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ABSTRACT OF DISSERTATION
DIETARY SODIUM CHOLRIDE AS A MODERATOR OF

THE SEVERITY OF EXERCISE-INDUCED ASTHMA

The potential influence of diet on asthma and other forms of obstructive lung
disease have received relatively little attention. Epidemiological evidence indicates an
association between mortality from asthma and high dietary sodium chloride intake.
Subsequent experiments have shown that bronchial reactivity is increased on high
sodium chloride diets. Since 40 to 90% of asthmatics exhibit airway obstruction upon an
exercise challenge, it has been suggested that subjects with exercise-induced asthma (EIA)
will also be affected by alterations in dietary salt (NaCl). The working hypotheses were
that: 1) a low salt diet (LSD) would improve and a high salt diet (HSD) would worsen
post-exercise pulmonary function in subjects with EIA, and that changes in post-exercise
pulmonary function maybe mediated by the sodium and/or chloride constituent of NaCl;
2) guinea pigs fed a HSD would exhibit increased airway obstruction compared to a NSD
following a dry gas hyperpnea challenge, and that the airway response to hyperpnea is
mediated by NaCl-induced leukotriene release.

Two sets of eight subjects with clinically diagnosed EIA and two sets of eight
Control subjects volunteered for the first and second study. For the first study, subjects

entered on their normal salt diet (NSD) and then were placed on either a LSD or a HSD
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for two weeks. A one-week washout period occurred between diets before the subjects
crossed over to the alternative diet for another two weeks. Twenty-four hour urine
collections were obtained at the end of each treatment period. Subjects underwent
treadmill testing to peak exercise, and pre- and post-exercise pulmonary function tests
were performed. Changing dietary NaCl intake had no effect on pre-exercise pulmonary
function in EIA and Control subjects, and had no effect on post-exercise pulmonary
function in Control subjects. However, the LSD improved and the HSD worsened post-
exercise pulmonary function in EIA subjects. At 15 minutes of recovery, forced
expiratory volume in one-second (FEV;) decreased 14 + 6% on the LSD, 20 + 7% on the
NSD, and 24 + 6% on the HSD in EIA subjects. In EIA subjects, tidal volume (Vr) and
breathing frequency (fs) selection varied during exercise with the NaCl diets, with higher
Vr and lower fs on the HSD, and the opposite on the LSD. This suggests greater airway
obstruction on the HSD during exercise. The Control subjects demonstrated no changes
in Vt or fp selection on the different NaCl diets. Urinary sodium excretion was
significantly higher on the HSD compared to the NSD and LSD in a gradea fashion.

The subjects in the second study followed an identical testing protocol as the first
study, except they followed either a LSD for two weeks (low sodium, low chloride) or a
sodium bicarbonate (NaHCOs; high sodium, low chloride) diet for two weeks, and then
switched over to the alternative diet after a one-week washout period. Altering sodium
or chloride had no effect on pre-exercise pulmonary function values in either group or
post-exercise pulmonary function values in Control subjects. However, both the LSD and
NaHCO;s diet improved post-exercise pulmonary function in EIA suvjects, compared to

the NSD (which had a significantly higher chloride content compared to the other diets).

iv
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In EIA subjects, comparing pre- to post-exercise, FEV) decreased 7 + 4% on the LSD, 14 +
4% on the NaHCO;3 diet, and 19 + 2% on the NSD. While the LSD diet did not normalize
pulmonary function (compared to the Control subjects) it did improve it. Likewise, the
NaHCQO; diet also improved post-exercise pulmonary function in EIA subjects, but not to
the extent of the LSD. This suggests that chloride may be a major contributor to this
response. However, it appears that the presence of high sodium in the diet (NaHCO3)
prevents the total improvement seen with the LSD (low sodium, low chloride). Urinary
excretion of sodium was significantly higher on the NaHCO; diet compared to the NSD
and LSD in a graded fashion. In addition, urinary excretion of chloride was not
significantly different between the NaHCOs diet and LSD, but was significantly higher for
the NSD compared to the NaHCO; and LSD.

The third study involved using an animal model of EIA. Airway responses to dry
gas hyperpnea ventilation challenge mimic EIA and have been used to model this
condition in animals. The mechanisms of the airway response to hyperventilation have
been extensively explored using guinea pigs. Thirty-two guinea pigs were used in this
study. The animals were split into two groups. One group (n=16) followed a high salt
(HS) diet (2% NaCl) for two weeks and the other group (n=16) followed a normal salt
(NS) diet (0.75% NacCl) for two weeks. At the end of each treatment period the animals
were cannulated for drug administration, tracheotomized and mechanically ventilated
with a small animal ventilator. Airway responses to hyperpnea were measured as
changes in airway pressures. The HS diet elicited significantly higher airway pressures
compared to the NS diet following the first hyperpnea challenge, indicating greater

airway obstruction on the HS diet. Prior to a second hyperpnea challenge, the animals
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were either infused with Nordihydrouaiaretic acid (NDGA) which is a non-selective
leukotriene (LT) biosynthesis and lipoxygenase (LO) inhibitor (BLO group), or saline
(CON group). The LT-LO inhibitor resulted in significant blunting of the
bronchoconstrictor response to the second hyperpnea challenge in the BLO groups,
compared to the CON groups on both diets. However, the HS-BLO diet still elicited
higher airway pressures than the NS-BLO diet during this post-hvperpnea period. One
interpretation is that NaCl may mediate the release of LTs from effector cells in the
airways in a dose dependent manner. Another interpretation is that NaCl loading
enhances airway osmolarity. This increase in osmolarity provides an ideal environment
for the release epithelial and mast-cell derived mediators and neuropeptides from sensory
nerves. In addition, it is possible that NaCl loading exacerbates HIAO by increasing
vascular volume in the bronchial circulation and hence microvascular pressure, leading to
mucosal edema and narrowing of the airway lumen. This effect may work independent
or in conjunction with the release of LTs in the development of HIAQ.
In conclusion, this is the first study to demonstrate that the chloride constituent of

