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Asthma occurs as complex interactions of the environmental and genetics. Clinical studies and animal models of
asthma indicate dietary factors such as vitamin E and vitamin D as protective for asthma risk. In this review, we
discuss opposing regulatory functions of tocopherol isoforms of vitamin E and regulatory functions of vitamin D
in asthma and how the variation in global prevalence of asthma may be explained, at least in part, by these
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1. Introduction

Asthma is a heterogeneous disease resulting from complex
interactions of environmental and genetic factors [1]. The World Health
Organization reported that the prevalence of asthma from 1950 to the
present has increased in many countries including countries with high
rates of asthma, intermediate rates of asthma or low rates of asthma
[2-4]. The marked rise in rates of asthma over a few decades and the
differences in rates among countries and in migrating populations
suggest an important role of the local environment, such as diet, in the
development of asthma. One environmental change over the past
40 years has been an increase in the y-tocopherol isoform of vitamin
E in the diet and in infant formulas [5,6]. We recently demonstrated
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that y-tocopherol increases allergic lung inflammation in a mouse
model of asthma and, we reported that, in humans, high plasma
v-tocopherol levels are associated with lower lung function [6-9]. It is
also suggested that a reduction over time in another vitamin, vitamin
D, associates with the increase incidence in asthma. In this review, we
discuss the regulation of asthma by vitamin D and the complex and
potentially protective effects of specific isoforms of vitamin E on asthma
in humans and in animal models of lung inflammation. We will also
review how the variation in global prevalence of asthma may be
explained, at least in part, by country-specific plasma y-tocopherol
concentrations.

2. Vitamin E

Vitamin E consists of natural isoforms and synthetic racemic
isoforms. The eight natural isomers are d-a-, d-pB-, d-y-, and d-6-
tocopherols and d-a-, d-3-, d-y-, and d-6-tocotrienols. Plants synthesize
the natural isoforms from tyrosine and chlorophyll [10]. Then, these
tocols are consumed in the diet from plant lipids in vegetables. Cooking
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oils from plants are the most abundant dietary source of tocopherols.
Mammals do not synthesize or interconvert the tocopherol isoforms.
The most abundant isoforms of vitamin E are a-tocopherol and -
tocopherol which differ by one methyl group (Fig. 1A). There are 10
fold higher tissue concentrations of a-tocopherol than y-tocopherol be-
cause there is preferential loading of a-tocopherol on HDL/LDL particles
in the liver by a-tocopherol transfer protein and because there is a
higher rate of degradation of y-tocopherol into its metabolites for
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average plasma tocopherol asthma prevalence
country 'Y'T (l‘IM) a-T ("M) year (2004) (2012)
USA Sor7 22 0r 27 2001 10.9% N.D.
Scotland 1.90r 2.0 | 240r27 2000,2011,1995 18.4% 210%
Netherlands 2.3 25 2007 N.D. 15.2%
Australia 1.6 190r 34 2003, 2009 14.7% 21.5%
Ireland 1.8 26 2001 210% 9.2%
Japan 1.70r2 23 2006, 2008 5.1-7.5% N.D.
Sweden 1.6 19.6 1999 5.1-7.5% 210%
Finland 0.50r1.8 240r41 2012,2010 8.0% 10.2%
France 1.2 26 2001 6.8% 10.6%
Italy 1.2 24 2003 4.5% 6.3%
Lithuania 0.9 19 1999 N.D. 6.4%
Russia N.D. 23 2008 2.2% 2.5%
China 1.4 19 or 22 1998, 2003 2.1% 1.4%

Adapted from (29).
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Fig. 1. a-Tocopherol and y-tocopherol. A) a-Tocopherol differs from y-tocopherol by one
methyl group (arrows). B) Plasma y-tocopherol (y-T) and plasma a-tocopherol (-T) in
1-2 reports/country and publication dates are indicated [29,118-128]. Global asthma
prevalence in 2004 [129] and 2012 [130]. C) Tocopherols were extracted from dietary
oils (sunflower oil from Spectrum Organic Products, LLC; safflower oil from Spectrum;
olive oil from Colavita; soybean oil from Crisco; corn oil from Mazola; grapeseed oil
from Kusha, Inc.; sesame oil from Lavita; peanut oil from Essentials by Supervalu; canola
oil from Crisco; Sacha Inchi from Olivar). Extracted tocopherols were measured by HPLC
with an electrochemical detector as previously described [8]. ND, not determined.

excretion [11,12]. The tocopherol concentrations in plasma correlate
with those in the lung tissue both in humans and mice [7,8,13]. Other
diet components may influence tocopherol absorption, including die-
tary L-carnitine which enhances the absorption of a-tocopherol in rats
[14]. a-Tocopherol concentrations are affected by genetic variants
of the liver a-tocopherol transfer protein, resulting in human
a-tocopherol deficiency [15]. It is also reported that human plasma
levels of ai-tocopherol but not y-tocopherol are increased in male adults
and children by the apolipoprotein A5 1131T>C gene polymorphism
[16,17]. In mice, apoE4 mice have lower plasma a-tocopherol than
apoE3 mice [18].

