptor tyrosine kinase-dependent activation
of Akt [83]. Moreover, these are reports which suggest that CEHC metabolites of TFs are as
effective as their precursors in inhibiting cell proliferation (via the specific downregulation
of cyclin D1), with γ-derivates being the most efficient [84]. As for TTs, δ-TT was found to
present cytotoxic/pro-apoptotic effects via ER stress, autophagy, and paraptosis pathways
(the activation of JNK and p38) [85], as well as by reducing the expression of HIF-1α in a
dose-dependent manner under hypoxic conditions [86].

In colon cancer cell lines, TFs were found to exhibit an anti-inflammatory effect
and promoted apoptosis (especially δ-TF) in an IFNγ/PMA model [87], suppressing the
activation of NF-κB (α-TF and γ-TF) and enhancing the Nrf2 pathway (δ-TF) [88]; their
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overall effect on antioxidant defense also seemed to be dependent on an elevation of
cytoplasmic Ca2+ [89]. Moreover, γ-TF increased PPARγ mRNA and protein expression
(more efficiently versus α-TF or troglitazone), with possibly important implications in
inflammatory diseases [90].

TTs showed significant cytotoxic/pro-apoptotic and metabolism modulatory effects
in breast cancer cell lines, including the downregulation of phosphorylated PI3K and
GSK-3 cell survival proteins (β-TT), increased mitochondrial stress [91], ER stress via
PERK and pIRE1α signaling, PARP cleavage and caspase-7 activation (γ-TT) [92], dose-
dependent AMPK activation, Akt and mTOR inhibition (γ-TT), the reduction of glycolysis
gene expression, glucose utilization, and ATP production (γ-TT) [93,94].

Furthermore, in HeLa cells, γ-TT was found to inhibit cell proliferation and pro-
mote apoptosis via the mitochondria-mediated intrinsic apoptotic pathway, increasing
the Bax/Bcl-2 ratio, caspase-3 activation, and cleavage of PARP while also reducing the
expression of PCNA [95].

These findings provided good evidence regarding the myriad of cellular pathways
modulated by all vitamin E forms and their metabolites (e.g., CEHCs) or derivatives (e.g.,
disulfides), in both normal and cancer cells, gravitating towards reestablishing normal
cell function. Table 5 includes details regarding the cell lines, design/treatment, and
observed effects reported in the cited studies. TFs and TTs were shown to inhibit key
enzymes in the arachidonic acid cascade, the generation of pro-inflammatory molecules,
and the activation of the NF-κB pathway in pro-inflammatory environments and cancerous
cells. Furthermore, they were found to exert cell cycle regulatory effects and to modulate
responses to oxidative stress via in redox and non-redox mechanisms. Of all the studied
molecules, δ-TF of the TFs and γ-TT of the TTs stood out as the most potent and versatile
compounds with exciting potential for the chemoprevention and treatment of diseases
with an important inflammatory component (e.g., cardiovascular or metabolic diseases).

5. Preclinical Reports

The protective actions of TFs and TTs are definitely a consequence of their direct
scavenging effects of neutralizing reactive oxygen and nitrogen species, thus preventing
oxidative cellular and DNA damage [96]. In addition to their scavenging role, vitamin
E vitamers have a plethora of other effects. Further, animal-based models showed that
the administration of TTs and TFs can modulate the activity of various enzymes and
signaling pathways, such as MAPK, PI3K/Akt/mTOR, Jak/STAT, and NF-κB, thus acting
as the underlying mechanisms of their reported anti-inflammatory, immuno-regulatory,
neuroprotective, anti-proliferative, pro-apoptotic, anti-angiogenetic, and anti-metastatic
effects [3,96].

5.1. Energy Homeostasis/Metabolism-Related Signaling

TTs and TFs profoundly influence metabolism, improving lipid profile and glycemic
control in animal models of diabetes, hyperlipidemia, and non-alcoholic hepatic steatosis
(NASH) [97–104]. These outcomes are due to their antioxidant and anti-inflammatory
effects, as well as to their modulatory effect on various signaling pathways. TTs and
TFs regulate AMPK (AMP-activated protein kinase) signaling; this enzyme monitors the
AMP:ADP:ATP ratio in eukaryotic cells [105], and the AMPK/SIRT1/PGC1α pathway reg-
ulates insulin signaling in type 2 diabetic mice [97]. TT treatment was found to upregulate
insulin receptor subunit-1 (IRS-1) and Akt levels, as well as to increase the translocation
of GLUT4, enhancing insulin sensitivity and leading to a reduction of hyperglycemia in
various animal models. An extensive review by Pang and Chin (2019) accurately explained
the complex mechanism of metabolism modulation by TTs [100].

TFs, α-TT, γ-TT, and δ-TT were also reported to attenuate adipocyte enlargement,
hepatic steatosis, and metabolic inflammation in the livers of obese and non-obese rats
via hepatic PPARα/PPARγ activation [101]. Increasing hepatic PPARα expression and its
downstream-regulated genes (ACOX and CAT-1) leads to upregulation of IκB expression,



Antioxidants 2021, 10, 634 16 of 37

which inhibits the activation and nuclear translocation of the pro-inflammatory transcrip-
tion factor NF-κB [98]. δ-TT reduced the TNF-α mRNA level in an animal model of hepatic
steatosis in obese mice [99]. γ-TT administration was found to reduce the hepatic PPARγ
expression. in an HFCS diet-induced of non-alcoholic steatosis, preventing the conversion
of hepatocytes to adipocyte-like phenotypes [101]. TGFα signaling is also reduced by the
administration of γ-TT, so the activation of hepatic stellate cells (HSCs), the hallmark of
hepatic fibrosis, was inhibited [101]. Other beneficial effects were observed for a palm
oil TT-rich fraction (mixture of several TTs and tocopherol isoforms) [102], γ-TT [103], δ-
TT [99], and Annatto-extracted TTs [104] in steatosis animal models, including a reduction
of blood triglycerides, total cholesterol, and low-density lipoprotein (LDL) levels—effects
correlated with the downregulation of fatty acid biosynthesis proteins/enzymes such
as fatty acid synthase (FAS), sterol regulatory element-binding protein-1/2 (Srebf1/2),
stearoyl-CoA desaturase-1 (Scd1), acetyl-CoA carboxylase-1 (ACC1), HMG-CoA reduc-
tase, low-density lipoprotein receptor (LDLR), diglyceride acyltransferase (Dgat2), ad
lipoprotein lipase (Lpl).

