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Key Points

e Asthma and allergic disease result from complex environmental and genetic interactions.

e Vitamin E is one of the environmental factors that can regulate responses to challenge with
allergens.

* However, outcomes of clinical studies on benefits of vitamin E regarding asthma and allergic
inflammation vary.

e The differential and partially opposing functions of the vitamin E isoforms o-tocopherol and
y-tocopherol as demonstrated in mechanistic studies appear to be an important variable in these
inconsistent results reported in clinical studies.

e A better understanding of the differential regulation of inflammation by isoforms of vitamin E is
considered an important factor to improve quality of clinical studies when investigating the role of
vitamin E to improve lung function in disease in adults and during development.

Asthma/Allergy Prevalence and Changes in Consumption
of Forms of Vitamin E

Non-allergic asthma, allergic asthma, and allergy are heterogeneous diseases, resulting from complex
interactions of environmental and genetic factors [1]. Allergic and asthmatic responses include bron-
choconstriction, itch, pain, inflammation, and tissue remodeling. In humans, measurements of lung
function for monitoring asthma include forced expiratory volume in 1 s (FEV1, forced volume blown
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outin 1 s) and forced vital capacity (FVC, forced volume when all air is blown out). Current therapies
for asthma and allergies, including corticosteroids, have serious side effects. Therefore, it is critical to
determine mechanisms for regulation of inflammation in allergy/asthma in order to identify novel
approaches for interventions. Asthma is characterized by inflammatory processes with T-helper (Th)
cell responses of the Th2 phenotype being considered crucial for the initiation and perpetuation of the
inflammatory responses [2]. Important mediators of asthma and allergic inflammation are cytokines
such as interleukin IL-4, IL-5, and IL-13. Asthmatic and allergic inflammation is characterized by
elevated immunoglobulin E, mast cell degranulation, and eosinophilic inflammation [3]. Recruitment
of eosinophils into the tissue is a consistent feature of allergic inflammation and allergic asthma [4-6].
A crucial component of recruitment of eosinophils during inflammation is leukocyte migration from
the blood, across the endothelium, and into the tissue (transendothelial migration) [7-9]. Mechanisms
for this eosinophil recruitment involve the coordinate actions of adhesion molecules, chemokines, and
cytokines [10, 11]. Tocopherol isoform regulation of leukocyte recruitment and allergic inflammation
has been studied in humans, animal models, and cell systems.

The World Health Organization reported a worldwide increase in asthma and allergies from 1950
to the present [12—15]. In 2012-2013, the US Centers for Disease Control and Prevention reported
asthma and allergy prevalence as 10-20%, affecting about 26 million people, costing $56 million/year
and 9 deaths/day [16—18]. The rapid rise in rates of asthma and the differences in rates among coun-
tries and in migrating populations indicate a role of the local environment, including the diet. In this
same timespan, there has been an increase in the y-tocopherol isoform in the diet, in infant formulas
containing soybean oil that is rich in y-tocopherol, and in vitamin supplements [19, 20]. The variation
in global prevalence of asthma and allergies may be influenced, at least in part, by country-specific
plasma y-tocopherol concentrations. Moreover, it has been suggested that early life exposures to envi-
ronmental factors increase risk of allergic disease [21]. Maternal exposure to environmental factors
can alter neonatal hematopoietic or metabolic function [22-29]. In reports examining human maternal
and paternal asthma associations with development of allergies in offspring, most associations are
with maternal asthma [30]. Furthermore, there is higher prevalence of early-onset persistent asthma if
the mother has uncontrolled asthma or moderate-to-severe controlled asthma as compared to mothers
with mild controlled asthma [31].

In animal studies, offspring of allergic mothers have increased responses to suboptimal doses of
allergens [30], and tocopherol isoforms regulate development of offspring cells of the immune system
and immune responses [32—40]. Therefore, studies of the regulation of adult allergies and asthma as
well as the development of allergic disease and asthma early in life are critical to generating approaches
to limit these diseases.

Vitamin E Isoforms and Function During Asthma

During allergic responses and asthma, isoforms of vitamin E regulate cell signaling and scavenging of
reactive oxygen species. The isoforms of vitamin E consumed and in human plasma vary among
countries. The natural isoforms of vitamin E are synthesized by plants from tyrosine and chlorophyll
[41]. Thus, although mammals do not synthesize vitamin E, mammals acquire vitamin E isoforms
from food, cooking oils, and vitamin supplements. The natural isoforms of vitamin E are d-o-
tocopherol, d-p-tocopherol, d-y-tocopherol, and d-8-tocopherol and the d-a-, d-p-, d-y-, and d-d-
tocotrienol (Fig. 25.1). The level of these isoforms in cooking oils and supplements varies widely
among products. Upon consumption of tocopherols, the tocopherols, which are lipids, are transported
along with other lipids from the intestine by the lymph to the blood and then to the liver. These
tocopherol isoforms are not interconverted by mammals. The isoform with the highest concentration
in tissues is a-tocopherol. There are tenfold higher tissue concentrations of a-tocopherol than
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Fig. 25.1 Natural vitamin E isoforms. The most abundant isoforms in human plasma and tissues are a-tocopherol and
y-tocopherol

y-tocopherol [42] because there is preferential loading of a-tocopherol on lipid particles in the liver
by a-tocopherol transfer protein («TTP) and because there is a higher rate of degradation of
y-tocopherol into its metabolites for excretion [43, 44]. The plasma concentrations of a-tocopherol are
relatively similar across many countries [45]. « TTP is also expressed by trophoblasts, fetal endothe-
lium, and amnion epithelium of the placenta, consistent with the critical role for a-tocopherol in pla-
centa development [46, 47]. Tocopherols on plasma lipid particles are transferred to cells by plasma
phospholipid transfer protein, scavenger receptors, or the lipoprotein lipase pathway [23]. In cells,
tocopherols, which are lipids, are located in cell membranes and associated with lipophilic domains
of proteins. On lipid particles and in cells, tocopherol isoforms have both antioxidant and non-
antioxidant functions. The antioxidant activity of a-tocopherol and y-tocopherol, at equal molar con-
centrations, is relatively similar with regard to scavenging reactive oxygen species (ROS) during lipid
peroxidation [48, 49]. Because a-tocopherol is at tenfold higher concentrations in tissues than
y-tocopherol, a-tocopherol has tenfold more capacity for scavenging of ROS in vivo.

In addition to antioxidant functions of tocopherols, non-antioxidant functions of tocopherol regu-
late allergic inflammation. Important for interpretation of tocopherol regulatory effects is that although
y-tocopherol is at tenfold lower concentrations in vivo, y-tocopherol is very potent and at these tenfold
lower concentrations, y-tocopherol can block the benefit of a-tocopherol during allergic inflammation
and asthma. This potent opposing effect of y-tocopherol occurs because, at least, y-tocopherol is an
agonist of cell signals, whereas a-tocopherol is an antagonist of cell signals involved in the recruit-
ment of inflammatory cells [50]. During allergic inflammation, leukocytes are recruited from the
blood into the tissues by migrating across the vascular endothelial cells. The migration of 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 [51]. Endothelial cells pretreated
with a-tocopherol plus y-tocopherol result in a phenotype that is not different from the vehicle-treated
control endothelial cells [51]. Thus, a-tocopherol and y-tocopherol have opposing regulatory func-
tions during leukocyte recruitment. These opposing functions of tocopherol isoforms occur through
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direct regulation of mediators of signal transduction. Briefly, the recruitment of eosinophils to sites of
allergic inflammation requires eosinophil binding to adhesion molecules on endothelial cells such as
vascular cell adhesion molecule-1 (VCAM-1) and intercellular adhesion molecule-1 (ICAM-1) [6].
These adhesion molecules signal through protein kinase C-a (PKCa) for the recruitment of eosino-
phils, dendritic cells, lymphocytes, and mast cells [51-53]. Upon loading endothelial cells with physi-
ological tocopherol concentrations, which are at the same concentrations of tocopherols as in lung
tissues in mice, a-tocopherol inhibits and y-tocopherol elevates VCAM-1 and ICAM-1 activation of
PKCa in endothelial cells [51-53]. PKCua is regulated by the tocopherols because, upon binding to the
C1A regulatory domain of PKCa, a-tocopherol is an antagonist and y-tocopherol is an agonist of
PKCa activity [50]. a-Tocopherol has been also reported to inhibit PKCa activation in other cell sys-
tems or cell extracts, but the mechanisms for inhibition in these systems were not demonstrated [54].
In summary, PKCa is differentially regulated by tocopherol isoforms in endothelial cells, which is
critical for leukocyte recruitment in allergic lung inflammation and airway hyper-responsiveness.
Thus, a-tocopherol and y-tocopherol have opposing functions during regulation of allergic responses
that utilize PKCa signaling.