The tocopherol isoforms are anti-oxidants. a-Tocopherol and
vy-tocopherol, at equal molar concentrations, have a relatively similar
capacity to scavenge reactive oxygen species (ROS) during lipid perox-
idation in vitro and in cells [19,20] and a relatively similar capacity to
inhibit the activation of protein kinase B (Akt) in cancer cells in vitro
[21]. Thus, because a-tocopherol is at a 10 fold higher concentration
in tissues than -y-tocopherol, there is 10 fold more scavenging of ROS
by a-tocopherol than by <y-tocopherol in vivo. Besides scavenging
ROS, y-tocopherol, in contrast to a-tocopherol, also reacts with reactive
nitrogen species (RNS) such as peroxynitrite forming 5-nitro-vy-
tocopherol [22]. y-Tocopherol scavenging of RNS may be beneficial for
inflammation with increases in RNS such as neutrophilic inflammation
that is induced by ozone or endotoxin in mice [23]. Consistent with
this, reports indicate that supplementation with a mixture of tocoph-
erols enriched for y-tocopherol blocks acute endotoxin-stimulated or
ozone-stimulated neutrophil inflammation in the rat and human lungs
[24-26]. In another study, y-tocopherol supplementation reduced
antigen induction of rat lung inflammation in which there was several
fold more neutrophils than eosinophils [27]. It is also reported that
nebulized y-tocopherol reduces neutrophilia in burn and smoke inhala-
tion injury in sheep [28]. Therefore, y-tocopherol may be of benefit for
acute neutrophilic inflammation. In contrast, it is reported that higher
plasma vy-tocopherol associates with lower lung function in humans
[9] and with higher lung eosinophilia and airway hyperresponsiveness
in mouse models of allergic asthma [9].

There are studies reporting seemingly conflicting outcomes for
vitamin E on allergy and other inflammatory diseases but these differ-
ences are consistent with the differences in levels of vitamin E isoforms
present in the study supplements, vehicles and diets in the studies [6,29,
30] and our mechanistic studies demonstrating opposing functions of
vitamin E isoforms [7-9,29,31,32].

We have demonstrated, in mouse models of allergic lung inflamma-
tion, that the isoform a-tocopherol is anti-inflammatory and blocks
airway hyperreactivity, and that a 5-fold increase in the isoform
vy-tocopherol is pro-inflammatory and increases airway hyperreactivity
during eosinophilic allergic lung inflammation [6-8,31,32]. In these
studies, the administration of a-tocopherol or y-tocopherol subcutane-
ously to allergic adult mice during challenge with the antigen chicken
egg ovalbumin (OVA) raised lung and plasma concentrations of
the tocopherol isoform 4-5 fold [8]. Subcutaneous administration of
y-tocopherol elevated lung eosinophil recruitment by 175%, and
a-tocopherol reduced lung eosinophil recruitment by 65% when
challenged with OVA [8]. In these mice, a.-tocopherol blocked and
y-tocopherol increased airway hyperresponsiveness [8]. Whether
tocopherols are administered subcutaneously or in the diet, the tocoph-
erols enter the lymph, then the thoracic duct and then the liver where
the tocopherols are loaded on lipoproteins that then enter the circula-
tion. In unpublished studies from our research group, lung inflamma-
tion in response to OVA was also reduced by the administration of
a-tocopherol through the diet and elevated by the administration of
y-tocopherol through the diet, using diets supplemented with 250 mg
- or 'y-tocopherol/kg diet.

Interestingly, 'y-tocopherol negates the anti-inflammatory benefit
of a-tocopherol [8,29,33]. a-Tocopherol plus y-tocopherol results in
an airway response similar to that of the vehicle control-treated allergic
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mice, suggesting that these two tocopherols have competing opposing
functions [8]. This strong opposing function of y-tocopherol occurs
even though y-tocopherol is about 5-10 times lower in concentration
in vivo than a-tocopherol. The pro-inflammatory allergic effects of
y-tocopherol in mice are partially reversed by switching supplements
from y-tocopherol to a-tocopherol [7]. Thus, we have demonstrated
opposing and competing functions of a-tocopherol and y-tocopherol
in vivo. Okamoto et al. [34] found that feeding mice a-tocopherol
starting 2 weeks before antigen sensitization did not affect IgE
levels, but did reduce the number of eosinophils in the bronchoalveolar
lavage, but, the form and purity of a-tocopherol were not indicated.
Mabalirajan et al. [35] reported that oral administration of
a-tocopherol in ethanol after antigen sensitization blocked OVA-
induced lung inflammation and airway hyperresponsiveness. In a report
by Suchankova et al. [36], purified a-tocopherol was administered in
soy oil by gavage and they found no major effect of a-tocopherol on
immune parameters, or lung airway responsiveness in mice challenged
with OVA. However, the soy oil vehicle in this study contains an abun-
dance of y-tocopherol (Fig. 1C) which can oppose the function of
a-tocopherol. In their study, neither tissue tocopherol levels, nor
vehicle tocopherol levels were reported. Therefore, differences among
the reports for tocopherol regulation of eosinophilic lung inflammation
reflect differences in the intake of tocopherol isoforms.