NaCl may play a major role, along with sodium, in the severity of EIA, and that dietary
NaCl loading may enhance the release of inflammatory mediators from cells in the
airways of guinea pigs following dry gas hyperpnea.

Timothy Derek Mickleborough

Department of Physiology

Colorado State University

Fort Collins, Colorado 80523
Summer 2000
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CHAPTER I

Introduction

The idea that diet may be important in asthma is long established, but both the
precise formulation of the connection and its popularity have varied widely over time.
Fifty years ago, it would have been a commor:place belief that nutrition was an
important determinant of asthma. However, the highly restrictive diets that were
imposed on patients with asthma, in the 1940s, were found to be more damaging than
helpful, and consequently the interest in how diet may modify symptoms of asthma
faded. Diet has been thought to influence asthma through the ingestion of allergens,
mediators, mediator precursors (in particular some fatty acids), electrolytes, and
antioxidants. Stoesser and Cook (106), in 1938, were the first to propose a possible
connection between salt (NaCl) consumption and the severity of asthma. They observed
that a low NaCl diet contributed to a decrease in symptoms in children with severe
asthma.

Asthma morbidity and mortality are greater in communities adopting a more
Western lifestyle, and in migrants as they move from rural underdeveloped to urban
Westernized areas (25, 26, 113, 115). The lack of an adequate epidemiologic explanation
for this phenomenon, coupled with the increase in NaCl consumption observed with

urbanization, led Burney (25) to hypothesize that increased sodium intake might be in
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part responsible for the increased morbidity and mortality of asthma. Burney tested the
hypothesis using regional data from England and Wales and found a strong correlation
between table NaCl purchases and mortality due to asthma in men and children of both
sexes but not in women. Burney et al. (28) also found increased 24-hour urinary
excretion of sodium, but not potassium, to be associated with increased airway
responsiveness to histamine in a cross-sectional survey comprising 138 men, 18-64 years
of age. The sample was enriched with subjects reporting wheeze. Several
epidemiological studies since then have produced conflicting results, sorr;e showing a
relation between asthma or bronchial reactivity and urinary sodium excretion or NaCl
intake (92) and others showing no relation (14, 101).

To differentiate between cause and effect, intervention studies modifying
consumption of NaCl and monitoring bronchial responsiveness and severity of asthma
were necessary. [n a small open study, doubling the intake of dietary NaCl for one
month caused a modest increase in bronchial reactivity (60). A larger, randomized
controlled trial demonstrated that bronchial response to histamine was greater in men
on a low sodium diet (LSD) while they were taking slow sodium release capsules than
when they were taking placebo (27). Two studies looked at air flow and asthmatic
symptoms with conflicting results. An open trial of a normal, low, or high salt diet
(HISD) in 17 subjects (nine men) found no relation between dietary consumption of NaCl
and peak flow variability or use of beta-agonists (68). Carey et al. (31) studied 27
asthmatic men receiving 200 mmol of slow sodium release capsules or placebo daily in a
random order, while ingesting a LSD. The LSD was associated with lower methacholine

reactivity, consumption of bronchodilators, and symptom scores and higher peak flow
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and forced expiratory volume in one second. In addition, Javaid et al. (60) studied the
effect of changing dietary NaCl consumption on airway reactivity as determined by a
histamine challenge test in asthmatic and non-asthmatic individuals. A high NaCl
intake increased bronchial reactivity compared to the LSD in men and women.
Changing dietary NaCl consumption had no effect on bronchial reactivity in the non-
asthmatic subjects.

Since 40 to 90% of asthmatics experience airway narrowing following exercise
challenge (61), it is reasonable to expect that altering NaCl consumption will influence
post-exercise pulmonary function in subjects with exercise-induced asthma (EIA). To
this end Mickleborough et al. (81) conducted a study assessing the effect of dietary NaCl
loading and restriction on 15 clinically diagnosed subjects with EIA. They demonstrated
that a HSD worsened and a LSD improved post-exercise pulmonary function volumes
and flow rates as determined by spirometry.

At present, NaCl intake among adults and children in the United Kingdom and
United States averages at least 9 g/ day, with large numbers of adults consuming 12
g/ day (45, 46), resulting in levels 10-15 times the basal sodium requirement for adults
and growing children of 500 mg/day of sodium (45). Approximately 15% of current
NaCl intake comes from NaCl added in cooking and at the table, while 10% comes from
the natural content of foods. The remaining 75% of all NaCl eaten comes from NaCl
added in processing and manufacturing of foods (45). A LSD in the United States is now
feasible due to successful marketing of no-salt and low-salt products. There is
increasing evidence that a high dietary NaCl intake may have a direct effect on strokes,

independent of blood pressure; in the development of left ventricular hypertrophy;
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progression of kidney disease; and increased urinary calcium excretion, which in the
long term may be associated with bone demineralization. The eventual benefits of a
modest reduction in NaCl intake may have implications far beyond those discussed in

this dissertation.