Another difference in function of a-tocopherol and y-tocopherol is that y-tocopherol, but not
a-tocopherol, scavenges reactive nitrogen species (RNS) with peroxynitrite forming 5-nitro-y-
tocopherol [55]. Although a-tocopherol has benefit in allergic eosinophilic inflammation, y-tocopherol
scavenging of RNS may be beneficial by short-term administration for acute inflammation in the
lungs with increased RNS, such as neutrophil inflammation induced by ozone or endotoxin [56]. In
sheep, nebulized y-tocopherol reduced neutrophilia, IL-8, and IL-6 in burn and smoke inhalation
injury [57]. In other studies, supplementation with mixed tocopherol isoforms containing y-tocopherol
blocks acute endotoxin-stimulated or ozone-stimulated neutrophil inflammation in the rat and human
lung [58-61]. Although y-tocopherol has been demonstrated to limit responses to ozone, a recent
study also indicates that a-tocopherol can also inhibit ozone responses. Acute administration of
a-tocopherol at the time of ozone/OVA challenge blocked ozone-induced exacerbation of OVA-
stimulated lung neutrophil and eosinophil inflammation [62]. It is reported that y-tocopherol supple-
mentation reduces antigen induction of rat lung inflammation in which there was severalfold more
neutrophils than eosinophils [63] and that high doses of another isoform y-tocotrienol reduce house
dust mite-induced asthma [64]. In asthmatic children exposed to ozone, vitamin E (isoforms not
reported) and C supplementation reduced IL-6 in nasal lavages [65]. Therefore, y-tocopherol may be
of benefit for acute neutrophilic inflammation. In a study with ex vivo treatment of human macro-
phages, 300 pM y-tocopherol decreased macrophage phagocytosis via modulation of surface receptor
activity [57]. However, such highly elevated y-tocopherol levels are not achievable in vivo. In contrast
to reports of y-tocopherol benefits in acute inflammation or neutrophilic inflammation, it is reported
that plasma y-tocopherol associates with lower lung function in humans [66] and with increased lung
eosinophilia and airway hyper-responsiveness in mouse models of allergic asthma [66]. Therefore,
chronic consumption of y-tocopherol may be unfavorable during lung development or during chronic
inflammatory diseases such as allergies and asthma. Further clinical studies for mechanisms of
tocopherol isoform regulation of allergic lung inflammation are much needed.

Further substantiation of opposing functions of a-tocopherol and y-tocopherol exists with other
chronic inflammatory diseases, including cardiovascular disease and osteoarthritis. In osteoarthritis,
plasma y-tocopherol positively associates with osteoarthritis, whereas plasma a-tocopherol negatively
associates with osteoarthritis [67]. In coronary heart disease and stroke, plasma y-tocopherol is either
not associated with heart disease or is associated with an increase in risk for myocardial infarction
[68]. In contrast, for a-tocopherol, it is either not associated with heart disease or is associated with
reduced death from heart disease [69—72]. Therefore, for those reports with an effect on heart disease,
y-tocopherol associates with an increase and o-tocopherol associates with a decrease in heart
disease.
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Asthma and Tocopherol Isoforms in Clinical Studies

Studies on vitamin E and disease outcomes often have focused on one isoform of tocopherol, but the
subjects in these clinical studies in fact consume multiple isoforms of tocopherols in differing quanti-
ties in the diet, in over-the-counter multivitamins, and in vehicles used in studies with tocopherol sup-
plements. Moreover, there are differences in outcomes of the clinical studies. These differences in
clinical effects are consistent when taking into account regional diets, regional plasma tocopherol iso-
form concentration, multivitamin supplement use, and isoforms administered [20, 73, 74] and when
taking into account the mechanistic studies of opposing functions of y-tocopherol and a-tocopherol
[50-52, 66, 73, 75]. Therefore, it is essential in clinical studies to determine the plasma or tissue con-
centration of tocopherol isoforms for adequate interpretation of study results. The tocopherol concen-
trations in plasma often correlate with those in the lung tissue in humans and in mice [51, 75, 76].
Intriguingly, countries with the highest prevalence rate of asthma tend to have the highest plasma
levels of y-tocopherol [45, 77]. In contrast, the average plasma levels of a-tocopherol are similar
among all countries, likely because the liver regulates a-tocopherol uptake by the a-tocopherol trans-
fer protein [45, 77]. The United States has one of the highest rates of asthma, and, in the United States,
the average human plasma y-tocopherol levels are 2-5 times higher than those of most European and
Asian countries [45, 77]. These high plasma y-tocopherol levels in the United States reflect the diet
consumption of soybean oil, corn oil, and canola oil, all of which are high in y-tocopherol per gram
of oil (Table 25.1) [45, 77-85]. The administration of soybean oil does increase plasma y-tocopherol
levels two- to fivefold in humans and in hamsters [86, 87]. Similar fivefold changes in y-tocopherol in
mice elevate allergen-induced lung inflammation as well as suppress the anti-inflammatory functions
of a-tocopherol [51]. In contrast to the United States, most European countries regularly use sun-
flower oil, safflower oil, and olive oil that are relatively low in y-tocopherol per gram of oil (Table 25.1)
[45, 51, 77, 80]. When administering dietary olive oil to preterm human infants starting 24 h after
birth, there is a significant 1.5-fold increase in plasma a-tocopherol as compared to feeding with soy-
bean oil [88]; unfortunately, in this study, plasma concentrations of y-tocopherol were not reported.
Outcomes for clinical studies of a-tocopherol and asthma differ among countries that consume
different dietary oils. In Italy and Finland which preferentially consume safflower oil or olive oil,
a-tocopherol supplementation of asthmatic patients resulted in reduced incidence of physician-
diagnosed asthma and better lung function as measured by forced expiratory volume in 1 s (FEV1) or

Table 25.1 Isoforms of tocopherols in dietary oils

Tocopherol (mg/100 g of oil)

