21
22
23
24
25
26
27
28

30
31

Q1

G Model
ARR4901-21

Ageing Research Reviews xxx (2014) XXX—XXX

journal homepage: www.elsevier.com/locate/arr

= AGEING
RESEARCH
REVIEWS

Contents lists available at ScienceDirect

Ageing Research Reviews

Review

Vitamin E-gene interactions in aging and inflammatory age-related
diseases: Implications for treatment. A systematic review

Eugenio Mocchegiani®*, Laura Costarelli¢, Robertina Giacconi?, Marco Malavolta“,
Andrea Basso?, Francesco Piacenza?, Rita Ostan®, Elisa Cevenini®, Efstathios S. Gonos®,
Claudio Franceschi®, Daniela Monti ¢

2 Translation Center of Research of Nutrition and Ageing, Scientific and Technological Pole, Italian National Research Centres on Ageing (INRCA), Via

Birarelli 8, 60121 Ancona, Italy

b Department of Experimental Diagnostic and Specialty Medicine and Interdepartmental Centre “L. Galvani” (CIG), University of Bologna, Via San Giacomo

12, 40126 Bologna, Italy

¢ National Hellenic Research Foundation, Institute of Biology, Medicinal Chemistry and Biotechnology, 48 Vas. Constantinou Avenue, Athens 11635, Greece
d Department of Clinical and Experimental Biomedical Sciences, University of Florence, Viale Morgagni 50, 50134 Florence, Italy

ARTICLE INFO

Article history:

Received 20 September 2013
Received in revised form

27 December 2013

Accepted 2 January 2014
Available online xxx

Keywords:

Vitamin E-gene interactions
Immune system
Antioxidant activity

ABSTRACT

Aging is a complex biological phenomenon in which the deficiency of the nutritional state combined with
the presence of chronic inflammation and oxidative stress contribute to the development of many age-
related diseases. Under this profile, the free radicals produced by the oxidative stress lead to a damage of
DNA, lipids and proteins with subsequent altered cellular homeostasis and integrity. In young-adult age,
the cell has a complex efficient system to maintain a proper balance between the levels of free radicals and
antioxidants ensuring the integrity of cellular components. In contrast, in old age this balance is poorly
efficient compromising cellular homeostasis. Supplementation with Vitamin E can restore the balance
and protect against the deteriorating effects of oxidative stress, progression of degenerative diseases,
and aging. Experiments in cell cultures and in animals have clearly shown that Vitamin E has a pivotal
role as antioxidant agent against the lipid peroxidation on cell membranes preserving the tissue cells

36

Inflammation from the oxidative damage. Such a role has been well documented in immune, endothelial, and brain
Aging cells from old animals describing how the Vitamin E works both at cytoplasmatic and nuclear levels
Longevity with an influence on many genes related to the inflammatory/immune response. All these findings have
supported a lot of clinical trials in old humans and in inflammatory age-related diseases with however
contradictory and inconsistent results and even indicating a dangerous role of Vitamin E able to affect
mortality. Various factors can contribute to all the discrepancies. Among them, the doses and the various
isoforms of Vitamin E family (c,3,7,d tocopherols and the corresponding tocotrienols) used in different
trials. However, the more plausible gap is the poor consideration of the Vitamin E-gene interactions that
may open new roadmaps for a correct and personalized Vitamin E supplementation in aging and age-
related diseases with satisfactory results in order to reach healthy aging and longevity. In this review,
this peculiar nutrigenomic and/or nutrigenetic aspect is reported and discussed at the light of specific

polymorphisms affecting the Vitamin E bioactivity.
© 2014 Published by Elsevier B.V.
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1. Introduction

Aging is a complex biological phenomenon often accompa-
nied by various socio-economic changes having a great impact on
the nutritional status, needs of the elderly individual and on the
increased incidence of disability due to the commonly onset of
some chronic diseases. Among the latter, cardiovascular and neu-
rodegenerative diseases, diabetes, cancer, infections, are closely
related to a deficiency in the nutritional status and to the presence
of a chronicinflammatory condition (Mocchegiani et al.,2012). Var-
ious factors contribute to the nutritional deficiency in aging with
subsequent chronic inflammation. Among them, malnutrition and
the intestinal malabsorption are the more common causes of an
inadequate nutritional support in elderly (Ames, 2006). The last
physio-pathological conditions worsen the just precarious picture
of the old body represented by the presence of chronic inflam-
mation and oxidative stress. Under this profile, free radicals and
oxidative stress have been recognized as important factors in the
biology of aging and in many age-associated degenerative diseases.
A time-dependent shift in the antioxidant/pro-oxidant balance,
which leads to higher free radical generation, increased in oxida-
tive stress and dysregulation of cellular function, is the basis for
the free radical theory of aging (Harman, 1972; Liochev, 2013).
This theory is commonly manifested with phenotypic changes and
functional deterioration in later life (Harman, 2009). The changes
are mainly due to the reactive oxygen species (ROS) production
owing to oxidative stress leading to a damage to DNA, lipid and pro-
teins with subsequent altered cellular homeostasis and integrity
(Vina et al., 2013). As a result, the cell has an elaborate system
to maintain a proper balance between the levels of free radicals
and antioxidants to ensure the integrity of cellular components
(Villanueva and Kross, 2012). This balance is absent in old age
due to presence of high ROS production and antioxidant deficien-
cies (Poljsak and Milisav, 2012). It has long been postulated that
supplementation with dietary antioxidant can alleviate the redox
imbalance and thereby protect against the deteriorating effects of
oxidative stress, progression of degenerative diseases, and aging.
In this context, many micronutrients in the diet may fight oxida-
tive stress and delay aging. Among them, Vitamin E is considered
one of the most potent lipo-soluble antioxidant to delay aging
and to prevent some age-related degenerative diseases (Meydani,
1995; Niki and Traber, 2012). Vitamin E is a lipid-soluble vitamin
found in cell membranes and circulating lipoproteins that func-
tions as a non-enzymatic antioxidant scavenging toxic free radicals.
It refers to a group of eight compounds that possesses a similar
chemical structure comprising a chromanol ring with a 16-carbon
side chain and includes all isoforms of tocopherols (a,,y,8) and
tocotrienols (a,3,y,8) (Brigelius-Flohe and Traber, 1999). Its most
active and abundant form is a-tocopherol, which is considered the
major chain-breaking antioxidant in plasma, in cell membranes and
in tissues (Burton et al., 1983), capable of reacting directly with
chain-carrying radicals and consequently interrupt the oxidative
chain reactions (Palace et al., 1999a,b). a-Tocopherol serves as a

peroxyl radical scavenger that protects polyunsaturated fatty acids
in membranes and lipoproteins (Burton et al., 1986). Apart from its
antioxidant property, vitamin E has been reported to also enhance
immune response (Pae et al., 2012) and to modulate DNA repair
systems (Claycombe and Meydani, 2001) and signal transduction
pathways (Azzi et al., 2004). Advances in gene chip and array tech-
nology have led to the discovery of novel Vitamin E-sensitive genes
thatin turnregulate signal transduction pathways. Therefore, poly-
morphisms in genes involved in Vitamin E tissue uptake, export,
and metabolism may be important determinants for the biolog-
ical activity of Vitamin E itself. Therefore, genetic determinants,
environmental and lifestyle factors play important roles in the
effective biological activity of Vitamin E in aging and in the develop-
ment of age-associated diseases. Decreased food intake, a sedentary
lifestyle, reduced energy expenditure in older adults together with
genetic determinants and the risk factors for malabsorption in
Vitamin E may further contribute to the decline of bodily func-
tions and to the development of chronic age-related diseases. This
last point is very important because conflicting results regarding
the effects of Vitamin E supplementation in reducing the levels of
free radical damage have been reported from human trials (Clarke
et al., 2008). Some authors report Vitamin E involved in reaching
longevity (Mecoccietal.,2000; Cherubini et al.,2001), whereas oth-
ers report a dangerous role of Vitamin E affecting also the mortality
(Miller et al., 2005b; Thomas, 2006). In particular, 3 meta-analyses
of randomized trials found that vitamin E supplementation did not
reduce mortality, implying that vitamin E does not lead to uni-
versal systemic benefits against the processes that lead to chronic
disease (Bjelakovic et al., 2012; Abner et al., 2011; Biesalski et al.,
2010). In this context, it is relevant to consider the different forms
of Vitamin E for its possible beneficial effect on the entire health in
aging taking into account that Vitamin E affects also the inflamma-
tory/immune response (Pae et al.,2012). The current formulation of
vitamin E consists primarily of a-tocopherol, but recent research
has suggested that tocotrienol, the lesser known form of vitamin
E, appears superior regarding its antioxidant properties (Yoshida
et al., 2003) and possesses unique biological functions unrelated to
antioxidant activity not shared by tocopherol (Theriault et al., 1999;
Aggarwal et al.,, 2010). Even among the tocopherols, particular
importance is placed on the other isomers because supplemen-
tation with large doses of a-tocopherol alone has been reported
to deplete the availability of y-tocopherol, thus denying the ben-
efits of y-tocopherol that are not shared by a-tocopherol (Jiang
et al., 2001). Therefore, it has been suggested that the full ben-
efits of vitamin E are better achieved by supplementation with
the full spectrum of vitamin E isomers (a-,[3-,y-,0-tocopherol) and
the corresponding tocotrienols (Brigelius-Flohe et al., 2002; Wu
and Meydani, 2008). Therefore, the picture of the role played by
Vitamin E as a beneficial nutrient for the correct maintenance of
many body homeostatic mechanisms is very complex especially
in aging, in which the frailty of the tissues and organs may lead
to the development of adverse events, especially when the use of
this specific nutrient is incorrect or, at least, not well controlled at
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clinical level. This review explores what is known about the uptake
and transport of Vitamin E and the its role played as antioxidant in
inflammatory/immune response in aging and in some inflamma-
tory age-related diseases, with also a focus on the Vitamin E-gene
interactions for a correct personalized supplementation in order to
achieve healthy aging and longevity.

2. Vitamin E: intake, uptake, transport and its deficiency

The Recommended Dietary Allowance (RDA) has established
that the Vitamin E intake has to be from 7.0 to 11.1 mg/day from
conventional diets. In particular, 10 mg/day (median 7.53 mg/day)
in men and 7.57 mg/day (median 5.90 mg/day) in women (Weber
etal., 1997). However these recommendations for Vitamin E intake
have been established without considering its possible role in
enhancing important body functions and preventing chronic dis-
eases as well as its necessity for the elderly people. Few studies
report the deficiency in humans. Lipid malabsorption, deteriora-
tion of lipoprotein metabolism and genetic factors in a-tocopherol
transfer protein (a-TTP) result in Vitamin E deficiency (Niki and
Traber, 2012), which is manly associated to peripheral neurop-
athy and ataxia (Bromley et al., 2013; Di Donato et al., 2010). In
humans, Vitamin E is taken up in the jejunum, the proximal part of
the small intestine, where the first phase of the uptake is depend-
ent by the amount of lipids, bile and pancreatic esterases present.
Unspecific absorption occurs at the intestinal brush membrane by
passive diffusion, where, together with tryglicerides, cholesterol
and apolipoproteins, Vitamin E (all its isomers) is re-assembled into
chylomicrons by the Golgi of the mucosa cells. The chylomicrons
are then stored as secretory granula and excreted by exocytosis
into the lymphatic system from where they in turn reach the blood
stream. Intravascular degradation of the chylomicrons proceeds via
endothelial lipoprotein lipase, a prerequisite for the hepatic uptake
of tochopherols (Brigelius-Flohe and Traber, 1999) and subsequent
storage in the liver, in which o-TTP governs the hepatic uptake of
Vitamin E (Burton et al., 1983). a-TTP in the liver specifically sorts
out RRR-alpha-tochopherol (a natural derivate of Vitamin E) from
all incoming tocopherols for incorporation into plasma lipoproteins
in exerting their antioxidant functions (Traber and Kayden, 1989).
Following its systemic delivery in plasma, tissue-specific distribu-
tion and specific regulation of a-tocopherol occur (Lagrost et al.,
1998; Rigotti, 2007). From all these studies, it emerges a pivotal role
played by a-TTP in the economy of Vitamin E intake, uptake and
distribution within the body. A deficiency in a-TTP gene expression
and also mutation lead to the development of a variety of diseases,
such as neurodegeneration, cardiovascular diseases, diabetes and
compromised immune response, which are, in turn, associated to
the aging process. In the cases of o-TTP mutation, it is relevant to
note that a-tocopherol absorption is normal, but the clearance in
the removal of Vitamin E results more rapid than its supply. This
phenomenon can be explained by the chylomicron form in which
Vitamin E finds itself, which is more susceptible to degradation
and elimination rather than the stable lipoprotein-associated form.
This fact implies that in presence of a-TTP mutation (for example
in Ataxia with Vitamin E deficiency, AVED) a continuous depletion
of Vitamin E both at cellular and subcellular level occurs with no
antioxidant defense (Azzi et al., 2002). Indeed, in the network of
the cellular antioxidant defense (consisting in glutathione, protein
thiols, ubiquinol) high concentrations of Vitamin E are necessary in
maintaining the efficiency of this network because the cell utilizes
a-tocopherol as environmental sensor, signaling the existence of
harshly oxidizing conditions that lead to a-tochopherol consump-
tion despite all defenses (Azzi and Stocker, 2000). In the absence of
a sufficient a-tocopherol content, cell signaling becomes altered
and a plethora of deleterious phenomena emerges (Azzi, 2007),

among them the more significant are the atherosclerotic lesions,
via induction of CD36 mRNA expression (Ozer et al., 2006; Catalog
et al., 2010; Kaga et al., 2013). Therefore, the intake, the absorp-
tion and the distribution within the body of Vitamin E is not only
relevant for the antioxidant defense against ROS with a binding
of Vitamin E to lipoproteins on cell membrane, but also for the
cell signaling, in particular in immune cells (Molano and Meydani,
2012; Zingg et al., 2013) taking into account that sphingolipid
metabolism could influence CD4* T cell function (Molano et al.,
2012). This fact becomes relevant in aging because of the presence
of an impaired inflammatory/immune response (Franceschi et al.,
2000, 2007) and an altered sphingolipid compositionin CD4* T cells
(Molano et al., 2012) associated with a possible diet Vitamin E defi-
ciency due to the presence of the intestinal malabsorption (Weber
et al., 1997; Niki and Traber, 2012).