Statement of the Problem

The primary goal of this research project was to determine the influence of high
and low NaCl diets on post-exercise pulmonary function in subjects with clinically
diagnosed EIA and to determine which ionic constituent of NaCl (sodium or chloride)
was primarily responsible for these changes. A second goal was to determine whether
altering NaCl consumption in guinea pigs mediates leukotriene-dependent hyperpnea-

induced airway obstruction (HIAO).

Specific Aims

Exercise-induced asthma is a condition that affects 40 to 90% of asthmatics and 6
to 13% of the general non-asthmatic population, being more prevalent in children than
in adults. Asthma is increasingly being recognized as a public health problem in the
developing world. At present the pharmacological goals of treating EIA are aimed at
preventing the onset of asthma episodes and treating breakthrough episodes that may
occur following exercise. Asthma medication can become expensive and chronic use

may result in severe bronchospasms and death. This clearly emphasizes the importance

4
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of patient education and proper use of asthma medication. Because dietary NaCl
restriction may reduce reliance on pharmacological agents, and represent a previously
untried and potentially beneficial therapeutic intervention in EIA subjects with typical

and high NaCl diets, this study had the following specific aims:

Study 1

1. Examine the effect of altering dietary NaCl consumption on ventilatory and
metabolic variables during exercise in subjects with clinically diagnosed EIA
and subjects with no medical history of EIA (Controls).

2. Examine the effect of altering dietary NaCl consumption on post-exercise
pulmonary function in subjects with clinically diagnosed EIA and Control

subjects.

Study 2

1. Determine the influence of high and low chloride diets on ventilatory and
metabolic variables during exercise in subjects with clinically diagnosed EIA
and Control subjects.

2. Determine the influence of high and low chloride diets on post-exercise
pulmonary function in subjects with clinically diagnosed EIA and Control

subjects.
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Study 3

1. Examine the effect of changing NaCl consumption on HIAO in guinea pigs,
as determined by changes in airway responses to a dry gas hyperpnea
challenge.

2. Determine whether blocking leukotriene (LT) biosynthesis and the
lipoxygenase (LO) pathway reduces the airway response to hyperpnea on

different NaCl diets.

Hypotheses

The following hypotheses were tested (p<0.05):

Study 1

1. Increased dietary NaCl will worsen and decreased NaCl will improve post-
exercise pulmonary function variables in subjects with EIA, but have no
effect on post-exercise pulmonary function variables in Control subjects.

2. Increased dietary NaCl will increase tidal volume and decrease breathing
frequency during exercise on the HSD compared to the LSD, with no changes

being observed in the Control subjects.

Study 2

1. That both a low chloride, low sodium and a low chloride, high sodium diet

will improve post-exercise pulmonary function in subjects with EIA
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compared to a normal salt diet (NSD), but have no effect on post-exercise

pulmonary function in Control subjects.

Study 3

1. Hyperpnea-induced airway obstruction will be exacerbated on a HSD
compared to a NSD in guinea pigs, as exhibited by bronchoconstrictor
responses to dry gas hyperpnea.

2. Blocking LT biosynthesis and the LO pathway will attenuate the airway
response to hyperpnea on both diets, but the HSD will still demonstrate

greater HIAO compared to the NS diet in guinea pigs.
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CHAPTER I

LITERATURE REVIEW

Exercise-induced asthma (EIA) is a condition that is characterized by symptoms
of cough, wheezing, and/or chest tightness after exercise (70, 76, 107, 119). EIA,
exercise-induced airway narrowing, and exercise-induced bronchoconstriction are
synonymous terms that describe a condition in which vigorous physical activity triggers
acute airway narrowing with heightened airway reactivity (74). EIA is not an isolated
disorder or a specific disease, but rather part of the asthmatic diathesis where exercise is
one of the many stimuli that induces airflow limitation. Typically, maximal airflow
obstruction occurs within 15 minutes after cessation of exercise with a subsequent
slower spontaneous return to baseline airflows within 20 to 60 minutes (102).

Exercise, hyperventilation, and exposure to frigid air cause a transient increase in
pulmonary resistance in approximately 75-80% of asthmatic subjects (47). For a fixed
level of ventilation, colder, dryer inspired air exacerbates this response, whilst warmer
more humidified air reduces its severity. Increasing the duration and strength of the

stimulus also increases the magnitude of obstruction (47).
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Epidemiology of EIA and asthma

EIA is a common condition that affects 40 to 90% of asthmatics (61) and 35 to40%
of allergic non-asthmatics (114). Approximately, 6 to13% of the non-asthmatic general
population suffers from EIA, being more prevalent in children than adults (30, 93). This
wide range is spurious and derives from differences in the intensity of the exercise stress
used to produce the phenomenon, variations in definition, a lack of uniformity in the
methods used to detect the response, and failure to standardize the environmental
variables that control the magnitude of the obstruction. In short, the true prevalence is
unknown because the available data were not collected using appropriate standardized
methodology. In experienced laboratories, however, virtually every asthmatic can be
made to demonstrate a reduction in pulmonary mechanics to thermal provocations (i.e.,
exercise and hyperventilation) if the stimulus is intense enough.

