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REVIEW

The role of diet in the aetiology of asthma

A. FOGARTY and J. BRITTON

Division of Respiratory Medicine, University of Nottingham, City Hospital, Nottingham, UK

Asthma is a respiratory disease characterized by increased
airway responsiveness, inflammation and variable airflow
obstruction. The prevalence of asthma and associated atopy
has increased substantially over the past 30 years in most
developed countries [1-4] and appears to have risen in
developing countries in relation to the degree of affluence of
the population [5—11]. These observations suggest that the
prevalence of asthma and atopy is strongly dependent on
environmental factors associated with an affluent lifestyle,
and have initiated a search for cultural influences that may
be implicated.

Although the explanation for the rise in asthma preva-
lence in developed countries is not known, it has coincided
with a marked change in the diet of these nations, with
decreased intake of fresh fruit, green vegetables, potatoes,
meat, fish and milk, as seen in the United Kingdom [12], a
trend that is also seen elsewhere in the developed world.
Diet is an environmental factor that changes rapidly with the
shift from a rural subsistence to an urban lifestyle, and from
a controlled to a free market economy. The hypothesis that
an alteration in the diet of nations may be causing the
changes in the prevalence of asthma was initially proposed
by Burney [13] and later developed by Seaton [14], and has
since attracted a great deal of interest. Available evidence
falls into two broad categories: epidemiological studies
examining the role of differences in dietary intake of
specific nutrients in explaining the distribution and inci-
dence of asthma; and intervention studies utilizing dietary
or parenteral supplementation to modify the disease. Iden-
tification of a food constituent that influences the develop-
ment or severity of asthma permits the possibility of dietary
manipulation as a therapeutic intervention.

This review will consider the published evidence for the
effects of individual nutrients on asthma and the possibi-
lities for treatment, concentrating particularly on sodium,
magnesium, antioxidants including vitamins C and E, and
fatty acids. The evidence reviewed is derived from various
sources, including some large epidemiological datasets
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which have been used by several independent investigators
to explore effects from different nutrients. For convenience,
these datasets are summarized now. Four, large, cross-
sectional studies explored the role of nutrient intake in
asthma by using dietary questionnaires to measure intake
of food constituents, and different methods of measuring
diseases and outcomes in different populations. The First
National Health and Nutrition Examination Study (NHANES I)
measured forced expiratory flow rate in 1 s (FEV,) in 2526
randomly sampled adults aged 30—70 years from the USA
[15], and the Second National Health and Nutrition Exam-
ination Survey (NHANES II) assessed the relationship
between dietary intake and respiratory symptoms in 9074
adults aged 30 years or older [16]. The MORGEN Study
measured FEV; and forced vital capacity (FVC) in 6555
subjects aged 20-59 years from the Netherlands [17], and
we assessed bronchial reactivity and spirometry in 2633
subjects in an adult population aged 18-70 years from
Nottingham in the UK [18—20]. There are two large pro-
spective studies of the effect of diet on lung disease. The
Nurses’ Health Study from The United States contains
dietary questionnaire data on 77866 women aged 34—68
years followed since 1980 [21], and is the only prospective
study to use diagnosed asthma as an endpoint. The Zuphen
Study followed 793 middle aged men in the town of
Zutphen in the Netherlands from 1960 to 1985, using an
interview with a dietician to assess diet and having an
endpoint of chronic non-specific lung disease, a diagnosis
based on episodes of respiratory symptoms lasting more
than 3 months, or a diagnosis of asthma, chronic bronchitis
or emphysema [22]. All of these datasets have been used to
address dietary and other hypotheses relating to asthma, and
different investigators analysing individual nutrient effects
have not always adjusted for effects of other nutrients shown
to be related to the outcome in question in other studies. It is
therefore sometimes unclear whether effects seen in these
analyses are truly independent, although effects seen con-
sistently in different datasets are perhaps more likely to be
valid. The effects of different nutrients seen in these and
other studies are as follows.
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Sodium

The suggestion that sodium may play a role in the aetiology
of asthma was first advanced by Burney, with the observa-
tion that regional differences in asthma mortality in men and
children (but not women) in England and Wales correlated
with table salt purchases [13]. This hypothesis is physiolo-
gically plausible in view of the key role of sodium in
maintaining nerve and muscle function, and a parallel can
be drawn with the emergence of dietary sodium as a
significant factor in the aetiology of hypertension, another
disease involving smooth muscle dysfunction [23]. In a
study of adult men with recent respiratory symptoms,
bronchial reactivity was seen to be related to 24 h urinary
sodium excretion, with a 10-fold difference in reactivity
over the 95% range of sodium excretion in 138 men [24]. A
similar association has since been reported in a sample of
men of whom approximately half had symptoms suggestive
of asthma [25]. In children with asthma, dietary salt intake
has been shown to be associated with increased airway
reactivity to methacholine, but not with the diagnosis of
asthma or the presence of exercise-induced bronchospasm
[26]. In a study of 2593 children, a high sodium intake was
found to be related to the presence of wheeze in boys,
although no association was seen either in girls or with
sodium excretion in either gender [27]. Other epidemiolo-
gical studies have found no evidence in support of this
hypothesis, however, with two large cross-sectional popula-
tion surveys showing no relationship between high urinary
sodium excretion and bronchial reactivity in 2020 children
[27] or 1702 adults [19], and negative findings in two smaller
cross-sectional studies [28,29] and also in a study of 205 adults
assessing sodium intake by dietary questionnaire [30].

The first of the clinical intervention studies carried out to
date was a small open study that showed a rise in airway
responsiveness to histamine in men and women when
dietary sodium was increased [31]. Three randomized
double-blinded clinical trials have since produced objective
evidence of an improvement in several clinical parameters
of asthma following a period of sodium restriction com-
pared with sodium supplementation for up to five weeks,
although not all of the observed effects were conclusive.
Improvements were seen in bronchial reactivity in 14 men
but not in 22 women in one study [32], in bronchial
reactivity, FEV,, peak flow, symptom scores and broncho-
dilator use in 27 men [33] in another study, and in FEV, and
symptoms but not bronchial reactivity in 14 adults of both
sexes [34] in a third study. One similar study found no effect
on peak flow or 3-agonist usage in 17 subjects [35]. Direct
comparison of these studies is difficult because they all used
different degrees of sodium restriction and supplementation,
with daily sodium supplements varying from replacement
[32] to supraphysiological levels [33].

On balance, however, these trials suggest that although
dietary sodium does not have a consistent association with
bronchial reactivity in the general population, an increase in
sodium intake does seem to increase bronchial reactivity
and other relevant clinical parameters of asthma, particu-
larly in men. A potential mediator for this effect has been
noted in the serum of young men with hyperresponsive
airways, which, when incubated with leucocytes from non-
atopic subjects, leads to increased intracellular sodium [25].
The important question of the extent to which simple
reduction of sodium intake in the normal diet of patients
with asthma can contribute to an improvement in asthma
control in usual clinical practice remains uncertain, but in
view of the simplicity and widespread applicability of this
intervention, it merits further investigation.

Magnesium

Magnesium is a predominantly intracellular cation that
plays a part in the maintenance of the resting potential
across cell membranes; it is also an essential co-factor for
enzymes that require adenosine triphosphate, has an anti-
inflammatory effect [36], and is involved in the synthesis
and replication of RNA and DNA [37]. It is obtained
principally from cereals, nuts, green vegetables and dairy
produce, although cooking or processing of food leads to
depletion of magnesium [38].

We reported epidemiological evidence of a relation
between dietary magnesium intake and airway reactivity
in a random cross-sectional sample of 2633 adults from a
Local Authority Area in Nottingham, UK [20]. The effect of
dietary magnesium on bronchial reactivity was identified
while exploring potential confounders of a failure to
detect an association with sodium [19]. Dietary magne-
sium intake was measured by semi-quantitative question-
naire and assessed in relation to lung function and allergen
skin prick test data. Airway reactivity was measured in
2415 of these individuals by methacholine challenge. After
adjusting for the effects of age, sex, height, atopy and
smoking, a 100mg/day higher magnesium intake was
associated with a reduction in the relative odds of hyper-
reactivity by a ratio of 0.82 and a 27.7mL higher FEV
However, the difference in FEV; rose to 68mL per
100 mg/day higher magnesium intake after adjustment for
total kJ intake to allow for confounding by other general
nutrient effects. The same incremental difference in daily
magnesium intake was also associated with a reduction in
the odds of self-reported wheeze in the past 12 months by a
ratio of 0.85 adjusted for age, sex, smoking, atopy and kJ
intake. Similarly, an association between bronchial reactiv-
ity and dietary magnesium was shown in a more recent
case-control study from Scotland of 52 subjects reporting
respiratory, ocular and nasal symptoms, demonstrating a
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dose-effect relationship with a fivefold difference in the
risks of bronchial reactivity between the lowest and the
highest tertile of magnesium consumption [39]. Com-
parison of intracellular magnesium levels in asthmatic
subjects in relation to healthy controls has produced con-
flicting results [40—42], although two recent studies have
shown an association between decreased bronchial reac-
tivity and intracellular erythrocyte magnesium levels
[43,44].