Oils o-T y-T 5-T
Oils with low y-T Sunflower 56.27 +2.95° 1.22 £0.10 0.22 +0.02
Safflower 49.33 £ 6.88 3.85+0.45 ND
Olive 6.13 +0.61 0.08 = 0.004 ND
Grape seed 7.58 £0.54 2.07 £0.12 0.11 £0.01
Oils with high y-T Soybean 7.82 +£0.20 53.87 £ 0.09 15.99 +0.25
Corn 29.01 £3.21 46.69 £ 0.07 5.07+1.38
Canola 16.45+0.19 21.92 +0.05 0.13 £0.01
Peanut 1441 £0.19 9.66 +0.27 0.80 £0.23
Sesame 77.68 = 6.07 7541 £4.82 56.27 +0.45
a-T a-tocopherol; y-T y-tocopherol; §-T 8-tocopherol
ND not detected

imean =+ standard deviation
Adapted from Cook-Mills et al. [45]
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wheeze [89-93]. Consistent with this, in two Scottish cohorts, it was reported that reduced maternal
intake of vitamin E (likely referring to a-tocopherol) was associated with increased asthma and
wheezing in children up to 5 years old [94, 95]. Unfortunately, in the United States or the Netherlands
where there is preferential consumption of soybean oil, corn oil, and canola oil, a-tocopherol was not
beneficial for adult asthmatic patients [89-93]. This is consistent with opposing functions of
y-tocopherol because the United States and the Netherlands have high plasma levels of y-tocopherol
and high intake of soybean oil (Table 25.1). However, in the United States, some benefit is shown with
consumption of very high levels of the acetate form of a-tocopherol. Briefly, oral supplementation
with acetate-conjugated a-tocopherol at a 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 [96]. The stud-
ies on vitamin E and lung function have been also examined by meta-analysis, but unfortunately, these
analyses have not taken into account the opposing functions of tocopherol isoforms [97]. As would be
expected, meta-analyses of data with multiple forms of tocopherols that have opposing functions
indicate no association with lung function and wheeze [97]. Thus, we interpret the meta-analysis
results [98] as a combination of data from studies with marked variation of vitamin E isoforms that
have opposing functions and that were present in the diets, supplements, and supplement vehicles. In
contrast to allergic asthma studies in the United States, a study of exercise-induced asthma demonstrated
that a-tocopherol supplementation for 3 weeks blocks the exercise-induced transient drop in lung
function in humans [99].

As countries adopt Western-like lifestyles and diets, there is increased consumption of soybean oil
[100]. In a review by Devereaux et al. of increasing prevalence of asthma and changes in the environ-
ment in Scotland [94] from 1967 to 2004, the vegetable oil intake by Scottish significantly increased.
We suggest that this would at least result in an increase in y-tocopherol since vegetable oil (soybean
oil) is rich in y-tocopherol. In England, dietary supplementation with a-tocopherol in soybean oil
vehicle to asthmatics had no impact on FEV1, asthma symptom scores, or bronchodilator use [101],
which is consistent with y-tocopherol in soybean oil opposing the function of a-tocopherol. In another
study in the United Kingdom, a-tocopherol administration in soybean oil to asthmatics also did not
have benefit [102]. Although a consideration is that the clinical studies have differences in asthma
prevalence among racial and ethnic groups [103], the studies examining tocopherol association with
clinical outcomes generally adjust for several known confounding factors such as gender, age, body
mass index, race, and smoking. Even though other differences may occur regarding the environment
and genetics of people in different countries, tocopherol isoforms and outcomes for asthma in clinical
studies are consistent with the mechanistic studies demonstrating inhibitory functions of a-tocopherol
and agonist functions of y-tocopherol [51]. An interpretation is that differences in outcomes from
clinical reports on the associations of vitamin E and asthma may, in part, reflect the opposing regula-
tory effects of a-tocopherol and y-tocopherol in the supplements, in the vehicles for the supplements,
and in the diets of the individuals.

Opposing regulatory functions of tocopherol isoforms in humans are demonstrated in studies of
human lung function in the United States and in China. In these studies, since tocopherol isoforms have
opposing functions, the analysis of associations of tocopherol isoforms in clinical studies includes
quartiles of plasma tocopherols and the determination of whether there is an association of the tocoph-
erol isoform with the clinical outcome when the concentration of the opposing tocopherol isoform is
low and causing the least competing opposing effects. Taking the ratio of a-tocopherol to y-tocopherol
is an unsuitable approach because a high a-tocopherol to high y-tocopherol ratio that is the same as a
low a-tocopherol to low y-tocopherol ratio is functionally quite different. In a study of individuals in
China, high plasma y-T with low o-T resulted in a fourfold increase in odds ratio for adult asthma in
8 years [104]. In 4526 adults in the United States in the Coronary Artery Risk Development in Young
Adults (CARDIA) multicenter cohort, a-tocopherol and y-tocopherol had opposing associations with
lung spirometry [66]. In this study, there were equal numbers of blacks and whites and equal numbers
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of females and males by study design. Interestingly, increasing serum levels of y-tocopherol associated
with lower FEV1 or FVC, whereas increasing serum levels of a-tocopherol associated with higher
FEV1 or FVC [66], with adjustments for several known confounding factors such as gender, age, body
mass index, race, and smoking. In the CARDIA cohort, fivefold higher human plasma y-tocopherol
(>10 pM y-tocopherol) associated with reduced FEV,; and FVC in all participants (asthmatics and non-
asthmatics) by age 21-27 years old. This association with decreased FEV, and FVC before age 21 may
occur during development and lung responses to environmental pollutants, allergens, or infections
because tocopherol isoforms can directly regulate PKCa during leukocyte recruitment and cell activa-
tion [20, 51, 73, 75]. For asthmatics with plasma y-tocopherol >10 pM, there was 350-570 mL lower
FEV, or FVC as compared to the low to moderate y-tocopherol concentrations (<10 pM y-tocopherol)
at ages 21-27 [66]. This 10-17% decrease in FEV; with >10 pM plasma y-tocopherol in asthmatics is
comparable to the 5-10% reduction in FEV reported for other environmental factors. In illustration, in
asthmatics with occupational allergen exposure, there is a 5—-8% decrease in FEV, compared to non-
asthmatics, and this decrease is associated with dyspnea, chest tightness, chronic bronchitis, and
chronic cough [105]. Responders to particulate matter have a 2—6% decrease in FEV, [106], responders
to cold or exercise have a 5—11% decrease in FEV, [107], and responders to house dust mite or dog/cat
dander have a 2-8% decrease in FEV, [108]. With a 2% prevalence of serum y-tocopherol >10 pM in
adults in CARDIA and the adult US population in the 2011 census, 4.5 million adults in the US popula-
tion may have >10 pM serum y-tocopherol and have lower FEV; and FVC. These results are consistent
with the preclinical studies demonstrating opposing functions for a-tocopherol and y-tocopherol in cell
signaling, in cell recruitment in allergic responses, and in lung function of allergic mice [32, 33, 50-52,
75, 109]. Also in a study in Finland, lower serum a-tocopherol is associated with self-reported asthma
[110], and the highest quartile of y-tocopherol in early childhood (age 1-4) increased the risk of devel-
oping asthma [111].

In tissues of asthmatics, tocopherols are reduced. Low plasma a-tocopherol levels are present in
adults or children with asthma [90, 91, 112—115]. It is reported that patients with asthma have reduced
a-tocopherol and ascorbic acid in airway fluid but the average plasma concentration of a-tocopherol
and ascorbic acid in these patients is normal [112, 113], despite reports in normal individuals that
plasma and tissue tocopherols correlate [51,75, 76]. As in humans, in allergic guinea pigs, a-tocopherol
and ascorbic acid levels are decreased in bronchoalveolar lavage [116], and in allergic mice, tocoph-
erol isoforms are reduced in the plasma and lungs [32, 33]. Therefore, since a-tocopherol levels are
low in asthmatics and since a-tocopherol can reduce allergic inflammation, supplementation with
natural a-tocopherol and maintenance of low dietary levels of y-tocopherol in combination with other
treatments may be an ideal strategy to either prevent or improve control of allergic disease/asthma. A
potential target for balance of tocopherol isoforms during allergic disease and asthma may be about

Fig. 25.2 A potential balance in human plasma for
a-tocopherol (a-T) and y-tocopherol (y-T)
concentrations during lung development and allergic
disease. Additional clinical and mechanistic preclinical
studies are needed
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1-1.4 pM plasma y-tocopherol and 22-30 pM plasma a-tocopherol (Fig. 25.2) as based on average
human plasma tocopherol isoforms in countries [45], prevalence of asthma in countries [45], and low
a-tocopherol in asthma [90, 91, 112-115]. Additional intervention studies in humans with analysis of
the tocopherol isoforms in plasma and tissues are necessary to assess tocopherol isoform regulation
of allergic inflammation and asthma.