The prevalence of asthma increased by approximately 50% from 33.4 per 1000 in
1982 to 50.7 per 1000 in 1991 based on data available from the United States National
Center for Health Statistics, and on hospital discharge and annual health interview
surveys for ages 0-45 years (99). The mortality rate from asthma increased by 40%
between 1982 and 1991, from 13.4 per million population to 18.8 per million (103). In
1990, asthma cost an estimated $6.2 billion, w1th 10 million school days lost, 160,000
hospitalizations, 860,000 emergency room visits, and 1,254,000 visits to pediatricians.
Understanding EIA may allow earlier detection of asthma and more timely treatment
and prophylaxis, particularly since 29 to 51% of asthma is silent or undetected (83, 95),

unless children are exercised.
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Pathophysiology of EIA

Under most climatic conditions, the inspired air needs to be warmed and
humidified to 37°C and 99.5% relative humidity before it reaches the alveoli. Breathing
at rest usually occurs through the nose, which has a remarkable capacity to heat and
humidify the inspired air. Even at moderately high flow rates, air inspired through the
nose is fully heated and humidified by the time it reaches the oropharynx (71).
However, during vigorous exercise the nose is bypassed, the frequency of breathing
increases, and the ventilation rate increases 10- to 20-fold. Thus, the respiratory tract
needs to condition much larger volumes of air over a much shorter time during exercise
compared with rest.

Heat and water are added to the air from the respiratory mucosa as a direct
function of the temperature and water vapor concentration gradients. During
inspiration, the process of warming and humidifying the inspired air results in mucosal
cooling. During expiration, as the air passes over the cooled mucosa, some heat is given
back to the mucosa. As the temperature of the air decreases, its ability to hold water
decreases, and hence some water condenses back to the airway surface. However, there
is a net loss of water and heat from the airways as a result of conditioning of the inspired
air. Theoretical predictions, using experimental data on intra-airway airstream
temperatures (79), suggest that up to 40% of water may be provided by the lower
airways during exercise, depending on the minute ventilation and inspired conditions
(35, 36).

The primary source of the water for humidification in the lower airways is the

airway surface liquid, and the source of its water is likely to be the bronchial circulation.

10

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



The airway surface liquid consists of two layers, the sol and the gel. The sol layer is a
thin watery layer with a depth of 5 to 7 um, approximately the same as the length of the
cilia (97), and is often referred to as the periciliary fluid layer. The absolute volume of
this fluid layer in the first 10 generations of airways is probably < 0.7 ml (5). The gel
layer consists of mucus, which forms a discontinuous blanket (112) on top of the
periciliary fluid layer. Water may also be provided by the mucus (glandular secretions)
layer, as it contains 95% water (21).

The precise source of the airway surface liquid is unknown, and there are a
number of possibilities. Itis very likely that it is secreted by the epithelium and that this
source is also responsible for the hydration of mucus (118). It may result from the
liquefying effect of the cilia beating the mucus (118), although this is now thought
unlikely. It may originate from the alveoli and move up by the mucociliary escalator, as
suggested by Kiburn in 1968 (66). It may be produced by a difference in pH between the
sol and gel layers, as at pH above 7.5, mucus becomes more liquid (49). The most likely
source of the airway surface liquid, however, is the result of the effect of active ion
transport (22, 121).

Whatever the source of the water, the airway surface fluid contains Na*, CI-, K*,
and Ca?* ions (63). Thus, there is considerable potential for water loss by evaporation to
cause a significant increase in osmolarity of the airway surface liquid, if the rate of water
loss exceeds the rate of water return during hyperpnea.

The mechanism unique to exercise that triggers EIA in sensitive subjects is

unknown. Heat and water loss associated with an increase in minute ventilation during

11
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exercise, along with rapid rewarming of the airways post-exercise, are believed to be
causative. There are two popular hypotheses to explain the pathophysiology of EIA.

Thermal expenditure or respiratory heat exchange theory. McFadden et al. (78,
80) have suggested that EIA results from heat transfer from the bronchiolar blood
vessels in the pulmonary vascular bed with heat loss during exercise; after exercise, the
heat transfer is followed by rapid rewarming of these bronchiolar vessels, which causes
dilatation and hyperemia of the vessels. The hyperemia is accompanied by an increase
in permeability of the microvasculature and results in airway edema. Therefore, this
theory is based on the vasculature of the airways. The bronchial vasculature consists of
subepithelial capillaries that underlie the entire airway, from trachea to small
bronchioles. Engorgement of these vessels could result in narrowed airways. It has
been proposed that the airway narrowing of EIA is the end result of these vascular
events and is independent of bronchial smooth muscle contraction or the release of
inflammatory mediators (52, 75).