A mechanism for the opposing regulatory functions for a-tocopherol
and y-tocopherol on allergic inflammation in the mouse lung is, in
part, a result of tocopherol regulation of signals for leukocyte
transendothelial migration from the blood into the lung. We
demonstrated in vitro that the migration of spleen leukocytes across
endothelial cells is inhibited by pretreatment of the endothelial cells
with a-tocopherol and elevated by pretreatment of the endothelial
cells with y-tocopherol [8]. Pretreatment of endothelial cells with
a-tocopherol plus +y-tocopherol results in spleen leukocyte
transendothelial migration that is similar to the vehicle-treated control
endothelial cells [8]. Thus, ai-tocopherol and y-tocopherol have oppo-
site regulatory functions during leukocyte recruitment and allergic
lung inflammation in mice. A mechanism for this opposing function is
through opposing regulatory effects on signals in the endothelial cells
during leukocyte recruitment. During leukocyte recruitment, the endo-
thelial cell adhesion molecules VCAM-1 and ICAM-1 activate signals in
the endothelial cell through protein kinase C o (PKCcx) that are required
for spleen leukocyte migration between the endothelial cells [8,31].
We demonstrated that a-tocopherol inhibits VCAM-1 and ICAM-1
activation of PKCa in endothelial cells and that this is opposed by
pretreatment of endothelial cells with y-tocopherol [8,31]. It is also
reported that a-tocopherol inhibits the activation of PKCa in other
cell systems or cell extracts but the mechanisms for inhibition were
not know [37]. We demonstrated that ai-tocopherol and «y-tocopherol
directly bind to the Cla regulatory domain of PKCa [32] and that
vy-tocopherol increases whereas a-tocopherol decreases recombinant
PKCa activity [32]. Thus, y-tocopherol functions as an agonist of
PKCa activity and a-tocopherol functions as an antagonist of PKCo
activity [32], thereby regulating leukocyte recruitment during allergic
inflammation.

The average human plasma y-tocopherol levels are 2 to 5 times
higher in the United States than in many European and Asian countries
(Fig. 1B) whereas the average human plasma a-tocopherol levels are
relatively similar among these countries [29]. This 5-fold higher level
of human plasma <y-tocopherol is similar to the 5-fold increase in
plasma y-tocopherol in mice that increased allergic lung inflammation
with <y-tocopherol administration [8]. The high human plasma
vy-tocopherol levels in the United States are consistent with soybean
oil, which is high in «y-tocopherol [38,39] (Fig. 1C), as the predominant
food oil in the United States [40,41]. It is reported that dietary oils
influence plasma tocopherol levels in humans. In studies with soybean
oil administration, plasma <y-tocopherol is elevated 2-5 fold in humans
and hamsters [42,43]. Also, in a study in which olive oil or soybean oil

was administered to preterm human infants starting 24 h after birth,
there was a significant 1.5 fold increase in plasma a-tocopherol after
feeding with olive oil as compared to feeding with soybean oil, but
unfortunately, y-tocopherol was not reported [44]. It is reported that
as countries assume western lifestyles, diets change including increased
consumption of soybean oil [45]. In contrast to high levels of
y-tocopherol in soybean oil, y-tocopherol is low in other oils such as
sunflower oil, safflower oil and olive oil that are used in several
European and Mediterranean countries (Fig. 1C) [8]. There are also
differences in asthma prevalence among racial and ethnic groups [46].
However, studies examining vitamin E association with clinical out-
comes generally adjust for several known confounding factors such as
gender, age, body mass index, race, and smoking. Although there may
be other differences regarding the environment and genetics of people
in different countries, the outcomes for tocopherol isoforms and asthma
in clinical studies are consistent with the studies demonstrating
opposing functions of the tocopherol isoforms on leukocyte recruitment
and allergic inflammation in mice [8].