3. Vitamin E, immunity, inflammatory/immune response
and aging

As reported above, Vitamin E is the most effective chain-
breaking, lipid-soluble antioxidant in biologic membranes of
all cells. Immune cells are particularly enriched in Vitamin
E because their high polyunsaturated fatty acid content puts
them at especially high risk for oxidative damage (Coquette
et al., 1986). Free-radical damage to immune cell membrane
lipids may ultimately impair their ability to respond normally
to pathogenic challenge with subsequent impaired inflamma-
tory/immune response and development of inflammatory diseases
(Meydani et al., 2005; Catalgol and Kartal-Ozer, 2010). Available
evidence suggests beneficial effects of supplemental Vitamin E on
immune function and related diseases. Results from animal and
human studies indicate that Vitamin E deficiency impairs both
humoral and cell-mediated immune functions (Wu and Meydani,
2008). Taking into account the efficiency of Vitamin E in restor-
ing cell-mediated immunity of T-cells in the aged (Meydani et al.,
1990a,b; Kowdley et al., 1992; Zingg et al., 2013), several double
blind, placebo controlled clinical trials tested the effect of vitamin E
on immune system in elderly as well as in old animals (see review
Pae et al., 2012). Already in the 90s, Meydani et al. (1990a) sug-
gested that a short-term Vitamin E supplementation could improve
immune responsiveness and some clinically relevant indexes of T
cell-mediated immunity in healthy elderly. In particular, Vitamin E
supplementation (800 mg/day of a-tocopheryl acetate) for 30 days
significantly improves DTH response, ex vivo T cells proliferation
and IL-2 production concomitantly with a reduction of PGE2 syn-
thesis by PBMCs and plasma lipid peroxides (Meydani et al., 1990a).
In a later paper, the same group tested the effect of lower doses of
Vitamin E on free-living elderly (>65 years) indicating that subjects
consuming 200 mg/day of Vitamin E had a significant increase in
DTH and in antibody titer to hepatitis B and to tetanus vaccine com-
pared with placebo group and with subjects supplemented with
60-mg/day and 800-mg/day of Vitamin E (Meydani et al., 1997). It
was shown that a longer (6 months) supplementation of Vitamin E
in healthy elderly subjects (65-80 years) affected the production of
IL-2, IFN-vy (typical Th1 cytokines) and IL-4 (typical Th2 cytokine)
by PBMCs after stimulation with mitogens. In particular, IL-2 and
IL-4 production increased while IFN-y production decreased in the
groups receiving Vitamin E (Pallast et al., 1999). Moreover, healthy
elderly subjects receiving a diet supplementation with Vitamin E
(200 mg/daily) for 3 months showed an improvement of mitogen-
induced lymphocytes proliferative response and IL-2 production,
NK cell activity, chemotaxis and phagocytosis of neutrophils, and a
decrease in neutrophil adherence and superoxide anion produc-
tion. It is worth noting that most of these improvements were
reduced to the baseline levels after 6 months by the ending of the

Please cite this article in press as: Mocchegiani, E., et al., Vitamin E-gene interactions in aging and inflammatory age-related diseases: Implications
for treatment. A systematic review. Ageing Res. Rev. (2014), http://dx.doi.org/10.1016/j.arr.2014.01.001

Q2

205
206
207
208
209
210
211
212
213
214
215
216
217
218
219

220

221

222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250

252
253
254
255
256
257
258
259
260
261
262
263
264
265
266

267


dx.doi.org/10.1016/j.arr.2014.01.001

268
269
270
271
272
273
274
275
276
271
278
279
280

282
283
284
285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
318
319
320
321

323
324
325
326
327
328
329
330
331
332

333

GModel
ARR4901-21

4 E. Mocchegiani et al. / Ageing Research Reviews xxx (2014) XxxX—XXx

supplementation (De la Fuente et al., 2008). From all these find-
ings, it emerges that Vitamin E is an immunoregulator nutrient in
elderly with an effect especially in cell-mediated and innate immu-
nity with thus a possible role in preventing some inflammatory
diseases. Such an assumption is also supported by the findings in
old animals and “in vitro” models explaining also the mechanisms
how the Vitamin E works. In particular, Vitamin E can enhance T
cell-mediated function by directly influencing membrane integrity
and signal transductionin T cells mainly affecting CD3/TCR complex
as well as CD36 gene expression (Ozer et al., 2006) and the subse-
quent cascade of key activators in the signal transduction. Among
them, PKC, ICAM-1, ZAP-70, LAT, Vav and nuclear factor-kappaB
(NF-kB) (the latter at nuclear level) play a key role in activating IL-
2 gene into the T cells (CD4") (Wu and Meydani, 2008; Molano and
Meydani, 2012; Zingg et al., 2013). A pre-incubation with Vitamin
E in purified spleen T cells from young and old mice increased both
cell-dividing and IL-2-producing capacity of naive T cells from old
mice, with no effect on memory T cells. These results were of partic-
ular interest because they indicated, on one side an effect of Vitamin
E on genes involved in cell cycle (Ccnb2, Cdc2, and Cdc6) and there-
fore in cell proliferation; on the other side, they pin-point that
Vitamin E has a direct immune-enhancing effect via increased IL-2
production. This fact is relevant because it suggests that Vitamin
E can reverse the age-associated reduction in activation-induced
division on naive T cells, which represent a T cell subset exhibit-
ing the greatest age-related defects (Adolfsson et al., 2001). An
intriguing point is the dose of Vitamin E used for in vitro supple-
mentation (RRR-a-tocopherol at the dose of 0.02Ig/L or 461U) in
enhanced IL-2 production by purified CD4* T cells from aged mice
(Adolfsson et al., 2001). Such a dose is equivalent to the average
level measured in the plasma of humans taking a daily vitamin E
supplement of 200 IU (134 mg), a dose which is safe in humans and
optimally enhances the immune response in the elderly (Pallast
et al., 1999). Moreover, Vitamin E is able to reverse the age asso-
ciated increase of macrophages synthesis of PGE;, a well-known
potent T cell suppressor and inflammatory mediator (Goodwin and
Webb, 1980; Wu et al., 1998). It was also reported that PGE;, apart
from being immunosuppressive, regulates the balance of activity
between Th1 and Th2 subsets in favor of the latter (Phipps et al.,
1991). Thus, it was speculated that, through its action on PGE; syn-
thesis, Vitamin E stimulates Th1-like immune responses (Meydani
etal., 1990a,b). Alternatively, Vitamin E exerts its immune enhanc-
ing effect through inhibiting COX activity without altering COX-1
or COX-2 expression at either protein or mRNA level (Jiang et al.,
2000; O’Leary et al., 2004), via a possible reduction of peroxyni-
trite production, which is a molecule able to upregulate COX-2
activity without changing its expression (Beharka et al., 2002). At
this regard, taking into account that nitric oxide (NO) increases
in macrophages from old mice (Wu and Meydani, 2008), Vita-
min E supplementation does not affect LPS-induced superoxide
generation, but reduces the further potentiated superoxide gen-
eration in the presence of superoxide-generating agents. On the
other hand, when NO and superoxide inhibitors were added to
macrophages from old mice fed control diet to block generation of
ONOO, COX activity was significantly reduced. These results sug-
gest that Vitamin E reduces COX activity in old macrophages by
decreasing NO production, which leads in turn to lower produc-
tion of ONOO (Beharka et al., 2002). The positive effect of Vitamin
E against ROS on CD4* naive T cells, comes also from data by the
using of confocal microscopy. Marko et al. (2007) observed that
in vitro supplementation with Vitamin E (RRR-a-tocopherol, at the
dose of 0.021g/L or 46 IM) increased the percentage of aged CD4*
T cells capable of forming effective immune synapses by 54% on
average. An increased redistribution of ZAP-70 into the immune
synapse was also seen upon Vitamin E in vivo supplementation
in naive CD4* T cells in old mice (Marko et al., 2007). However,

the mechanism of Vitamin E in affecting T cells is more complex
because also involving lipid rafts on cell membrane (Catalgol and
Kartal-Ozer, 2010) together with another key signaling transducer
SHP-1 (Fulop et al., 2002). In old age, SHP-1 increases due to its
no phosphorilation because of reduced actions of lipid rafts by
ROS (Fortin et al., 2006). The enhancing of SHP-1 in old age blocks
Zap-70 and LAT with subsequent negative effect in IL-2 production
by IL-2 gene (Molano and Meydani, 2012). Vitamin E supplemen-
tation in old age, through its double action on CD3/TCR complex
(consequently on ZAP-70 and LAT activation) and on lipid rafts
by reducing ROS with subsequent low expression (20%) of SHP-
1, is able to induce a correct signaling cascade for a satisfactory
IL-2 production by naive CD4* T cells from old mice (Molano and
Meydani, 2012). From these findings, it emerges that the action
of Vitamin E upon the immune system is very complex involv-
ing a wide range of signaling transducers that are the subject of
continue investigations. There is a general agreement that ROS con-
tribute to the age-related decline in T cell function, probably by
damaging the lipid moieties of membranes, as well as enzymatic
and structural proteins (Larbi et al., 2007; Squier, 2001; Daynes
et al., 2003). Thus, the best known function of Vitamin E, as a
highly lipophilic antioxidant capable of preventing the propagation
of polyunsaturated fatty acid peroxidation, may provide an impor-
tant mechanistic basis, by neutralizing ROS-mediated damage of
membrane lipids or associated adapter proteins/kinases (Molano
and Meydani, 2012), and CD4" naive T cells have an enhanced
susceptibility to oxidative damage (Lohmiller et al., 1996). The
antioxidant effect of vitamin E may not be only restricted in modu-
lating CD4* T cell function, but also to its influence on the activities
of several enzymes involved in signal transduction pathways espe-
cially those ones related to the inflammation and, consequently,
to a correct inflammatory/immune response (Lemaire-Ewing et al.,
2010).For example, Vitamin E (a-tochopherol isoform) inhibits PKC
(Boscoboiniketal., 1991). This aspect is relevant taking into account
that PKC is involved both in cell-mediated immune response and
in cell proliferation (Baier, 2003). While, on one side, the action of
PKC is fundamental in young-adult age during a possible transient
inflammatory state; on the other side, in chronic inflammation such
as in aging, an over-expression of PKC may lead to the recruitment
of an abnormal number of inflammatory cells in the inflamma-
tory sites through the adhesion molecules (ICAM-1) worsening the
just precarious inflammatory picture of aging (Battaini and Pascale,
2005). Such a phenomenon occurs in atherosclerosis, via PKC acti-
vation (Abdala-Valencia et al., 2012), and diabetes with an action
on vascular smooth muscle cells (Meier and King, 2000; Way et al.,
2001)and endothelial cells (Abdala-Valencia et al.,2012). Vitamin E
(especially the isomer a-tocopherol) is able to reduce the abnormal
inflammatory/immune response by monocytes decreasing signif-
icantly the superoxide anion release (Tasinato et al., 1995; Wigg
etal., 2004) and down regulating the gene expression of extracellu-
lar MAP-kinase (ERK 1/2), p38 and NF-kB (Ekstrand-Hammarstrom
etal., 2007). As a consequence, the production of pro-inflammatory
cytokines (IL-13) and the expression of adhesion molecules (ICAM-
1), via an inhibition of the 5 lipoxygenase pathway, is reduced
(Devaraj and Jialal, 1999; Kato et al., 2011). Alternatively, Vitamin
E may act as “Vitamin E receptor” responsible for transducing its
activities (Molano and Meydani, 2012). Such an assumption is sup-
ported by the some structural similarities of a-tocopherol to the
thiazolidinediones, which are known as PPARy agonists acting via
PPARY receptor (Gray et al,, 2011). A recent study has found that
the tocopherols induced the adiponectin expression via a PPARy
receptor-dependent mechanism. But this effect of Vitamin E is indi-
rect via the induction of 15-deoxy-Delta12,14-prostaglandin J2, an
endogenous PPARvy ligand (Landrier et al., 2009). Therefore, it is
possible that some effects of Vitamin E could involve indirect inter-
actions with intracellular receptors (Azzi, 2007), but further studies
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are required to better elucidate this point. Therefore, Vitamin E
(especially a-tocopherol) has a direct role, via CD3/TCR complex
and lipid rafts, on the immune cells acting as an antioxidant agent,
whereas it has an indirect role acting on the inflammatory state, via
MAPK-kinases and NF-kB inactivation or perhaps via PPARy recep-
tor activation, with thus anti-inflammatory properties. Therefore,
a right intake and cellular content of Vitamin E is pivotal in aging
because of impaired T cell function, altered inflammatory/immune
response, increased oxidative stress and chronic inflammation with
the risk to develop age-related inflammatory diseases (Franceschi
etal.,2000).Such an assumption is strongly supported by the recent
findings in centenarian subjects, who show a satisfactory Vitamin E
content (Mecocci et al., 2000) coupled with a satisfactory degree of
antioxidant activity, reduced inflammation (Franceschietal., 2000),
as well as good performances in inflammatory/immune response
(Mocchegiani et al., 2002). As such, many age-related diseases can
be escaped with the achievement of an healthy state and longevity.
However, high Vitamin E intake may be harmful affecting also mor-
tality (Miller et al., 2005b). Thus, strong caution has to be used
in Vitamin E supplementation in aging and in age-related dis-
eases. The Vitamin E-gene interactions may be an useful tool for
a personalized supplementation avoiding its possible toxic effect
because an interaction with other micronutrients might occur lead-
ing to an unbalance among micronutrients, as it occurs for other
micronutrients (Mocchegiani et al., 2012). Moreover, an excess of
Vitamin E in the liver activates the pregnane X receptor (PXR), a
transcription factor that may lead to the expression of drug resis-
tance genes, including cytochrome P450, glutathione S-transferase
A2 and hydroxysteroid sulfotransferase (SULT2-40/41) (Brigelius-
Flohe, 2003) with thus possible resistance to drugs deputed to care
the chronic inflammation. As a consequence, the subsequent devel-
opment of adverse events in aging can arise.