5.2. Regulatory Effects on Inflammation Pathways

A vitamin E mixture rich in γ-TF and γ-TT was shown to reduce serum 8-isoprostane
and PGE2, as well as to subsequently alleviate inflammation-related symptoms in murine
models of dextran sulfate sodium (DSS)-induced colitis [106], in non-alcoholic steatosis
induced by a high-fat diet [101], in an airway inflammation model caused by intranasal LPS
in rats [107,108]. The modulatory effect of γ-TF on allergic inflammation seems to depend
on the route of administration: the subcutaneous administration of γ-TF was associated
with airway inflammation and abolished α-TF-exerted anti-inflammatory effects via PKCα

activation, a phenomenon that must be taken into consideration in clinical settings [108].
On the other hand, a decrease in LTB4 was observed after the administration of a diet
containing a 0.3% γ-TF-rich mixture [109].

The inhibition of NF-κB signaling is one of the main mechanisms underlying the
anti-inflammatory effects reported for TTs and TFs, as it leads to the decreased synthesis
of several pro-inflammatory molecules [110,111]. NF-κB represents a protein complex, its
family comprising five transcription factors, that binds to consensus target sequences in
various promoters and regulates gene expression after activation [112].

TTs and TFs were reported to stimulate SIRT-1 activity, which suppresses NF-κB acti-
vation through the deacetylation of its p65 subunit [113] and by significantly increasing the
expression of IκBα (γ-TT) [101] and A20 (δ-TT as a result of modulating sphingolipids) [72]—
natural inhibitors of NF-κB.

In alloxan-induced diabetic ICR mice, orally administered γ-TF (35 mg/kg) was
found to downregulate the expression of genes for TNF-α, IL-1β, and CRP [113]. γ-TT
nebulization reduced pro-inflammatory cytokines IL-6 and IL-8 in a lung injury ovine
model caused by burn and smoke inhalation. The decrease in cytokine synthesis was
associated with a reduction of the obstruction score and edema [114]. A dietary intake
of a 0.05% α-TF or 0.05% γ-TF-rich mixture inhibited the colitis-associated elevation of
pro-inflammatory IL-6 in the colon [115]. In chemically-induced diabetes models, γ-TF
and a γ-TT-rich fraction (α-TF: 21.8%; γ-TF: 1.0%; α-TT: 23.4%; and γ-TT: 37.4%) dose-
dependently reduced inflammation-related markers including NF-κB, MCP-1, IL-6, IL-1β,
and TNF-α in skeletal muscle and plasma [97,101].

The NF-κB-mediated transcription of pro-Il-1β, pro-Il-18, and Nlrp3 is essential for gen-
erating inflammasome components, including NOD-like receptor protein 3 (NLRP3) [116].
Inflammasomes are multiprotein cytosolic receptors that detect damage signals. They
recruit adaptor protein ASC (apoptosis-associated speck-like protein containing a caspase
recruitment domain) and pro-caspase-1. Caspase-1 becomes active and transforms pro-IL-
1β and pro-IL-18 to active IL-1β and IL-18. Excessive inflammasome activation is associated
with various chronic inflammatory diseases including multiple sclerosis, Alzheimer’s dis-
ease (AD), atherosclerosis, and age-related macular degeneration [117]. γ-TF and TT were
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reported to reduce NLRP3-inflammasome in a model of hyperglycemia-induced hepatic
damage [116], as well as in two models of NASH—one induced by high-fat–high choles-
terol diet and the other induced by colin-methionine deficient diet [101]. Additionally,
vitamin E was reported to reduce other pro-inflammatory gene expressions, such as those
of monocyte chemoattractant protein 1 (MCP-1) or Cd11c [101].

TFs and TTs inhibit the formation of pro-inflammatory eicosanoids mediated by COXs
and 5-LOX. A review by Lewis et al. identified post-translational changes of the COX-2
structure as a mechanism for PGE2 decrease following the administration of vitamin E
derivatives. The inhibition of COX-2 by γ- and δ-TT attenuated inflammation induced
by UVB and γ irradiation [118,119]. Eicosanoids from COXs and 5-LOX pathways con-
tribute to cancer and metastasis development [120], so, the TF/TT-mediated inhibitory
effect on COX-2 and 5-LOX was associated with cancer chemoprevention in chemically-
induced/moderate colitis-promoted colon carcinogenesis [121,122] and with decreased
ventral prostate epithelial dysplasia in a prostate cancer model induced by N-methyl-N-
nitrosourea in rats [123]. The animal studies investigating the anti-inflammatory effects of
vitamin E derivatives are summarized in Table 6.

Table 6. Selected in vivo studies on TFs’ and TTs’ anti-inflammatory effects.

Animal Model Dosage Duration of
Administration Measured Parameters Conclusion Reference

High-fat diet
(HFD) induced
hepatic steatosis

in male
C57BL/6 J mice

α-TF and γ-TF:
0.7 and 3.5

mg/kg/day
(1:5 ratio)

12 weeks

α-TF and γ-TF:

â Decreases of serum
triacylglycerols (56%)

â Downregulate
inflammatory markers
(TNF-α and IL-1β)

â Upregulates hepatic
PPAR-α expression and its
downstream-regulated
genes (ACOX and CAT-1)

â Inhibits hepatic NF-κB
activation

In an HFD-setting, a
combination of α-TF

and γ-TF ameliorated
adipocyte enlargement,
hepatic steatosis, and

inflammation
modulated via

PPAR-α/NF-κB
signaling.

[98]

High-fat (45%)
diet containing

cholesterol
(0.2%) in
C57BL/6
male mice

γ-TT 0.1%
in diet 5 weeks

γ-TT:

â ↓ Diet-induced lipogenic
gene expression: PPARγ,
Srebp1c, Fas, DGAT2,
Scd1, and Lpl

â ↓ Protein expression
related to de novo
lipogenesis: acetyl-CoA
carboxylase and fatty
acid synthase

â ↓ Pro-inflammatory gene
expressions: MCP-1,
Cd11c, TNF-α, NLPR3,
and IL-1β

â ↓ ER stress marker: BiP,
CHOP, p-JNK, p-eIF2α,
and p-p38

â ↑ IκBα expression
â ↓ Fibrosis-related gene

expression of α-Sma,
Timp1, TGF-β,
and HDAC9

γ-TT attenuates hepatic
TG accumulation by
improving insulin

sensitivity and delays
progression to NASH by

reducing ER
stress/hepatic fibrosis

axis activation.

[101]
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Table 6. Cont.

Animal Model Dosage Duration of
Administration Measured Parameters Conclusion Reference

Airway
inflammation

caused by
intranasal LPS

in male
F344 rats

γ-TF at
30 mg/kg (oral
gavage), daily

and LPS
intranasal

challenge (0, 5,
or 20 µg)

Prior (2 days
before) and
during LPS
challenge

γ-TF:

â ↓ Neutrophil infiltration,
BALF PGE2, secreted
mucins, and
pro-inflammatory
intraepithelial cytokines

â ↑ IL-10 and IFNγ

Dietary γ-TF inhibited
airway neutrophil

recruitment and mucus
hyperproduction.