The developing epidemiological evidence that dietary
magnesium may be of relevance in the aetiology of
asthma has coincided with an increasing consideration
of the benefits of intravenous magnesium in the treatment
of other diseases, such as myocardial infarction [45] and
eclampsia [46], and the realization that magnesium sup-
plementation may have a role in the management of
bronchial asthma [47]. Studies on the effect of magnesium
supplementation on asthma have been carried out in both
stable asthma and during episodes of exacerbation. There
is some evidence that in stable asthma, magnesium
supplementation may have an effect on asthma control.
In a study of 18 stable subjects with asthma, oral
magnesium supplementation of 300 mg/day in an open
label study over approximately 30 days [48] decreased
bronchial reactivity as measured by methacholine chal-
lenge, although a randomized placebo cross-over study of
17 stable asthmatic subjects exposed to 400 mg magne-
sium for three weeks while on a low magnesium diet was
only associated with a significant improvement in symp-
tom scores, with no evidence of improvement in objective
measures of airflow or airway reactivity [49]. Single dose
parenteral administration of magnesium sulphate in a
double-blind, placebo-controlled, cross-over study in
stable asthma resulted in a bronchodilating effect
(approximately 130mL increase in FEV; maximal at
20min) but with no associated change in bronchial
reactivity in this study [50]. Although this is consistent
with earlier reports of bronchodilatation with similar doses
of intravenous magnesium [47,51], a beneficial effect has
not always been observed [52]. Similarly, some studies of
parenteral magnesium supplementation in acute asthma
have shown evidence of benefit but overall, the results of
these studies have been inconclusive [53-57].

In summary, the current evidence suggests that a high
dietary magnesium intake may be associated with higher
levels of lung function and reduced bronchial reactivity,
while magnesium administered systematically has a mild
bronchodilator effect, which may be more easily demon-
strable in acute exacerbations than in stable disease. Defi-
nitive trials of the role of dietary magnesium on asthma are
required, and we are presently investigating the effect of
magnesium supplements on the control of asthma over 4
months with a placebo-controlled trial.

Potassium

Potassium is the main intracellular cation and has a role in
maintaining the trans-membrane potential difference that
influences nerve conduction and muscle tone. Morning
urinary potassium concentration was shown to be associated
with higher levels of bronchial reactivity in a cross-sectional
study of 916 boys [27], but results in adults have been
conflicting. One study suggested an association between
methacholine-induced bronchoconstriction and 24 h urinary
potassium excretion [28], while another did not show a
relationship in 138 men with respiratory symptoms as
assessed by histamine challenge [24]. No association was
noted between potassium intake and wheezing or bronchitis
in the NHANES 1I survey [16]. At present, therefore, there
is no consistent evidence for the involvement of potassium
in the aetiology of asthma.

Antioxidants

Oxidizing free radicals are thought to play a significant role
in mediating the pathogenesis of both asthma and COPD,
and this has given rise to the hypothesis that relative
deficiencies of dietary antioxidants such as vitamin C,
vitamin E and selenium may increase susceptibility to
these diseases [58]. It is also possible that a diet containing
increasing amounts of polyunsaturated fat susceptible to
lipid peroxidation has led to a greater requirement for
dietary antioxidants compared with 30 years ago [59]. The
roles of individual antioxidant nutrients will be considered
together with studies of the effects of fruit intake, since this
food is a major source of antioxidant vitamins.

Fruit and vitamin C

Epidemiological studies have consistently demonstrated
lower levels of pulmonary function in individuals who
consume lower levels of vitamin C or foods containing
this vitamin. Cross-sectional studies of randomly selected
populations have shown positive associations between fresh
fruit consumption and lung function in national surveys of
9003 adults [60] and 2650 children [61], with a larger effect
on FEV| in a subset of subjects who reported wheeze in the
latter study. Similarly, evidence supporting the hypothesis
that vitamin C influences lung function is available from
large cross-sectional studies, although the effect was rela-
tively weak. Data from the NHANES I population from the
United States [15] demonstrated a 40 mL difference in FEV,
between the highest and lowest tertiles of vitamin C intake,
although not for vitamin C-rich vegetables. Our study in
Nottingham, UK [18], provided consistent results, with a
25 mL higher FEV, for each standard deviation or 40 mg in
vitamin C intake. A similar effect was seen in the MORGEN
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study [17], with a 53 mL increase in FEV, between the 10th
and 90th percentiles of vitamin C intake, and to a lesser
extent in a study of 3085 adults from China, in which an
increase of 100 mg vitamin C/day was associated with a rise
of 22mL in FEV; [62]. However, no relation between
vitamin C and lung function was seen in a smaller study of
an older population from England [63]. In terms of symp-
toms, vitamin C consumption was inversely related to cough
but not wheeze in the MORGEN study from The Nether-
lands [17]. An association between bronchial reactivity and
vitamin C intake was shown in a case-control study from
Scotland of people with seasonal asthma symptoms, with a
sevenfold increase in the risk of bronchial reactivity in the
lowest tertile of vitamin C consumption compared with the
highest [39].

Plasma vitamin C levels have also been used as a marker
of dietary intake, although this needs to be interpreted with
caution as plasma levels are reduced in smokers [64] and
tend not to vary in relation to higher levels of intake. Plasma
vitamin C levels in asthmatic subjects have been found
consistently to be lower in both adults [65] and children
[66]; raised levels of serum vitamin C appear to be asso-
ciated with higher lung function [67], lower frequencies of
self-reported wheezing and bronchitis in NHANES II [16],
and protection against adult onset wheeze in Scotland [68].
Thus, the cross-sectional data on the effect on asthma of
dietary fruit and vitamin C intake, and serum vitamin C
levels as a marker of intake, consistently show a benefit of
higher levels of consumption of fruit and food containing
vitamin C.

However, data from prospective longitudinal studies of
the development of asthma and pulmonary disease show
different effects of the consumption of fruit and vitamin C.
The Zutphen study suggested that fruit, but not specifically
vitamin C intake was inversely related to the subsequent
development of chronic non-specific lung disease [22], and
a prospective study of 2171 adults without a history of
chronic respiratory disease over a 7-year period showed a
more marked fall in FEV, in subjects who reduced their
fresh fruit consumption the most, compared with those who
did not change their dietary fruit intake after adjustment for
region, social class and smoking [69]. However, The
Nurses’ Health Study demonstrated no relationship between
dietary vitamin C intake and the subsequent incidence of
asthma in a cohort of 77 866 women [21]. The discrepancy
between the Zutphen Study and the Nurses’ Health Study
may possibly be explained by the difference in the gender of
the subjects and the different outcome measures used, the
chronic non-specific lung disease outcome used in the
Zutphen Study encompassing a wider range of diseases,
particularly in a group consisting of a large proportion of
smokers. Alternatively, a protective effect of fruit may be
attributable to fruit constituents other than vitamin C.