4. Vitamin E: aging and inflammatory age-related diseases
4.1. Aging

As reported above, the aging process is a physiological con-
dition characterized by augmented ROS production and chronic
inflammation that both lead to a poor resistance to oxidative stress
provoked by internal antigenic insults and external noxae. More-
over, the inflammatory/immune response is impaired and the old
organism is unable to adequately respond to viruses and bacte-
ria. As a consequence, many inflammatory diseases can arise with
a possible final result of mortality. One of the main cause of the
reduced capacity to adequately respond to external noxae is the
process of cellular senescence because producing an abnormal
quantity of pro-inflammatory cytokines that worsen the just pre-
carious condition of the old individual with subsequent damage
of many organs and tissues as well as cell death (Campisi, 2000).
In this context, the possibility to prevent the age-related diseases
with antioxidants is of election and of primary importance. Vita-
min E can be considered one of the most powerful antioxidants
existing in nature and in the diet being present especially in palm
oil, fruit and vegetables (Cao et al., 1998). “In vitro” models (spleen
cells from old mice) have shown the antioxidant role of Vitamin E
decreasing the prostaglandin production, an immune-suppressive
product of lymphocyte proliferation (Webb et al., 1980). In Vitamin
E deficient rats as well as in old rats, some structural component
of RNA (fibrillar centers, dense fibrillar and granular components
of nucleoli and perichromatin granules) are altered (Malatesta
et al.,, 2003). However, the role played by Vitamin E in prolong-
ing the life span in living organisms decreasing oxidative stress is
of major interest even if contradictory findings have been found
(Ernstetal.,2013).Anincrease in the average life span of short-lived

autoimmune-prone NZB/NZW mice receiving Vitamin E supple-
ments was reported in literature by Harman (1980). Recently,
Vitamin E administration extended average and maximum life span
for wild-type flies under hyperoxia (but not in normal O, concen-
tration) and for SOD1-deficient flies under normoxia (Bahadorani
etal., 2008). Studies with Caenorhabditis elegans illustrate that Vita-
min E supplementation significantly extends lifespan (Harrington
and Harley, 1988). Vitamin E supplementation resulted in increased
lifespan even in old mice (Navarro et al., 2005), even if high levels
of Vitamin E had a negative impact or no visible effect on lifespan
(Morley and Trainor, 2001; Lipman et al., 1998). Despite these con-
tradictory results in animals, some clinical trials were carried out
in old humans in order to decrease the oxidative stress and to ame-
liorate the immune response and the degree of inflammation. As
described in Table 1, Meydani et al. (1990a) report that Vitamin E
supplementation (a-tocopheryl acetate in soybean oil at the dose
of 800 mg/day for 30 days) in old people (=60 years) induces an
increment of DTH response and IL-2 production, with thus a spe-
cific role in enhancing the cell-mediated immunity (as reported
above in Section 3). These immune enhancing effects of Vitamin E
was confirmed in three subsequent clinical trials in a more large
number of old subjects even if no effect on humoral immunity was
detected (Meydani et al., 1997, 1998; Pallast et al., 1999). In par-
ticular, it has been observed that 4 months of supplementation
with 60, 200, 800U Vitamin E/day did not induce any adverse
effects (Meydani et al., 1998). These encouraging data on immuno-
competence in elderly have not been confirmed when the effect
of Vitamin E (200 mg/day for 15 months) was evaluated by two
biomarkers of immunocompetence [i.e. serum DHEA sulfate ester
and neopterin] (van Amsterdam et al., 2005). Taking into account
that Vitamin C may regenerate Vitamin E by reducing tocopherol
radicals (Chan, 1993), no effect of Vitamin E (400 IU of a-tocopheryl
acetate/day for 2 months) in elderly also occurs on oxidative DNA
damage even when Vitamin C (500 mg/day) is added to Vitamin E
(Huang et al., 2000). The same inconsistent data are also observed
in adult and old smokers treated with Vitamin E (at three doses 300,
600, 12001U/day for 3 weeks) (Patrignani et al., 2000). An harmful
effect in elderly was observed with even a lower dose (50 mg/day
for 1 year) (ATBC study) (Hemila and Kaprio, 2009, 2011). No effect
on immunocompetence (DHT response) occurs in elderly also with
the use of Vitamin E (288 mg/day) plus Vitamin C (375 mg/day)
for 10 weeks (Wolvers et al., 2006). Clinical trial with Vitamin E
(4001U/day) plus Vitamin C (500 mg/day) was performed in elderly
in order to prevent endothelial dysfunction (Wray et al., 2012), but
with inconsistent data. Recently, using meta-analysis, an exhaus-
tive review reports that Vitamin E supplementation in elderly can
be dangerous because it increases the rate of mortality especially
when high doses are used (Bjelakovic et al., 2012). This evidence
seems a paradox taking into account that two papers report that
a satisfactory content of Vitamin E (a-tocopherol) in the plasma is
an index of longevity (Cherubini et al., 2001; Mecocci et al., 2000).
By contrast, the use of tocotrienols in elderly seems to give more
satisfactory results. A mixture of tocotrienols and a-tocopherol,
named tocotrienol rich fraction (TRF) (160 mg/day for six months
containing 74% tocotrienols and 26% tocopherol), is able to induce
an improvement of plasma cholesterol, AGE and vitamin levels as
well as areduction of the protein damage indicating a restoration of
the redox balance after TRF supplementation, particularly in older
individuals (Chin et al., 2011). Moreover, TRF supplementation is
also beneficial in elderly by reducing DNA damage as shown by
a reduction in urinary 8-OHdG (Chin et al., 2008). From all these
data, it emerges that Vitamin E supplementation (especially as a
mixture of tocopherol and tocotrienol) in elderly might be more
beneficial than a-tocopherol alone in order to reduce the inflam-
mation and the oxidative stress but with strong caution because
high doses of TRF may also increase all-causes of mortality (Miller,
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Table 1
Main studies on the effect of Vitamin E supplementation in aging (animals and humans).
Models N Intervention Findings Reference
Animals
C. elegans 24 100 pg/mL of a-tocopherol Prolonged survival +3 days Harrington and Harley (1988)
C. elegans 24 200 pg/mL of a-tocopherol Prolonged survival +7 days Harrington and Harley (1988)
C. elegans 24 400 pg/mL of a-tocopherol Prolonged survival +2 days Harrington and Harley (1988)
D. melanogaster 900 20 pg/mL of a-tocopherol Prolonged survival +13 days Zou et al. (2007)
D. melanogaster 600 0.005, 0.05, 0.5, 5, 25 IU/mL of Prolonged survival +8 days Bahadorani et al. (2008)
a-tocopherol only under hypoxia
Old mice 87 5000 pg/g Prolonged survival +140 days Navarro et al. (2005)
dI-RRR-a-tocopherol
Old mice 153 470 ppm of a-tocopherol No effect Lipman et al. (1998)
Mice from the birth 400 20/400/4000 p.g/g of No effect Morley and Trainor (2001)
a-tocopherol
Humans
Increase IL-2 production .
800 mg/day of a-tocopherol for Increase DHT response Meydani
Healthy elderly >60 years 18 . . etal.
30 days Increase ConA stimulation (1990a)

Free living healthy elderly
>65 years

20/20/20=60

60/200/800 mg/day of of
a-tocopherol for 235 days

Free living elderly 65-80 54/53=107 50/100 mg/day of of

years a-tocopherol for 6 months

Healthy elderly >60 years 50 50 mg/day of a-tocopherol for
15 months

Adult-old non smokers 184 4001U of a-tocopheryl

50-70 years acetate/day plus 500 mg/day of
Vit.C for 2 months

Adult-old smokers 50-70 46/46/46 300/600/12001U/day for 3

years weeks of a-tocopherol

Adult-old smokers 50-70 21,657 50 mg/day of of a-tocopherol

years (ATBC study) for 6 years

Adult-old subjects 40-80 138 288 mg/day of a-tocopherol

years plus Vitamin C (375 mg/day)
for 10 weeks

Healthy elderly 70 years 45 4001U/day of a-tocopherol and
Vitamin C (500 mg/day) for 1
week

Adult-old healthy 62 160 mg/day of tocotrienol rich

individuals fraction (TRF) for six months
200 mg/day of a-tocopherol for

Healthy elderly >70 years 26 28 days

Nursing home resident 47 2001U/day of a-tocopherol for

>65 years

1 year

Decrease PGE2 and plasma
lipid peroxide concentrations

Increase IL-2 production and
DTH response for all doses
used. No effect on humoral
immunity

Increase IL-2 production and
DHT response

No effect on serum DHEA and
neopterin

No effect on oxidative DNA
damage

No effects on lipid peroxidation
and thromboxane biosynthesis
No effect on the risk of
pneumonia with also an
harmful effects

No effect on DHT response

No effects on endothelial
dysfunctions

Reduction of DNA damage and
8-OHdG levels

Increased IL-2 production
Increased NK cell activity
Increased neutrophil,
chemotaxis and phagocytosis
Increased mitogen
responsivness

Decreased pro-inflammatory
cytokines (TNF-a, IL-1f3, IL-6)

Meydani et al. (1997)

Pallast et al. (1999)
van Amsterdam et al. (2005)

Huang et al. (2000)

Patrignani et al. (2000)

Hemila and Kaprio (2009, 2011)

Wolvers et al. (2006)

Wray et al. (2012)

Chin et al. (2008, 2011)

De

la
Fuente
etal.
(2008)

Belisle et al. (2008)

2005b). Anyway, the data available are inconclusive and strongly
contradictory perhaps due to the influence of Vitamin E on some
genes (Rimbach et al., 2010) that in turn may negatively affect
the antioxidant and immune response especially in condition of
chronic oxidative stress, such as in aging and in some degenerative
age-related diseases.

4.2. Infections

The immunostimulatory effect of vitamin E has been shown to
be associated with resistance to infections. Most of the animal stud-
ies that investigated the effect of Vitamin E on infectious diseases
reported a protective effect despite the variations in the dose and
duration of the supplementation, infectious organisms involved,
and route of administration (Han and Meydani, 2000a; Han et al.,
2000). Vitamin E supplementation in old mice resulted in signifi-
cantly lower viral titer and preserved antioxidant nutrient status

following influenza virus infection (Hayek et al., 1997). This pro-
tective effect of vitamin E against influenza infection seems to be
due to an enhancement of Th1 response, increased IL-2 and IFN-
v production and NK cell activity as well as an influence on PGE,;
synthesis, which plays in turn a key role in Th1 response and in
the regulation of pro-inflammatory cytokines (Han et al., 2000).
At this regard, two relevant transcriptional factors (NF-kB and
AP-1 involved in the transcription of pro-inflammatory cytokines)
are also down-regulated by Vitamin E (Suzuki and Packer, 1993).
Despite of these encouraging findings in old mice, few investigators
have directly examined this role on host’s resistance to infection
in the elderly, reporting contrasting results, maybe due to various
confounding factors, such as difference in health/lifestyle condi-
tions of participants and intervention protocols (Pae et al., 2012)
(Table 2). A double-blind placebo-controlled trial addressing the
effect of one year supplementation with 200 mg/day of Vitamin E
onrespiratory infections in 65+ years elderly nursing home resident
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Table 2
Main studies on the effect of Vitamin E supplementation in infections (animals and humans).
Subjects N Intervention Findings Reference
Animals
0Old C57BL/6NIA mice 22 months 40 500 ppm of a-tocopherol for 6 weeks Enhancement of influenza viral Hayek et al. (1997)
clearance via a better Th1 response
Humans
Elderly nursing home >65 years 617 2001U/day of a-tocopherol for 6 Increased Th1 response and IL-2, [FN-y Meydani et al. (2004)
months production coupled with reduced
incidence of common cold
Adult-old smoker hospitalized 29,133 50 mg/day of a-tocopherol + 20 mg/day Reduced incidence of pneumonia and Hemila et al. (2004)
subjects 50-70 years (ATBC study) of 3-caroten for 6 years common cold
Old non-institutionalized individuals 652 200 mg/day of a-tocopherol for 2 years No effect on respiratory tract infections Graat et al. (2002)

>60 years

with adverse effects on illness severity

showed that Vitamin E did not have a significant effect on lower
respiratory tract infections. However, the authors found a pro-
tective effect of Vitamin E supplementation on upper respiratory
tract infections in elderly, particularly the common cold suggest-
ing an immune-stimulatory effect of Vitamin E (Th1 response, IL-2,
IFN-v) (Meydani et al., 2004). The Alpha-Tocopherol Beta-Carotene
Cancer Prevention (ATBC) study tested the effect of a small dose
(50 mg/day) of Vitamin E in combination with 20 mg/day of -
carotene and showed limited or no effect, or even a negative effect
of Vitamin E on pneumonia and common cold because depending
on the age, smoking history, residence, exercise, and other factors
(Hemila and Kaprio, 2004; Hemila et al., 2004). Moreover, Vita-
min E may increase tuberculosis risk in heavy old smokers (Hemila
and Kaprio, 2008). Finally, a double-blind trial in a cohort of Dutch
well-nourished non institutionalized elderly individuals reported
that neither daily multivitamin-mineral supplementation at phys-
iological dose nor 200 mg of Vitamin E showed a favorable effect
on incidence and severity of acute respiratory tract infections with
some adverse effects, such as a worsening of the illness severity
(Graat et al., 2002). Taken together, all these data are contradic-
tory even if they seem to suggest an immune-enhancing effect of
Vitamin E in elderly. Further studies are needed. In particular, the
evaluation of the influence of Vitamin E on some genes related to
inflammatory/immune response may help to discern these contra-
dictions.