[107]

Allergy airway
inflammation
and asthma
models in

ovalbumin-
sensitized and

challenged
BALB/c mice

α-TF or γ-TF
100 mg/kg, s.c.

injection

Prior to and
during antigen

challenge

γ-TF:

â ↑ IL-12, IFNγ, and IL-2
â ↓ IL-5, IL-10, MIP-1a,

and MCP-1

γ-TF, not α-TF,
attenuated airway

inflammation.
[108]

Alloxan
induced

diabetes in ICR
mice—

excisional
wounds were

made by biopsy
punches

γ -TF
(35 mg/kg) p.o.
5 times/week

2 weeks

γ-TF reduced:

â Inflammatory
response-related proteins
NF-κB, IL-1β, and TNF-α.

â Oxidative stress-related
markers (modulating Nrf2
signaling and expression
of NQO1, HO-1, MnSOD,
CAT, and GPx)

â Apoptosis-related
markers SIRT-1, PGC1-α,
and p53

γ-TF administration
prevented

diabetes-induced
delayed wound healing

via the inhibition of
NF-κB and the reduction

of oxidative stress.

[113]

Chemically
induced (DSS

2%) colitis
in male

BALB/c mice

α-TF or
γ-TF-rich mix
(γ-TF:δ-TF:α-
TF, 58:22:11)
0.05% in diet

(group A
versus

group B)

A. 4 week TF-
supplementation

and 1 week
concomitant

colitis
inductionB. 1

week TF-
administration

and colitis
induction

γ-TF-rich mix and α-TF:

â ↓ Colitis-associated
elevation of
pro-inflammatory IL-6

â ↑ Occluding expression
â ↓ Elevation of circulating

LBP, a surrogate marker of
gut barrier dysfunction

â γ-TF-rich mix modulated
the gut microbiota in mice
with DSS-induced colitis
but not in healthy animals

α-TF- and γ-TF-rich mix
significantly reduced

diarrhea and fecal
bleeding in mice, with
superior efficacy in the

case of supplementation
prior to colitis induction.

[115]

Alloxan
induced

diabetes in
ICR mice

γ-TF (35
mg/kg) p.o. 3 weeks

γ-TF:

â ↓ 4-hydroxynonenal level
â ↓ Protein levels of NLRP3

inflammasome-related
markers (pro-/caspase-1,
pro-/IL-1β)

â ↓ TNF-α, MCP-1, iNOS,
and COX-2

â ↓ NF-κB
â ↑ Nrf2, NQO1, CAT,

and GPx

γ-TF reduces fasting
blood glucose levels,

ameliorates
hyperglycemia-induced
hepatic damage, reduces
lipid peroxidation and
oxidative stress, and
inhibits apoptosis.

[116]
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Table 6. Cont.

Animal Model Dosage Duration of
Administration Measured Parameters Conclusion Reference

γ irradiation
CD2F1

δ-TT
(400 mg/kg) s.c.

24 h before and
6 h after total

body irradiation
at 5 or

8.75 Gy/min

δ-TT:

â ↓ DNA-damage marker
γ-H2AX foci

â ↑mTOR and
phosphorylation of its
downstream effector
4EBP-1, with consecutive
activation of mRNA
translation regulator
eIF4E and ribosomal
protein S6

δ-TT protects mouse
bone marrow and

human CD34+ cells from
radiation-induced

damage through the
ERK activation-

associated mTOR
survival pathways.

[118]

UVB-induced
inflammation in

HR-1
hairless mice

γ-TT-rich mix
(2.3 mg/day)

p.o. in corn oil
14 days

γ-TT:

â ↓ Expression of COX-2,
IL-1β, IL-6, and MCP-1

â ↓ p38, ERK, and
JNK/SAPK activation

γ-TT attenuates
UVB-induced

inflammation and skin
thickening by

inhibiting several
pro-inflammatory

pathways.

[119]

Chemically
induced (DSS
1.5–2%) colitis

in male
BALB/c mice

0.1% γ-TF or
γ-TF-rich mix

(45% γ-TF, 45%
δ-TF, and 10%
α-TF) in diet a

week prior
to DSS

administration

43/62 days

γ-TF:

â ↓ Ki-67 and catenin β1 in
the colon

An γ-TF-rich, but not
γ-TF-rich mix,

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.

[122]

H2AX—H2A histone family member X; mTOR—mammalian target of rapamycin; COX-2—cyclooxygenase 2; IL—interleukin; MCP-1—
monocyte chemoattractant protein-1; p38—p38 mitogen-activated protein kinase; p-p38—phosphorylated p38; ERK—extracellular signal-
regulated kinases; JNK/SAPK—c-Jun N-terminal kinases; p-JNK—phosphorylated JNK; PPAR—peroxisome proliferator-activated receptor;
Srebp1c—sterol regulatory element-binding protein 1; Fas—apoptosis antigen 1; DGAT—diglyceride acyltransferase; Scd—stearoyl-CoA
desaturase-1; Lpl—lipoprotein lipase; Cd11c—integrin alpha X chain protein; NLPR3—NOD-, LRR-, and pyrin domain-containing
protein 3; BiP—binding immunoglobulin protein (ER chaperone GRP78); CHOP—C/EBP homologous protein; p-eIF2α—phosphorylated
eukaryotic initiation factor 2; IκBα—nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor, alpha; α-Sma—α-smooth
muscle actin; Timp1—tissue inhibitors of metalloproteinase; TGF-β—transforming growth factor beta; HDAC9—histone deacetylase 9;
BALF—bronchoalveolar lavage fluid; PGE2—prostaglandin E2; IFNγ—interferon γ; Ki-67—marker of proliferation Ki-67; DSS—dextran
sulfate sodium; NF-κB—nuclear factor kappa-light-chain-enhancer of activated B cells; TNF-α—tumor necrosis factor α; NQO1—NAD(P)H
dehydrogenase quinone 1; HO-1—heme oxygenase 1; MnSOD—manganese-dependent superoxide dismutase; CAT—catalase; GPx—
glutathione peroxidase; LBP—lipopolysaccharide binding protein; iNOS—inducible nitric oxide synthase.

5.3. Anti-Proliferative and Pro-Apoptotic Pathways

NF-κB pathway inhibition contributes to the pro-apoptotic effect of TTs and TFs,
leading to a depletion of anti-apoptotic proteins (Bcl-2, Bcl-xL, and cFLIP) with an increase
in the expression of caspases (−8, −9, and −3), pro-apoptotic protein Bax, and PARP1
(nuclear poly(ADP-ribose) polymerase 1) cleavage in pancreatic cancer tissues [81]. The
inhibition of NF-κB by TFs and TTs was also associated with the inhibition of the epithelial–
mesenchymal transition. δ-TT was found to significantly decrease vimentin, a marker
of the mesenchymal phenotype, and to increase E-cadherin, a marker of the epithelial
phenotype in genetic and xenograft models of pancreatic cancer. The activation of NF-κB
allows epithelial cells to acquire migratory and invasive characteristics that facilitate distant
metastasis [124,125]. Furthermore, a γ-TF-rich mixture of TFs was found to suppress the
incidence of palpable tumors and maintained redox sensitive transcription factor Nrf2, as
well as Nrf2-regulated antioxidant genes in a murine prostate cancer TRAMP model [126].