We reported that the findings of opposing regulatory functions of
tocopherol isoforms in animal models can be translated to human
lung function. We analyzed 4526 adults in the United States in the
Coronary Artery Risk Development in Young Adults (CARDIA) multi-
center cohort with available spirometry and tocopherol isoform data.
In this cohort, there were equal numbers of blacks and whites and
equal numbers of females and males by study design. Interestingly,
increasing serum concentrations of y-tocopherol were associated with
lower FEV; or FVC, whereas increasing serum concentrations of
a-tocopherol were associated with higher FEV; or FVC [9]. Since these
two tocopherols have opposing functions, we suggest that the analysis
of opposing functions of tocopherol isoforms in clinical studies should
include quartiles of plasma tocopherols with the determination of
whether there is an association of a tocopherol isoform with the clinical
outcome when the concentration of the opposing tocopherol is low and
causing the least competing opposing effects. Using this approach, in the
analysis of the CARDIA cohort, we recently demonstrated that plasma
y-tocopherol is inversely associated with lung function (FEV;) and
plasma a-tocopherol is positively associated with lung function
(FEV;) in non-asthmatics and asthmatics [9] with adjustments for
several known confounding factors such as gender, age, body mass
index, race, and smoking. Thus, there were opposing outcomes for the
association of plasma a-tocopherol and <y-tocopherol with lung
function. This is consistent with our mechanistic studies for these
tocopherols in animal models.

Also consistent with the animal models [7,8], a 5-fold magnitude
of an increase in human plasma <y-tocopherol associated with a
reduction in lung function in humans [9]. Briefly, in mice challenged
with OVA, a 5-fold increase in plasma <y-tocopherol increased lung
hyperresponsiveness. This 5-fold difference in y-tocopherol concentra-
tions is consistent with 5-fold higher y-tocopherol in Americans versus
Western Europeans and Asians and higher prevalence of asthma in
Americans (Fig. 1B). In CARDIA, a 5-fold higher human plasma
y-tocopherol (>10 uM ~y-tocopherol) was associated with reduced
FEV, and FVC in all participants (asthmatics and non-asthmatics) by
age 21-27 years old. The y-tocopherol-associated decreases in FEV,
and FVC before age 21 may occur during development and lung
responses to environmental pollutants, allergens, or infections because
tocopherols can directly regulate PKCo [6-8,29]. For the asthmatic
group with plasma y-tocopherol >10 puM, the participants had 350-
570 ml lower FEV; or FVC as compared to the low to moderate
v-tocopherol concentrations (<10 uM ~y-tocopherol) at ages 21-27 [9].

This 10 to 17% decrease in FEV; with >10 uM plasma y-tocopherol in
asthmatics is similar to the 5-10% reduction in FEV, reported for other
environmental factors. For example, individuals with occupational aller-
gen exposure have a 5-8% decrease in FEV; compared to nonasthmatics
and this decrease is associated with dyspnea, chest tightness, chronic
bronchitis, and chronic cough [47]. Responders to particulate matter
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have a 2 to 6% decrease in FEV, [48], responders to cold or exercise have
a 5 to 11% decrease in FEV, [49] and responders to house dust mite or
dog/cat dander have a 2-8% decrease in FEV; [50]. Moreover, based on
the 2% prevalence of serum -y-tocopherol >10 pM in adults in CARDIA
and the adult U.S. population in the 2011 census, we expect that the
lower FEV; and FVC at >10 pM serum y-tocopherol occur in up to 4.5
million adults in the U.S. population.

In other clinical studies, it is indicated that increased intake of
a-tocopherol may confer a modest protective effect on adult-onset
asthma, lung function (FEV,) or wheeze in studies in Finland and Italy,
where plasma <y-tocopherol is low. In contrast, it is indicated that
increased intake of at-tocopherol does not have a beneficial effect in
the United States or The Netherlands, where plasma vy-tocopherol is
up to 5 times higher [51-55]. Moreover, the prevalence rate of asthma
is higher in the United States, Netherlands, and Scotland than several
European and Asian countries (Fig. 1B). Interestingly, countries with
the highest prevalence rate for asthma also tend to have high average
human plasma levels of vy-tocopherol (Fig. 1B). Administration of
acetate-conjugated d-a-tocopherol oral supplementation at very high
dose (1500 IU which is 1006 mg) to mild atopic asthmatics in the
United States for 16 weeks resulted in increased plasma a-tocopherol,
decreased plasma y-tocopherol, and improved airway responsiveness
to methacholine challenge [56]. In a study in England, dietary supple-
mentation with a-tocopherol in soy oil to asthmatics had no impact
on FEVy, asthma symptom scores or bronchodilator use, but the
y-tocopherol in the soy oil may have opposed the benefit of the
a-tocopherol [57]. In a Scottish cohort, reduced maternal intake of
vitamin E (likely referring to a-tocopherol) was associated with
increased incidence of asthma and wheezing in children up to 5 years
old [58,59]. In Devereaux's review of this data and changes in the
environment in Scotland [59] from 1967 to 2004, there was a significant
increase in vegetable oil intake by Scottish and we suggest that this
would at least result in an increase in 'y-tocopherol since vegetable oil
(soybean oil) is rich in «y-tocopherol (Fig. 1C). In a meta-analysis [60],
it was concluded that dietary vitamin E intake is not generally
associated with asthma status. However, there were different vitamin
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E isoforms present in the diets, supplements and supplement vehicles
in the meta-analysis. We interpret this meta-analysis as a combination
of data across studies that included different vitamin E isoforms that
have opposing functions. Most clinical studies on vitamin E include
mixed forms of natural and synthetic tocopherols from supplementa-
tion or diet. Therefore, differences in outcomes from clinical reports
on the associations of vitamin E and asthma may, in part, reflect
the opposing regulatory effects of a-tocopherol and y-tocopherol in
the supplements, the vehicles for the supplements, and diets in the
individuals.