4.3. Atherosclerosis and cardiovascular diseases

Cardiovascular diseases (CVD) is the major cause of morbid-
ity and mortality in developed countries. It is a multi-factorial
disease in which the presence of high levels of lipids in the cir-
culation is the major contributing factor. The inflammation of the
coronary artery associated with oxidative stress, accumulation of
lipids and oxidation of LDL, leads to the formation of arterial lesions
known as atheroma (Singal et al., 1998). In addition, high levels of
plasma lipids lead to endothelium activation and increased adhe-
sion of immune cells to the endothelium, which in turn results in
endothelium dysfunction. When the atherosclerotic lesions rup-
ture, several chemotactic factors are released by macrophages,
resulting in platelet aggregation and thrombosis of the coronary
artery and heart attack (Slevin et al., 2009). The reduction of oxida-
tive stress and inhibition of LDL oxidation by Vitamin E are thought
to be major actions for which it has received considerable atten-
tion as a health benefit in reducing the risk of CVD. Vitamin E in
LDL particles acts as a chain-breaking antioxidant and prevents
lipid peroxidation of polyunsaturated fatty acids and modification
of proteinsin LDL by reactive oxygen species (ROS)(Carretal.,2000;
Abdala-Valencia et al., 2012). Moreover, the Vitamin E content of
LDL particles increases LDL resistance to oxidation and decreases
their uptake by macrophages with subsequent low production
of chemotactic factors (ICAM-1, MCP-1 and IL-8) toward human

arterial lesions and less platelet aggregation (Iuliano et al., 2000).
The latter phenomenon by Vitamin E occurs via inhibition of throm-
boxane by COX2 (Chen et al., 1998). “In vitro” studies, using human
endothelial cell monolayers in culture, have shown that Vitamin E
(especially a-tocopherol), at the concentration that is achievable in
plasma (40-60 wM) corresponding to 400-800 IU/day, resulted in
the inhibition of LDL- and IL-13-induced monocyte adhesion to the
endothelial cell monolayer, via decreased expression of adhesion
molecules ICAM-1, VCAM-1, E-Selectin, MCP-1, and suppression of
IL-6 and IL-8 production as well as PKC induction (Abdala-Valencia
et al, 2012). On the contrary, the production of prostacycline
(PGI,) with vasodilatory and platelet anti-aggregatory properties
increases (Martin et al.,, 1997; Wu et al., 1999). The protective effect
of Vitamin E has been also demonstrated in animal models, such as
in hypercholesterolemic NZW rabbits. Vitamin E (at the concen-
tration of 10001U/kg in the diet for 4 weeks) inhibited both the
accumulation of macrophages in the aortas and VCAM-1 expression
by endothelial cells when compared to the aortas of no supple-
mented rabbits (control) (Fruebis et al., 1999). A reduction of aorta
smooth muscle proliferation in hypercolestolemic rabbits supple-
mented with Vitamin E also occurs (Aytan et al.,2008), via a possible
decreased PKC production (Sirikci et al., 1996; Abdala-Valencia
et al., 2012). These observations in animal models support the con-
cept that a down-regulation of the adhesion molecule expression,
a suppression of monocyte/macrophage activation, and the inhibi-
tion of the smooth muscle proliferation by Vitamin E are some of
the potential mechanisms by which Vitamin E may suppress the
development of atherosclerosis with subsequent risk of CVD. The
suppressive effect of supplemental levels of vitamin E (2000 IU/kg
diet) on atherosclerosis has also been demonstrated in other ani-
mal models of atherosclerosis, such a ApoE null mice (Pratico et al.,
1998) and LDL-receptor-deficient mice (Cyrus, 2003). In humans,
a lot of clinical trials were carried out in order to prevent CVD
risk in elderly and in old smokers, some of which have reported a
clear association between the reduction in the relative risk of CVD
with high intake or supplementation of Vitamin E, whereas others
have shown no association. The more significant studies (Table 3)
have shown that a long term (7 years in adult men and women)
of Vitamin E supplementation reduced the risk of CVD and it was
associated with a lower mortality rate from CVD (Rimm et al., 1993;
Stampfer et al., 1993). The reduced relative risk of death from heart
disease has been reported also in elderly subjects supplemented
with Vitamin E (EPESE study) (Losonczy et al., 1996). Several other
studies have shown a protective effect of synthetic Vitamin E
(136 mg/day for 6 years) against ischemic heart disease mortality
in old smokers (ASAP study) (Salonen et al., 2000, 2003). Supple-
mentation with 400 or 800 IU/day of natural Vitamin E substantially
reduced the rate of nonfatal myocardial infarction (MI) after 1 year
of supplementation (Stephens et al., 1996 — CHAOS study). In con-
trast, two recent studies (GISSI and HOPE trials) (GISSI-Prevention
Investigators, Marchioli et al, 2006; The Heart Outcomes
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(ASAP study)

Adult-old patients with
established ischemic heart disease
50-70 years (CHAOS Study)

546/489 (total 1035)

a-tocopherol/day for 6 years

800/400IU of a-tocopherol/day for
510 days

Adult-old post infarction patients 4213 300 mg of synthetic

50-75 years (GISSI study) a-tocopherol/day for 3.5 years
Adult and old Patients with just 4761 4001U of Vitamin E daily from
cardiovascular disease or diabetes natural sources for 4.5 years
>55 years and older (HOPE Study)

Adult-old healthy subjects 40-78 64 160 mg/day of tocotrienol for 6

years

months

events, ischemic heart disease
mortality

Reduction of the rate of non fatal
myocardial infarction

Risk of development of congestive
heart failure by Vitamin E

No effects on primary
cardiovascular outcomes (death,
nonfatal myocardial infarction,
congestive heart failure, stroke)
Reduction of DNA damage and
urinary 8-OHdG
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Table 3
Main studies on the effect of Vitamin E supplementation in CVD (animals and humans).
Subjects N Intervention Findings Reference
Animals
Hypercholesterolemic NZW rabbits 8 10001U/kg of a-tocopherol in the Inhibition of the accumulation of Fruebis et al. (1999)
diet for 4 weeks macrophages in the aortas
decreased VCAM-1 expression by
endothelial cells
Hypercholesterolemic rabbits 24 injections of 50 mg/kg of Reduction of aorta smooth muscle Sirikci et al. (1996)
a-tocopherol intramuscularly/day proliferation via decreased PKC
for 8 weeks production
ApoE~/~ mice 11 20001U/kg in the diet of Decreased lipid peroxidation and Pratico et al. (1998)
a-tocopherol for 16 weeks reduced aortic lesion areas and
iPF2alpha-VI levels in the arterial
wall
Low-density lipoprotein 42 21U/g diet of a-tocopherol for 3 Decreased 8,12-iso-isoprostane Cyrus et al. (2003)
receptor-deficient mice (LDLR KO) months (iP)F(2alpha)-VI and monocyte
chemoattractant protein-1 levels
Humans
Adult-old healthy individuals 39,910 1001U of a-tocopherol/day for two  Decreased risk of CVD Rimm et al. (1993)
45-75 years years
Healthy elderly 70-75 years 11,178 301U of a-tocopherol/day for 2-6 Decreased mortality for coronary Losonczy et al. (1996)
(EPESE study) years heart disease
Adult-old smokers 45-70 years 520 136 IU of synthetic Prevention of atherosclerotic Salonen et al. (2000, 2003)

Stephens et al. (1996)

Marchioli et al. (2006)

Yusuf et al. (2000)

Chin et al. (2008)

Prevention Evaluation Study, Yusuf et al., 2000) reported that the
Vitamin E treatment in CVD patients had no effect on reducing
the primary endpoints, which included death, nonfatal myocardial
infarction, congestive heart failure, stroke. The genetic background,
type and dose of vitamin E and dietary habit and lifestyle of stud-
ied subjects might have contributed to the differential results in
these studies. Therefore, the effect of vitamin E alone in clinical
trial in CVD is inconclusive. The association of Vitamin E with other
micronutrients may be useful in preventing risk of CVD, but also in
this case the data are unconvincing. An interesting aspect is how-
ever the effect of tocotrienols (TriE) in preventing atherosclerosis
and CVDriskin elderly people (Chin et al., 2008) taking into account
that tocotrienols reduce plasma cholesterol levels (Qureshi et al.,
1991,2001)as well as other non-lipid related risk factors (for exam-
ple, platelet adhesion/aggregation) for CVD by means of the similar
biochemical mechanisms of tocopherols, especially via inhibition of
thromboxane and cyclooxygenase gene expression and production
(Theriault et al., 1999). Anyway, the Vitamin E-gene interaction
may be an useful tool for the success of the Vitamin E supplemen-
tation in preventing atherosclerosis and the subsequent CVD risks
in elderly and in adult-old smokers.

4.4. Cancer

With regard to cancer, Vitamin E family («-,3-,y-,8-tocopherols
and the corresponding tocotrienols) was studied in “in vitro” and
“in vivo” models in preventing cancer. Tocotrienols and toco-
pherols show some homology in their molecular structures. The
four tocotrienols share a similar chromanol moiety with their
corresponding tocopherols. While tocopherol has a saturated
phytyl side-chain, tocotrienol has an unsaturated prenylated side-
chain. Despite of this difference, both tocopherols and tocotrienols

belonging to Vitamin E family have an antioxidant activity (Kamal-
Eldin and Appelqvist, 1996). In the field of cancer chemotherapy,
tocotrienols have been shown to display better anti-tumor activity
than a-tocopherol (Catalgol et al., 2011). However, tocotrienols has
had poor attention by the scientific community because scarcely
present in the diet (only in certain vegetable oils, palm oil and
rice bran oil) whereas tocopherols are more present in a great
variety of common vegetables, oils and nuts (Barttomiej et al.,
2012). However, the growth inhibition of human, mouse, and rat
tumor cell lines when exposed to tocotrienol has been reported
(Nesaretnam et al.,, 1995). Particularly, tocotrienols, both as a
tocotrienol-rich fraction (TRF) or individual fractions, inhibit the
growth of human breast cancer cells in culture irrespectively
of estrogen receptor (ER) status (Nesaretnam et al., 1998). The
inhibitory effect on cell growth was more pronounced with y- and
d-tocotrienol (Viola et al., 2012). This independent ER status with
tocotrienol has great potential for growth suppression of hormone-
responsive breast cancer cells that have become resistant to growth
inhibition by antiestrogens (i.e. tamoxifen) (Nesaretnam et al.,
1998). The anticancer effect of 8-tocotrienol was also confirmed
in not hormone-responsive breast cancer cells, such as HER-2/neu-
overexpressing human SKBR3 and murine TUBO breast cancer cells.
d-tocotrienol induced apoptosis of SKBR3 cells associated with
mitochondrial dysfunction, energy failure, and unbalanced activ-
ity of stress/survival MAPKs, namely p38 and ERK1/2 pathways
(Pierpaoli et al., 2010). The anticancer effect in increased apoptosis
and in senescent-like growth arrest markers (p53, p21, p16) of can-
cer cells occurs also in HER-2/neu transgenic mice treated with 90%
8-Tocotrienol and 10% y-Tocotrienol (Pierpaoli et al., 2013). These
interesting data show a clear effect of tocotrienols in the prevention
of cancer, but they are still in infancy for a precise anticancer role of
8-, y-tocotrienols and their transferring in humans. Further studies
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Table 4
Main studies on the effect of Vitamin E supplementation in cancer (animals and humans).