Several studies of vitamin C supplementation on bron-
chial reactivity in asthmatic subjects have shown evidence
of improvement and we will concentrate on some of the
larger of these. Beneficial effects of vitamin C supplemen-
tation in short-term studies (involving less than three days of
supplementation) were observed, leading to a reduction in
exercise-induced bronchospasm in one double-blind trial
[70], and decreased bronchial reactivity to methacholine in
others [71,72]. Not all studies support these findings, how-
ever, with no beneficial effect of vitamin C supplementation
seen in asthmatics as assessed by spirometry [73], in two
double-blind studies using histamine challenge 1h after
vitamin C supplementation [74], or in spirometry, airway
conduction and antigen-induced bronchospasm after 7 days
supplemental vitamin C [75]. The protective effect of
vitamin C on methacholine-induced bronchoconstriction
has been shown to be attenuated by indomethacin, suggest-
ing that the mechanism of action involves prostaglandin
metabolism [71]. In subjects without asthma, a three-day
course of vitamin C was shown to confer a protective effect
on airway hyper-responsiveness to methacholine induced by
nitrogen dioxide exposure [76], while vitamin C and vita-
min E together attenuate ozone-induced bronchoconstric-
tion [77]. Similarly, vitamin C, vitamin E and (-carotene
over 18 days prevented bronchoconstriction in Mexican
street workers exposed to high levels of ozone in a
double-blind cross-over trial [78], and the same combina-
tion of antioxidants for three months conferred protection
against bronchoconstriction after exercise by cyclists during
exposure to ozone [79]. The only clinical double-blinded
study of longer term supplementation with vitamin C in
subjects with asthma demonstrated a reduction in the
severity and frequency of asthma attacks during 14 weeks
in the Nigerian rainy season in patients receiving vitamin C,
compared with a control group [80]. A further double-blind
controlled trial of other measures of atopy showed no
change in skin testing to antigen or nasal airway resistance
after vitamin C supplementation in adults with seasonal
allergic rhinitis [81].

Thus, the evidence suggests that consumption of higher
quantities of either fruit or vitamin C from all dietary
sources is associated with a small, but consistently higher
level of FEV, that vitamin C in combination with vitamin E
and 3-carotene confers protection against bronchoconstric-
tion associated with ozone exposure both in the presence
and absence of exercise, and that vitamin C supplementation
alone may reduce bronchial reactivity. The majority of
supplementation studies to date have involved single dose
or short-term administration in small numbers of adults.
Questions that remain to be answered relate to the identifi-
cation of the factor or factors responsible for the beneficial
effect of fruit consumption on lung function, clarification of
the benefit of vitamin C supplementation to subjects with
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stable asthma over a longer period of time, and the role,
if any, of vitamin C supplementation in acute asthma
exacerbations.

Vitamin E

Vitamin E is a fat-soluble micronutrient that is a constituent
of the cell membrane and, in conjunction with vitamin C, is
thought to contribute to the antioxidant defences against
membrane injury [82,83]. Thus, it may also have a protec-
tive role in asthma. Vitamin E may also modulate other
functions of the cell through effects on membrane stability
and permeability, eicosanoid production, suppression of
neutrophil migration [82] and inhibition of IgE production
[84].

Cross-sectional and case-control studies of the relation
between dietary vitamin E and lung function in the general
population are conflicting. Two of the larger studies, from
England [18] and the Netherlands [17], showed no indepen-
dent effect of vitamin E after allowing for the effect of
vitamin C. Nonetheless, a smaller cross-sectional trial of
178 elderly individuals demonstrated that vitamin E intake
was positively associated with lung function, independent
of vitamin C intake, in an elderly population [63], and a
larger cross-sectional investigation of 29 133 smokers from
the Alpha-Tocopherol Beta-Carotene Cancer Prevention
study demonstrated that the symptoms of dyspnoea and
wheeze were less frequent in relation to increased serum
levels or dietary intake of vitamin E [85]. Although no effect
of vitamin E intake on bronchial reactivity has been demon-
strated in two case-control studies [39,86], a recent nested
case-control study from Scotland demonstrated that higher
intakes of vitamin E and a raised serum «-tocopherol:trigy-
ceride ratio (adjusting for postprandial variation) were
inversely related to adult onset wheeze [68]. A case-control
study has also demonstrated lower vitamin E intake in
subjects with brittle asthma, as opposed to those with non-
brittle asthma or non asthma [87].

In the prospective Nurses’ Health Study, the subjects in
the highest quintile of vitamin E intake were found to be at
reduced prospective risk, compared with the lowest quintile,
of incident asthma over 10 years by a factor of about 50%
[21]. However, intervention with 5-8 years supplementa-
tion to a subset of the Alpha-Tocopherol Beta-Carotene
Cancer Prevention study using vitamin E in male smokers
had no effect on the subsequent development of symptoms
associated with chronic bronchitis, such as cough, dypnoea
and phlegm production [85], although no data have been
presented from that study on lung function. Vitamin E with
vitamin C and (-carotene in randomized trials protected
both Mexican street workers [78] and cyclists [79] against
bronchoconstriction after exposure to ozone.

The role or potential of vitamin E in the aetiology of

asthma is therefore still relatively unclear, appearing to be
important in the incidence of asthma but not lung function.
Further studies of the role of vitamin E in preventing
bronchoconstriction, with and without vitamin C and -
carotene, are warranted.

Niacin

Dietary intake of niacin, which acts as a co-factor for a
variety of enzymes involved in cellular respiration, was
inversely related to the risk of wheezing but not bronchitis

in the NHANES II study [16]. No other data are available on
the role of this vitamin in asthma.

Selenium

Selenium is essential to the activity of the glutathione
peroxidase enzymes, which are involved in lung antioxidant
defences [88]. Several investigators have shown lower
blood levels of selenium in subjects with asthma [89-94],
with conflicting observations on glutathione peroxidase
activity [89,90,95,96] which appears to be particularly low
in aspirin-induced asthma [97,98]. It is unclear whether
these observed low selenium levels are contributing to the
development of asthma or are a secondary effect of
increased antioxidant consumption. However, independent
verification of this relation has not been found, either in a
cross-sectional study of selenium levels and bronchial
reactivity in a case-control study from Scotland [39], or
prospectively in the development of chronic respiratory
disease in the Zutphen study [22]. The only intervention
study available is a randomized placebo-controlled trial
lasting 14 weeks in 24 subjects with asthma which demon-
strated a clinical improvement with selenium as assessed by
a composite measure of clinical parameters, lung function
and pulmonary reactivity, although not for individual com-
ponents [99]. On current evidence, it is uncertain whether
selenium is involved in the pathogenesis, or is of potential
value in the treatment of asthma. At an ecological level,
there are areas, such as Tibet, China, Siberia and North
Korea, where selenium deficiency is reported to be endemic
[100] but to date, there is no evidence of increased pre-
valence of asthma in these countries [101] relative to those
with abundant selenium in the diet. The effect of dietary
selenium in the aetiology of asthma therefore remains
uncertain.

Manganese

Manganese is an essential trace element that is a co-factor in
many cellular enzymes including those with antioxidant
activity. Only one case-control study to date has investi-
gated the role of manganese in asthma, and this concluded
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that manganese dietary intake is inversely related to bron-
chial reactivity, with an odds ratio of 8 for having increased
bronchial reactivity for those in the lowest tertile of dietary
consumption compared with those in the highest tertile [39].
Further work is needed to clarify the role of this element and
its status in the asthmatic subject.

Vitamin A and -carotene

B-carotene acts as a dietary precursor for vitamin A, con-
version occurring in the small intestine [82]. It is also
absorbed intact and has some intrinsic biological activity
with antioxidant properties. Most studies have examined
these substances individually, but it should be borne in mind
that levels of vitamin A and -carotene are interdependent.

B-carotene
Two, large, cross-sectional studies have suggested that
higher levels of dietary (B-carotene consumption are asso-
ciated with higher levels of pulmonary function and reduced
respiratory symptoms. The MORGEN study showed that
subjects with the highest quintile of intake of 3-carotene had
a 60mL higher FEV, and 75mL higher FVC than those
with the lowest quintile of intake [17]. The Alpha-
Tocopherol Beta-Carotene Cancer Prevention study of
29133 smokers demonstrated that dyspnoea and wheeze
were lower with increased serum levels and dietary intake of
B-carotene [85]. Similarly, the Carotene and Retinol Effi-
cacy trial showed that higher serum (- carotene levels were
associated with greater baseline FEV; in an asbestos-
exposed cohort [102]. However, two case-control studies
found no evidence of association between (3-carotene con-
sumption and bronchial reactivity [39] or adult onset
wheeze [68], and two longitudinal prospective studies
have found no relationship between dietary [-carotene
consumption and the subsequent development of either
chronic non-specific lung disease [22] or asthma [21].
Intervention with (§-carotene supplements had no effect
on decline either of lung function when given with vitamin
A for an 11-year period in the Carotene and Retinol Efficacy
trial (CARET) [103], or on the development of symptoms in
the Alpha-Tocopherol Beta-Carotene Cancer Prevention
study when 5-8 years of supplementation was given [85].
However, there may be a benefit when given in combination
with other antioxidants [78,79]. Evidence to date suggests,
therefore, that dietary (-carotene intake is related cross-
sectionally to lung function, but not to the prospective devel-
opment of asthma. Its role in preventing bronchoconstriction
requires further consideration, particularly to tease out its
relative contribution in studies with vitamin C and vitamin E.