PI3K/Akt/mTOR inhibition contributes to the anti-proliferative, pro-apoptotic, and
anti-angiogenic effects of TTs and TFs. Lowering PTEN/PI3K/Akt signaling by a diet rich
in δ-TF, but not in α-TF, resulted in a lower (~40%) prostate adenocarcinoma multiplicity
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in a murine model of prostate cancer (Ptenp−/− mice). The authors suggested that Akt
signaling was partly affected by the antioxidant activity of TFs, as excess of ROS are known
to stimulate this cellular pathway [127]. Additionally, high concentrations of γ-TF were
proven to recruit PHLPP phosphatases to dephosphorylate pAkt, leading to its inactivation
and the inhibition of its downstream cascade [128]. TTs exerted significant anti-angiogenic
activity and pro-apoptotic effects in endothelial cells associated with increased levels of
IL-24 mRNA in BALB/c mice [129]. These results were confirmed by other authors [130],
who reported the downregulation of VEGF and CD31 expression (markers of angiogenesis)
following γ-TT administration, through the abrogation of Akt/mTOR pathway in an
orthotopic mouse model.

The Ras-Raf-MEK-ERK signaling pathway regulates cellular proliferation, differ-
entiation, and survival [131]. Husain et al. reported that the administration of δ-TT
(200 mg/kg × 2/day) decreased pMEK, pERK, and pAkt expression in pancreatic tumors
using a transgenic mouse model of pancreatic cancer [124]. pERK inhibition by TTs and
TFs was found to be associated with an increased expression of cell cycle inhibitor proteins
p21Cip1 and p27kip−1, suggesting a potential cell cycle arrest [124]. These results were
further confirmed by Huang et al., who administered a mixture of TTs in a nude mouse
xenograft model (using a VCaP human prostate tumor) and correlated the increase of p21
and p27 with the suppressed expression of histone deacetylases [132].

The activation of upstream MAP kinases, such as p-p38, by γ-TT protects against ER
stress by decreasing the expression of ER-stress responsive genes like BiP and CHOP [101].
δ-TF was also shown to induce apoptosis via the activation of the ATF4/CHOP-DR5, thus
inhibiting urothelial tumorigenesis in a UPII mutant Ha-ras transgenic mouse model [133].

JAK/STAT inhibition by TFs and TTs in tumors and adjacent tissues has been reported
in colorectal cancer models [110,111]. STAT inhibition seems to be mediated by an increase
in SHP-1 (Src homology region 2 domain-containing protein tyrosine phosphatase-1), inter-
fering with c-Myc (proto-oncogene) and cyclin D1 degradation. These are modulators of
cell cycle progression that are tightly regulated and involved in cell growth and prolifera-
tion, thus partly explaining the anti-proliferative effect of TFs and TTs. An δ-TT isoform
was shown to selectively inhibit tumor progression and metastasis in transgenic mouse
models of pancreatic ductal adenocarcinoma. More precisely, it selectively inhibited pancre-
atic ductal adenocarcinoma stem-like cells by inhibiting the viability, survival, self-renewal,
and expression of Oct4 and Sox2 transcription factors [125].

Animal studies have indicated that TTs and TFs possess complex anti-cancer effects—
an interplay between anti-proliferative, pro-apoptotic, anti-angiogenetic, and anti-metastatic
effects (Table 7).

In conclusion, preclinical studies have been accordance with the results of the in vitro
studies. They have highlighted the importance of the modulatory effect of TTs and TFs on
various signaling pathways, resulting in anti-inflammatory, immuno-regulatory, neuropro-
tective, and anticancer effects.
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Table 7. Selected in vivo studies on TFs’ and TTs’ anticancer effects.

Animal Model Dosage Duration of
Administration Measured Parameters Conclusion Reference

Orthotopic
xenograft model

of human
pancreatic ductal

adenocarcinoma in
mice NIH

severe-combined
immunodeficient
(SCID) nude mice

α-TT, β-TT, γ-TT,
and δ-TT:

200 mg/kg and
2/day

4 weeks

δ-TT:

â ↓ Anti-apoptotic
proteins (Bcl-2,
Bcl-xL, and cFLIP)

â ↑ Expression of
caspases (-8, -9, and
-3), expression of
Bax, and PARP1
cleavage

δ-TT reduces the growth
of pancreatic ductal
adenocarcinoma by
modulating NF-κB

signaling.

[81]

Chemically
induced (4-

(methylnitrosamino)-
1-(3-pyridyl)-1-
butanone) lung

tumor in A/J mice

0.3% γ-TF-rich
mix (57% γ-TF,
24% δ-TF, 13%
α-TF, and 1.5%
β-TF) in diet

6 weeks γ-TF-rich mix:

â ↓ 8-OH-dG, γ-H2AX,
and nitrotyrosine in
cancerous lesions

â ↑ Cleaved-caspase 3
in cancerous lesions

γ-TF-rich mix
significantly reduced
tumor volume and

tumor weight.
[109]

Xenograft tumor
growth (human

lung cancer H1299
cells) in

NCr-nu/nu mice

6 weeks

0.3% γ-TF-rich mix in
diet significantly

lowered the tumor
multiplicity.

Chemically
induced

(2-amino-1-methyl-
6-phenylimidazo
(4,5-b) pyridine)

prostatic cancer in
CYP1A-

humanized mice
(PhIP)

0.3% γ-TF-rich
mix in diet

(mixture of 56.8%
γ-TF, 24.3% δ-TF,
13.0% α-TF and

1.5% β-TF)
versus 0.2% δ-TF,
γ-TF, or α-TF

in diet

41 weeks

γ-TF-rich mix and δ-TF:

â ↓ 8-OH-dG, COX-2,
nitrotyrosine, Ki-67,
and p-AKT in
prostatic lesions.

â ↑ PTEN and Nrf2 in
prostatic lesions

γ-TF-rich mix and δ-TF
significantly inhibited
the development and

severity of mouse
prostatic intraepithelial
neoplasia, being more
effective than γ-TF or

α-TF.