Water loss theory. Hyperventilation associated with strenuous exercise leads to
water loss through the epithelium of the bronchial mucosa leading to a transient
increase in airway osmolarity and changes in pH and temperature. Airway dehydration
leading to hypertonicity of the airways provides an ideal environment for the release of
mast cell-derived mediators, such as histamine, leukotrienes (LTs) and prostaglandins,
and neuropeptides from sensory nerves (3, 9, 11) (Figure II-1). Bronchial smooth muscle
contraction and airway narrowing are the results of these events (5, 6)

Unfortunately, there is no direct experimental evidence to support either the

‘thermal” or the “osmotic” theories of EIA, and both remain hypotheses (Figure II-2).
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However, the results of studies in animals suggest that increases in blood flow, vascular
engorgement, airway wall thickening, mucosal edemas, or vascular leakage are unlikely
to account for significant airway narrowing in the absence of smooth muscle contraction
(20, 24, 39). Although the type of exercise and condition of inspired air during exercise
are important in modifying the bronchoconstrictor response to exercise, the severity of
the response is mainly determined by the duration and intensity of exercise. It is well
established that the severity of EIA increases with increasing intensity and duration up
to a plateau value (76). One of the physiological effects of exercise is to increase minute
ventilation (Vi) in order to meet the increasing metabolic demand of exercising muscles.
Deal et al. (39) demonstrated a unique relationship between the level of Vg achieved
during exercise and the severity of the bronchoconstrictor response to exercise in
asthma, and suggested that, for a given set of inspired air conditions, high Vg resulted in

greater airflow obstruction than low levels of VE.

Diagnosis and laboratory testing of EIA

EIA is clinically defined as a transient increase in post-exercise airway resistance,
resulting in a greater than 10% fall in post-exercise forced expiratory volume in 1 second
(FEV1), compared to pre-exercise (44, 104). It has been suggested that a 15-20% post-
exercise reduction in FEV; or peak expiratory flow rate (PEFR) is appropriate (38, 95).
Further recommendations include decrements in forced expiratory flow at 25-75% of
FVC (FEF:s75x) ranging from 15-25% to be representative of EIA (1, 70).

The treadmill and cycle ergometer are the most commonly used testing devices

in the laboratory for diagnosis of EIA. Many epidemiologists use free-range running

13

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



when screening large numbers of subjects. However, it is more difficult to monitor work
intensity under free-running conditions. The type of activity chosen for exercise is not
as important as ensuring that the subject is familiar with the equipment, can p;rform the
testing safely, and can reach and maintain a level of work intensity associated with the
production of EIA. There should be a means of monitoring heart rate during the
exercise so that the work intensity can be regulated to meet the test requirements.

It is of paramount importance that the temperature and humidity of the air that
is breathed by the exercising subject be documented. For research purposes these
parameters need to be held constant from test to test and from individual to individual.
In general, low humidity and cooler air temperature are more asthmogenic (76).
Temperatures between 19 and 25°C with humidity < 50% have been considered
satisfactory (100, 104). Reproducible conditions can be easily produced by having the
subject inhale compressed air at room temperature during the exercise (104).

Pulmonary function tests should be measured before exercise and at 1, 5, 10, and
15 minutes post-exercise (33, 44, 107, 114). For the treadmill test, EIA is typically
diagnosed by employing a step stress protocol until 85-90% of predicted maximum heart
rate (PMHR) is achieved, and then a further 5-8 minutes within this heart rate zone,
keeping the treadmill speed and inclination constant (42-44). The subject’s response to
work should be monitored with changes in either ventilation or heart rate. Since
continuous assessment of ventilatory effort is cumbersome and electrocardiographic
monitoring is a necessary precaution, continuous evaluation of heart rate is the usual

method (42-44).
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[t has been suggested that symptoms of EIA amongst athletes do not appear
unless PMHR approaches 90-100% and the ambient air temperature is “cold” (94). With
a cycle ergometer, EIA can readily be evoked in a susceptible individual with 4 minutes
of work at 50-60% of the subject’s predicted maximal oxygen consumption (VO2max) (42-
44, 94). With this load, ventilation reaches a level sufficiently high to cause a response in
ail but the most fit people. For those with a high level of fitness, exercise at 90% of
VO2r.« may be required. In some elite athletes, it may be difficult to evoke symptoms in
the laboratory because of the combination of activities and muscle groups used. This is
particularly true for sports requiring high-intensity effort of variable duration. In such
instances, these individuals should be tested in their usual environment while they

perform the activities that induce their asthma (76).

Refractory Period

About 40 to 50% of subjects with EIA exhibit a refractory period, which is
defined as the time period (usually about 1 hour) in which bronchoconstriction is not
inducible with a secondary exercise challenge that follows a primary exercise stimulus.
This tachypyylaxis (a reduced contractile response with repeated stimulation with the
same concentration) applies only to subsequent exercise provocation and not to other
stimuli such as an allergen challenge (18). The mechanism of this tachyphylactic
response is not certain, but may involve altered responsivity of the bronchial circulation
(51), mediator depletion (87), increases in catecholamines released during the first

exercise challenge (16), and release of inhibitory prostaglandins (85).
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Neural control of airway function

The airway smooth muscle cells and mucus producing cells are controlled by the
autonomic nervous system and by chemical mediators in the extracellular environment,
e.g., mediators that enter airway tissue via blood and mediators that are released locally
by cells residing in airway tissue. Parasympathetic nerves via the vagus nerve innervate
the airways and release acetylcholine and subsequently cause bronchoconstriction and
mucus secretion when activated (10). Catecholamines that are released from
sympathetic nerves, and catecholamines released from the adrenal medulla into the
blood, may act on smooth muscle causing bronchodilation. There is also a third class of
nervous system called nonadrenergic noncholinergic (NANC) nerves found in the
airways of animals and humans (10). Excitatory NANC (e-NANC) nerves are readily
demonstrated in rodent airways but there is still debate about their presence in human
airways. NANC inhibitory (i-NANC) nerves release nitric oxide (NO) when activated
(17), causing bronchodilation. The physiological effects of the NANC system can be
demonstrated by administrating capsaicin to humans (58). Capsaicin has been shown to
stimulate nonmyelinated C-fibers and causes airway smooth muscle contraction both by
activating a vagal reflex or by the release of tachykinins.