Subjects N Intervention Findings Reference

Animals

Mouse mammarian cancer Annatto tocotrienol (90% Delayed development of mammary Pierpaoli et al. (2013)

model (HER-2/neu transgenic 8 d-tocotrienol plus 10% tumors.

mice) y-tocotrienol) for 8 weeks Reduced number and size of mammary

A/] mice with tumor induced
by 4-(methylnitrosamino)-1-
(3-pyridyl)-1-butanone plus

benzo[a]pyrene

10 (y-TmT) for 19 weeks

Murine of human xenograft 50 mice/each

tumor models dose used daily oral gavage of
a-tocopheryloxy acetic acid
(a-TEA) for 28 days

MexTAg transgenic mouse 25 1000 mg/kg/day by daily oral

model for mesothelioma gavage of a-tocopherol acetate
for 1 month

Murine prostate cancer model 8 0.1% y-tocopherol-enriched in

(TRAMP Mice) the diet for 1 month

Humans

Old smokers >60 years 1088 a-, B-, y-, 8-tocopherol at the
doses
7.73/0.08/4.44/0.78 mg/day,
respectively for 1 year

Adult-old smokers 50-70 29,133 50 mg/day of a-tocopherol for

years (ATBC study) 6-8 years

Healthy old men subjects 35,533 4001U/day of all

50-75 years (SELECT study) rac-alpha-tocopheryl for 5.5
years

0.3% y-tocopherol-rich mixture

100, 300, or 1500 mg/kg/day by

tumor masses and those of lung metastases
Increased apoptosis and senescent-like
growth arrest of tumor cells in mammary
glands

Reduction of tumor volume and weight
Enhanced apoptosis

Low levels of 8-8-OH-dG, gamma-H2AX
and nitrotyrosine

Reduced microvessel density

Liu et al. (2010)

No mortality and no clinical signs of
toxicity in any of the a-TEA doses tested

Hahn and Akporiaye (2012)

No effect on tumor progression and rate of
survival

Robinson et al. (2012)

Upregulation of detoxifying Nrf2 and
antioxidant enzymes (SOD, catalase,
glutatione peroxidase)

Barve et al. (2009)

Decreased lung cancer risk especially by
a-tocopherol

Mahabir et al. (2008)

No reduction in the incidence of lung
cancer

No prevention of prostate cancer with even
an high risk to develop prostate cancer
during the follow-up (7-12 years)

ATBC Study (1994)

Lippman et al. (2009) and
Klein et al. (2011)

on the mortaliy (and indirectly on the survival) of treated HER2/neu
transgenic mice as well as the pharmacokinetic of tocotrienols and
the possible resistance and interactions to chemotherapic drugs are
required, as shown in other mice cancer models treated with Vita-
min E (Hahn and Akporiaye, 2012; Robinson et al., 2012). Anyway,
future studies on the efficacy of tocotrienols in preventing tumor-
ogenesis are strongly recommended. With regard to tocopherols,
many studies were performed “in vitro” and “in vivo” animal mod-
els as well as a great number of clinical trials in humans (Table 4)
for a possible anticancer effect of tocopherols. Many of these stud-
ies were conducted with a-,y-,8-tocopherol (T) and with a mixture
rich in y-tocopherol (named y-TmT). y-TmT is a by-product in the
distillation of vegetable oil and usually contains (per g) 130 mg -T,
15mg B-T, 568 mg y-T, and 243 mg 8-T. Some of these studies have
been well summarized in a recent review showing however contra-
dictory and inconsistent data (Yang and Suh, 2013). Young A/] mice
treated with a tobacco carcinogen, 4-(methylnitrosamino)-1-(3-
pyridyl)-1-butanone (NNK) with subsequent development of lung
cancer, a treatment with 0.3% v-TmT in the diet, during the entire
experimental period (11 weeks), lowered the tumor multiplicity
by 30%. y-TmT treatment also significantly reduced the average
tumor volume and tumor burden coupled with increased apopto-
sis of the cancer cells without affecting apoptosis in non-tumor
lung tissues. y-TmT treatment also significantly decreased the per-
centage of positive cells to 8-hydroxydeoxyguanosine (8-0X0dG),a
marker of the oxidative DNA damage, as well as to phospho-histone
2AX (c-H2AX) (from 0.51% to 0.23%), a reflection of double-strand
break-induced DNA repair. The high plasma levels of prostaglandin
E; (PGE,) and leukotriene B4 (LTB4) in tumor-bearing mice were
decreased by y-TmT treatment. The anti-angiogenic activity of
dietary y-TmT reduced microvessel density (CD31-labeled capil-
lary clusters and blood vessels) in the peripheral area of the lung

adenomas (Lu et al., 2010). These results suggest the pro-apoptotic
antioxidative, anti-inflammatory and anti-angiogenic activities of
v-TmT. The same phenomena in preventing cancer development
also occurred for y-tocopherol, but not for a-tocopherol, as shown
in vitro studies of H1299 cells (Lu et al., 2010). The prevention also
occurred in another animal model of prostate cancer (TRAMP mice),
in which the main actors in the prevention of cancer by y-TmT and
vy-tocopherol are the reduction of the inflammation and oxidative
stress (Barve et al., 2009) and the increased apoptosis of cancer
cells by caspase-3 (Yang and Suh, 2013). Recently, a-tocopheryloxy
acetic acid (a-TEA), another derivative of Vitamin E, also sup-
pressed the tumor growth in various murine and human xenograft
tumor models coupled with no mortality and no toxicity by the dif-
ferentdoses used of a-TEA (Hahn and Akporiaye, 2012). By contrast,
Vitamin E supplementation in the diet (as a-tocopherol acetate
1000 mg/kg/day for 1 month) in MexTAg transgenic mouse model
for mesothelioma has no effect on tumor progression and the rate of
survival (Robinson et al., 2012). Anyway, these data in animals sug-
gest that Vitamin E can prevent cancer not in all its isoforms or, at
least, in their combined isoforms (Table 4), as shown in preventing
lung cancer progression in human smokers by their combinations
(Mahabir et al., 2008). The supplementation of a-tocopherol alone
is instead unable to prevent cancer, as shown in ATBC study in
adult-old smokers (50 mg/day for 6-8 years) (ATBC Study, 1994).
The recent Selenium and Vitamin E Cancer Prevention Trial (SELECT
study), 4001U of all-rac-a-tocopheryl acetate or 200 g selenium
(from L-selenomethionine) or both, daily for an average of 5.5 years,
did not prevent prostate cancer (Lippman et al., 2009). During the
follow-up (for 7-12 years), subjects receiving a-tocopheryl acetate
had an high risk for developing prostate cancer (hazard ratio of
1.17) (Klein et al., 2011). Moreover, in the SELECT study, the o-
tocopherol supplement caused a 50% decrease in median plasma

Please cite this article in press as: Mocchegiani, E., et al., Vitamin E-gene interactions in aging and inflammatory age-related diseases: Implications
for treatment. A systematic review. Ageing Res. Rev. (2014), http://dx.doi.org/10.1016/j.arr.2014.01.001

754
755
756
757
758
759
760
761

763
764
765
766
767
768
769
710
771
772
773
774
775
776
777
778
779
780
781
782
783
784

785


dx.doi.org/10.1016/j.arr.2014.01.001

786
787
788
789
790
791
792
793
794
795
796
797

798

799
800
801

803
804
805
806
807
808
809
810
811
812
813
814
815
816
817
818
819
820
821
822
823
824
825
826
827
828
829

830

832
833
834
835
836
837
838
839
840
841
842
843
844
845
846
847
848
849

GModel
ARR4901-21

10 E. Mocchegiani et al. / Ageing Research Reviews xxx (2014) XxxX—XXx

vy-tocopherol levels (Lippman et al., 2009). One possible explana-
tion is that high a-tocopherol might cause a decrease in blood and
tissue levels of y-tocopherol, more effective in cancer prevention,
because more efficient in trapping reactive oxygen and nitrogen
species (RONS) (Ju et al., 2010; Reiter et al., 2007). Such an hypoth-
esis is supported by the correct combination of the various isoforms
of Vitamin E in preventing prostate cancer in mouse prostate cancer
(TRAMP) model (Barve et al., 2009). Alternatively, the lack of cancer
prevention effect by a-tocopherol may be to the genetic character-
istics of the population (Yang et al., 2013). Thus, a question arises:
does Vitamin E prevent or promote cancer in humans? The Vitamin
E-gene interactions may give a satisfactory answer to this question.

4.5. Diabetes mellitus

Diabetes mellitus (DM) is a global health problem that results
in a greater risk of vascular complications, decreased quality of
life, and increased mortality. DM patients suffer from metabolic
alterations which affect many organs and systems, especially the
cardiovascular system with the development of some cardiovas-
cular diseases (CVD), such as infarction and stroke (Kuusisto and
Laakso, 2013). DM is characterized by high plasma glucose levels,
by an increase in oxygen radical formation due to glucose auto
oxidation, by the glycation of both plasma and cellular proteins
with the formation of advanced glycation end products (AGEs) and
nitrosative stress by excessive NO release. All these phenomena
have as target the blood vessel leading to endothelial dysfunction.
Moreover, smoking, hypertension and hyperlipidemia enhance oxi-
dation of lipids and their subsequent accumulation in macrophages,
leading to foam cell formation and atherosclerotic plaque develop-
ment, whose rupture by increased stress and inflammation has, as
final result, the arising of myocardial infarction or stroke. Therefore,
the influence of different antioxidants has been the subject of many
studies over the years in relation to DM and CVD complications
rather than to DM “in se”. Due to the involvement of LDL oxida-
tion in the pathology of atherosclerosis and CVD, Vitamin E was
extensively studied in DM in order to prevent CVD risks. In strepto-
zotocin diabetic rats Vitamin E (both as tocopherol and tocotrienol)
prevents the development of abnormal contractility and struc-
ture and endothelial dysfunction in aorta (ADIC study) (Karasu
et al., 1997) and decreases the AGEs formation (Wan Nazaimoon
and Khalid, 2002; Forbes and Cooper, 2013). Moreover, a bran
extract Ricetrienol (containing a-tocopherol, and tocotrienols) pre-
vents oxidative stress in obese diabetic KKAy mice (Kanaya et al.,
2004). Several observational epidemiologic studies in humans sug-
gest that Vitamin E supplementation might decrease the risk of
developing CVD. In this context, as reported in extensive reviews
(Meydani, 2001; Goldenstein et al., 2013), a lot of clinical trials
with Vitamin E alone or associated with other substances, such as
aspirin or ACE inhibitors, was carried out but with often inconsis-
tentresults (Table 5). InFinnish (Virtamo et al., 1998) and Italian (de
Gaetano, 2001) studies, the randomized clinical trials in smokers
hypertensive adult and elderly subjects, respectively, with Vita-
min E supplementation (50 mg/day for 5-8 years and followed
until the first myocardial infarction) have shown in both studies
a slight but not statistically significant decrement in the incidence
of myocardial infarction. In the St. Francis Heart Study random-
ized clinical trial (Arad et al., 2005), supplementation of aspirin
(81 mg/mL) with Vitamin E (1000 IU/day), vitamin C (1 g/day) and
atorvastatin (20 mg/day) for 4 years in adult and elderly subjects
with coronary calcium scores >400 did not affect the progression of
calcium deposits in the coronary arteries or improve clinical symp-
toms. Other studies (ATIC study, Physicians Health study, Womens’
Health study, VEAPS study) performed in adult and old hyper-
tensive subjects with hyperglycemia confirmed the no effect of
Vitamin E supplementation also with high doses (400-600 IU/day

for 3 years) in preventing CVD complications by diabetes or by its
renal complications (Hodis et al., 2002; Nanayakkara et al., 2007;
Lee et al., 2005) with even an increased risk of hemorrhagic stroke
(Sesso et al., 2008). Previous studies by the Gruppo Italiano per lo
Studio della Sopravvivenza nell’ Infarto miocardico (GISSI, 1999)
and Cambridge Heart Antioxidant Study (CHAOS study) (Stephens
etal., 1996) have not found any effect of Vitamin E supplementation
at high doses in preventing CVD risks in hypertensive and hyper-
glycemic old subjects. The treatment with Vitamin E decreased the
risk of developing non-fatal myocardial infarction, but increased
the risk of CV death (Stephens et al., 1996). Similar results were
obtained from the Heart and Outcomes Prevention Evaluation
(HOPE study) (Yusuf et al., 2000), in which Vitamin E (400 mg/day
for 4.5 years) supplementation was associated to angiotensin con-
verting enzyme (ACE) inhibitor (Ramipril). The results showed that
Vitamin E did not influence the risk of developing CVD with even
an higher risk of heart failure (HOPE-TOO study) (Lonn et al., 2005).
The Women’s Angiographic Vitamin and Estrogen (WAVE study)
trial showed an increased risk of developing coronary heart disease
in postmenopausal women who received Vitamin E (4001U/day
for 3 years) (Waters et al., 2002). By contrast, the Secondary Pre-
vention with Antioxidants of Cardiovascular Disease End stage
Renal Disease (SPACE) study showed a beneficial effect of Vita-
min E supplementation (8001U/day for 2 years) in hemodialysis
and hyperglycemic patients although the risk of mortality was
not affected (Boaz et al., 2000). In conclusion, data regarding the
beneficial role of Vitamin E in protecting against cardiovascular
complications in hyperglycemia are contradictory. On the other
hand, a recent paper showed that Vitamin E supplementation was
not associated with a decreased risk of incident diabetes “in se”
in middle-aged male smokers (Kataja-Tuomola et al., 2011). More-
over, recent data from the Action to Control Cardiovascular Risk
in Diabetes Study Group (ACCORD study) (2008) and two subse-
quent ACCORD studies (2010a,b) assessing these strategies in type
2 diabetics raise serious doubts regarding the effectiveness and
the safety of Vitamin E intervetion and its clinical goals. How-
ever, recent investigations into the polymorphic serum protein
haptoglobin (Hp) indicate that Vitamin E may be beneficial in a
genetically defined subgroup of diabetic patients, namely, diabetic
patients of the Hp 2-2 genotype (Vardi et al., 2012). Hp is known
best as a hemoglobin (Hb) binding protein and antioxidant agent
(Levy et al., 2010). Binding of free Hb by Hp changes the tertiary
structure of Hb so that the heme group within its heme pocket
is less accessible and less chemically reactive. In such a way, the
Hp-Hb complex, being very stable (K4 =1013), prevents iron loss
protecting tissues from Hb-induced oxidative damage (Asleh et al.,
2003). Hp-Hb complex formation creates an unique binding site
that is recognized by CD163, a receptor on circulating monocytes
and macrophages in the liver protecting the kidney from the dam-
age by Hb. When Hp is altered provokes diabetic nephropathy, a
complication in old diabetic patients (Bakris, 2011). Thus, taking
into account that diabetic patients carrying Hp 2-2 genotype has a
benefit by Vitamin E supplementation (Vardietal.,2012)(see below
Section 5), the role played by Vitamin E-Hp gene interaction may be
crucial in diabetes mellitus in preventing also CVD complications.