[110]

Nude mouse
xenograft model of
human colorectal

cancer

100 mg/kg of
γ-TT 5

times/week
2 weeks

γ-TT:

â ↓ Ki-67, cyclin D1,
MMP-9, CXCR4,
NF-κB/p65, and
VEGF in tumor
tissue

γ-TT reduced tumor
growth and enhanced

the antitumor efficacy of
capecitabine, possibly by

inhibiting NF-κB
signaling. It induced
apoptosis, inhibited

colony formation, and
suppressed key

regulators of cell
survival, cell

proliferation, invasion,
angiogenesis, and

metastasis.

[111]
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Table 7. Cont.

Animal Model Dosage Duration of
Administration Measured Parameters Conclusion Reference

Orthotopic
xenograft model

of human
pancreatic ductal

adenocarcinoma in
athymic mice

200 mg/kg of
δ-TT 2/day 4 weeks

δ-TT:

â ↓ Ki-67 and
inhibited expression
levels of the stem
cell transcription
factors Nanog, Oct4,
and Sox2 in
cancerous lesions

â ↓ Notch1 receptor
and KRAS
downstream
signaling factors
pAkt and pERK in
cancerous lesions

â ↑ E-cadherin
expression in
tumor tissue

â ↓ Expression of
N-cadherin and
vimentin in in
tumor tissue

δ-TT reduces the growth
of pancreatic ductal

adenocarcinoma,
inhibits pancreatic

cancer stem-like cells,
and prevents pancreatic

cancer metastasis by
reducing epithelial-to-

mesenchymal
transition.

[125]

Genetic:
Ptenp−/−mice

0.2% δ-TF
or α-TF

supplemented
in diet

34 or 28 weeks

δ-TF (not α-TF):

â ↓ pAkt
â ↓ Ki-67
â ↑ Cleaved-caspase 3

in prostatic lesions

0.2% δ-TF, but not α-TF,
diet increased apoptosis

and reduced Akt
activation and cell

proliferation.

[127]

Orthotopic human
colon cancer

mouse model
(HCCLM3)

BALB/c nude mice

3.25 mg/day
of γ-TT 5

days/week
5 weeks

γ-TT:

â ↓ Ki-67, VEGF, and
CD31 in cancerous
lesions

â ↑ Cleaved-caspase 3
in cancerous lesions

γ-TT reduces the tumor
growth, and the
tumor-induced
angiogenesis by

inhibiting AKT/mTOR
pathway.

[130]

Genetic: UPII
mutant Ha-ras
transgenic mice

δ-TF 0.2%
supplemented

in diet
150 days

δ-TF:

â ↑ Expression of ER
stress sensors PERK
and IRE1α, as well
as the downstream
components BiP
(GRP78), ATF4,
and CHOP.

0.2% δ-TF diet had an
antiproliferative effect
and induced apoptosis
via the activation of the

ATF4/CHOP-DR5
pathway.

[133]

Chemically
induced (estrogen)

mammary
hyperplasia in

ACI rats

0.3% γ-TF-rich
mix in diet

(mixture of 56.1%
γ-TF, 22.3% δ-TF,
11.5% α-TF, and

1.2% β-TF)

14 days

γ-TF-rich mix:

â ↓ 8-OH-dG and
nitrotyrosine in
hyperplastic
mammary cells

â ↑mRNA levels of
Nrf2, SOD, CAT, and
GPx in hyperplastic
mammary cells

â ↓ Serum 8-isoprostane

γ-TF-rich mix exerted
cytoprotective action

and prevented
estrogen-induced

mammary hyperplasia.

[134]
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Table 7. Cont.

Animal Model Dosage Duration of
Administration Measured Parameters Conclusion Reference

Chemically
induced colon

cancer
(azoxymethane

and DDS) in
C57BL/6 mice

0.1% mixed TTs
and TFs in diet

(>65% TTs)
versus 1%

DeltaGold/0.1%
in diet (90% δ-TT
and 10% γ-TT)

70 days

δ-TT:

â ↓ COX-2 protein
levels in colorectal
mucosa

δ-TT prevented
colorectal cancer by

inducing apoptosis and
blocking the

COX-2/PGE2 pathway
that stimulates
tumor–stromal
interactions in
colon cancer.

[135]

Chemically
induced

(azoxymethane)
induced colon

carcinogenesis in
F344 Rats

0.2% δ-TF, γ-TF,
or α-TF in diet 9 weeks

δ-TF treatment:

â ↓ The levels of
4-hydroxynonenal,
nitrotyrosine, and
the expression of
cyclin D1 (colon)

â maintained the
expression of PPARγ
(colon)

â ↓ The serum levels
of PGE2 and
8-isoprostane

δ-TF treatment showed
the strongest inhibitory

effect, decreasing the
numbers of aberrant
crypt foci and colon

carcinogenesis.

[136]

Xenograft tumor
growth (human

lung cancer H1299
cells) in

NCr-nu/nu mice

0.17% or 0.3%
α-TF, δ-TF, γ-TF,
or γ-TF-rich mix

at diet

49 days

δ-TF and γ-TF-rich mix:

â ↓ 8-OH-dG, γ-H2AX,
and nitrotyrosine in
cancerous lesions

â ↑ Cleaved-caspase 3
in cancerous lesions

Growth inhibition
effectiveness:

δ-TF 0.3% > γ-TF-rich
mix 0.3% > γ-TF 0.3%

= δ-TF 0.17%> γ-TF-rich
mix 0.17% = γ-TF 0.3%
> α-TF 0.17% > α-TF

0.3%, with no significant
differences versus
control for α-TF.

[137]

8-OH-dG—8-oxo-deoxyguanosine; H2AX—H2A histone family member X; Ki-67—marker of proliferation Ki-67; p-Akt—phosphorylated
protein kinase B; PTEN—phosphatase and tensin homolog; Nrf2—nuclear factor erythroid 2-related factor 2; COX-2—cyclooxygenase
2; MMP-9—matrix metallopeptidase 9; CXCR4—C-X-C chemokine receptor type 4; p65—transcription factor p65 (nuclear factor NF-
kappa-B p65 subunit); VEGF—vascular endothelial growth factor; Bcl-2—B-cell lymphoma 2 protein; Bcl-xL—B-cell lymphoma-extra-large
protein; cFLIP—CASP8 and FADD-like apoptosis regulator; PARP1—poly (ADP-ribose) polymerase 1 (PARP-1); Nanog—homeobox
protein NANOG; Oct4—octamer-binding transcription factor 4; Sox2—sex determining region Y)-box 2; Notch1—notch homolog 1,
translocation-associated; KRAS—Kirsten rat sarcoma viral oncogene homolog; NF-κB—nuclear factor kappa-light-chain-enhancer of
activated B cells; pERK—phosphorylated extracellular signal-regulated kinase; CD31—cluster of differentiation 31 (platelet endothelial
cell adhesion molecule); PERK—protein kinase R (PKR)-like endoplasmic reticulum kinase; IRE1α—inositol-requiring enzyme 1 α; BiP—
binding immunoglobulin protein (ER chaperone GRP78); ATF4—activating transcription factor 4 (tax-responsive enhancer element B67);
CHOP—C/EBP homologous protein; SOD—superoxide dismutase; CAT—catalase; GPx—glutathione peroxidase; PPAR—peroxisome
proliferator-activated receptor; PGE2—prostaglandin E2.