Vitamin A

Few investigators have explored the role of dietary vitamin

A alone in the pathogenesis of asthma, although studies of
the relation between dietary vitamin A and lung function are
more numerous. A case-control study demonstrated a
decreased intake of vitamin A in subjects with brittle
asthma compared with those with non-brittle asthma or
controls [87], while data from the NHANES I study from
the United States showed that low levels of vitamin A and
milk consumption were associated with an increased risk of
airway obstruction, particularly in heavy smokers [104].
However, this relationship was not seen in a larger study
using data from the Atherosclerosis Risk in Community
(ARIC) study [105]. Raised serum retinol in an asbestos-
exposed cohort of current and former smokers was asso-
ciated with a higher FVC but not FEV; [102], while
elevated serum retinol was a marker of a lower risk of
subsequent airway obstruction 5 years later in white males
[86].

However, in the prospective Nurses’ Health study there
was no relationship between vitamin A intake and subse-
quent development of asthma over a 10 year follow-up
period [21] and similarly, the Zutphen study and the
CARET study demonstrated no relationship between dietary
vitamin A and the risk of subsequent development of
disease [22,103]. One very small study (of six subjects
with air flow limitation) demonstrated a reversible broncho-
dilator effect at 30 days [106]. At present, the evidence for
an independent role of vitamin A in the development of
asthma or chronic airflow obstruction is inconsistent.

Pyridoxine

Observations of altered tryptophan metabolism in subjects
with asthma led to the consideration of substances that may
account for these changes, particularly pyridoxine, in the
pathogenesis of asthma [107,108]. Cross-sectional studies
in adult asthmatics demonstrating low levels of serum
pyridoxal phosphate have been noted [109], although in
children with asthma, levels of a marker of pyridoxine
status, erythrocyte aspartate amino transferase, were similar
to controls without asthma [110].

The effect of administration of pyridoxine in asthma has
been tested in two trials in children. In one open study of 20
cases, pyridoxine was associated with a decrease in the
occurrence and severity of exacerbations [108], while in a
double-blind study in 76 children with asthma, pyridoxine
reduced the number of asthma attacks, symptoms and
medication usage compared with the placebo [107]. How-
ever, in a similar study in 31 adults who required oral or
inhaled steroids for their asthma, there was no improvement
in spirometry, symptoms scores or skin test reactivity to
histamine [111]. The mechanism of any beneficial effect of
pyridoxine in asthma is unclear, and changes in the haemo-
globin binding of oxygen [109] or tryptophan metabolism
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have been suggested to be important [107]. An alternative
explanation may be an effect involving magnesium metabo-
lism, since pyridoxine elevates red blood cell magnesium
levels [112], and pyridoxine depletion leads to an increase in
magnesium excretion that is reversed with pyridoxine sup-
plementation [113]. One factor complicating the cross-
sectional studies of pyridoxine levels in asthmatics is that
theophylline can reduce serum pyridoxal phosphate levels
[114] and thus distort any observations between those with
and without asthma. It is paradoxical that a known broncho-
dilator, such as theophylline, should decrease pryridoxine
levels in the blood yet improve asthma control, thus sug-
gesting that the role of pyridoxine in asthma, if one exists,
may be complex.

Copper

Copper may theoretically influence lung function, possibly
by its presence in superoxide dismutase, influencing anti-
oxidant status [115]. Few studies have specifically addressed
this question. In the NHANES II study, the serum zinc:copper
ratio was noted to be inversely related to lung function [16],
while in a subgroup of males from the Normative Ageing
study who had never smoked, the copper concentration in
drinking water was associated with higher measures of lung
function [116]. A similar study in Nigerian children demon-
strated lower plasma levels of copper in those with asthma
[117].

Zinc

There are few studies on the role of zinc in asthma, but a
case-control study from Scotland showed an increased risk
of seasonal allergic symptoms in the lowest tertile of
dietary zinc [39], while, as noted above, the zinc:copper
ratio was inversely related to lung function in NHANES II
[16].

Fatty acids

The hypothesis that the consumption of dietary fatty acids
can influence the development and activity of an inflamma-
tory disease such as asthma is attractive in view of the
complex metabolic role that fatty acids play in cell metabo-
lism and structure. During the period of increasing asthma
prevalence in England and Wales, dietary consumption of
fatty acids has also changed, with a marked increase in the
intake of omega-6 polyunsaturated fats and a decrease in
saturated fatty acids [59]. Support for the hypothesis that fat
intake may be important is available from a case-control
study showing an association of higher fat intake with adult
onset wheeze in Scotland [68], and a cohort study from

Malmo in which men with asthma had a higher intake of
dietary fat [118].

At present, the role of fatty acids on cell function and
disease is poorly understood, and, as many of the studies
available have utilized in vitro or animal models, the
relevance to humans remains unclear. However these
merit more detailed review as many observations may be
pertinent to the pathogenesis of asthma. Fatty acids are
classified as saturated or unsaturated depending on the
presence of carbon double bonds that alter molecular
shape and are susceptible to peroxidation. The metaboli-
cally influential polyunsaturated fatty acids can be divided
into two broad groups based on the position of carbon
double bonds: the n-6 fatty acids, which are precursors for
arachidonic acid and inflammatory mediators produced by
lipo-oxygenase and cyclo-oxygenase such as prostaglandins
and leukotrienes [119]; the n-3 fatty acids, which com-
petitively inhibit the metabolism of arachidonic acid and
also result in the production of less active prostanoids [120].
These latter, therefore, have the potential to reduce airway
inflammation and prevent bronchoconstriction. Fatty acids
also have a structural role in the cell membrane, influencing
membrane properties including beta-adrenergic receptor
function [121] and membrane-bound enzymes such as
NatK" ATPase responsible for membrane electrolyte
transport [122], all of which are thought to play a role in
the pathogenesis of asthma. Fatty acids also have effects on
the immune system which may be influential in the patho-
genesis of asthma. Polyunsaturated lipids decrease the
synthesis of cytokines (IL-2 and +y-interferon) associated
with the development of non-atopic Thl lymphocyte lines
[123,124], and may therefore contribute to the shift from
Thl to Th2 lymphocyte phenotype that is implicated in
the pathogenesis of asthma and atopy [125]. Higher
concentrations of unsaturated fatty acids enhance the
production of IgE and inhibit that of IgM, IgG and IgA,
and the observation that this effect may be replicated by the
oxidizing agent, hydrogen peroxide, and diminished by
vitamin E suggest that this may be due to increased lipid
peroxidation [84]. The end result, again, is likely to be a
more atopic phenotype. Polyunsaturated fatty acids also
influence lymphocyte activity by their effects on cellular
adhesion [126—128], eosinophil chemotaxis [129], and the
ability to present and recognize antigen that underpins the
immune response [128,130]. More detailed consideration of
these potential effects on lymphocyte function is beyond the
scope of this article, but they have been recently reviewed
by Calder [123]. It is possible to construct a hypothesis that
an imbalance of the inflammatory mediators found in the
airways of asthmatic subjects and of the atopic/non-atopic
lymphocytes that mediate the disease, and changes in the tone
and reactivity of the airways, are influenced by changes in the
dietary fats, leading to an increase in asthma prevalence.
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n-6 Polyunsaturated fatty acids

Relative and absolute consumption of polyunsaturated fatty
acids has increased over recent decades, the ratio of poly-
unsaturated to saturated fatty acids in the diet in the UK
increasing from 0.22 in 1970 to 0.40 in 1990 [12]. The
enhanced use of foods such as margarine that are rich in
polyunsaturated fatty acids has been noted to be greater in
genetically similar populations with higher incidences of
atopic disease in both Germany and Finland [59]. Data from
the former East Germany suggest that hay fever is positively
related to the pattern of polyunsaturated fat consumption
from margarine in a dose-related manner, and changes in the
consumption of butter showed an inverse association with
hay fever and atopic sensitization as assessed by skin prick
tests [131]. The NHANES 1II study did not show any
relationship between linoleic acid consumption and respira-
tory symptoms [16], but the prospective Zutphen Study
demonstrated a positive association between consumption
of the n-6 fatty acid linoleic acid and the development of
chronic non-specific lung disease [22]. However, the
Nurses’ Health Study showed no relation between linoleic
acid consumption and development of asthma [21]. The
only two double-blind intervention studies with an n-6
polyunsaturated fatty acid used evening primrose seed oil
and demonstrated no benefits [132].