4.6. Neurodegeneration

Advanced age is the most important risk factor for the devel-
opment of neurodegenerative disorders of the brain, which lead
to cognitive impairment and dementia. As the number of people
who live beyond the age of 60 years is constantly growing, both
cognitive impairment and dementia become increasingly preva-
lent (Fratiglioni et al., 2000). Alzheimer’s disease (AD) is the most
common neurodegenerative disorder of the brain and accounts for
about 50-70% of all dementia cases (Mattson, 2004). AD is usually
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Table 5
Main studies on the effect of Vitamin E supplementation in diabetes mellitus, hyperglycemia, hypertension for the prevention of CVD complications (animals and humans).
Subjects N Intervention Findings Reference
Animals
Streptozotocin diabetic rats 0.5% dietary supplement of Vitamin E Prevention of the development of Karasu et al. (1997)
(ADIC study) 10 as pL-a-tocopheryl acetate for 2 abnormal contractility and
months structure and endothelial
dysfunction in aorta
Decrease AGE formation Wan Nazaimoon and Khalid
(2002)
Obese diabetic KKAy mice 12 0.1% of Ricetrienol (containing Increased urine 8-isoprostane and Kanaya et al. (2004)
a-tocopherol, and tocotrienols) in the 8-OHdG
diet for 6 weeks Increased GPx gene expression
Humans
Adult-old smoker and hypertensive 27,271 50 mg/day of a-tocopherol for 5 years Slight decrement in the incidence Virtamo et al. (1998)
subjects 50-70 years (ATBC study) of myocardial infarction
Old hypertensive female >65 years 4495 300 mg/day of synthetic a-tocopherol No effect of primary events for CVD de Gaetano (1999)
(Collaborative Group of the Primary for 3.6 years (death, myocardial infarction,
CVD Prevention Project) stroke)
Adult-old healthy subjects with 1005 20 mg/day of atorvastatin plus 1 g/day No influence on the progression of Arad et al. (2005)
coronary calcium scores at or above the of Vit. C plus 1000 U/day of coronary calcification
80th percentile 50-70 years (St. Francis a-tocopherol for 4.5 years
Heart Study randomized clinical trial)
Adult-old healthy women with 39,896 600 1U/day of a-tocopherol for 10 years No benefit for major cardiovascular Lee et al. (2005)

hypertension and hyperglycemia >45

years (Women'’s Health Study)

Adult-old subjects with hypertension 177
hyperglycemia hypercholesterolemia

40-80 years (VEAPS study)

Adult-old Subjects with 11,324 300 mg/day of synthetic a-tocopherol
hyperglycemia, hypertension 40-80 for 3.5 years

years. GISSI-Prevenzione Investigators

(Gruppo Italiano per lo Studio della

Sopravvivenza nell'Infarto Miocardico)

Adult-old subjects with hypertension 2002 800 IU/day of a-tocopherol for 1 year
and hyperglycemia 50-70 years

(CHAOS study)

Adult-old subjects with diabetes 9541 4001U/day of a-tocopherol for 4.5
50-70 years (HOPE study) years

Postmenopausal woman with 423 4001U/day of a-tocopherol for 3 years
hypertension, hyperglycemia and

coronary disease >55 years (WAVE

Study)

Adult-old hemodyalis patients with 196 800 IU/day of a-tocopherol for 1 year

previous CVD and hyperglycemia
40-75 years (SPACE study)

4001U/day of a-tocopherol for 3 years

events (myocardial infarction and
stroke)

No progression in reducing carotid
artery-wall intima-media
thickness

No effect on primary CVD
endpoints (death, non-fatal
myocardial infarction, and stroke)

Hodis et al. (2002)

GISSI (1999)

Reduction of the rate of non-fatal
myocardial infarction

Stephens et al. (1996)

No effect on cardiovascular
outcomes (myocardial infarction,
stroke, angina, congestive heart
failure) with even the risk to
develop heart failure (HOPE-TOO
study)

No cardiovascular benefit on
primary endpoints (non fatal
myocardial infarction, stroke,
death)

Reduction of composite
cardiovascular disease endpoints
and myocardial infarction

Yusuf et al. (2000) and Lonn
et al. (2005)

Waters et al. (2002)

Boaz et al. (2000)

diagnosed beyond the age of 65 years, although cases of familial
AD, which are associated with mutations in certain predisposing
genes (e.g. presenilin-1, presenilin-2, amyloid 3 precursor protein),
do occur at an earlier age (Lin and Beal, 2006) with progressive
loss of memory (Strittmatter and Roses, 1996). The underlying
pathophysiological mechanisms in the brain include the extracel-
lular accumulation of mis-folded proteins, synaptic dysfunction,
mitochondrial dysfunction, massive progressive loss of neurons by
apoptosis, especially in the hippocampus and cortex, and a selective
depletion of neurotransmitter systems (e.g. acetylcholine) (Leuner
et al,, 2007; Mattson, 2004). On the cellular level, the processes
leading to neuronal death and to neurodegenerative events are
caused or result in an increased formation of reactive oxygen and
nitrogen species, via enhanced lipid peroxidation mainly provoked
by the chronic inflammation and increased peroxynitrite produc-
tion with subsequent abnormal inflammatory/immune activation
(Lin and Beal, 2006). Taking into account the role played by MAP-
2 protein in inducing neuron plasticity (Sanchez et al., 2000), of
interest is the increase in cerebellar cortex of MAP-2 mRNA lev-
els in Vitamin E-deficient and old rats blocking the neuroplasticity
of dendritic cells (Casoli et al., 2004). Consequently, antioxidant

nutrients, such as tocotrienols and other members of the Vita-
min E family (a-,y-,8-tocopherols) are thought to be beneficial
in the prevention of neurodegeneration and dementia. Epidemi-
ological studies indicate that a high intake of Vitamin E from food
sources, as well as dietary supplements, may contribute to the
prevention of age-related neurodegenerative disorders (Engelhart
et al., 2002; Morris et al., 2005). Such an assumption is supported
by in vitro and in vivo experiments, in which all the isoforms
of tocotrienols and tocopherols have been used. A tocotrienol
rich fraction (TRF) isolated from palm oil significantly inhibited
oxidative damage to both lipids and proteins induced by azobis
(2-amidopropane)dihydrochloride (a free radical initiator) in iso-
lated rat brain mitochondria at concentrations of 5 wmol/L. This
protection was conferred by a-tocotrienol, and to a lesser extent
by d-tocotrienol and y-tocotrienol, and it was much more potent
than a-tocopherol (Kamat and Devasagayam, 1995; Kamat et al.,
1997). In primary astrocyte cultures and in SY5Y neuronal cells,
a-tocotrienol (at the dose of 100 wmol/L) protects against H,0,-
induced cell death and apoptosis, whereas 200 pmol/L is toxic
(Mazlan et al., 2006). This protection of a-tocotrienol against oxida-
tive insults was more potent than a-tocopherol (Huebbe et al.,
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Table 6
Main studies on the effect of Vitamin E supplementation in neurodegeneration (animals and humans).
Subjects N Intervention Findings Reference
Animals
Male streptozoticin (STZ) treated rats 10 Mixture of a-, 3-, y-tocotrienol 50 or Reduction in glutathione and Tiwari et al. (2009)
100 mg/kg bw and a-tocopherol catalase
(100 mg/kg bw) in the diet for 3 weeks Reduced malonaldehyde, nitrite
and cholinesterase activity in the
brains of STZ rats. Tocotrienols are
more potent in preventing
cognitive deficits caused by STZ
Old rats (24 months) 11 One injection of 200 mg/kg of Improved memory retention Socci et al. (1995)
a-tocopherol
Young rats (4 weeks of age) 10 Diet with Vitamin E deficiency for 1 Reduced learning behavior Ichitani et al. (1992)
month
Young rats with One injection of 200 mg/kg of Improved water maze performance Wortwein et al. (1994)
intracerebroventricular injection of a-tocopherol
AF64A
. . . . Inhibition of lipid peroxidation Meydani et al. (1988)
g"e‘ggifngei;a;?e‘;‘”th Vitamin E 12 i?é’n‘gl/;‘ay of a-tocopherol for 2 Increase GSH-Px activity Monii et al. (1994)
Reduced lipofuscin accumulation
Gerbil with carotid artery occlusion 11 Intravanenous administration of 50 or Reduced neuronal cell death Hara et al. (1990)
100 mg/kg of a-tocopherol induced by ischemia
APP transgenic mice 10 Injection of 200 mg/kg of a-tocopherol Inhibition of amyloid-f3 induced Behl et al. (1992)
cell death
Hypercholesterolemic Albino rabbits 8 Intramuscularly injection of Decreased of brain protein Aytan et al. (2008)
with Vitamin E deficiency in the diet 50 mg/kg/day for 4 weeks of Vitamin E carbonylation (an hallmark of AD
(1-2 months old) (a-tocopherol) and neurodegeneration)
Humans
Alzheimer disease (AD) patients >65 341 a-Tocopherol 2000 [U/day for 2 years Harmful effect with progression of Sano et al. (1997)
years the disease and worsening of
cognitive performances
Old subjects with mild cognitive 769 20001U/day of a-tocopherol for 3 years No effect in cognitive improvement Irizarry et al. (2009)
impairment >65 years (Alzheimer’s and in the progression of AD
Disease Cooperative Study Group)
AD patients >65 years 57 8001U/day of a-tocopherol for 6 Lowering of the oxidative stress in Lloret et al. (2009)
months some AD patients and maintaining
cognitive status. In AD with no
prevention of oxidative stress by
Vitamin E, which is detrimental on
the cognitive functions
AD patients >65 years (Chicago Health 746 a-Tocopherol and y-tocopherol High intake by foods of Vitamin E Morris et al. (2005)
and Aging Project) exclusively from food sources for 6 isoforms slowdowns the cognitive
years decline
AD patients >80 years (Kungsholmen 232 All isofoms of tocopherols and The risk of developing AD Mangialasche et al. (2010)
Project) tocotrienols from food sources for 6 progression was reduced only in
years association with high plasma levels
of B-tocopherol. a-tocopherol,
B-tocotrienol, y-tocotrienol have
marginal effects
Parkinson disease >60 years 120 20001U/day for 2 years No effect on tremor, rigidity, Pham and Plakogiannis
bradykinesia, and postural (2005)
instability
Huntington’s disease >50 years 73 20001U/day for 2 years No effects on neurologic and Peyser et al. (2005)

neuropsychiatric symptoms

2007). The higher protective capacity of a-tocotrienol compared
to a-tocopherol may be mainly related to its faster cellular uptake
(Saito et al., 2010). As recently reported in an exhaustive review
by Frank et al. (2012), a-tocotrienol protects Neuro2a cells against
H,0,-induced cell death, via a reduction of collapsin response
mediator protein-2 (CRMP-2), a protein involved in microtubule
polarity and axon guidance, whose expression is increased in neu-
rons in the vicinity of amyloid-f3 plaques in the cerebral cortex
of a mouse model of AD [APP(Swe) Tg2576 mice] (Petratos et al.,
2008). This last finding suggests a role of a-tocotrienol against
oxidative damage induced by (3-amyloid accumulation, as pre-
viously also shown by a-tocopherol in (-amyloid-induced cell
death in rat hippocampal cell cultures (Goodman and Mattson,
1994), PC12 cells (Behl et al., 1992) and in neuroblastoma
cells after amino acid-induced toxicity (Murphy et al., 1990).
These promising “in vitro” data on the protective effect of both