Sensory nerves in animal and human airways contain several neuropeptides that
have potent effects on target cells of the airways. These include the tachykinins
substance P (SP) and neurokinin A (NKA). When activated, SP and NKA contract
airway smooth muscle of several species, including humans (69). Damage to the airway
epithelium, possibly due to airway thermal flux changes occurring after exercise in EIA

subjects, may expose afferent nerve endings. These nerve endings may also be
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stimulated by inflammatory mediators in the airway lumen. Bradykinin selectively

stimulates C-fiber nerve endings and releases sensory neuropeptides from perfused

guinea pig lungs (96).

Humoral control of airway function

Several locally generated chemical mediators alter airway tone and may affect
the rate of fluid secretion or resabsorption. Histamine particularly is known to cause
smooth muscle contraction, but it also increases capillary permeability, causing fluid
exudation. The release of arachidonic acid, a 20-carbon polyunsaturated fatty acid
(PUFA), from cell membrane phospholipds through the action of a family of
phospholipases can result in the production of a wide variety of mediators that may be
relevant in the pathogenesis of asthma (Figure II-3). These lipid mediators have
traditionally been considered in two classes: mediators that result from the action of the
enzyme cyclo-oxygenase on arachidonic acid, which are prostaglandins or thromboxane
(prostanoids), and mediators that result from the action of the enzyme 5-lipoxygenase
(5-LO) on arachidonic acid, which are the leukotrienes (LTs). These mediators are
collectively known as eicosanoids. More recently, however, other products have been
identified that result from the activity of different enzymes, such as 12- and 15-
lipoxygenase.

The prostaglandins are most easily considered in two classes. There are
stimulatory prostaglandins, such as PGD; and PGF,, which are potent
bronchoconstrictors (54, 109), and inhibitory prostaglandins, such as PGE,, which can

reduce bronchoconstrictor responses (116), and can attenuate the release of acetylcholine
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from airway nerves (117). However, the differentiation of the prostaglandins into
stimulatory and inhibitory classes is somewhat inappropriate. For example, both PGE,
and PGF, can have different effects on the airways depending on the time after
inhalation at which the response is measured (116). However, the main actions of PGE;
and PGI; on airway function are to relax airway smooth muscle, to antagonize the
contractile responses of other bronchoconstrictor agonists, and to inhibit the release of
acetylcholine from airway cholinergic nerves.

The importance of LTs as mediators of airway inflammatory processes is
increasingly being delineated. Arachidoinic acid is converted sequentially to 5-
hydroperoxyeicosatetraenoic acid (5-HPETE) and then to LT-A4 by a catalytic complex
consisting of 5-LO and the 5-LO-activating protein (FLAP). This interaction occurs at
the perinuclear membrane where FLAP is localized. An increase in intracellular
calcium enhances the affinity of FLAP for 5-LO (122). Subsequently, in the presence of
LT-C; synthase, glutathione is added to LT-As to yield LT-C;, which is exported
extracellularly, where the glutamic acid moiety is cleaved by gamma-
glutamyltranspeptidase to form LT- Ds. Because they each contain cysteine, these
molecules are known as cysteinyl-LTs (cys-LTs) or sulphidopeptide-LTs. All three cys-
LTs have the same biological effects; however, LT-Ey is much less potent than its
precursors and is the excretory metabolite. Mast cells, eosinophils and alveolar
macrophages are the cells in the lung that possess the enzymatic machinery to produce
cysteinyl-LTs (41). The cys-LTs act on a single smooth muscle cell receptor in the

airway, which has recently been designated cys-LT receptor(8, 55, 62).
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LT-C; and LT-D4 can contract human airway smooth muscle in vitro and have
greater than 1, 000 times more potency in this action than does histamine (34) and can
increase airway mucus production (32) and induce microvascular leak. (64). LT-Dsis a
potent bronchoconstrictor, and interestingly has been implicated in the development of
exercise refractoriness, via stimulation of inhibitory prostaglandin release (73). The cys-
LTs have been detected after bronchospasm in the blood, BAL fluid, and urine of
patients with asthma (86).

Evidence that eicosanoids play a role in mediating a portion of the bronchospam
elicited by exercise derives from studies utilizing LT receptor antagonists and
cyclooygenase inhibitors. The leukotriene Dy antagonist MK-571 was shown to strongly
inhibit exercise-induced bronchoconstriction in asthmatics (72). Similar effects were
reported for the thromboxane synthase inhibitor OKY-046 (57), although its effects
appear to be somewhat less pronounced. Prostaglandins may play a role in the
refractoriness that occurs following exercise-induced bronchoconstriction because this
phenomenon can be blocked by the cyclooxygenenase inhibitor flurbiprofen. This
inhibitor also blocked tachyphylaxis to leukotriene Ds (73). These results suggest that
leukotriene Dy may contribute to exercise-induced airway narrowing and at the same
time stimulate the release of bronchodilator cyclooxygenase products such as PGE,,

which could attenuate further responses to bronchoconstriction.