It is reported that there are low plasma a-tocopherol levels in adults
or children with asthma [52,53,61-64] and that plasma and tissue
tocopherols correlate [7,8,13]. Therefore, since a-tocopherol levels are
low in asthmatics and since a-tocopherol can reduce inflammation,
then an increase in a-tocopherol and importantly, a decrease in
y-tocopherol may be beneficial in combination with other regimens to
either prevent or improve control of allergic disease/asthma. A decrease
in y-tocopherol consumption may be achieved by changing from diet
cooking oils and changing supplements that are rich in y-tocopherol
to sources that are rich in a-tocopherol with little to no y-tocopherol.
Further intervention studies with the analysis of the tocopherol
isoforms in plasma are necessary to examine tocopherol isoform
regulation of allergic lung inflammation and asthma. In summary, the
opposing functions of ai-tocopherol and y-tocopherol in animal models
[8] are consistent with the different outcomes for the clinical studies of
tocopherol isoforms in people with asthma.

3. Vitamin D

The experiments leading to the discovery of the chemical structure
of vitamin D were initially based on ultraviolet light (UV) irradiation
of mixtures of plant sterols. The first mistakenly identified vitamin D,
named D1, is a term no longer used because it was later found to be a
mixture of vitamin D2 (ergocalciferol) with tachysterol, a UV-derived
isomer of ergosterol. The main forms of vitamin D are vitamin D2 and
vitamin D3 (cholecalciferol) (Fig. 2) [65]. There are 3 sources of vitamin
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Fig. 2. Vitamin D metabolism. Vitamin D2 or D3 circulate bound to vitamin D binding protein (DBP) which also transports 25-hydroxyvitamin D (25(0OH)D) and 1-alpha-25-
dihydroxyvitamin D (1,25(0OH)D). Vitamin D hydroxylases include liver hydroxyvitamin D-25-hydroxylase (CYP2R1) and kidney 25-hydroxyvitamin D-1a-hydroxylase (CYP27B1).
Both 25(0OH)D and 1-alpha-25-hydroxyvitamin D (1,25(0OH)D) bind to vitamin D receptor (VDR) to induce vitamin D effects on tissues.
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D: diet, supplements and sunlight. Dietary sources of vitamin D3 are oily
fish (e.g. salmon, cod liver oil), egg yolk, and fortified (vitamin D3
added) foods [66]. Vitamin D supplements contain either vitamin D3
or D2 from 400 IU to 50,000 IU per dose (1 IU = 25 ng), which are
manufactured from UV-radiation of ergosterol from yeast or radiation
of 7-dehydrocholesterol from lanolin, respectively, and both are effec-
tive for rickets. Ultraviolet B sunlight (wavelength 290-315 nm) causes
photolysis of 7-dehydrocholesterol (provitamin D3), to previtamin D3
in the plasma membrane of skin cells, which is unstable and spontane-
ously converts to vitamin D3 [67]. 7-Dehydrocholesterol originates from
enzymatic conversion of cholesterol by the 7-dehydrocholesterol
reductase. Sunlight exposure does not cause vitamin D3 intoxication
because sunlight destroys excess previtamin D3 and vitamin D3 in the
skin.

Vitamins D2 and D3 and their metabolites are lipophilic and circulate
in the blood bound to vitamin D binding protein (DBP) [68]. Once in the
liver, vitamins D2 and D3 (from hereto called vitamin D) are metabo-
lized by a microsomal cytochrome P450 mono-oxygenase called
25-vitamin D hydroxylase (gene symbol CYP2R1) into their 25-
hydroxy vitamin D (25(OH)D) metabolites (specifically, 25(0OH)D2,
and 25(0OH)D3 or calcidiol). 25(0OH)D is 95%-99% bound to DPB and is
the main vitamin D metabolite measured in the serum to diagnose vita-
min D deficiency. Based mostly on bone health, vitamin D deficiency is
defined as a serum level of 25(OH)D lower than 10 ng/ml (or 25 nmol/I
as 1 ng/ml = 2.5 nmol/l), insufficiency is between 10 and 30 ng/ml,
sufficiency between 30 and 100 ng/ml with preferred range between
30 and 60 ng/ml, and intoxication >150 ng/ml [66,69-71].