n-3 Polyunsaturated fatty acids

Epidemiological studies of the effects of n-3 fatty acids have
predominantly measured the effect of diet on lung function,
and much of the available evidence therefore pertains to
chronic obstructive airways disease rather than asthma. A
large survey of 3450 individuals in Norway using a postal
questionnaire found no clear correlation between fish intake
and respiratory symptoms [133], although a smaller study of
Australian children did suggest an inverse relationship
between weekly oily fish intake and asthma [134]. At
present, this is the only study specifically providing evi-
dence of a link between fatty fish consumption and asthma.
Dietary fish intake was associated with higher spirometry
readings in the NHANES I study [135], and two large cross-
sectional surveys from the United States found that a higher
dietary intake of n-3 fatty acids was inversely associated in a
dose-related manner to the risk of chronic pulmonary
disease in both current smokers and ex-smokers from the
ARIC study [136], and that lung function was higher among
those with a high fish intake in a population of current
smokers from the Honolulu Heart Program [137]. Data from
the second National Health and Nutrition Examination
survey suggested a protective effect of fish consumption,
the main dietary source of n-3 fatty acids, against symptoms
of bronchitis and wheezing in an initial single factor

analysis, although this effect disappeared after considera-
tion of the effects of other nutrients and socio-economic
factors [16]. The Nurses’ Health study, the only prospective
study of the relationship between fatty acid consumption
and development of asthma, found no association with any
fatty acid intake over 10 years [21], while the Zutphen study
demonstrated no relation between n-3 polyunsaturated fatty
acid and the development of chronic non-specific lung
disease [22].

Intervention studies of eicosapentaenoic acid (EPA), an
n-3 fatty acid and the active ingredient in fish oils, in asthma
have generally been disappointing, and have not demon-
strated the marked anti-inflammatory effect expected from a
competitive inhibitor of arachidonic acid metabolism. Placebo-
controlled, randomized, short-term trials in severe asthmatics
showed no clinical effect, despite suppressing mediator
generation and neutrophil chemotaxis [138]. Similarly,
EPA given to milder asthmatics showed no effect as
assessed by clinical symptoms or bronchial reactivity in
adults, despite attenuation of neutrophil function [139]. Fish
oil supplements also had no effect on lung function and
symptoms in a study of asthmatic children aged 8—12 years
[140]. Supplementation with EPA for 6 months similarly
showed no clinical benefit in patients with pollen-induced
asthma and seasonal hay fever [141]. In aspirin-intolerant
subject, EPA led to a deterioration of asthma, possibly due
to an additional effect of cyclooxygenase inhibition result-
ing in increased levels of bronchoconstricting leukotrienes
[142]. The only positive studies demonstrating an effect of
intervention with EPA on measurements of asthma sug-
gested a 23% significant improvement in FEV, at 9 months
of a 12-months course of double-blind supplementation in
12 subjects [143], and the less clinically relevant attenuation
of the airway late response to allergen in 17 atopic indi-
viduals [144]. Adjustment of the n-3:n-6 polyunsaturated
fatty acid ratio by fish oil supplementation identified a group
of nine responders out of 19 asthmatic subjects as assessed
by improvement in methacholine challenge, distinguished
from non-responders by the rise in 5-series leukotriene
excretion and suggesting a heterogeneity of those studied
[145].

Thus, the role of dietary polyunsaturated fatty acids in the
pathogenesis of asthma remains largely undefined, but the
present epidemiological evidence suggests that n-3 poly-
unsaturated fatty acids may have a protective effect on lung
function, particularly in smokers. However, it may be that
the absolute and relative quantities of other polyunsaturated
and saturated fatty acids are equally important, as suggested
by Chang [146], and that an excess of other polyunsaturated
fatty acids such as the n-6 subset may be influential. This
remains an area of debate, however [147]. A recent ecolo-
gical study has demonstrated an association between symp-
toms of atopy and consumption of the trans fatty acids that
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are found in industrially hydrogenated vegetable fats and
dairy products, and no relationship with national monoun-
saturated or polyunsaturated cis fatty acids [148], thus
suggesting a new line of enquiry. Certainly, further work
remains to be done in this area, particularly focusing on
appropriate cross-sectional studies and intervention trials of
longer duration.

Summary

On the basis of the current knowledge, we would argue that
there is relatively persuasive evidence that reduced magne-
sium and vitamin C intake, and increased sodium consump-
tion, may be involved in the aetiology of asthma, though
these hypotheses remain unproven. The status of other
nutrients, such as vitamin E, pyridoxine, manganese,
copper, potassium, selenium and fatty acids, is even less
clear but merit further investigation. Overall, there is a
general consistency in the evidence that an unhealthy diet
seems to be associated with an increased risk of asthma and/
or chronic obstructive pulmonary disease, but the mechan-
isms and importance of these associations in therapeutic and
public health terms remains to be resolved.

References

1. Anderson H, Butland B, Strachan D. Trends in prevalence
and severity of childhood asthma. Br Med J 1994; 308:1600—
4.

2. Peat J, van den Berg R, Green W, Mellis C, Leeder S,
Woolcock A. Changing prevalence of asthma in Australian
children. Br Med J 1994; 308:1591-6.

3. Shaw R, Crane J, O’Donnell T, Porteous L, Coleman E.
Increasing asthma prevalence in a rural New Zealand ado-
lescent population: 1975-89. Arch Dis Child 1990; 65:1319—
23.

4. Haahtela T, Lindholm H, Bjorksten F, Koskenvuo K, Laiti-
nen L. Prevalence of asthma in Finnish young men. Br Med J
1990; 301:266-8.

5. Niekerk C, Weinberg E, Shore S, Heese H, Van Schalkwyk
D. Prevalence of asthma: a comparative study of urban and
rural Xhosa children. Clin Allergy 1979; 9:319-24.

6. Keeley D, Neill P, Gallivan S. Comparison of the prevalence
of reversible airways obstruction in rural and urban Zimbab-
wean children. Thorax 1991; 46:549-53.

7. Yemaneberhan H, Bekele Z, Venn A, Lewis S, Britton JR.
Prevalence of wheeze and asthma and relation to atopy in
urban and rural Ethiopia. Lancet 1997; 350:85-90.

8. Ng’ang’a L, Odhiambo J, Mungai M et al. Prevalence of
exercise induced bronchospasm in Kenyan school children:
an urban-rural comparison. Thorax 1998; 53:919-26.

9. Waite D, Eyles E, Tonkin S, O’Donnell T. Asthma prevalence
in Tolelauan children in two environments. Clin Allergy 1980;
10:71-5.

© 2000 Blackwell Science Ltd, Clinical and Experimental Allergy, 30, 615-627

10.

11.

12.

13.

14.

15.

16.

17.

20.

21.

22.

23.

24.

25.

26.

27.

Anderson H. Respiratory abnormalities in Papua New Guinea
children: the effects of locality and domestic wood smoke
pollution. Int J Epidemiol 1978; 7:63-72.

Von Mutius E, Martinez F, Fritzsch C, Nicolia T, Roell G,
Thiemann H-H. Prevalence of asthma and atopy in two areas
of West and East Germany. Am J Respir Crit Care Med 1994;
149:358-64.

Ministry of Agriculture Fisheries and Food. Nutritional food
consumption and expenditure 1990. HMSO, 1991.

Burney P. The causes of asthma — does salt potentiate
bronchial reactivity? J R Soc Med 1987; 80:364—7.

Seaton A, Godden D, Brown K. Increase in asthma: a more
toxic environment or a more susceptible popluation? Thorax
1994; 49:171-4.

Schwartz J, Weiss S. Relationship between dietary vitamin C
and pulmonary function in the First National Health and
Nutrition Examination Survey (NHANES I). Am J Clin Nutr
1994; 59:110-4.

Schwartz J, Weiss S. Dietary factors and their relation to
respiratory symptoms. The second national health and nutri-
tion examination survey. Am J Epidemiol 1990; 132:67-76.
Grievink L, Smit H, Ocke M, Van ‘t Veer P, Kromhout D.
Dietary intake of antioxidant (pro)-vitamins respiratory
symptoms and pulmonary function: the MORGAN study.
Thorax 1998; 53:166-71.

. Britton JR, Pavord I, Richards K et al. Dietary antioxidant

vitamin intake and lung function in the general population.
Am J Respir Crit Care Med 1995; 151:1383-7.