Alterations in pulmonary function during exercise
There is evidence to suggest that airway obstruction occurs during exercise, as
well as after exercise, in subjects with EIA. When exercise is prolonged for more than 15
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minutes, bronchoconstriction may ensue during the exercise bout. Beck at al. (15)
looked at constant load exercise on a cycle ergometer at 50% of maximal exercise
capacity for 36 minutes, compared to an interval exercise with three cycles consisting of
6 minutes at 60% maximal capacity, alternating with 6 minutes at 40% maximal capacity.
Interestingly, during the cycle of increasing and decreasing work, the FEV; tended to
drop during the work of lesser severity and increase back to baseline during the greater
level. The steady-state exercise showed a significant decrease in FEV, compared to
baseline at 18, 24, and 30 minutes of exercise. The decreases in PEFR and FEV; were
equivalent between the two protocols after the cessation of exercise.

Another study used more vigorous exercise at 60-85% of VO2nax for 5 and 20
minutes (108). The FEV,rose at 2 minutes but fell significantly by 15 minutes of
continuous exercise. This suggests that bronchoconstriction may occur during
prolonged exercise and that it should not always be “run through”. This should be
contrasted with isocapnic hyperventilation, where no bronchoconstriction has been
observed to occur during periods of hyperventilation lasting up to 16 minutes (19).

One could expect that a certain amount of mediator release would be triggered
by airway drying or cooling during exercise. However, airway function for the most
part is largely preserved during exercise (15), and most of the bronchoconstriction
occurs after exercise (in most subjects). Two studies have shown that airways are less
reactive to histamine when it is given during exercise or hyperventilation, consistent
with some bronchodilator influence during periods of increased ventilation (59, 105).
Thus, there may be one or more bronchoprotective mechanisms (increased sympathetic

drive and inhibitory prostaglandins) operating during exercise.
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Alterations in pulmonary function after exercise

Bronchodilation occurs during the first several minutes of exercise, presumably
because of catecholamine release (4). The epinepherine is derived from the adrenal
medulla, and the norepinepherine is derived from the sympathetic nervous system,
which are activated during exercise. This may help to explain why EIA occurs
maximally after and not during exercise. With EIA, pulmonary function classically
declines 5-15 minutes after exercise has ceased, an event known as the early-phase
response (90), with a gradual return to baseline values within 20-60 minutes (102).
Some asthmatic subjects experience a second decline, known as the late-phase response,
several hours after the early-phase response. Most studies demonstrate reductions in
post-exercise pulmonary function in EIA subjects (30, 107). However, Gelb et al. (50)
demonstrated that subjects with symptomatic asthma exhibited significant improvement
in forced expiratory flow rates after 6 to 8 minutes of maximally tolerated exercise,
indicating exercise-induced bronchodilation. Gelb et al. (50) assumed that the
bronchodilator response to muscular effort may be “partly related to mechanical or
other effects of hyperpnea and may be mediated in part by prostaglandins.” Todaro
(110) observed a similar response in highly trained asthmatic athletes. The post-exercise
bronchodilation observed in these studies can possibly be attributed to an increase in
catecholamines, either binding to an increased number of beta-2 receptors or a greater
receptor sensitivity, as a result of increased muscular effort. [t is apparent that given the
same work load, the intensity of post-exercise bronchoconstriction is lessened through

training (53).
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Treatment of EIA

Potential nonpharmacological intervention. Airway hyperresponsiveness is
believed to exist intrinsically or to develop in response to airway inflammation resulting
from exposure to allergens, respiratory infections, cigarette smoke, or other irritants.
Acting as antioxidants or through influences on immune function, vitamins C and E and
beta carotene in the diet may reduce airway inflammation, thereby decreasing the
severity of asthma or preventing altogether the expression of asthma in susceptible
individuals (82, 111).

The fatty acid composition of the diet - in particular, the relative amounts of n-6
and n-3 PUFAs - may also be associated with the risk of asthma (23, 91, 111). Increased
production of prostaglandins and LTs, active in bronchoconstriction and neutrophil
chemotaxis, occurs when linoleic acid is converted to arachidonic acid (111). Intake of
linoleic acid may enhance the production of the arachidonic acid metabolites PGD»,
PGFa. LTB;, LTC,, and LTD,, which can promote airway inflammation and
subsequently bronchoconstriction. In contrast, omega-3 fatty acids compete with
arachidonic acid to form less active prostanoids and LTs, thereby potentially acting to
reduce airway inflammation and bronchoconstriction (111). Further studies are needed
to clarify the role of omega-3 fatty acids and their potential therapeutic role in asthma.

It has been demonstrated that high dietary magnesium loads may eleviate
symptoms of asthma. Okayama et al. (88) showed that 20 mEq of magnesium infused
over 20 minutes increased FEV; from 62% of predicted to 80% during a ‘mild’ asthma
attack. Dominguez et al. (40) demonstrated in erythrocytes taken from asthmatic
patients that intracellular magnesium levels are inversely and strongly related to
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bronchial reactivity and suggests that magnesium alterations may play a role in the
pathogenesis of asthma bronchoconstriction by unknown mechanisms.

Epidemiological studies show that there is an increased prevalence of asthma in
communities adopting a Western lifestyle, while a low prevalence is found in some of
the world’s poorest areas (113). Regional mortality data from England and Wales
showed a strong correlation between asthma mortality and regional per person
purchases of salt (25). Several interventional studies have been performed (27, 29, 31, 60)
that have demonstrated that restriction of salt intake in asthmatic subjects can reduce
bronchial reactivity.