The final step of the formation of vitamin D metabolites is 1-alpha-
hydroxylation of 25(OH)D in the kidneys by another P450 mono-
oxygenase located in the inner mitochondrial membrane. This
25-hydroxyvitamin D-1a-hydroxylase (CYP27B1 or 1a-hydroxylase)
hydroxylates 25-hydroxyvitamin D3 at the 1-alpha position, forming
the 1,25(OH)D metabolites (1,25(0H)D2 and 1,25(0H)D3 or calcitriol)
[72].1,25(0OH)D binds to intracellular vitamin D receptor (VDR) to exert
numerous functions in several tissues, including the regulation of serum
levels of parathyroid hormone, calcium, and phosphorus; intestinal
absorption of calcium; synthesis of 1,25(0H)D; and absorption of calcium
in the kidneys and intestine (bone and dental health); in addition to
effects in the nervous system, immune system, cardiovascular system,
skeletal muscles and others [73]. Because of all these actions, vitamin
D is considered more of a hormone than a vitamin.

Regarding pharmacokinetics, vitamin D metabolites distribute into
blood, muscle and adipose tissues. The circulating half-life for vitamins
D2 and D3 is 2 days, for 25(OH)D3 is 2 weeks and for 1,25(OH)D3
is 12 h. The functional half-lives for vitamins D2, D3 and 25(0OH)D3
is 2-3 months and for 1,25(0H)D3 is 12 h [74]. As a result, high
latitude regions with long winter seasons result in prolonged decreased
sunlight exposure and increased prevalence of vitamin D deficiency
during the winter without compensatory vitamin D ingestion by
diet and/or supplementation. The Institute of Medicine of the United
States recommends a daily intake of vitamin D3 of 400-600 IU per
day, but up to 4000 IU/day can be tolerated without risk for intoxication
[69].

Vitamin D influences several functions of the innate and adaptive
immune systems. Its deficiency impairs innate immune response to
Mycobacterium tuberculosis via toll-like receptor (TLR)-2 and nucleotide
oligomerization domain (NOD)-2 which recognize triacylated lipopro-
tein and muramyl dipeptide from M. tuberculosis, respectively in mono-
cytes and macrophages. Vitamin D increases the expression of NOD-2
and its induction of human defensin beta 2, production of cathelicidin
antimicrobial peptides (hCAP18, LL37) and autophagy in macrophages
infected with mycobacteria [75]. Vitamin D also enhances the genera-
tion of reactive oxygen and nitrogen species in leukocytes [76], as well
as enhances epithelial barrier function and chemokine secretion,
[76,77]. Vitamin D affects corticosteroid responses, enhancing cortico-
steroid inhibition of RANTES secretion stimulated by TNF-alpha and

suppressing corticosteroid induction of fractalkine in airway smooth
muscle cells [78-80]. The adaptive immune system is also affected by
vitamin D. 1,25-OH(D) is produced by macrophages, dendritic cells,
and T and B cells, which all express vitamin D receptor (VDR). Vitamin
D induces dendritic cells to promote tolerogenic T regulatory cells
(Tregs) which suppress the development of both Th1 [81] and Th2
[82] cells in mice by decreasing dendritic cell expression of co-
stimulatory molecules and IL-12, and increasing secretion of IL-10.
VDR agonists inhibit the development of pathogenic effector Th1 and
Th17 cells and, may also promote deviation toward the Th2 pathway
in certain conditions. In B cells, 1,25(0H)2D3 can induce apoptosis as
well as inhibit proliferation, generation of memory B cells, plasma cell
differentiation, and Ig production [83].

Epidemiological studies show conflicting results regarding vitamin
D supplementation in asthma. In Europe, industrialization in the 20th
century markedly changed the diet from fresh foods to processed
foods, resulting in an increase in rickets. As vitamin D supplementation
with cod liver oil and fortified milk were widely adopted, there was a
decrease in rickets, but a parallel increase in prevalence of asthma
in the latter half of the 20th century. This and other epidemiological
studies [84,85] led Wjst and Dold to hypothesize that vitamin D supple-
mentation in early infancy may increase the risk of developing atopic
diseases [86,87]. This hypothesis is corroborated by animal studies
showing that in certain conditions vitamin D may skew immune
response toward allergic (Th2) responses [88,89].