. Britton JR, Pavord I, Richards K et al. Dietary sodium intake

and the risk of airway reactivity in a random adult population.
Thorax 1994; 49:875-80.

Britton JR, Pavord I, Richards K et al. Dietary magne-
sium, lung function, wheezing, and airway hyper-reactivity
in a random adult population sample. Lancet 1994;
344:357-62.

Troisi R, Willett W, Weiss S, Trichoplouos D, Rosner B,
Speizer F. A prospective study of diet and adult-onset
asthma. Am J Respir Crit Care Med 1995; 151:1401-8.
Miedema I, Feskens E, Heederik D, Kromhout D. Dietary
determinants of long-term incidence of chronic non-specific
lung diseases. The Zutphen Study. Am J Epidemiol 1993;
138:37-45.

Thelle D. Salt and blood pressure revisited. Br Med J 1996;
312:1241-2.

Burney P, Britton JR, Chinn S et al. Response to inhaled
histamine and 24 hour sodium excretion. Br Med J 1986;
292:1483-6.

Tribe R, Barton J, Poston L, Burney P. Dietary sodium
intake, airway responsiveness, and cellular sodium transport.
Am J Respir Crit Care Med 1994; 149:1426-33.

Demissie K, Ernst P, Donald K, Joseph L. Usual dietary salt
intake and asthma in children: a case-control study. Thorax
1996; 51:59-63.

Pistelli R, Forastiere F, Corbo G, Ancato G, Abiti N, Perucci
C. Respiratory symptoms and bronchial responsiveness are
related to dietary salt intake and urinary potassium excretion
in male children. Eur Resp J 1993; 6:517-22.



624

A. Fogarty and J. Britton

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Sparrow D, O’Connor G, Rosner B, Weiss S. Methacholine
airway responsiveness and 24-hour urine excretion of
sodium and potassium. Am Rev Respir Dis 1991; 144:
722-5.

Devereux G, Beach J, Bromley C et al. Effect of dietary
sodium on airways responsiveness and its importance in the
epidemiology of asthma: an evaluation in three areas of
northern England. Thorax 1995; 50:941-7.

Zoia M, Fanfulla F, Bruschi C et al. Chronic respiratory
symptoms, bronchial responsiveness and dietary sodium and
potassium: a population based study. Monaldi Arch Chest Dis
1995; 50:104-8.

Javaid A, Cushley M, Bone M. Effect of dietary salt on
bronchial reactivity to histamine in asthma. Br Med J 1988;
297:454.

Burney P, Neild J, Twort C et al. Effect of changing dietary
sodium on the airway response to histamine. Thorax 1989;
44:36-41.

Carey O, Locke C, Cookson J. Effect of alterations of dietary
sodium on the severity of asthma in men. Thorax 1993;
48:714-8.

Medici T, Schmid A, Hacki M, Vetter W. Are asthmatics salt-
sensitive? Chest 1993; 104:1138—-43.

Lieberman D, Heimer D. Effect of dietary sodium on the
severity of bronchial asthma. Thorax 1992; 47:360-2.
Cairns C, Kraft M. Magnesium attenuates the neutrophil
respiratory burst in adult asthmatic patients. Acad Emerg
Med 1996; 3:1093-7.

Weisinger J, Bellorin-Font E. Magnesium and phosphorus.
Lancet 1998; 352:391-6.

Reinhart R. Magnesium metabolism. Arch Intern Med 1988;
148:2415-20.

Soutar A, Seaton A, Brown K. Bronchial reactivity and
dietary antioxidants. Thorax 1997; 52:166-70.

De Valk H, Kok P, Struyvenberg A et al. Extracellular and
intracellular magnesium concentrations in asthmatic patients.
Eur Resp J 1993; 6:1122-5.

Fantidis P, Cacho J, Marin M, Jarabo R, Solera J, Herrero E.
Intracellular (polymorphonuclear) magnesium content in
patients with bronchial asthma between attacks. J R Soc Med
1995; 88:441-5.

Falkner D, Glauser J, Allen M. Serum magnesium levels in
asthmatic patients during acute exacerbations of asthma. Am
J Emerg Med 1992; 10:1-3.

Domiguez L, Barbagallo M, Di Lorenzo G et al. Bronchial
reactivity and intracellular magnesium: a possible mechan-
ism for the bronchodilating effects of magnesium in asthma.
Clin Sci 1998; 95:137-42.

Emelyanov A, Fedoseev G, Barnes P. Reduced intracellular
magnesium concentrations in asthmatic patients. Eur Resp J
1999; 13:38-40.

Woods K, Fletcher S, Roffe C, Haider Y. Intravenous
magnesium sulphate in suspected acute myocardial infarc-
tion: results of the second Leicester Intravenous Magnesium
Intervention Trial (LIMIT-2). Lancet 1992; 339:1553-8.
Saunders N, Hammersley B. Magnesium for eclampsia.
Lancet 1995; 34:788-9.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Brunner E, Delabroise A, Haddad Z. Effect of parenteral
magnesium on pulmonary function, cAMP, and histamine in
bronchial asthma. J Asthma 1985; 22:3—-11.

Rylander R, Dahlberg C, Rubenowitz E. Magnesium sup-
plementation decreases airway responsiveness among hyper-
reactive subjects. Magnesium-Bulletin 1997; 19:4—6.

Hill J, Micklewright A, Lewis S, Britton JR. Investigation of
the effect of short-term change in dietary magnesium intake
in asthma. Eur Resp J 1997; 10:2225-9.

Hill J, Britton JR. Effect of intravenous magnesium sulphate
on airway calibre and airway reactivity to histamine in
asthmatic subjects. Br J Clin Pharmacol 1996; 42:629-31.
Rolla G, Bucca C, Caria E et al. Acute effect of intravenous
magnesium sulphate on airway obstruction of asthmatic
patients. Ann Allergy 1988; 61:388-91.

Bernstein W, Khastgir T, Iller J, Chonfeld S. Lack of effect of
magnesium in chronic stable asthma. Arch Intern Med 1995;
155:271-6.

Skobeloff E, Spivey W, McNamara R, Greenspon L. Intra-
venous magnesium sulfate for the treatment of acute asthma
in the emergency department. JAMA 1989; 262:1210-3.
Bloch H, Silverman R, Mancherje N, Grant S, Jagminas L,
Scharf S. Intravenous magnesium sulfate as an adjunct in the
treatment of acute asthma. Chest 1995; 107:1576-81.
Ciarallo L, Sauer A, Shannon M. Intravenous magnesium
therapy for moderate to severe pediatric asthma: results of a
randomised placebo-controlled trial. J Pediatrics 1996; 129:
809-14.

Green S, Rothrock S. Intravenous magnesium for
acute asthma: failure to decrease emergency treatment
duration or need for hospitalisation. Ann Emerg Med 1992;
21:260-5.

Tiffany B, Berk W, Todd I, White S. Magnesium bolus or
infusion fails to improve expiratory flow in acute asthma
exacerbations. Chest 1993; 104:831—4.

Hatch G. Asthma, inhaled oxidants, and dietary antioxidants.
Am J Clin Nutr 1995; 61 (Suppl.):625S-30S.

Black P, Sharpe S. Dietary fat and asthma: is there a
connection? Eur Resp J 1997; 10:6-12.

Strachan D, Cox B, Erzinclioglu S, Walters D, Whichelow
M. Ventilatory function and winter fresh fruit consumption in
a random sample of British adults. Thorax 1991; 46:624-9.
Cook D, Carey I, Whincup P et al. Effect of fresh fruit
consumption on lung function and wheeze in children.
Thorax 1997; 52:628-33.

Hu G, Zhang X, Chen J, Peto R, Campbell C, Cassano P.
Dietary vitamin C intake and lung function in rural China.
Am J Epidemiol 1998; 148:594-9.

Dow L, Tracy M, Villar A et al. Does dietary intake of
vitamins C and E influence lung function in older people. Am
J Respir Crit Care Med 1996; 154:1401-4.

Schectman G, Byrd J, Gruchow H. The influence of smoking
on vitamin C status in adults. Am J Public Health 1989;
79:158-62.

Olusi S, Ojutiku O, Jessop W, Iboko M. Plasma and white
blood cell ascorbic acid concentrations in patients with
bronchial asthma. Clin Chim Acta 1979; 92:161-6.