6. Effects in Humans Regarding Cardio-Metabolic Health

Many observational/epidemiological studies have pointed out the inverse correlation
between cardiovascular disease and vitamin E intake (mainly α- and γ-TFs). Additionally,
the cancer and neurodegeneration risks, as well as the comorbidities associated with ageing,
seem to be in an inverted relationship with the liposoluble vitamin’s plasma levels. Most
of these studies had design limitations, and the TF/TT sources should be regarded with
caution, since monounsaturated and polyunsaturated fatty acids have been found in most
of the vitamin E sources [138,139].
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6.1. Effects in Healthy Volunteers

There have been some studies investigating the effects of tocopherols in healthy
volunteers. For example, in a double-blind, randomized, placebo-controlled, crossover
study, healthy subjects received a γ-TF enriched mixture and then were challenged by
intranasal endotoxin (LPS), results showing that TFs counter-acted the LPS-induced IL-1β
increase and reduced local inflammation [140,141]. Another study proved that 300 mg/day
of γ-TF, but not 400 IU of α-TF every other day for six weeks, reduced intense exercise
induced-platelet aggregation in healthy sedentary subjects [142]. Additionally, a mixture
of TFs was more effective in reducing ADP-induced platelet aggregation compared to α-TF
when administered to healthy subjects [143].

In a randomized, double-blind, placebo-controlled study, the impact of short term
500 mg γ-TF/day (seven days) on vascular endothelial function (VEF) was investigated
in healthy subjects who quit smoking. Results proved that vitamin E supplementation in
association with smoking cessation induced a more significant increase of flow-mediated
dilatation (FMD) compared to the group that did not receive the vitamin E. Additionally,
the TNF-α, myeloperoxidase (MPO) and malondialdehyde (MDA) levels decreased, even if
the oxidized LDL and urinary F2-isoprostanes did not follow the same kind of trend, thus
sustaining an improvement of the vascular function under the effect of vitamin E [144].

Other clinical studies suggested that vitamin E is correlated with a decrease of the
cardiometabolic risk; for example, the Women’s Health Study proved that 600 IU of vitamin
E (on alternate days) induced a significant decrease of cardiovascular mortality (24%) in
healthy women and a 49% decrease in women over 65 years old [145].

Moreover, TT-rich products (400 mg of palm oil extracts) proved to have protective
effects on healthy volunteers in a placebo-controlled clinical trial, leading to increases of
tetanus toxoid antibody, IL-4, and IFNγ induced by a tetanus toxoid vaccine challenge, as
well as decreasing IL-6 levels. The same type of TT-rich products positively influenced the
CRP levels in healthy female subjects [146,147].

In a randomized, single-blind, crossover study including healthy non-smoking men,
the effect of TFs (500 mg of γ-TF, 60 mg of α-TF, 170 mg of δ-TF, and 9 mg of β-TF) on the
endothelial function and oxidative stress markers was investigated after a glucose tolerance
test. Results showed that γ-TF was associated with a reduction of post-prandial MDA level,
demonstrating its ability to prevent oxidative stress lesions on vascular function. Addi-
tionally, γ-TF improved vascular function by reducing the effects of hyperglycemia on the
asymmetric dimethylarginine (ADMA)/arginine ratio, thus improving the bioavailability
of NO, but no influence was observed regarding inflammatory markers [144,148].

However, one of the first reports concerning vitamin E was that this group of liposol-
uble molecules are necessary for the normal functioning of the reproductive function,
initially known as the “anti-sterility factor” [149]. Numerous environmental and life-style
factors can affect fertility, e.g., pollutants, smoking, alcohol/drug abuse, and diet. [150,151].
Vitamin E, along with other antioxidants such as vitamin C, vitamin A, and selenium, yield
protective effects with better maternal and perinatal outcomes [152]. Low plasma α-TF
levels were linked to poor pregnancy outcomes due to higher risks of infection, anemia,
and retarded growth [153]. Decreased serum levels of vitamin E were reported in women
suffering habitual abortion [154]. Supplementation was not recommended due to worries
about possible side effects or unfavorable pregnancy outcomes. However, these fears were
proven unfounded. For example, the administration of 400 IU vitamin/day from week 14 to
birth had no significant effect on the development of pre-eclampsia [155]. A comprehensive
view regarding the link between vitamin E and reproductive health, including both clinical
and preclinical reports, was previously published [156].

6.2. Cardiometabolic Diseases

The main pathological area of interest correlated with vitamin E has been, for a
long time, cardiovascular disease; on this topic, results are quite controversial, but some
reports stated that antioxidant vitamins (such as C and E) induce a reduction of intimal
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thickness of coronary and carotid arteries in hypercholesterolemic and heart transplant
patients [157,158]. Still, literature data are not in complete agreement concerning the
involvement of vitamin E in cardiovascular protection; for example, there have been reports
stating that the intake of vitamin E-rich foods has the ability to improve cardiovascular
function, but results have not been reproduced by vitamin E supplementations [159,160].

Meta-analysis data (14 trials with 597 included subjects) showed that supplementation
with vitamins C and E does not induce improvements of endothelial function and pointed
out an increased heterogeneity of the reported results [161]. On the other hand, results from
27 published studies including 742 patients attested that supplementation with vitamin E
is correlated with an improvement of endothelial function; there was a negative correlation
between the plasma vitamin E levels and the endothelial outcome, the effects being more
significant for patients with TF plasma levels lower than 20 mM [161]. In addition the
well-known antioxidant effects, potential mechanisms for these actions, in correlation with
preclinical studies, include the ability of vitamin E to stimulate the activity of eNOS, thus
increasing NO bioavailability (increased synthesis and reduced inactivation by ROS), as
well as the inhibition of NF-κB signaling with a consequent decrease of inflammation at
the endothelial level [162–165].

Administering α-TF 500 mg/day or a mixture of α-TF 75 mg/day and γ-TF 110 mg/day
to type 2 diabetes patients in a double-blind, placebo-controlled study induced a reduc-
tion of plasma F2-isoprostane associated with an increase of the blood pressure, though
with no impact on inflammatory markers [166,167]. Additionally, the association of vita-
min E with vitamin A and zinc improved glycemic control and insulin secretion in type
2 diabetics [168].