Tocopherol Doses in Humans Versus Preclinical Mouse Studies

The tocopherol levels in preclinical animal models of human disease need to be relevant to tocopherol
levels in humans. Direct dose comparisons per kg body weight are not sufficient because of large dif-
ferences in rates of metabolism between mice and humans. Thus, calculations for mouse tocopherol
doses that are relevant to humans need to include adjustments for the large differences in lipid meta-
bolic rates and in body weight. Standard mouse basal diet contains about 45 mg a-tocopherol/kg of
the diet. The calculation for humans is translated as follows: [(45 mg o-tocopherol/kg of diet) x
(1 kg/1000 g) x (6 g diet eaten/mouse/day)/(28 g body weight for an adult mouse)] x 65,000 g human
adult = 627 mg a-tocopherol/day for human adult. However, mouse metabolism is about eightfold less
efficient, and mice have a higher metabolic turnover rate/kg of body weight than humans [117, 118].
Thus, mice require about eightfold higher intake/g body weight. Furthermore, mice eat 1/6 their body
weight in food/day [119] which is considerably higher than the average amount of food/day for adult
humans. Thus, to adjust for metabolic rate: (627 mg/day for adult human)/(8 for metabolic rate differ-
ence) = 78 mg a-tocopherol/day for human adults. For supplementation levels during disease, a three-
to fivefold increase in a-tocopherol for supplementation of mice during studies of lung inflammation
(150 or 250 mg a-T/kg of diet for mice) is then 235-392 mg a-tocopherol/day for human adults
(calculation: 78 mg/day x (3 or 5)). The 235-392 mg a-tocopherol supplemental doses are well below
upper limits suggested for human safety of 1000 mg a-tocopherol/day in pregnancy. Moreover, the
supplemental level is near clinical levels in preeclampsia pregnancy trials of 268 mg (400 IU)
a-tocopherol [120-125]. Also, a supplemented mouse diet with 150 or 250 mg a-tocopherol/kg of diet
is reasonable in mice as it is 30—60 times lower than the rodent maternal a-tocopherol diet dose that
reduces rodent hippocampus function [126]. Importantly, the doses of 150 mg or 250 mg a-tocopherol/
kg of diet for mice achieve two- to threefold increases in tissue concentrations of a-tocopherol, which
is similar to fold tissue changes achievable in humans [20, 50-52, 73, 75].

Physiological, nontoxic doses of tocopherol isoforms for studies in mice are doses that achieve
fold changes in mouse tissues similar to fold changes in human tissues. For healthy adult humans,
the recommended daily allowance of a-tocopherol is 15 mg/day. However, because during asthma
the levels of tocopherol isoforms are decreased in tissues in humans and mice, it is imperative that
studies be done to determine recommended daily doses of tocopherol isoforms during disease.
Recommended daily doses of y-tocopherol have not been addressed. For mice, the standard basal
mouse chow diet contains about 45 mg a-tocopherol/kg of diet and 45 mg y-tocopherol/kg of diet
[32, 33]. With equal levels of a-tocopherol and y-tocopherol in the diet, it results in a tenfold higher
tissue a-tocopherol concentration than y-tocopherol concentration [32, 33] because of the preferen-
tial transfer of a-tocopherol by a-TTP in the liver. This is also relevant to studies in humans with
mixed tocopherol isoforms. It is important to be aware that the a-tocopherol isoform is preferentially
transferred in the liver but nevertheless, y-tocopherol is potent and, at tenfold lower levels than
a-tocopherol in tissues, y-tocopherol can ablate the benefit of a-tocopherol in allergic responses.
Moreover, in humans and mice, a basal rather than deficient a-tocopherol dose is relevant as a base-
line, especially in studies of development because a-tocopherol is necessary for mouse and human
placental development [46, 47].
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In Preclinical Mechanistic Studies in Adult Mice, a-Tocopherol
and y-Tocopherol Have Opposing Functions in the Regulation of Allergic
Inflammation and Airway Hyper-responsiveness

As in the design of human studies, in preclinical animal studies, there are differences in the intake of
tocopherol isoforms and doses of tocopherols present in the supplementation and in the oil vehicles
used for supplementation. For example, Suchankova et al. reported that the administration of purified
a-tocopherol in soybean oil by gavage had no major effect on immune parameters or lung airway
responsiveness in mice challenged with OVA [127], but tissue levels of tocopherols were not reported.
Moreover, an interpretation of this study is that high y-tocopherol in the soybean oil vehicle opposed
the effect of the a-tocopherol. Okamoto et al. [128] 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. [129] reported that oral administration of a-tocopherol in ethanol after antigen sensitization
blocked OVA-induced lung inflammation and airway hyper-responsiveness. In this report, a-tocopherol
treatment reduced airway hyper-responsiveness and mediators of inflammation including IL-4, IL-5,
IL-13, OVA-specific IgE, eotaxin, TGFp, 12/15-LOX, lipid peroxidation, and lung nitric oxide metab-
olites [130]. In summary, a-tocopherol supplementation without y-tocopherol supplementation
reduced allergic inflammation.

As in clinical studies, preclinical studies indicate that a-tocopherol supplementation and
y-tocopherol supplementation have opposing effects on allergic inflammation. In a mouse model of
allergic lung responses to house dust mite, mouse diet supplemented with 250 mg a-tocopherol/kg of
diet during house dust mite challenges reduces eosinophilia in the lung [104]. In contrast, mouse diet
supplemented with 250 mg y-tocopherol/kg of diet elevated house dust mite-induced eosinophilia in
the lung [104]. Another mouse model of allergic lung inflammation is induced by intraperitoneal sen-
sitization with chicken egg ovalbumin (OVA) in adjuvant and followed by challenge of the lung with
inhaled OVA. Using this model, to determine whether tocopherols regulate the response to the OVA
challenge to the lung, tocopherols were administered after OVA sensitization [51]; this is particularly
relevant because patients are already sensitized. In this study, tocopherols were administered by daily
subcutaneous injections after sensitization but before allergen challenge [51]. Importantly, tocopher-
ols administered subcutaneously or in the diet have the same route of trafficking through the body. By
either of these methods of administration, the tocopherols enter the lymph, then the thoracic duct, and
then the liver where the tocopherols are loaded on lipoproteins that then enter circulation. The subcu-
taneous administration of tocopherols reaches plateaus in tissue levels of tocopherols in only a few
days, whereas dietary supplementation of tocopherols takes a couple of weeks to achieve a plateau in
tissue tocopherol levels [86, 131]. The subcutaneous administration of a-tocopherol or y-tocopherol
raises lung and plasma concentrations of the tocopherol isoform four- to fivefold without affecting
body or lung weight [51], and this fold change is clinically relevant because it is achievable in humans.
In this study, subcutaneous administration of y-tocopherol elevates lung eosinophil recruitment by
175%, and a-tocopherol reduces lung eosinophil recruitment by 65% [49]. Furthermore, in these
mice, a-tocopherol blocks and y-tocopherol increases airway hyper-responsiveness [51]. The levels of
tocopherols in these studies did not alter numbers of blood eosinophils, indicating that sufficient num-
bers of eosinophils were available for recruitment [51]. Tocopherol supplementation does not alter the
expression of adhesion molecules, cytokines, and chemokines required for the leukocyte recruitment
[51]. This modulation of leukocyte infiltration in allergic inflammation, without alteration of adhesion
molecules, cytokines, or chemokines, is similar to several other reports of in vivo inhibition of lung
inflammation by inhibition of intracellular signals in endothelial cells during leukocyte recruitment
[132-134].
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These pro-inflammatory allergic effects of y-tocopherol in mice are partially reversible by switch-
ing supplements from y-tocopherol to a-tocopherol at these doses for 4 weeks [75]. There is full
reversibility of the elevated inflammatory effects of y-tocopherol but only with highly elevated levels
(10 x supplemental levels) of a-tocopherol [75] that may be potentially risky in humans because very
high levels of a-tocopherol may increase the incidence of hemorrhagic stroke and elevate blood pres-
sure [63, 65, 135]. A possibly safer alternative to reverse pro-inflammatory effects of y-tocopherol
on allergic inflammation may be longer supplementation with modest levels of a-tocopherol
supplementation.