© 2000 Blackwell Science Ltd, Clinical and Experimental Allergy, 30, 615-627



Diet and the aetiology of asthma 625

66.

67.

68.

69.

70.

1.

72.

73.

74.

75.

76.

7.

78.

79.

80.

81.

82.

83.

84.

Aderele W, Ette S, Oduwole O, Ikpeme S. Plasma vitamin C
(ascorbic acid) levels in asthmatic children. Afr J Med Sci
1985; 14:115-20.

Ness A, Khaw K, Bingham S, Day N. Vitamin C status and
respiratory function. Eur J Clin Nutr 1996; 50:573-9.
Bodner C, Godden D, Brown K, Little J, Ross S, Seaton A.
Antioxidant intake and adult-onset wheeze: a case-control
study. Eur Resp J 1999; 13:22-30.

Carey I, Strachan D, Cook D. Effects of changes in fresh fruit
consumption on ventilatory function in healthy British adults.
Am J Respir Crit Care Med 1998; 158:728-33.

Schachter E, Schlesinger A. The attenuation of exercise-
induced bronchospasm by ascorbic acid. Ann Allergy 1982;
49:146-50.

Mohsenin V, Dubois A, Douglas J. Effect of ascorbic acid on
response to methacholine challenge in asthmatic subjects.
Am Rev Respir Dis 1983; 127:143-7.

Zuskin E, Lewis A, Bouhuys A. Inhibition of histamine-
induced airway constriction by ascorbic acid. J Allergy Clin
Immunol 1973; 51:218-26.

Ting S, Mansfield L, Yarbrough J. Effects of ascorbic acid on
pulmonary functions in mild asthma. J Asthma 1983; 20:39—
42.

Malo J-L, Cartier A, Pineau L, Archeveque J. Lack of effects
of ascorbic acid on spirometry and airway responsiveness to
histamine in subjects with asthma. J Allergy Clin Immunol
1986; 78:1153-8.

Kordansky D, Rosenthal R, Norman P. The effect of vitamin
C on antigen-induced bronchospasm. J Allergy Clin Immunol
1979; 63:61-4.

Mohsenin V. Effect of vitamin C on NO;-induced airway
hyperresponsiveness in normal subjects. Am Rev Respir Dis
1987; 136:1408-11.

Chatham M, Eppler J, Sauder L, Green D, Kulle T. Evalua-
tion of the effects of vitamin C on ozone-induced broncho-
constriction in normal subjects. Ann NY Acad Sci 1987;
498:269-79.

Romieu S, Meneses F, Ramirez M et al. Antioxidant supple-
mentation and respiratory functions among workers exposed
to high levels of ozone. Am J Respir Crit Care Med 1998;
158:226-32.

Grievink L, Jansen S, Van’t Veer P, Brunekreef B. Acute
effects of ozone on pulmonary function of cyclists receiving
antioxidant supplements. Occup Environ Med 1998; 55:13—
7.

Anah C, Jarike L, Baig H. High dose ascorbic acid in
Nigerian asthmatics. Trop Geograph Med 1980; 32:132-7.
Fortner B, Danziger R, Rabinowitz P, Nelson H. The effect of
ascorbic acid on cutaneous and nasal response to histamine
and allergen. J Allergy Clin Immunol 1982; 69:484-8.
Heffner J, Repine J. Pulmonary strategies of antioxidant
defense. Am Rev Respir Dis 1989; 140:531-54.

Chan A. Partners in defense, vitamin E and vitamin C. Can J
Physiol Pharmacol 1993; 71:725-31.

Yamada K, Hung P, Yoshimura K, Taniguchi S, Lim B,
Sugano M. Effect of unsaturated fatty acids and antioxidants
on immunoglobulin production by mesenteric lymph node

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

© 2000 Blackwell Science Ltd, Clinical and Experimental Allergy, 30, 615-627

lymhocytes of Sprague-Dawley rats. J Biochem 1996;
120:138-44.

Rautalahti M, Virtamo J, Haukka J et al. The effect of alpha-
tocopherol and beta-carotene supplementation on COPD
symptoms. Am J Respir Crit Care Med 1997; 156:1447-52.
Morabia A, Menkes M, Comstock G, Tockman M. Serum
retinol and airway obstruction. Am J Epidemiol 1990;
132:77-82.

Baker J, Tunnicliffe W, Duncanson R, Ayres J. Dietary
antioxidants and magnesium in type 1 brittle asthma: a case
control study. Thorax 1999; 54:115-8.

Maier K. How the lung deals with antioxidants. Eur Resp J
1993; 6:334-6.

Stone J, Hinks L, Beasley R, Holgate S, Clayton B. Reduced
selenium status of patients with asthma. Clin Sci 1989;
77:495-500.

Flatt A, Pearce N, Thomson C, Sears M, Robinson M,
Beasley R. Reduced selenium in asthmatic subjects in New
Zealand. Thorax 1990; 45:95-9.

Kadrabova J, Madaric A, Kovacikova Z, Podivinsky F,
Ginter E, Gazdik F. Selenium status is decreased in patients
with intrinsic asthma. Biol Trace Element Res 1996; 52:241—
8.

Shaw R, Woodman K, Crane J, Moyes C, Kennedy J, Pearce
N. Risk factors for asthma symptoms in Kawerau children.
NZ Med J 1994; 107:387-91.

Misso N, Powers K, Gillon R, Stewart G, Thompson P.
Reduced platelet glutathione peroxidase activity and serum
selenium concentration in atopic asthmatic patients. Clin Exp
Allergy 1996; 26:838-47.

Bibi H, Schlesinger M, Tabachnik E, Schwartz Y, Iscovitz H,
Iaina A. Erythrocyte glutathione peroxidase activity in asth-
matic children. Ann Allergy 1988; 61:339-40.

Powell C, Nash A, Powers H, Primhak R. Antioxidant status
in asthma. Pediatric Pulmonol 1994; 18:34-8.

Hasselmark L, Malmgren R, Unge G, Zetterstrom O. Low-
ered platelet glutathione peroxidase activity in patients with
intrinsic asthma. Allergy 1990; 45:523-7.

Pearson D, Suarez-Mendez V, Day J, Miller P. Selenium
status in relation to reduced glutathione peroxidase activity in
aspirin-sensitive asthma. Clin Exp Allergy 1991; 21:203-8.
Malmgren R, Unge G, Zetterstrom O, Theorell H, Wahl K.
Lowered glutathione-peroxidase activity in asthmatic
patients with food and aspirin intolerance. Allergy 1986;
41:43-5.

Hasselmark L, Malmgren R, Zetterstrom O, Unge G. Selenium
supplementation in intrinsic asthma. Allergy 1993; 48:30—-6.
Moreno-Reyes R, Suetens C, Mathieu F et al. Kashin-Beck
osteoarthropathy in rural Tibet in relation to selenium and
iodine status. N Eng J Med 1998; 339:1112-20.

ISAAC Steering Committee. Worldwide variation in preva-
lence of symptoms of asthma, allergic rhinoconjunctivitis,
and atopic eczema: ISSAC. Lancet 1997; 351:1225-32.
Chuwers P, Barnhart S, Blanc P et al. The protective effect of
B-carotene and retinol on ventilatory function in an asbestos-
exposed cohort. Am J Respir Crit Care Med 1997; 155:1066—
71.



626

A. Fogarty and J. Britton

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

Balmes J, Ngo L, Keogh J et al. Effect of supplemental (3-
carotene and retinol on rate of decline in lung function. Am
Rev Respir Dis 1998; 157:A46.

Morabia A, Sorenson A, Kumanyika S, Abbey H, Cohen B,
Chee E. Vitamin A, cigarette smoking, and airway obstruc-
tion. Am Rev Respir Dis 1989; 140:1312-6.

Shahar E, Folsom A, Melnick S et al. Does dietary vitamin A
protect against airway obstruction? Am J Respir Crit Care
Med 1994; 150:978-82.

Paiva S, Godoy I, Vannucchi H, Favaro R, Geraldo R,
Campana A. Assessment of vitamin A status in chronic
obstructive pulmonary disease patients and healthy smokers.
Am J Clin Nutr 1996; 64:928-34.

Collipp P, Gold zier S, Weiss N, Soleymani Y, Snyder R.
Pyridoxine treatment of childhood bronchial asthma. Ann
Allergy 1975; 35:93-7.

Sur A, Anekar U. Deranged tryptophan metabolism — a basis
for childhood bronchial asthma. Ann Paediatrici Japonici
1982; 28:8-14.