In contrast, epidemiological observations from Camargo, Litonjua
and Weiss showed a high prevalence of vitamin D insufficiency in the
United States [90], and that lower maternal vitamin D intake during
pregnancy increased risk of recurrent wheezing in children by 3 and
5 years of age [91,92]. Based on these clinical observations as well as
laboratory evidence that vitamin D deficiency may skew immune
responses toward Th2 responses, these researchers have raised
the hypothesis that vitamin D supplementation during pregnancy or
early infant life may be protective against the development of asthma
[93]. As a result, interventional double-blinded, placebo-controlled,
randomized clinical (DBPCRT) trials are now under way to examine
this hypothesis [94]. However, a recent study raised concerns about
this strategy. Japanese researchers enrolled 164 breast-fed Japanese
infants with facial eczema at 1 month of age and conducted a DBPCRT
trial in which the mother took either placebo or 800 IU/day of vitamin
D3 for 6 weeks. At 3 months of age, there were no differences in eczema
frequency in the infants, but at 2 years of age food allergy was more
common in children whose mother had taken vitamin D3 (25.7% vs.
7.5%, p = 0.03). However, the high attrition rate of 50% reduces the
confidence in these long term outcomes [95].

Vitamin D not only may be useful for primary prevention as
discussed above, but also may be beneficial to those who already have
asthma since serum vitamin D levels correlate with disease severity.
In the third National Health and Nutrition Examination Survey
(NHANES-III), low serum 25(OH)D levels were associated with worse
lung function in a representative sample of 14,091 people of the
United States population [96]. In 616 children with asthma in Costa
Rica, vitamin D insufficiency was prevalent (28%) and low serum
25(0H)D levels were related to both greater asthma severity (increased
hospitalizations, use of anti-inflammatory asthma medication, and
greater airway responsiveness) and atopy markers such as higher
serum immunoglobulin E and blood eosinophilia [97]. In 1024 children
aged 5-12 years with persistent asthma in the United States' Childhood
Asthma Management Program (CAMP) study, vitamin D insufficiency
was present in 25% and deficiency in 10% of the children at baseline.
After 12 months of inhaled corticosteroid therapy, improvement in
lung function was directly related to baseline serum 25(0OH)D levels
[98].

Likewise, among 54 adults with asthma in Denver, lower serum
25(0OH)D levels correlated with worse lung function, increased airway
hyperreactivity, and reduced in vitro response to corticosteroids [99].
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Consistent with these findings, Xystrakis et al. showed that vitamin D3
reverses glucocorticoid resistance of CD4 ™ T cells from steroid resistant
severe asthmatic subjects, restoring the secretion of IL-10 of their CD4 +
T cells upon dexamethasone stimulation both, after in vitro supplemen-
tation or in vivo supplementation with D3 [100]. Although these results
suggest that vitamin D3 supplementation enhances the response to cor-
ticosteroid therapy in asthmatic patients, other studies have failed to
show any significant differences in serum 25(OH)D levels between
asthmatics and non-asthmatic adults, or correlations between serum
25(0OH)D levels and measures of asthma severity in the United
Kingdom [101] and Norway [102]. Another study also showed inconsis-
tencies between serum 25(OH)D levels and blood mononuclear re-
sponses to corticosteroids in vitro when comparing children versus
adults with asthma [103]. Finally, and most surprisingly, a recent large
double-blinded, placebo-controlled, randomized clinical trial with 406
symptomatic adults with persistent asthma and serum 25(0OH)D levels
<30 ng/ml failed to demonstrate an overt benefit in asthma outcomes
after 100,000 IU of vitamin D3 bolus followed by 4000 IU/day for
28 weeks [104]. Vitamin D3 did provide some benefits in secondary
outcomes, but they were small such as a 12% or 15 pg/day sparing effect
on daily inhaled corticosteroid dose and an almost statistically signifi-
cant 35% reduction in exacerbations. Additional trials are ongoing to fur-
ther explore the effects of vitamin D supplementation in patients with
asthma and other allergic diseases since this is currently a topic of
considerable interest in the allergy field [105-107].

Another clinical effect of vitamin D3 supplementation being actively
investigated is its ability to prevent or treat respiratory infections, a
hypothesis that has arisen from its numerous effects in the innate and
adaptive immune systems as discussed above. This is important because
early life viral and bacterial respiratory infections increase the risk of a
child to develop asthma and because respiratory infections are a
major cause of asthma exacerbations.

In a birth cohort in New Zealand, lower cord blood 25(0OH)D levels
were associated with higher risk of respiratory infection by 3 months
of age, and wheezing in the first 5 years of life, although it was not
associated with the incidence of asthma diagnosis by 5 years of age
[108]. An analysis of 16,975 adults from the NHANES III showed that
only 31% were vitamin D sufficient (serum 25(0OH)D level > 30 ng/ml)
and 2.1% reported a community acquired pneumonia (CAP) in the
previous year. Those with serum 25(0OH)D levels <30 ng/ml were at
56% higher risk for reported CAP compared to those who were vitamin
D sufficient [109]. Interestingly, Amrein et al. correlated serum 25(0OH)
D levels at admission with 90-day mortality in 24,094 adults patients
hospitalized in 2 academic centers in Boston. Results suggested a
U-shape relationship in that mortality was higher in those with levels
below 10 ng/ml or above 60 ng/ml [110]. Together with the inconsis-
tencies of results in clinical and laboratory studies described above,
these results underscore the complex biological effects of vitamin D3
in humans.