When a-tocopherol and y-tocopherol are administered at the same time, y-tocopherol opposes the
anti-inflammatory benefit of a-tocopherol [51, 75]. Supplementation of a-tocopherol plus y-tocopherol
during challenge with OVA does not alter the level of allergic inflammation such that the numbers of
lung eosinophils and airway responses are similar to that of the allergic mice with the vehicle control
[49]. This suggests that these two tocopherols have competing opposing functions. Moreover,
y-tocopherol is very potent because this opposing function of y-tocopherol occurs even though
y-tocopherol was about 5-10 times lower in concentration in vivo than a-tocopherol.

In summary, in adult mice, raising tissue concentrations of o-tocopherol fivefold is anti-
inflammatory and blocks airway hyper-reactivity, and raising tissue concentrations of y-tocopherol
fivefold is pro-inflammatory and increases airway hyper-reactivity during eosinophilic allergic lung
inflammation [20, 50-52, 75]. These studies are consistent with the clinical studies, demonstrating
that a fivefold increase in human plasma y-tocopherol associates with a reduction in lung function in
adult humans [66]. To relate this to the prevalence of disease, a fivefold difference in plasma
y-tocopherol concentrations is consistent with fivefold higher y-tocopherol in Americans versus most
Western Europeans and Asians (Table 25.1) and higher prevalence of asthma in Americans [45, 77].
Mechanistically, during allergic inflammation in the lung, tocopherol isoforms regulate eosinophil
migration on VCAM-1 [5, 6], VCAM-1 signals through PKCa [136], and tocopherols regulate PKCa
directly by binding to the C1A regulatory domain of PKCa [50]. Upon binding to PKCa, a-tocopherol
is an antagonist of PKCa, and y-tocopherol is an agonist of PKCa. Thus, a mechanism for the oppos-
ing regulatory functions for a-tocopherol and y-tocopherol on allergic inflammation in adult mice is,
at least in part, a result of tocopherol regulation of signals for leukocyte transendothelial migration
from the blood into the tissue.

Maternal Tocopherol and Offspring Development of Allergy

Clinical Studies of Maternal Tocopherols and Allergy/Asthma

There has been an increase in the d-y-tocopherol isoform of vitamin E in the diet and in infant formu-
las that contain soybean oil [19, 20, 51, 137, 138]. Thus, tocopherol isoforms that regulate allergy and
asthma in mothers may affect the risk of development of allergy and asthma in offspring. Some stud-
ies suggest that development of allergen responsiveness may occur prenatally [139-141] and it is
suggested that in utero and early exposures to environmental factors are critical for increased risk of
allergic disease [21]. Higher intake of vitamin E is associated with lower odds of wheeze in childhood,
but in this analysis, the isoforms of vitamin E are unclear [142]. Increasing maternal a-tocopherol
during pregnancy in humans negatively associates with production of inflammatory mediators in vitro
in endotoxin-stimulated nasal airway epithelial cells isolated from neonates shortly after birth [143].
Also, maternal plasma a-tocopherol at 11-week gestation associates with reduced asthma treatments
in children in the United Kingdom [144]. In studies of human maternal and paternal asthma and devel-
opment of allergies in offspring, most associations are with maternal allergy/asthma [24, 30, 145—
151], suggesting that sensitization can occur prenatally or early postnatally. There is an association of
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higher risk of eczema, wheezing, and lower respiratory tract infections in early life with increases in
human maternal and cord blood C-reactive protein, which is an acute-phase protein produced during
inflammation [152]. It is reported that, by age 21, human plasma a-tocopherol associates with better
lung spirometry and human plasma y-tocopherol associates with worse lung spirometry [66], suggest-
ing that in human development, tocopherols may have early life regulatory functions on responsive-
ness to allergen and perhaps to other environmental challenges to the lung. It has been demonstrated
that maternal a-tocopherol dietary intake is inversely associated with cord blood mononuclear cell
proliferative responses to allergen challenge in vitro [140, 153]. Also, from ultrasound studies of the
fetus, maternal a-tocopherol levels are reported to associate with fetal growth [154]. In rats, maternal
a-tocopherol supplementation during pregnancy results in larger lungs with normal structure in off-
spring [155]. In several clinical studies, a-tocopherol did not associate with asthma [156—158], but
these studies did not measure tissue or plasma tocopherol isoforms or include analysis of potential
opposing functions of y-tocopherol. Moreover clinical reports demonstrate that the risk for allergy in
children has been associated with mothers with existing allergic disease before conception [24, 30,
145-151], but whether maternal tocopherol isoforms regulate development of asthma and allergic
diseases in offspring needs further study. Specifically, additional clinical studies are needed to address
the balance of a-tocopherol and y-tocopherol in healthy and asthmatic/allergic pregnant women and
in infants that may influence the development of risk of allergies and asthma in children.

Preclinical Animal Studies Demonstrating a Maternal Contribution
to Offspring Allergy and Asthma

Before discussing tocopherol isoform regulation of maternal influence over development of offspring
allergies, it is imperative to first discuss mechanisms of the maternal effect on offspring of allergic moth-
ers. In pregnant mice, tocopherol supplementation of the mother alters the risk of development of aller-
gies in the offspring. The mouse model of maternal transfer of risk of allergy to offspring reflects many
of the parameters of development of allergic disease [24, 30, 34, 35, 145-151, 159, 160], including the
fact that the allergic responses of the offspring are not specific to the allergen of the mother [34]. In this
mouse model, allergy is induced in adult female mice by sensitizing with intraperitoneal injection of
OVA with the adjuvant alum on weeks 1 and 2 and then challenging with aerosolized OVA on weeks 4,
8, and 12 [30, 34-40, 160]. On the day of the last OVA challenge on week 12, these allergic female mice
are mated [30, 33-39]. Another OVA challenge during mouse pregnancy does not increase risk of allergy
in the offspring [34], likely because it takes about 2 weeks for resolution of allergic lung inflammation
during the 3-week gestation. The OVA challenge just prior to mating is required for the offspring respon-
siveness (unpublished observations). The allergic response during pregnancy in mice is consistent with
what occurs in humans, as it is anticipated that allergic mothers would have an allergen challenge during
their 9-month pregnancy. In the neonatal mouse model, after birth, all of the offspring from allergic
mothers and non-allergic mothers are treated with a suboptimal OVA protocol. This suboptimal protocol
is comprised of neonates receiving only one instead of two OVA/alum treatments at postnatal days 3-5,
and then starting 7 days later, the neonates are challenged with aerosolized OVA for 3 consecutive days
[30, 33-39]. The offspring from allergic mothers develop allergic lung inflammation and airway respon-
siveness, whereas pups from non-allergic mothers do not develop allergic inflammation (Fig. 25.3). This
allergen responsiveness of the offspring of allergic mothers is sustained for up to 8 weeks of age, which
is adulthood in the mouse, but then declines after 8 weeks old [35]. The response of the offspring can be
abrogated by blocking the allergic response of the mothers at preconception with anti-IL-4 antibody
administration [34] or by antibody depletion of T cells in allergic mothers [36]. Further evidence indi-
cates that maternal T cells are sufficient for the maternal effect on offspring because adoptive transfer of
allergen-specific T cells from OVA TCR transgenic mice DO11.10 mice to females prior to mating
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Fig. 25.3 Dendritic cells in maternal transmission of risk for allergy in offspring