Reynolds R, Natta C. Depressed plasma pyridoxal phosphate
concentrations in adult asthmatics. Am J Clin Nutr 1985;
41:684-8.

Hall M, Thom H, Russell G. Erthrocyte aspartate amino
transferase activity in asthmatic and non-asthmatic children
and its enhancement by vitamin B6. Annals of Allergy 1981;
47:464—-66.

Sur S, Camara M, Buchmeier A, Morgan S, Nelson H. Double-
blind trial of pyridoxine (vitamin B6) in the treatment of steroid-
dependent asthma. Ann Allergy 1993; 70:147-52.
Abraham G, Schwartz U, Lubran M. Effect of vitamin B-6 on
plasma and red blood cell magnesium levels in premenopau-
sal women. Ann Clin Lab Sci 1981; 11:333-6.

Turnland J, Betschart A, Liebman M, Kretsch M, Sauberlich
H. Vitamin B-6 depletion followed by repletion with animal-
or plant-source diets and calcium and magnesium metabo-
lism in young women. Am J Clin Nutr 1992; 56:910.
Ubbink J, Vermaak W, Delport R, Serfontein W. The
relationship between vitamin B¢ metobolism, asthma, and
theophylline therapy. Ann NY Acad Sci 1990; 585:285-94.
Bast A, Haenen G, Doelman C. Oxidants and antioxidants.
Am J Med 1991; 91:2S-13S.

Sparrow D, Silbert J, Weiss S. The relationship of pulmonary
function to copper concentrations in drinking water. Am Rev
Respir Dis 1982; 126:312-5.

Akinkugbe F, Ette S. Role of zinc, copper, and ascorbic acid
in some common clinical pediatric problems. J Trop Pedia-
trics 1987; 33:337-42.

Strom K, Janzon L, Mattisson I, Rosberg H-E, Arborelius M.
Asthma but not smoking-related airflow limitation is asso-
ciated with a high fat diet in men: results from the population
study ‘‘Men born in 1914°’, Malmo, Sweden. Monaldi Arch
Chest Dis 1996; 51:16-21.

Hoffmann P, Mest H-J. What about the effects of dietary
lipids on endogenous prostanoid synthesis? A state-of-the-art
review. Biomed Biochim 1987; 46:639-50.

Lee T, Hoover R, Williams J et al. Effect of dietary enrich-
ment with eicosapentaenoic and docasahexanoic acids on in

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

vitro neutrophil and monocyte leukotriene generation and
neutrophil function. N Eng J Med 1985; 312:1217-24.
Nicolas C, Lacasa D, Giudicelli Y et al. Dietary (n-6)
polyunsaturated fatty acids affect 3-adrenergic receptor bind-
ing and adenylate cyclase activity in pig adipocyte plasma
membrane. J Nutr 1991; 121:1179-86.

Awad A. Effect of dietary fats on membrane lipids and
functions. J Environ Path 1986; 6:1—-14.

Calder P. Dietary fatty acids and lymphocyte functions. Proc
Nutr Soc 1998; 57:487-502.

Kumar G, Das U, Kumar K, Madhavi N, Das N, Tan B. Effect
of n-6 and n-3 fatty acids on the proliferation of human
lymphocytes and their secretion of TNF-« and IL-2 in vitro.
Nutrition Res 1992; 12:815-23.

Prescott S, Macaubas C, Smallacombe T, Holt B, Sly P, Holt
P. Development of allergen-specific T-cell memory in atopic
and normal children. Lancet 1999; 353:196-200.

Yaqoob P. Monounsaturated fats and immune function. Proc
Nutr Soc 1998; 57:511-20.

Stephen F, Kelleher R, Langner M et al. Dietary fatty acids
alter the adhesion properties of lymphocytes to extracellular
matrix proteins. In: Honn K. ed. Eicosanoids and other
bioactive lipids in cancer, inflammation and radiation injury
2. New York: Plenum Press, 1997: 775-87.

Hughes D, Pinder A, Piper Z, Johnson I, Lund E. Fish oil
supplementation inhibits the expression of major histocom-
patibility complex class Il molecules and adhesion molecules
on human monocytes. Am J Clin Nutr 1996; 63:267-72.
Kikuchi S, Sakamoto T, Ishikawa C, Yazawa K, Torii S.
Modulation of eosinophil chemotactic activities to leuko-
triene B4 by n-3 polyunsaturated fatty acids. Prostaglandins,
Leukotrienes Esse 1998; 58:243-8.

Oth D, Mercier G, Tremblay P et al. Modulation of CD4
expression on lymphoma cells transplanted to mice fed (n-3)
polyunsaturated fatty acids. Biochim Biophys Act 1990;
1027:47-52.

Von Mutius E, Weiland S, Fritzsch C, Duhme H, Keil U.
Increasing prevalence of hay fever and atopy in children in
Leipzig, East Germany. Lancet 1998; 351:862—-6.
Stenius-Aarniala B, Aro A, Hakulinen A, Ahola I, Seppala E,
Vapaatalo H. Evening primrose oil and fish oil are ineffective
as supplementary treatment of bronchial asthma. Ann Allergy
1989; 62:534-17.

Fluge O, Omenaas E, Eide G, Gulsvik A. Fish consumption
and respiratory symptoms among young adults in a Norwe-
gian community. Eur Resp J 1998; 12:336—40.

Thien F, Woods R, Walters E. Oily fish and asthma — a fishy
story? Med J Asst 1996; 164:135-40.

Schwartz J, Weiss S. The relationship of dietary fish intake to
level of pulmonary function in the first National Health and
Nutrition Survey (NHANES I). Eur Resp J 1994; 7:1821-4.
Shahar E, Folsom A, Melnick S et al. Dietary n-3 polyunsa-
turated fatty acids and smoking-related chronic obstructive
pulmonary disease. N Eng J Med 1994; 331:228-33.

Sharp D, Rodriguez B, Shahar E, Hwang L, Burchfiel C. Fish
consumption may limit the damage of smoking on the lung.
Am J Respir Crit Care Med 1994; 150:983-7.

© 2000 Blackwell Science Ltd, Clinical and Experimental Allergy, 30, 615-627



Diet and the aetiology of asthma 627

138.

139.

140.

141.

142.

143.

Kirsh C, Payan D, Wong M et al. Effect of eicosapentaenoic
acid in asthma. Clin Allergy 1988; 18:177-87.

Arm J, Horton C, Mencia-Huerta J-M et al. Effect of dietary
supplementation with fish oil lipids on mild asthma. Thorax
1988; 43:84-92.

Hodge L, Salome C, Hughes J et al. Effect of dietary intake of
omega-3 and omega-6 fatty acids on severity of asthma in
children. Eur Resp J 1998; 11:361-5.

Thien F, Mencia-Huerta J-M, Lee T. Dietary fish oil effects
on seasonal hay fever and asthma in pollen-sensitive subjects.
Am Rev Respir Dis 1993; 147:1138-43.

Picardo C, Castillo J, Schinca N et al. Effects of a fish oil
enriched diet on aspirin intolerant asthmatic patients: a pilot
study. Thorax 1988; 43:93-7.

Dry J, Vincent D. Effect of a fish oil diet on asthma: results of
a 1-year double-blind study. Int Arch Allergy Appl Immunol
1991; 95:156-7.

144.

145.

146.

147.

148.

© 2000 Blackwell Science Ltd, Clinical and Experimental Allergy, 30, 615-627

Arm J, Horton C, Spur B, Mencia-Huerta J-M, Lee T. The
effects of dietary supplementation with fish oil lipids on the
airways response to inhaled allergen in bronchial asthma. Am
Rev Respir Dis 1989; 139:1395-400.

Broughton K, Johnson C, Pace B, Liebman M, Kleppinger K.
Reduced asthma symptoms with n-3 fatty acid ingestion are
related to 5-series leukotriene production. Am J Clin Nutr
1997; 65:1011-7.

Chang C, Phinney S, Halpern G, Gershwin M. Asthma
mortality: another opinion-is it a matter of life and. Bread?
J Asthma 1993; 30:93-103.

Thien F, Woods R, Walters E. Asthma spoils from poly-
unsaturated oils?. Aust NZ J Med 1995; 25:63—4.

Weiland S, Von Mutius E, Husing A, Asther M, ISAAC
Steering Committee. Intake of trans fatty acids and preva-
lence of childhood asthma and allergies in Europe. Lancet
1999; 353:2040-1.