tocotrienols and tocopherols in injured brain cells were trans-
ferred “in vivo” animal models. In rats, intracerebroventricular
injection of streptozotocin causes oxidative stress in the brain
coupled with cell-death leading to cognitive dysfunction by inhib-
iting the synthesis of ATP and acetylcoenzyme A (Tiwari et al.,
2009). Daily oral gavage of a mixture of a-, 3-, 'y-tocotrienol (50
or 100 mg/kgbw) and a-tocopherol (100 mg/kgbw) for 3 weeks
attenuated the reduction in glutathione and catalase and decreased
nitrite concentrations in the brains of streptozotocin-injected adult
male Wistar rats (Tiwari et al., 2009). Such a mixture of Vita-
min E family prevents oxidative damage and cognitive impairment
(determined by Morris water maze and elevated plus maze tasks),
although a trend toward a better protection by tocotrienol isoforms
was observed (Tiwari et al., 2009). Anyway all the family of Vita-
min E, including tocopherols, is protective against oxidative stress
(Franketal.,2012), with animprovement on cognitive performance
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in aged animals and prevents oxidative damage in animal models
of AD. At this regard, old literature reports the beneficial effect of
Vitamin E as also a-tocopherol. Socci et al. (1995) found that aged
rats treated with Vitamin E, have greater memory retention than do
placebo treated rats. In another study, Vitamin E supplementation
protects against the deterioration in passive avoidance response
in old rats (Ichitani et al., 1992). Vitamin E also protects against
impaired water maze performance resulting from treatment with
a neurotoxin (AF64A) that induces oxidative stress in cholinergic
neurons (Wortwein et al., 1994). Dietary Vitamin E supplemen-
tation reduces lipofuscin accumulation in the brain of middle-aged
rats (Monji et al., 1994) and protects against lipid peroxidation
(Meydani etal., 1988). In gerbils, Vitamin E prevents ischemic dam-
age to neurons of the hippocampus (Hara et al., 1990). Transgenic
mice over-expressing the amyloid precursor protein (APP) show
accelerated age-associated brain degeneration (Hsiao, 1995). Vita-
min E supplementation can delay this deterioration (Behl et al.,
1992; Koppal et al., 1998; Zhou et al., 1996) decreasing oxidative
DNA damage (Boothby and Doering, 2005). The protective effect
of Vitamin E (a-tochopherol at the dose of 50 mg/kg/day for 4
weeks) in the brain (especially hippocampus) was also reported in
young hypercholesterolemic rabbits decreasing brain protein car-
bonylation (Aytan et al., 2008), one of the major risk factors for
AD development (Puglielli et al., 2003). All these findings in vari-
ous animal models indicate that Vitamin E family (tocotrienols and
tocopherols) is protective in brain injury and in neurodegeneration
with mechanisms involving the inhibition of the lipid peroxidation
through the action of various enzymes (pp60°-S' kinase, ERK1 and
ERK2 kinases, Phospholipase A2, 12-Lipoxygenase) and the inhi-
bition of the transcriptional factor NF-kB signaling (Frank et al.,
2012). Thus, Vitamin E has a double role acting as antioxidant and
anti-inflammatory agent resulting of peculiar importance in aging
and neurodegeneration, in which brain oxidative stress and inflam-
mation play a key role in the pathogenesis of dementia, AD and
other neurodegenerative diseases. Therefore, a lot of promising
and encouraging data against injury brain and dementia obtained
in animal models have suggested to perform clinical trials also
in humans (Table 6). Despite some papers report that Vitamin E
deficiency in the plasma from elderly subjects is associated with
cognitive impairment and dementia (Cherubini et al., 2005) and it
is a maker to predict the risk of dementia in old people (Di lorio
et al., 2006), there is no strong evidence that Vitamin E supplemen-
tation is efficacious in improving outcomes of AD (Morris, 2012).
Sano et al. (1997) report that Vitamin E (at the dose of 2000 IU/day
for 2 years) has no effect on some endpoints of AD, i.e. death, insti-
tutionalization, loss of two of three basic activities of daily living,
progression of Clinical Dementia Rating (CDR) stage from 2 to 3.
More recently, Petersen et al. (2005) and Irizarry et al. (2009) found
no difference in cognitive improvement in MILD subjects supple-
mented with Vitamin E in comparison to placebo group. On the
contrary, Lloret et al. (2009) found that a supplementation of Vita-
min E (8001U/day for 6 months) lowers oxidative stress marker
(oxidized glutathione GSSG) and maintains cognitive status exclu-
sively in some AD patients. In those subjects where Vitamin E does
not prevent oxidative stress, it is detrimental in terms of cogni-
tion (Lloret et al., 2009). The same authors concluded that the
supplementation of AD patients with Vitamin E cannot be rec-
ommended without the previous determination of its antioxidant
effect in each patient, as also suggested by Brewer (2010) and
Farina et al. (2012). By contrast, it has been reported from the
Chicago Health and Aging Project, which monitored the incidence
of AD over 6 years in community residents older than 65 years,
that the intake of mixed forms of Vitamin E (a-tocopherol and
v-tocopherol) exclusively by food sources was associated with a
slower rate of cognitive decline (Morris et al., 2005). These findings
were confirmed recently in subjects aged >80 years with dementia

from the Kungsholmen Project (Mangialasche et al., 2010). After 6
years, subjects with Vitamin E plasma levels in the highest tertile
had a reduced risk of AD progression in comparison to persons in
the lowest tertile. The neuroprotective effect seems to be related
to the combination of different Vitamin E isoforms, rather than to
a-tocopherol alone (Mangialasche et al., 2010), whose efficacy in
interventions against AD progression is however currently debated
(Usoro and Mousa, 2010), especially in relation to the interaction
with concomitant medications (Brigelius-Flohe, 2007). Thus, the
exclusive use of the a-tocopherol form of Vitamin E in clinical tri-
als is questioned. Moreover, results from clinical trials of Vitamin E
in non-AD neurodegenerative disorders have not been promising.
Neither patients with Parkinson’s disease (Pham and Plakogiannis,
2005) nor Huntington’s disease (Peyser et al., 1995) have shown a
significant overall effect for Vitamin E. Without excluding the test-
ing of some oxidative markers as endpoints in order to check the
beneficial effect of Vitamin E supplementation (Farina et al., 2012),
the Vitamin E-gene interactions may be also crucial in neurode-
generation.

5. Vitamin E-gene interactions

As reported in the previous sections, Vitamin E family (toco-
pherols and tocotrienols) contains various isoforms with potent
antioxidant and anti-inflammatory properties. For this reason, a lot
of clinical trials in humans have been carried out but, unfortunately,
with contradictory and inconsistent results (see previous Section
4). Since Vitamin E interacts with cell receptors (e.g. LDL recep-
tor) and transcription factors (e.g. pregnane X receptor) thereby
driving (redox-regulated) gene expression (e.g. scavenger recep-
tor CD36) and it modulates protein levels (e.g. glutathione) and
changes enzyme activity levels (e.g. protein kinase C), the interac-
tion of Vitamin E among Vitamin E and the genes codifying these
proteins is crucial for the effects of Vitamin E supplementation.
Modulation of enzyme transcription and/or activity by Vitamin E
has been shown in genes involved in oxidative stress, proliferation,
inflammation and apoptosis. Such genes include, SOD, NO syn-
thase, cyclooxygenase-2, NAPDH oxidase, NF-kB, phospholipase
A2, protein phosphatase 2A, 5-lipooxygenase, activator protein-1,
cytochrome P450, BCL2-like 1 and a lot of other genes (Munteanu
etal., 2004; Lirangi et al., 2012; Kaga et al., 2013; Zingg et al., 2013).
Moreover, a-tocopherol transfer protein (a-TTP), a-tropomyosin
and collagenase are also affected by a-tocopherol at the trans-
criptional level (Azzi et al.,, 2002). To obtain a comprehensive
understanding of the genes affected by Vitamin E, preliminary
global gene expression profile experiments using DNA arrays in rat
liver and hepatocellular liver carcinoma cells (HepG2) have been
conducted in short-term (49 days) and long-term (290 days) of
Vitamin E deficiency and then supplemented with Vitamin E (RRR-
a-tocopheryl acetate) (Fischer et al., 2001; Barella et al., 2004;
Rimbach et al., 2004). Differential gene expression by DNA arrays
comprising up to 7000 genes were measured. Dietary Vitamin E
deficiency over a 7-week period did not induce any significant
changes in the gene expression profile. By contrast, long term
vitamin E deficiency up-regulated coagulation factor IX (FIX), 5-
a-steroid reductase type 1, and CD36 mRNA levels, while hepatic
v-glutamyl-cysteinyl synthetase (an index of glutathione synthe-
sis) was down-regulated. Vitamin E supplementation changed
coagulation factor IX and CD36 expression in HepG2 cells. These
findings suggest that Vitamin E has more long-term rather than
short-term effects especially on liver gene expressions with poten-
tial downstream effects on extrahepatic tissues. Of interest is the
effect of Vitamin E on the gene expressions of the various iso-
forms of cytochrome (CYP) P450 (Mustacich et al., 2006). Such
an effect suggests a role of Vitamin E also in the detoxification
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Table 7
Some target genes regulated at transcriptional level by Vitamin E.

Gene class Gene Function Effect of alpha-tocopherol
Scavenger receptors CD36, SR-BI, SR-AI/II Uptake of oxLDL Inhibition
Extracellular matrix E-Selectin, L-Selectin, ICAM-1, Integrins, Mac-1 Rolling and adhesion of Inhibition
Collagen alpha1, glycoprotein IIb, VCAM-1 monocytes/macrophages, platelet adhesion
Inflammatory cytokines TGF-(, IL-4, IL-13, TNF-a Inflammation and chemotaxis of inflammatory Inhibition
cells
. P27 Inhibition of smooth muscle cells proliferation Induction
Cell cycle regulation s .
and aortic thickening,
Cyclin D1, Cyclin E, Cyclin B2, Induction of proliferation Inhibition
Cyclin-dependent kinase5, Cdc6-related
protein
Apoptosis CD95L (CD95 APO-1/Fas ligand), Bcl2-L1, Birc5 Induction of apoptosis Inhibition
Regulation of transcription NF-kB, AP-1, PKC Induction of inflammatory genes Inhibition
Kruppel-like factor3, Ikaros Induction of immune response Induction
Chemotaxis Ccl2, MCP-1 Migration and infiltration of Inhibition
monocytes/macrophages
Antioxidant defence Gamma-glutamyl cisteinyl synthetase (yGCS) Involved in glutathione biosynthesis pathway Induction
Detoxification P450-Cytochromes (Cyp3A, Cyp4F2), Pregnane Detoxification of exogenous and endogenous Induction
X receptor (PXR) compounds
Cell proliferation MMP-1, MMP-19 Tissue remodeling and inflammatory/immune Inhibition
response
Lipid metabolism ApoE, PPAR-vy, LDL-R Lipid uptake, delivery transport Inhibition
Haptoglobin (Hp) Formation of haptoglobin-hemoglobin Induction
Vascular defence (Hp-Hb) complex
PAI-1 Inhibition of fibrinolysis and degradation of Induction

blood clots

For single references related to the specific gene class see Munteanu et al. (2004), Azzi et al. (2004), Rimbach et al. (2010) and Han et al. (2006).

mechanisms that may result relevant in presence of drugs intake
both in aging and age-related diseases. Noteworthy, the more sig-
nificant results “in vitro” (HepG2 cells) and “in vivo” experimental
rats were obtained using natural Vitamin E (RRR-a-tocopheryl
acetate) rather than synthetic Vitamin E (all-rac-tocopheryl
acetate) suggesting that the benefit of Vitamin E-gene interactions
comes more from the diet rather than from a supplementation
(Rimbach et al., 2010). Such an assumption is supported by the
recent discovery in preadipocytes (NIH3T3-L1 cell lines), where
a-tocopheryl phosphate (but not a-tocopherol) activates a set of
genes TBR3 (Tribbles Homolog3), Sestrin-2 (SESN2) and insulin-
induced gene-1 (INSIG-1) preventing fat accumulation in these
cells and the consequent lipotoxicity (Lirangi et al., 2012). Subse-
quently, array technology showed a wide range of genes affected
by Vitamin E, including genes related to the inflammation and cell
adhesion, cell cycle, extracellular matrix (Rimbach et al., 2010) (see
Table 7). Many of these genes play an important role in many
inflammatory age-related diseases especially atherosclerosis and
CVD, in particular genes related to the cellular adhesion molecules
induced by cytokines inside the human vascular endothelia, such as
VCAM-1 expressed at the macrophage surfaces (Zapolska-Downar
et al., 2000), L-selectin from pulmonary macrophages (Sabat et al.,
2001), Mac-1 (CD11/CD18) induced by oxLDL within monocytes
(Terasawa et al., 2000). It has been shown that the inhibition of
scavenger receptor type SCRA and CD36 expressions at the trans-
criptional level by a-tocopherol in aortic smooth cells (Ricciarelli
etal,,2000; Ozeretal.,2006) and monocytes/macrophages (Devaraj
et al., 2001) followed by a decreased uptake of oxLDL in these
cells, can prevent the formation of the foam cells “in vitro” with
a possible inhibition of the atherosclerosis progression (Ozer et al.,
2006; Kaga et al., 2013). Such an hypothesis is substained by the
fact that ApoE~/~ mice, that are prone to develop atherosclero-
sis, do not develop atherosclerotic lesion if the CD36 scavenger
receptor is absent (Febbraio et al., 2000). The expression of CD36
mRNA is correlated with the lipid peroxide content in peritoneal
macrophages during mice aging, and this is accompanied by an
age-dependentincrease in the cellular uptake of oxLDL (de Winther

etal,2000). Treatment with Vitamin E decreased the amount of cel-
lular lipid peroxides and resulted in the inhibition of macrophage
uptake of oxLDL and in cellular CD36 mRNA expression (Fuhrman
etal.,2002; Ozer et al., 2006). These findings from “in vitro” experi-
ments and in animals models support the relevance of the Vitamin
E-gene interaction in aging and inflammatory age-related diseases.
At this regard, a substantial number of papers reports polymor-
phisms of genes involved in the uptake, distribution, metabolism
and secretion of the micronutrient. A number of genetic poly-
morphisms and epigenetic modifications (that can occur in the
homozygote or heterozygote state) may lower the bioavailabil-
ity and cellular activity of Vitamin E (Rigotti, 2007; Zingg et al.,
2008) (Table 8) influencing a differential susceptibility among the
people to specific disorders, such as atherosclerosis, diabetes, CVD,
cancers, and neurodegenerative diseases, which could be circum-
vented by Vitamin E supplementation. Despite of these genetic
findings, few data exist up to date in Vitamin E supplementation
on the basis of specific polymorphisms that can be crucial for the
beneficial effect of Vitamin E (Table 9). In this context, an interesting
paper of Testa et al. (2004) shows the relevance of the interac-
tion between Vitamin E and the gene of plasminogen activator
inhibitor type 1 (PAI-1), an independent CVD risk factor, which
increases in patients with DM and is closely related to the inflam-
matory state (De Taeye et al., 2005). The 4G/5G polymorphism
of PAI-1 is involved in the incidence of cardiovascular disease by
regulation of PAI-1 levels (Grubic et al., 1996). A treatment with
Vitamin E (5001U/die for 10 weeks) in old diabetic patients car-
rying 4G allele provoked a delayed decrease in PAI-1 levels with
respect to those carrying 5G/5G genotype (Testa et al., 2004). This
finding demonstrates that 4G/5G polymorphism mainly influences
the rate of decrease of PAI-1 after supplementation with Vitamin E
in diabetes. More recently, Belisle et al. (2009) proposed that sin-
gle nucleotide polymorphisms may influence individual response
to vitamin E treatment (182 mg/day for 3 years) in terms of pro-
inflammatory cytokine production (TNF-a). Old subjects with the
A/A and A/G genotypes at TNF-a-308G>A treated with Vitamin E
had lower TNF-a production than those with the A allele treated
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Table 8

Some relevant genes possibly affecting Vitamin E bioactivity in relation to their polymorphisms.