results in offspring with responsiveness to suboptimal challenge of antigen [37]. However, the maternal
factors are not entirely clear. IL-4 and IgE which are elevated in the mother do not pass to the fetus [141,
159, 161]. Th2 cytokines (IL-4, IL-5, and IL-13) are elevated in the placenta, but transplacental crossing
of these cytokines has not been demonstrated [162—164]. Only 2% of maternal GM-CSF crosses the
human placenta in ex vivo perfusate studies [165], but whether maternal GM-CSF increases the risk of
offspring for allergic responses is not known. Allergens have been reported to perhaps cross the placenta,
but it has been demonstrated that offspring are able to respond to BLG, whereas mothers were stimulated
with OVA, suggesting that the process is antigen-independent [141]. In another report demonstrating
antigen independence of the maternal effect, offspring are responsive to casein, whereas the mothers
were sensitized and challenged at preconception with OVA [34]. This antigen-independent effect of
maternal allergy on allergen responsiveness in pups is also demonstrated in canines [166]. Similarly to
animals, human offspring respond to different allergens than the allergic mother [30]. Thus, the offspring
responses are not specific to the allergen that the mother responds to, but instead, the offspring have an
increased ability to respond to allergen sensitization. Therefore, female mice that are allergic before
conception and develop a Th2 response during pregnancy produce offspring that have augmented
responsiveness to suboptimal allergen.

The antigen-independent effect of maternal allergy on allergen responsiveness in pups is a result of
changes in dendritic cells of the offspring (Fig. 25.3). The increased responsiveness of the offspring
is not through changes in pup macrophages [160]. In adoptive transfer studies, transfer of splenic
dendritic cells from non-challenged neonates of allergic mothers into neonates from non-allergic
mothers confers increased allergic susceptibility in recipient neonates (Fig. 25.3) [160]. In contrast,
the transfer of macrophages from non-challenged neonates of allergic mothers into neonates from
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non-allergic mothers does not confer increased allergic susceptibility in recipient neonates [160]. The
dendritic cell changes include changes in numbers of discrete subsets of dendritic cells [32, 33] and
in responses by dendritic cells [160, 167, 168].

There are an increased number of discrete subsets of dendritic cells in offspring of allergic moth-
ers. In the fetal livers from allergic mothers and in the OVA-challenged pup lungs from offspring of
allergic mothers, there are increased numbers of CD11b + subsets of CD11¢ + dendritic cells [169], a
dendritic cell subset that is critical for generation of allergic responses [168]. In contrast, in these tis-
sues, there are no changes in CD11b- regulatory dendritic cell subsets, including plasmacytoid den-
dritic cells and CD103+ dendritic cells [169]. Furthermore, before antigen challenge of the pups, the
dendritic cells of pups from allergic mothers had little transcriptional changes but extensive DNA
methylation changes [170]. Then, after allergen challenge, there were many transcriptional changes in
the dendritic cells of pups of allergic mothers as compared to pups of non-allergic mothers [170].
These studies suggest that maternal mediators, which do not direct allergen specificity, may be trans-
ferred from the mother to the offspring and these mediators regulate offspring dendritic cells and
heighten the responsiveness of offspring to challenge with suboptimal doses of allergens.

A maternal effect on offspring allergic responses has also been demonstrated for maternal expo-
sure to environmental irritants. Maternal inhalation of titanium oxide or diesel exhaust particles dur-
ing pregnancy increases responses of offspring to allergen challenge [22]. Also, skin sensitization to
toluene diisocyanate (TDI) induces a Th2 response in the mother, and when the mother is mated after
a second dose of TDI, the offspring have increased allergic responses to suboptimal OVA [171]. In
contrast, a Th1 response in the mother may protect the offspring from developing allergic responses.
When females are sensitized to dinitrochlorobenzene (DNCB) which induces a Th1 response and then
mated, the offspring do not develop an allergic response to suboptimal OVA [171]. Also, offspring are
protected from development of asthma by prenatal challenge of the mother with LPS, which induces
a Thl inflammation, an increase in the Thl cytokine IFNy, and a decrease in the Th2 cytokines IL-5
and IL-13 [172-175]. Injection of non-allergic mothers with IFNy on gestational day 6.5 protects
against the development of allergic responses in offspring [176]. Fedulov et al. [177] demonstrated
that treatment of the offspring from allergic mothers on postnatal day 4 with CpG oligonucleotides, a
TLRO agonist and Thl-type stimulant [178], protected the offspring from development of allergic
responses to suboptimal OVA challenge. Therefore, exposure of allergic mothers or offspring from
allergic mothers to a Th1 stimuli inhibited offspring responses to allergen challenge.

After birth, early in life, breast milk of allergic mother mice may influence development of allergic
responses in offspring. However, milk of allergic mothers is not necessary for the offspring allergic
responses, because the in utero maternal effects are sufficient for allergic responses by offspring of
allergic mothers. Briefly, pups from allergic mothers that are nursed by non-allergic mothers still have
an allergic response to suboptimal challenge with OVA [159]. Therefore, maternal effects in utero
mediate development of allergen responsiveness in offspring of allergic mothers [159]. However,
breast milk is sufficient, but not necessary, for maternal transmission of asthma risk in the offspring
because when pups from non-allergic mothers are nursed by allergic mothers, the pups exhibit a
response to suboptimal allergen challenge [159]. In that study, the breast milk from allergic and non-
allergic mothers contained no detectable IFNy, IL-2, IL-4, IL-5, IL-13, or TNFa, suggesting that other
mediators increase the risk of offspring allergy through breast milk [159]. In clinical studies of other
nutrients in breast milk, the mediators, omega-3 and omega-6 polyunsaturated fatty acids, in human
milk associate with asthma and atopy, but the mechanism is not known [179, 180]. It is also reported
that omega-3 fatty acids during pregnancy associate with lower infantile wheeze [181].

In contrast to studies of allergic mothers, the function of breast milk has been studied for mothers
that were not allergic at preconception. In these models, the non-allergic mother mice were exposed
during pregnancy or lactation to allergen or to an antigen tolerance protocol. In mouse models where
the mother was not allergic at preconception but then exposed during pregnancy or lactation to aller-
gen or an antigen tolerance protocol, there was protection of offspring responses to allergen sensitiza-
tion/challenge [182]. In these studies, exposure of normal female mice during lactation to OVA results
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in the transfer of antigen and TGFp in milk, and this inhibited the development of inflammation of
offspring treated later in life as adults (6—8 weeks old) by two sensitizations with OVA/alum and five
OVA challenges [182]. These adult offspring had elevated regulatory CD4+ T cells, and the increase
in regulatory T cells was dependent on milk TGFp but not milk immunoglobulins [182], consistent
with inhibition of allergic responses as adults. In another approach, it was demonstrated that sensitiza-
tion of females before mating and then extensive antigen challenges (ten OVA challenges) during
lactation resulted in the transfer of IgG immune complexes in the milk and induction of regulatory T
cells and tolerance in the offspring when offspring were challenged with OVA at 6—8 weeks old; in
this model, immune complexes but not TGFf in the milk were required for tolerance [183]. In sum-
mary, depending on timing, doses, and number of antigen challenges, factors in breast milk can
contribute mediators that either increase or decrease offspring responses to allergen. However, consis-
tently, if the mother is allergic before mating, the offspring have elevated responses to allergen.