Clinical trials of vitamin D3 supplementation to prevent respiratory
infections have been undertaken. Vitamin D3 supplementation of
2000 IU (or 50 pg) per day for 3 months significantly increased serum
25(0OH)D levels in a double-blinded, placebo-controlled, randomized
clinical (DBPCRC) trial, but did not change serum levels of 10 cytokines
in 162 healthy volunteers [111].

In a DBPCRC trial involving 247 Japanese school children aged
6-15 years, those who received 1200 IU of oral vitamin D3 per day for
4 months during the winter (Dec-Mar) experienced fewer influenza
episodes as confirmed by rapid antigen detection in nasopharyngeal
swab (18.6% to 10.8%, or a 42% reduction). They also experienced
fewer asthma exacerbations, although there were few episodes for a
robust analysis [112]. A DBPCRC trial in 247 Mongolian school children
showed that milk fortified with 300 IU of vitamin D3 taken during the
winter (Jan-Mar) increased serum 25(OH)D levels three fold and
reduced by 44% acute respiratory infections (chest infections and
colds ascertained by questionnaire at the end of the trial) [113].

In the “Effect of Vitamin D3 Supplementation on Upper Respiratory
Tract Infections in Healthy Adults” (VIDARIS) DBPCRC trial, 322 New
Zealanders did not experience a reduction in the number or severity
of upper respiratory tract infections after receiving two doses of
200,000 IU of oral vitamin D3 a month apart followed by 100,000 IU
monthly doses for 18 months [114]. Das et al. reviewed results of 3
large randomized controlled trials showing that oral vitamin D supple-
mentation did not help children younger than 5 years of age presenting
with acute pneumonia [115] and Bergman et al. published a meta-
analysis of 11 randomized controlled trials indicating that vitamin D3
supplementation may prevent respiratory tract infections better when
administered daily rather than in high doses intermittently, although
heterogeneity of methodology among the trials prevented a firm
conclusion [116].

Finally a recent DBPCRC trial of 600 students showed that 10,000 [U
of oral vitamin D3 weekly for 2 months (Sep-Oct) reduced modestly
the incidence of laboratory confirmed viral respiratory tract infections
from 26.7% to 23.3% based on clinical symptoms and a positive nasal
swab for virus PCR detection [117].

Taken together, the results of clinical trials are promising, but
inconsistent to recommend a specific regimen of oral vitamin D3
supplementation to prevent acute respiratory tract infections.

4. Summary

In summary, the anti-inflammatory function of a-tocopherol and
pro-inflammatory function of y-tocopherol in animal models of asthma
[8] are consistent with the different outcomes for the clinical studies of
tocopherol isoforms in asthma. The large variety of effects of vitamin D
in many organ systems makes it difficult to predict its clinical effect. In
addition, epidemiological and animal studies with vitamin D yielded
conflicting results, but many suggest a potential therapeutic and
preventive effect of vitamin D supplementation for patients with
asthma (see Table 1). Few clinical trials of vitamin D supplementation
thus far have shown an inconsistent benefit in reducing respiratory
infections, and a single trial in asthma failed to show a clinically
significant benefit in adults with vitamin D insufficiency.

The marked differences in rates of asthma across the world, changes
in disease prevalence over short periods, and changes with migrating
populations means that environment influences the development and
responses to triggers that worsen asthma and allergic inflammation.
This means that changes in diet and/or lifestyle could modify disease.
We suggest that we should rethink how we study and supplement
specific isoforms of nutrients. We also suggest that in clinical studies,
vitamin E isoforms and vitamin D should be measured in the supple-
ments, vehicles for the supplements and the patient plasma.

Table 1
Potential beneficial effects of vitamin D in asthma.

Vitamin D effects on the innate immune system:

- Enhances epithelial barrier function and chemokine secretion.
- Increases the production of antimicrobial peptides in macrophages and monocytes.
- Enhances the generation of reactive oxygen and nitrogen species in leukocytes.

Vitamin D effects on the adaptive immune system:

- Promotes tolerogenic T regulatory cells (Tregs).
- Inhibits the development of pathogenic effector Th1 and Th17 cells.
- Inhibits B cells, plasma cell differentiation, and Ig production.

Unproven potential clinical benefits:

- Protection against asthma development in early life.

- Protection against respiratory infections, a risk factor for asthma onset and
exacerbations.

- Enhances anti-inflammatory response to corticosteroids.
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