Another cross-sectional study, including 582 adults with different glucose status, in-
vestigated the effects of TFs on TNF-α, showing a strong inverse correlation of non-α-TFs
with TNF-α in prediabetes patients; this relationship was maintained in those with normal
glucose tolerance, but not in diabetics. In the first class of patients (prediabetes), the reduc-
tion of inflammatory status was stronger in impaired fasting glucose (IFG) individuals and
of lower significance in subjects characterized by impaired glucose tolerance (IGT) or with
both IFG and IGT [169]. Additionally, in a randomized double-blind, placebo-controlled
trial including 68 women with polycystic ovary syndrome (PCOS), the effect of omega-3
fatty acids associated with 400 IU/day vitamin E for 12 weeks on insulin resistance. Results
showed that the co-supplementation of omega-3 and vitamin E significantly improved
the indices of insulin resistance, total testosterone, and free testosterone, even if no effects
were observed regarding fasting plasma glucose [170]. Another randomized, double-
blind, placebo-controlled trial including 43 women with PCOS investigated the effects of
400 IU/day vitamin E for eight weeks on markers of endothelial function. The results
showed that vitamin E induced beneficial outcomes regarding body weight, angiopoietin 1
(Ang-1), the Ang-1/Ang-2 ratio, and the VEGF level [171].

Clinical studies and meta-analyses were used to investigate the potential anti-inflammatory
mechanism of TFs; doses below 400 IU/day were not found to have any effects on inflam-
matory markers, but an increase to 600–1200 IU/day significantly reduced the CRP, IL-6,
and TNF-α levels [172–174]. A recent meta-analysis including 33 trials and 2102 individu-
als found that vitamin E supplementation significantly reduced CRP and, in high doses
(of ≥ 700 mg/day), TNF-α levels [5]. Regarding vitamin E vitamers, α-TF proved the most
beneficial in ameliorating low-grade inflammation [5]. Vitamin E intake was associated
to a lower probability of serum CRP levels higher than 3 mg/L, with supplementation
leading to their decrease regardless of baseline values [175–177]. Additionally, supple-
menting men and women with 700 IU/day vitamin E for one month induced a significant
increase of liposoluble vitamin concentration in lipoproteins—threefold increase in vitamin
E in HDL and twofold in LDL/VLDL. This increase was associated with a decrease of
hsCRP [178]. However, caution is recommended, since Miller et al. concluded that doses
over 400 IU/day might contribute to an increase of overall mortality [179]. Even if TFs
are well-known antioxidant compounds, literature data have linked high dose vitamin
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E exposure to pro-oxidative effects rather than antioxidant ones, correlating this type of
exposure to an increased CVD mortality [179]. Experimental data have shown that α- and
γ-TFs induce dose-dependent, pro-oxidant effects on HDL; clinical studies have confirmed
this pro-oxidant outcome in type 2 diabetes patients [180–182].

In a randomized, placebo-controlled, double-blind study, the effect of 800 mg/day of
α-TF, 800 mg/day of γ-TF, or a combination of the two for six weeks was investigated in
subjects with metabolic syndrome. The results showed that the combination of the two
forms of vitamin E induced a reduction of CRP level, as well as a decrease of oxidative
stress markers (urinary nitrotyrosine and lipid peroxides) [4,29].

In hemodialysis and end-stage renal disease patients, a γ-TF rich mixture induced a
reduction of plasma CRP and IL-6, and it also reduced the risk of acute kidney injury [183,184].
Additionally, a pilot randomized, double-blind, placebo-controlled trial investigated the
effects of 400 mg of a TT-rich vitamin E product for 12 months on the renal function of
the supplementation of patients with stage 3 chronic kidney disease (CKD). Vitamin E
improved kidney function, as revealed by serum creatinine, as well as estimated glomerular
filtration rate [185].

6.3. Neurodegenerative Maladies

The beneficial effects of vitamin E intake were reported for more than cardiovascular
and metabolic diseases; using vitamin E supplements for more than 10 years was found to
induce a decrease of neurodegenerative disease related-mortality, α- and γ-TFs being the
forms most associated with a slower rate of cognitive decline [186–189].

Clinical data showed that α-TF plasma levels are decreased in AD patients [190].
Moreover, an increase of TTs plasma levels is associated with an improvement of cognitive
function [191]. In a cross-sectional study, including 168 patients with AD, total serum
TTs were significantly decreased in AD patients compared to controls (118 vs. 91 mmol
cholesterol; p < 0.05) [192]. γ-TF level was found to be clinically correlated with a lower
β-amyloid formation, as well as with a decrease of the neurofibrillary tangle generation,
suggesting the neuronal protective role of TF [188,189]. A prospective study including
232 patients with no AD diagnosis proved that, at a six years follow-up, subjects with high
TTs plasma levels were at lower risk of developing AD [193]. In another prospective study
including 140 Finnish older adults, the authors concluded that patients characterized at
baseline by higher β- and γ-TT levels were less susceptible to develop AD (eight years
follow-up); still, the size of the study was considered small [193]. The AddNeuroMed-
Project, which evaluated the correlation of all plasma vitamin E forms and markers of
vitamin E damage (α-tocopherylquinone and 5-nitro-γ-tocopherol) with mild cognitive
impairment (MCI) and AD confirmed these results. This study also showed that MCI and
AD cases had 85% lower odds to be in the highest tertile of total TFs and total vitamin
E, and they were, respectively, 92% and 94% less likely to be in the highest tertile of total
TTs than the lowest tertile. Moreover, both AD and MCI were strongly correlated with
increased vitamin E damage markers [192].

There have been clinical reports stating that α-TF could reduce functional decline
in mild cases of AD; for example, 2000 IU/day of α-TF in a randomized trial induced
such an effect [194–196]. Additionally, vitamin E-rich foods were found to be correlated
with a decreased risk of neurodegeneration; subjects in the group with 9 mg of vitamin
E/day were 25% more susceptible to develop dementia compared to those with 18.5 mg
of vitamin E/day [197]. These types of clinical effects of vitamin E are correlated with its
antioxidant mechanism; for example, in the Cache County Study, antioxidant vitamins (C
more than 500 mg/day and E more than 400 IU/day) were found to be correlated with a
reduction of AD prevalence [198]. TFs might exert their beneficial effects in preventing
neurodegeneration due to the antioxidant mechanism, as well as due to their ability to
modulate acetylcholinesterase activity, since this enzyme is increased in AD—preclinical
reports showed that vitamin E restores this enzyme the same way donepezil does [199].
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However, not all results are in agreement; for example, a clinical study including
769 patients pointed out the lack of effect regarding the progression of AD in vitamin E
treatment (2000 IU/day) compared to a placebo [200]. Another study showed no beneficial
cognitive benefits when treating older women with 600 IU/day of α-TF acetate [201]. In
341 AD patients receiving either 2000 IU/day of vitamin E, selegiline, or a combination
of the two showed a reduced functional deterioration, but there was an increase in total
mortality in groups receiving vitamin E [202]. Regarding overall mortality, results have
also been inconsequential; a meta-analysis including 135,967 patients aged 47–84 years
reported that doses of 400 IU/day vitamin E or above induce small increases of mortality,
but another study including 246,371 subjects pointed out that up to 5500 IU/day does not
have any effect on mortality [179,203].