An endogenous transplacental maternal mediator in allergic mice has been suggested to contribute
to the increased responsiveness in the offspring to suboptimal OVA challenge [184]. In adult mice and
rats, OVA sensitization and challenge increase stress [185—-190] and increase endogenous serum cor-
ticosterone [191, 192]. Symptoms of stress/anxiety are commonly associated with allergy/asthma in
adult mice and in humans [193-197], but whether this contributes to allergic responses in children is
not known. During pregnancy, maternal corticosterone is elevated, can cross the placenta, can affect
fetal cortisol levels [198, 199], and is a strong inducer of Th2 responses [200, 201]. Cortisol is also
present in human breast milk [202] and has the potential to affect allergic responses in neonates.
Consistent with the mechanistic studies in mouse models, in pregnant asthmatic women without treat-
ment for asthma, a deficiency in the placenta of a cortisol-metabolizing enzyme 1 1beta-hydroxysteroid
dehydrogenase 2 leads to increased fetal cortisol and low birth weight which is predictive of lower
lung function later in life [203, 204]. In adult 4-week-old mice, stress exacerbates OVA-induced aller-
gic responses, and this is blocked by pretreatment with a glucocorticoid receptor antagonist [192].
Subjecting pregnant female mice to stress increases endogenous corticosterone, increases offspring
allergic responses to suboptimal allergen, and increases offspring airway responsiveness after subop-
timal allergen challenge [184, 198]. Glucocorticoid during pregnancy may be sufficient for allergic
responses in offspring because administration of a low dose of glucocorticoid to non-allergic mothers
on day 15 of gestation increases offspring allergic responsiveness to suboptimal allergen challenge
[184]. When the mother mice are subjected to stress and treated during pregnancy with an inhibitor of
endogenous corticosterone synthesis, there is a reduction in the allergic response by the offspring
[184]. Therefore, elevated corticosterone in allergic pregnant mice might contribute as a mediator that
is transferred from the mother to the fetus or in the breast milk to the neonate, resulting in enhanced
responses of offspring to suboptimal allergen challenge. However, the studies with corticosterone
were done with BALB/c mice, and in our hands, administration of corticosterone to C57BL/6 does not
result in offspring with allergic responses (unpublished observations), even though offspring of aller-
gic C57BL/6 mice consistently exhibit responsiveness to allergen [32, 33]. This suggests that there are
mouse strain-specific effects of corticosterone. Thus, perhaps maternal corticosterone contributes, but
there are likely additional mechanisms as well. Understanding mechanisms of maternal transfer of
risk for allergy to offspring and mechanisms for tocopherol isoform regulation of this risk will have
an impact on limiting the development of allergic disease early in life.

In Preclinical Studies, a-Tocopherol Supplementation of the Mother
Reduces Allergic Responses in Offspring

The allergic responsiveness of offspring of allergic mothers is inhibited when allergic female mice
are bred and then receive a-tocopherol supplementation during the pregnancy/lactation (Fig. 25.4)
[169]. In this study, mothers received 250 mg a-tocopherol/kg diet or a basal a-tocopherol diet
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(45 mg a-tocopherol/kg diet) [169]. A basal a-tocopherol diet is used as the control rather than a
tocopherol-deficient diet because adequate a-tocopherol levels are required for placental development
and thus the fetus [46, 47]. There are no effects on pup weight, pup numbers, or pup gender distribu-
tion by tocopherol supplementation or OVA treatments [169]. The a-tocopherol-supplemented diet
increases liver a-tocopherol in the saline-treated mothers threefold as compared to basal diet controls
[169], which is consistent with previous reports for this diet in adult female mice [51, 75]. The
a-tocopherol tissue concentrations are lower in allergic mothers than non-allergic mothers after
a-tocopherol supplementation, which is consistent with reduced a-tocopherol levels in human asth-
matics [112-114, 205]. In the future, studies of levels for sufficient a-tocopherol supplementation
with disease are needed in nonpregnant and pregnant humans, especially since prenatal vitamins often
contain multiple tocopherol isoforms. The maternal a-tocopherol supplementation increases pup liver
a-tocopherol 2.5-fold [169]. Regarding allergic inflammation in the pups, the maternal a-tocopherol
supplementation during pregnancy/lactation results in a dose-dependent inhibition of lung eosinophils
[169] in the OVA-challenged pups from allergic mothers as compared to OVA-challenged pups from
non-allergic mothers [169]. Maternal a-tocopherol supplementation of allergic female mothers
reduces OVA-induced pup lung mRNA expression of cytokines that regulate allergic inflammation
(IL-33 and IL-4) and chemokines for eosinophil recruitment (CCL11 and CCL24) [169]. Therefore,
a-tocopherol supplementation of allergic mothers inhibits allergic inflammation in OVA-challenged
pups from the allergic mothers.

There is a regulatory effect of a-tocopherol in utero and in the milk as determined by cross-fostering
pups at birth. Cross-fostering pups from allergic mothers with 250 mg a-tocopherol/kg diet to allergic
mothers with basal diet (45 mg a-tocopherol/kg diet) indicated that a-tocopherol supplementation of
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the allergic mother during pregnancy was sufficient to inhibit the OVA-induced increase in neonate
lung eosinophils [169]. In addition, a-tocopherol supplementation during lactation reduces the aller-
gic responses in the neonates [169], suggesting a contribution of a-tocopherol after birth [169]. In
summary, o-tocopherol supplementation of allergic mothers during pregnancy is sufficient to reduce
development of allergic responses in the offspring.

a-Tocopherol supplementation starting at conception of a second pregnancy of allergic female
mice also inhibits development of allergic lung inflammation in offspring. The offspring from allergic
mothers that were supplemented with a-tocopherol at the time of a second mating had a > 90% inhibi-
tion of lung lavage eosinophils in the OVA-challenged pups [169]. Moreover, in OVA-challenged
pups from allergic mothers, a-tocopherol reduces pup lung mRNA expression of several mediators of
allergic inflammation: the cytokines IL-4, IL-33, and TSLP and the chemokines CCL11 and CCL24
[169]. There are no effects of maternal a-tocopherol supplementation on pup low levels of the Thl
cytokine IFNy or the regulatory cytokine IL-10 [169], indicating that a-tocopherol does not switch the
response to OVA to a Th1 response.

In Preclinical Studies, y-Tocopherol Supplementation of Allergic Mothers
Highly Elevates Offspring Allergic Responses

Maternal diets supplemented with 250 mg y-tocopherol/kg diet during pregnancy/lactation increase
the maternal liver y-tocopherol level twofold and the pup liver y-tocopherol fivefold, consistent with
the fold tocopherol changes in human and mouse tissues after supplementation [20, 50-52, 73, 75].
This y-tocopherol supplementation of allergic female mice increased offspring lung eosinophils in
response to suboptimal allergen (Fig. 25.4) [33]. It is important to note that y-tocopherol does not
induce allergic inflammation in the OVA-challenged pups from non-allergic mothers [33], indicating
that endogenous maternal factors of allergic mothers are required for offspring inflammation. In pups
from allergic mothers, maternal d-y-tocopherol supplementation increases inflammatory mediators
including the Th2 mediator amphiregulin, IL-5, CCL11, CCL24, activin A, and GM-CSF. Of concern
and potential relevance in humans, maternal y-tocopherol supplementation also decreases the percent-
age of female mice that had pups. However, for those females that had pups, there is no affect numbers
of pups per litter or pup body weight. It is not known whether y-tocopherol influences placentation,
placental development of fetal development. The data suggest that reduced numbers of mothers with
pups and increased pup allergic responses with y-tocopherol supplementation have potential impor-
tant implications for children of allergic mothers that consumed y-tocopherol in the diet or prenatal
vitamins as well as for infant formulas supplemented with y-tocopherol. To better define implications
of early life tocopherol regulation in humans, further clinical studies are needed.