Candidate genes Function in relation to Vit. E

Effects on Vit.E bioactivity by Reference

polymorphisms

Haptoglobin (Hp)
Apolipoprotein E (ApoE)
plasma lipoprotein on Vit.E turnover
SR-BI scavenger receptor Vit.E uptake and transport
CD36 scavenger receptor
with no formation of foam cells
Removal of LDL from plasma
Vit.E retention in plasma
Vit.E-mediated gene expression

LDL-receptor
a-Tocopherol transfer protein (a-TTP)
Pregnane X receptor (PXR)

P450-cytochromes (Cyp3A, Cyp4F2) Vit.E metabolism

TNF-alpha Decreased inflammation

Plasminogen activator inhibitor type 1 Control of fibrinolysis by Vit.E

(PAI-1)

Tocopherol associated protein (TAP1, Vit.E binding, uptake, signal transduction,
TAP2, TAP 3) gene expression

Afamin Vit.E transport into the brain

Lipoprotein lipase (LPL)
peripheral tissues

Increased free radicals in Vit.E deficiency
Increased free radicals in Vit.E deficiency;

Reduced gene expression of CD36 by Vit.E

Transfer of Vit.E from lipoprotein into

Increased free radicals in Hp-2-2 genotype
ApoE4 genotype is associated with
increased levels of Vit.E

Influence of Vit.E levels in cell and tissue
Influence on the responsiveness to Vit.E

Milman et al. (2008)
Borel et al. (2007)

Borel et al. (2007)
Zingg et al. (2002)

Influence on plasma lipid profile

Influence of plasma and tissue level of Vit. E
Influence on PXR target genes for
detoxification

Influence on metabolites deriving from
detoxification

Influence on better inflammatory/immune
response by Vit.E

Delayed and low production of PAI-1

Doring et al. (2004)
Doring et al. (2004)
Doring et al. (2004)
Déring et al. (2004)
Belisle et al. (2009)
Testa et al. (2004)

Influence on Vit.E on cellular activity Déring et al. (2004)
Influence of Vit.E in the nervous system

Influence on Vit.E content in plasma,
tissues and cells

Voegele et al. (2002)
Borel et al. (2007)

with placebo. Since the A allele at TNF-a-308G>A is associated with
higher TNF-a levels (Cipriano et al., 2005), these results suggest that
the anti-inflammatory effect of Vitamin E may be specific to sub-
jects genetically predisposed to higher inflammation. Moreover,
the interactions between Vitamin E and Hp gene or ApoE gene
are intriguing. As reported above, the Hp gene, the hapoglobin
production and the Hp-Hb complex formation via CD163 recep-
tor activation on macrophages, are involved in diabetes with CVD
complications. In humans, the Hp gene exists mainly as two alleles
Hp1 and Hp 2, leading to haptoglobin 1-1, 1-2, and 2-2 genotypes.
The Hp-1-1 genotype is associated with resistance to the devel-
opment of diabetic retinopathy, diabetic nephropathy and CVD
because the Hb-Hp 1-1 complex is readily recognized by CD163
and more rapidly cleared with subsequent low oxidative damage
caused by hemoglobin (Tseng et al., 2004). In contrast, the Hp 2-2
protein binds with more affinity to hemoglobin, but this complex
is less efficiently cleared leading to oxidative damage to the vas-
cular wall (Blum et al., 2007). In this situation, supplementation
with Vitamin E in Hp-2-2 genotype shows potent preventive effects
(Milman etal.,2008; Vardi et al.,2012). With regard to ApoE, ApoE4
genotype is associated with increased morbidity and mortality, and
represents a significant risk factor for CVD cardiovascular disease
and late-onset AD (Liu et al., 2013). ApoE is an important modulator
of many stages of the lipoprotein metabolism as well as possesses
immunomodulatory/anti-inflammatory properties. An increasing
number of studies in cell lines (Huebbe et al., 2007), transgenic
rodents (Jofre-Monseny et al., 2007) and AD (Jofre-Monseny et al.,
2008) indicate higher oxidative stress and pro-inflammatory state
associated with the &4 allele (Jofre-Monseny et al., 2008). AD car-
rying E4 allele better counteract to the adverse effect of oxidative

stress and chronic inflammation than do non-E4 carriers (Tanzi and
Bertram, 2001). Therefore, the polymorphisms of Hp and ApoE may
be crucial points for the benefit of Vitamin E supplementation in
diabetes, AD, in inflammation and neurodegeneration. In addition,
asignificant number of genes was found to be regulated by Vitamin
E, such as nerve growth factor, dopaminerigic neurotrasmitters,
and clearance of amyloid-f3 in the rat brain (Rota et al., 2005).
Old smokers carrying specific alleles for ApoE polymorphism, SR-BI
scavenger receptor, lipoprotein lipase (LPL) have high levels of Vita-
min E coupled with low levels of cholesterol and triglycerides (Borel
et al., 2007), suggesting the presence of a protective state by these
polymorphisms in old smokers carrying specific alleles. Therefore,
the individual genetic background is pivotal for the success of a
personalized Vitamin E supplementation in condition of severe
oxidative stress and inflammation. Finally, an aspect that deserves
a great attention is the influence of Vitamin E on miRNA (Rimbach
et al., 2010), taking into account that mature miRNA affects post-
transcriptional gene expression by binding at the 3’ untranslated
region of mRNA and inhibiting their translation into proteins (Boyd,
2008). At the same time, miRNA are encoded in the genome and
are liable to regulation. Rats with diets deficient or sufficient in
Vitamin E (RRR-a-tocopherol) were used and analyzed for miRNA
concentrations in the liver. Two miRNA previously involved in the
process associated to Vitamin E, namely miRNA-122a involved
in lipid metabolism (Esau et al., 2006) and miRNA-125b impli-
cated in cancer progression and inflammation (Ozen et al., 2008)
were selected. Vitamin E deficiency resulted in decreased lev-
els of both miRNA-122a and miRNA-125b (Gaedicke et al., 2008;
Rimbach et al., 2010) with no effect on DNA metylation (Fischer
etal.,2010). Adecrease of miRNA-125bresulted in increased TNF-a

Table 9
Vitamin E supplementation on the basis of some polymorphisms affecting Vitamin E bioactivity.
Dose of Vitamin E Condition Gene target Genotype Effect References
Type 2 diabetes 4G/5G 4G/4G 4G/5G Faster decrement in PAI-1
>001U/day for 10 weeks n.93 >60 years Polymorphism of PAI-1 5G/5G Low decrement in PAI-1 Testa et al. (2004)
) 3 Healthy aging A/A  A/G Low TNF-production .
182 mg/day for 3 years n.617 >65 years TNF-a-308 G/A G/G No effect Belisle et al. (2009)
Type 2 diabetes . Hp 1-1Hp 2-1 No effect on cardiovascular events .
4001U/day for 18 months Haptoglobin (Hp) (ML, stroke, mortality) Milman et al. (2008)
n.726 >65 years Hp 2-2 Reduction of cardiovascular events

(M, stroke, mortality)
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production and inflammation in LPS stimulated macrophages (Tili
et al., 2007). Thus, the reduced miRNA-125b levels observed in
Vitamin E-deficient rats may be associated with an enhanced
inflammatory response, as previously described (Yamaoka et al.,
2008). These findings indicate that Vitamin E regulates cell
signaling not only at mRNA level but also at miRNA level. From
all the data regarding to Vitamin E-gene interactions emerges the
pivotal role played by the specific genetic background for a posi-
tive effect of Vitamin E as antioxidant and anti-inflammatory agent.
However, the study in this field of miRNA is still in infancy and
future research is required for definitive guidelines addressed to
a more correct and personalized Vitamin E supplementation in
relation to miRNA.

6. Conclusions and future perspectives

While is out of doubt the relevance of Vitamin E as antioxi-
dant and anti-inflammatory compound for the whole life of an
organism with a special emphasis in aging and in some inflam-
matory age related diseases, a critical point is the translation of
the benefit of Vitamin E in human clinical trials. Experiments in
various cell cultures and in different animal models have clearly
shown that Vitamin E is an essential dietary compound for the
efficiency of many body homeostatic mechanisms with a partic-
ular focus on the immune system. In particular, the cell-mediated
immunity and the inflammatory/immune response are preserved
by the lipid peroxide formation on CD4" cells both in aging and
inflammatory age-related diseases. As a consequence, the produc-
tion of IL-2 is satisfactory with a good immune response to external
noxae. On the other hand, the presence of good circulating levels
in centenarians of Vitamin E coupled with satisfactory antioxidant
activity and immune response (Mecocci et al., 2000), clearly tes-
tify the relevance of Vitamin E in the economy of the immune and
antioxidant performances required to achieve healthy aging and
longevity. However, the various isoforms of the Vitamin E family
do not have similar beneficial effects. The more known isoform
of Vitamin E (a-tocopherol) seems to have the major properties
either as antioxidant or anti-inflammatory agent in various exper-
imental conditions. However recently, another isoform of Vitamin
E (y-tocopherol) and tocotrienols (8-tocotrienol) seem to have
more precise antioxidant properties in affecting the inflamma-
tory/immune response in aging and in age-related diseases, such
as cancer and neurodegeneration. Such a more potent effect of
vy-tocopherol and &-tocotrienol mainly occur in “in vitro” mod-
els using specific cancer cell lines. When transferred in animal
models, for example in cancer models of mice, the supplemen-
tation with the various isoforms of tocopherols and tocotrienols,
gives often inconsistent and contradictory results especially in the
rate of the survival. On the contrary, a mixture of the various iso-
forms of Vitamin E and tocotrienols (named TRF and y-TmT) has
more efficacy in reducing DNA damage, restoring the inflamma-
tory/immune response and protecting the immune cells by ROS
with direct mechanisms involving CD3/TCR complex and lipid
rafts on cell membrane. These encouraging results in experimen-
tal conditions have suggested to perform a lot of clinical trials in
humans, both in elderly and in the more common inflammatory
age-related diseases, in which both the oxidative stress and the
chronic inflammation are the main cause of their onset and pro-
gression. However, the results of clinical trials are contradictory.
It is possible that inadequate subject selection (by sex, Vitamin E
status, genetic polymorphisms), the presence of advanced lesions,
and the dosage and chemical form of Vitamin E administered may
partly explain the incongruence between the reporting data. In
this context, it is also relevant to note that the effect of Vitamin
E is more at long-term than short-term and the dosage of Vita-
min E should not exceed 400 IU/day. Moreover, the best results can

be obtained using a mixture of the various isoforms of Vitamin E
family including tocotrienols. The use of a single isoform of Vita-
min E (a-tocopherol) at high doses can lead to unexpected results,
especially in atherosclerosis, with the rupture of the atheroscle-
rotic plaque and risk of thrombosis and mortality (Miller et al.,
2005a; Saremi and Arora, 2010). Risk of mortality can also occur
in adult smokers against pulmonary infection progression (ATBC
study) (Hemila and Kaprio, 2009) as well as in old frail people
(Bjelakovic et al., 2012; Thomas et al., 2006) with still undefined
and unclear mechanisms explaining the mortality by high dose
of Vitamin E. However, the major incongruence in human clini-
cal trials may be related to the specific genetic background from
each individual. Such an assumption is supported by two differ-
ent approaches with Vitamin E supplementation in restoring the
inflammatory/immune response in aging (Belisle et al., 2009) and
in reducing the insulin resistance in DM (Testa et al., 2004) on the
basis of TNF-a and PAI-1 polymorphisms, respectively. Moreover,
polymorphisms of ApoE may be useful for Vitamin E supplemen-
tation against oxidative stress and inflammation in late Alzheimer’s
disease (Tanzi and Bertram, 2001) and in old smokers (Borel et al.,
2007). An intriguing point is that Vitamin E supplementation in
diabetic patients carrying Hp 2-2 genotype leads to a low risk to
develop CVD risk (Milman et al., 2012). Therefore, the interaction
of Vitamin E with genes related to its bioactivity is fundamental for
the success of the clinical trials with Vitamin E supplementation
in aging and in inflammatory age-related diseases. This interac-
tion should be evaluated also at post-translational level taking
into account that Vitamin E affects miRNA. Since miRNA play a
pivotal role in cancer and CVD (Dimmeler and Nicotera, 2013),
future research addressing both in nutrigenomic and nutrigenetic
approaches as well as in miRNA for Vitamin E supplementation is
strongly recommended in order to give precise and personalized
guidelines for Vitamin E supplementation in clinical practice. More
clinical trials need to be carried out considering this peculiar aspect
of the Vitamin E-gene interactions. As such, the essential micronu-
trient Vitamin E can be correctly used in a personalized way either
for the outcome from the pathology or to achieve healthy aging and
longevity without any adverse effects.
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