6.4. Anti-Aging Effects

The general anti-ageing outcome of vitamin E supplementation was also investigated,
since CVD, neurodegeneration, and metabolic imbalance are possibly associated with the
ageing process.

A randomized, double-blind clinical trial was performed including 64 subjects receiv-
ing for six months either a 74% TT vitamin E supplement (160 mg/day) or placebo; the
total DNA damage was decreased by vitamin E, and the effect was greater in the subgroup
of older subjects (>50 years old); these results suggested a possible general anti-ageing
effect of vitamin E [191,204].

A review of published literature data analyzed the potential detrimental effects as-
sociated with vitamin E deficiency in order to establish the anti-ageing potential of these
compounds [205]. Results showed that high intake and high plasma levels of α-TF correlate
with a lower incidence of bone loss, reduced physical function, or frailty, especially after
hip fracture; there is a strong association between the decrease of α-TF intake and the
reduction of bone mineral density [206–208].

Additionally, patients in the highest vitamin E tertile were found to be less likely
to develop frailty compared to those in the lowest vitamin E tertile, probably due the
potential of vitamin E to modulate oxidative phosphorylation in muscle fibers. There have
been reports that a high concentration of vitamin E is associated with a higher activity of
creatine-kinase, thus contributing to an increased repair of skeletal muscle [209,210].

6.5. Cancer-Related Reports

Research regarding the association of vitamin E forms and cancer is also heterogenous,
even if the anti-inflammatory and oxidative stress/DNA-damage-reducing mechanism
of TFs could lead to an apparently clear conclusion. For example, α-TF was reported in
experimental and preclinical studies to inhibit mechanisms involved in cancer progression
(see Table 7); also, some epidemiological data showed an inverse association of this vitamin
E form and cancer risk. On the other hand, the preventive effects from large randomized
studies are rather disappointing. Surprisingly, the Selenium and Vitamin E Cancer Preven-
tion Trial (SELECT) demonstrated that supplementing healthy men with 400 IU/day α-TF
is associated with an increased risk of prostate cancer [138,211,212].

Interestingly, in a phase I trial, doses of δ-TF, ranging from 200 to 3200 mg/day, were
concluded to be safe and effective (inducing apoptosis of malignant tissue) in patients with
premalignant or malignant lesions of the pancreas [12].

TTs were also investigated for their anti-cancer potential in a placebo-controlled,
double-blind study, where a TT-rich mixture was investigated in association with tamoxifen
to evaluate the five year survival in women with early stage breast cancer; the results
showed that the TT adjuvant did not improve breast cancer-specific survival rate versus
tamoxifen-placebo controls, and a decrease in the risk of mortality due to breast cancer in
the TT group versus with the tamoxifen-alone control group was registered [213].

Results obtained in clinical settings regarding the effects induced by vitamin E are quite
variable, but should be taken into account. Most results have been based on anti-oxidant
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and anti-inflammatory mechanisms, also postulated by experimental and preclinical data.
Positive outcomes were highlighted by some clinical trials and meta-analyses regarding
the potential of vitamin E to improve redox and inflammatory status in healthy subjects,
with interesting results obtained for smokers. Additionally, patients with diabetes and
metabolic syndrome seem to benefit from increasing their intake of vitamin E-rich food
products, leading to improved endothelial function and inflammatory status, even if these
results have not been reproduced for supplementation with TTs/TFs and seem to vary
between published studies. Interestingly, reports regarding anti-inflammatory potential
are more significant for patients characterized by a low baseline level of vitamin E. α-TF
and γ-TF have noteworthy effects in correlation with neurodegeneration, with clinical data
showing a reduction of AD in patients supplemented with vitamin E. Trials regarding
the anti-cancer effects of vitamin E have not been consistent, since some of the reports
have pointed towards a pro-carcinogenic effect of these compounds. However, results
obtained regarding cardiovascular and neurodegenerative risks have suggested vitamin E
an interesting candidate for age-related pathology mitigation.

7. Outlook and Conclusions

Vitamin E, with its eight vitamers, is best-known as the most important liposoluble
antioxidant in the human body. However, its numerous regulatory effects regarding the
modulation of cellular pathways, signal transduction, and gene expression affecting cell
cycle and function were reported.

TFs and TTs, along with their metabolites (e.g., CEHCs) and derivatives (e.g., disul-
fides), modulate a myriad of cellular pathways, generating effects observed in both normal
and cancer cells. Inclining towards re-establishing normal cell function, these compounds
inhibit key enzymes in the arachidonic acid cascade (COX-2 and 5-LOX) and the generation
of pro-inflammatory molecules (chemokine, interleukins, and prostaglandins), lowering
the response to pro-inflammatory stimuli. Furthermore, they are able to inhibit NF-κB
activation, leading to additional anti-inflammatory and cell cycle regulatory effects, as
well as modulating antioxidant defense via in redox- and non-redox-related mechanisms.
These in vitro, cell-based studies have pointed to δ-TF and γ-TT as the vitamers with the
highest potential for the treatment of malignancies and cardio-metabolic diseases with an
important inflammatory component.

Animal-based models showed that the administration of TTs and TFs can modulate
the activity of various enzymes and signaling pathways, such as MAPK, PI3K/Akt/mTOR,
Jak/STAT, and NF-κB, which constitute the foundation of their reported anti-inflammatory,
immuno-regulatory, neuroprotective, anti-proliferative, pro-apoptotic, and anti-angiogenetic
effects.

In clinical settings, the observed protective effects (or lack thereof) of vitamin E intake
or supplementation varied greatly. Though caution should be exercised when extrapolating
the beneficial effects reported in preclinical studies to humans, the therapeutic potential of
TFs and TTs should not be disregarded. Vitamin E improves redox and inflammatory status
in healthy individuals (smokers and non-smokers), diabetics, and subjects with metabolic
syndrome. However, source and dosage greatly influence the observed effects. When
using vitamin E, bioavailability seems to be a key factor in obtaining a desired outcome.
The clinically-observed anti-cancer effects of vitamin E are inconsistent, with both pro-
and anti-malignant ones being reported. However, this could be the result of different
designs (dosage and duration of administration) and the great variability of malignancies.
Numerous trials underlined vitamin E’s neuroprotective action, especially as a tool for
prevention and as an adjuvant in the therapy of AD.

Ultimately, these is a strong body of literature that points to the great potential of vita-
min E in the prevention and treatment of diseases with an inflammatory or malignant com-
ponent, making vitamin E an interesting candidate for the mitigation of ageing-associated
pathologies.
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