In Preclinical Studies, Offspring Dendritic Cells Are Regulated by Maternal
y-Tocopherol and a-Tocopherol Supplementation

The increase in the numbers of dendritic cell subsets in offspring of allergic mothers is regulated by
tocopherol isoforms. Maternal supplementation with a-tocopherol reduces the OVA-stimulated pup
lung and fetal liver numbers of CD11b + subsets of CD11c + dendritic cells, including resident den-
dritic cells, myeloid dendritic cells, and CD11b + alveolar dendritic cells, without altering CD11b-
subsets of CD11c + dendritic cells, including plasmacytoid dendritic cells, CD103+ dendritic cells,
CD11b- alveolar dendritic cells, and alveolar macrophages [169].
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Most remarkably, a-tocopherol supplementation does not completely deplete CD11b + dendritic
cells, but instead, a-tocopherol supplementation of allergic mothers reduces the numbers of pup
CD11b + dendritic cells to the numbers of these dendritic cells in pups from non-allergic mothers
[169]. This suggests that a-tocopherol does not block the baseline dendritic cell hematopoiesis but
instead may block the signals from allergic mothers that specifically induce the increase in differentia-
tion of CDI1c + CD11b + dendritic cell subsets in offspring. Consistent with this, the offspring
CD11b- subsets of CD11c + dendritic cells are not altered by maternal supplementation of a-tocopherol
[169]. It is also reported that in the pup lungs and fetus of allergic mothers, the changes in
CDll1c + CDI11b + dendritic cells occur without altering the expression of the antigen-presenting
molecule MHCII and the costimulatory molecules CD80 and CD86 [169].

In contrast to a-tocopherol supplementation, maternal supplementation with y-tocopherol increases
fetal liver and pup development of CD11c + CD11b + dendritic cells but not numbers of offspring
regulatory CD11b- dendritic cell subsets [33]. In addition, with y-tocopherol supplementation, there
is an increase in pup cytokines, chemokines, and lung IRF4 + CD11c + CD11b + dendritic cell subsets
which are critical to development of allergic responses. y-Tocopherol supplementation of the allergic
mothers also increases generation of IRF4 + CD11c + CD11b + dendritic cells in the fetal liver [33].
In the fetal livers of y-tocopherol-supplemented mothers, there are fewer regulatory CDI11b-
CDll1c + pDCs [33], suggesting that with y-tocopherol supplementation, there may be a reduced
control of magnitude of responses to allergen challenge early in life. However, in the OVA-challenged
pup lung, the number of pDCs was not altered with y-tocopherol supplementation [33]. For the fetal
liver and pup lung, there was no effect of d-y-tocopherol on the level of expression per dendritic cell
of MHCII, CD80, or IRF4 [33].

Maternal d-y-tocopherol supplementation also partially increases numbers of resident DCs in the
fetus and OVA-challenged pup lung of offspring of non-allergic mothers but not as much as the
increase in resident dendritic cells of the OVA-challenged pups from d-y-tocopherol-supplemented
allergic mothers [33]. This is consistent with the increased GM-CSF with y-tocopherol supplementa-
tion in pup lungs from allergic mothers [33]. y-Tocopherol also increased activin A in pups from non-
allergic and allergic mothers [33]. Activin A is a member of the TGFf superfamily of cytokines and
regulates allergic inflammation [206]. Activin A can induce differentiation of monocytes to mDCs,
and recruitment of DCs and activin A is produced by several cell types including epithelium, endothe-
lium, mast cells, fibroblasts, and dendritic cells [207]. Therefore, with maternal y-tocopherol, activin
A may function in concert with other mediators to increase numbers of DCs and allergic inflamma-
tion. Consistent with y-tocopherol increasing inflammation, it increases the chemokine CCL11 in
pups from allergic and non-allergic mothers, and it increases the chemokine CCL24 and the cytokine
IL-5 in the pups from non-allergic mothers [33]. OVA challenge in pups from allergic mothers with
d-y-tocopherol does not result in further increases in CCL24 or IL-5 [33], which may indicate that a
maximum response was achieved with OVA challenge. Nevertheless, the pups from the allergic moth-
ers with d-y-tocopherol have elevated CCL11 and amphiregulin suggesting that in combination, these
signals as well as the presence of GM-CSF, CCL24, IL-5, and activin A may function to amplify
recruitment of eosinophils in pups from y-tocopherol-supplemented allergic mothers.

The tocopherol isoforms can directly regulate bone marrow dendritic cell differentiation.
a-Tocopherol supplementation during 8-day cultures of GM-CSF-stimulated bone marrow cells
reduces the generation of CD45+ CD11b + CD1 1c + dendritic cells and the number of cells with resi-
dent dendritic cell phenotype (CD45 + CD11b + CD11c + Ly6c-MHCII- dendritic cells) without
affecting the percentage of viable cells in the culture [169]. y-Tocopherol also directly regulates
hematopoietic development of dendritic cells because d-y-tocopherol increased the generation of
IRF4 + CD11c + CD11b + bone marrow-derived dendritic cells in vitro [33].

In summary, maternal supplementation with y-tocopherol increases and maternal supplementation
with a-tocopherol decreases generation of CD11c + CD11b + DCs and signals for allergic inflamma-
tion during development. Studies of tocopherol isoform-specific regulation of inflammation provide a
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basis toward designing drugs, supplements, and diets that more effectively modulate these pathways
in allergic disease. The function of tocopherol isoforms on allergic inflammation and asthma has
implications for tocopherol isoforms in prenatal vitamins, in infant formula, and in the diet which may
impact risk for allergic disease in future generations. More studies are needed in humans to examine
short-term versus long-term outcomes of a range of plasma concentrations of tocopherol isoforms.

Conclusion

The differences in outcomes of clinical studies with tocopherol isoforms are consistent with the mech-
anistic studies of opposing regulatory functions of these tocopherol isoforms in animal asthma models
and in cell cultures with physiological doses of the tocopherol isoforms. The anti-inflammatory func-
tion of a-tocopherol and potent pro-inflammatory function y-tocopherol, at least, reflects the opposing
function of these in the regulation of signaling pathways essential to the inflammatory process.
Understanding of the differential regulation of inflammation by isoforms of vitamin E provides a basis
toward designing drugs and diets that more effectively modulate inflammation and improve lung func-
tion in disease in adults and during development.

The rapid increase in rates of asthma implies that the environment influences the generation of
asthma and allergic inflammation. Therefore, changes in diet and/or lifestyle could modify disease.
Forthcoming studies in preclinical models and clinical studies need to include measurements of
tocopherol isoforms in the supplements, vehicles for the supplements, and, most importantly, the
plasma and/or tissues before and after intervention. The measurement of plasma or tissue levels is
necessary for adequate interpretation of study outcomes. Further studies are necessary to define and
provide a basis for recommendations for doses for tocopherol isoforms in healthy individuals and
particularly in inflammatory disease states in adult human females and males as well as ethnic groups
that differ in prevalence of asthma [208, 209]. The potential of dietary manipulation and supplementa-
tion in allergic pregnant mothers and children with asthma requires further work. Interventions in diet
early in life, in relation to childhood asthma, raise the possibility of limiting development of allergic
disease.
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