Occasionally a vigorous warm-up period of 30-60 minutes can effectively create
submaximal EIA, and most importantly, induce a 2-4 hour refractory period in which
further bouts of exercise will not create further bronchospam. The mechanism for this
induction is unclear but may relate to depletion of mediators from mast cells so that
further reactivity cannot occur during subsequent provocation until mediators are
replenished (37)

Pharmacological intervention. The preferred treatment before exercise is an
inhaled fast acting beta-agonist taken 15 minutes before the exercise bout. If this is not
adequate, then cromolyn sodium or nedocromil can be added to this pretreatment; both
are mast cell stabilizers. A long acting beta agonist inhalant, such as salmeterol, can be
give a number of hours before exercise. This drug has been shown to prevent EIA in
subjects for up to 10-12 hours (65).

The chronic daily medications for EIA include cromolyn sodium, nedocromil,

inhaled long acting beta-agonists (bronchodilators), or inhaled corticosteroids. Inhaled
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corticosteroids (56) are not effective for pretreatment just before exercise, but they may
provide benefit if used daily on a chronic basis. They are most effective in preventing
airway obstruction before exercise in subjects who have underlying asthma.

The recently introduced antileukotriene agents include LT receptor antagonists
(e.g. Montelukast and Zafirlukast) and 5-LO inhibitors (e.g. Zileuton). The
anitleukotrienes are currently recommended for long term asthma therapy but have
been shown to block the bronchial response in exercise challenge studies(67).

Other agents that may be used in combination with beta-agonists and mast cell
stabilizers include anticholinergic agents, theophylline, calcium channel blockers,
antihistamines, alpha-agonists and oral beta-agonists.

Heparin has been given by inhalation to evaluate the pathophysiology of EIA
and has been shown to significantly block EIA (48). This may be the result of a direct
blocking effect on mast cells rather than a smooth muscle relaxing effect. In addition,
indomethacin (98) and inhaled furosemide (84) also have been shown to protect against
EIA. These medications are currently used as research tools and are not used in

pharmacotherapy.
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CHAPTER III

Dietary salt alters pulmonary function in exercise-induced asthmatics

Abstract

Purpose: Exercise-induced asthma (EIA) occurs in approximately 90% of
asthmatics and is defined as a transient increase in post-exercise airway resistance. The
mechanism responsible has not been delineated. Epidemiological studies have
implicated dietary salt (NaCl) as being responsible for changes in bronciu;al reactivity in
asthmatics. Therefore, the purpose of this study was to determine if manipulation of
dietary NaCl could influence pulmonary function in EIA subjects. Methods: Eight
subjects with clinically diagnosed EIA and eight subjects without EIA (Control)
participated in a double-blind crossover study. Subjects entered the study on a normal
salt diet (NSD), and then were placed either on a low salt diet (LSD) or a high salt diet
(HSD) for two weeks. A one-week washout period occurred between diets before
subjects crossed over to the alternative diet. Twenty-four hour urine collections
confirmed compliance to the diets. Pre- and post-exercise pulmonary function tests
were performed at the end of each treatment period. Subjects underwent treadmill
testing to peak exercise. During exercise, ventilatory and metabolic variables were

measured by indirect calorimetry. Results: Changing dietary NaCl intake had no effect
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on pre-exercise pulmonary function in either group. Dietary NaCl had no effect on
post- exercise pulmonary function in Control subjects. However, the LSD improved and
the HSD worsened post-exercise pulmonary function in EIA subjects. In EIA subjects,
compared to pre-exercise values, post-exercise forced expiratory volume in 1-second
(FEV)1) decreased only 14 + 6% on the LSD, decreased by 20 + 7% on the NSD, and
decreased further by 24 + 6% on the HSD at 15-min post-exercise. Similar patterns were
observed for forced vital capacity, forced expiratory flow rate at 25-75% FVC and peak
expiratory flow rates. In EIA subjects, tidal volume (V1) and breathing frequency (fs)
selection during exercise varied with the NaCl diets, with higher V1 and lower fg on the
HSD, and the opposite for the LSD. This suggests greater airway resistance during the
HSD. Manipulation of salt diets had no effect on Vr or fs in Control subjects.
Ventilation-perfusion mismatching was enhanced with the HSD in EIA subjects, as
demonstrated by an increased Vp/Vr ratio. Conclusion: While a LSD did not normalize
post-exercise pulmonary function in EIA subjects, it did improve it. Salt is likely a
modifier of the EIA response and not the cause of EIA. I[n conclusion, a HSD caused an
increase in the severity of EIA and a LSD represents a potential therapeutic intervention

for EIA subjects.

[This study was supported in part by a grant from the United States Olympic

Committee, Sports Science and Technology and United States Swimming]
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Introduction

Epidemiological studies have linked dietary salt (NaCl) to the prevalence and
severity of asthma (8-11). In general, the higher the NaCl intake within a population, the
greater the prevalence of asthma and the greater the severity of asthma (8-11).
Additionally, most (12, 13, 15, 28, 47, 51, 55) but not all (7, 18, 20, 39), interventional
studies have implicated dietary NaCl and transmembrane sodium ion transport with the
regulation of airway smooth muscle tone, and suggests that a diet high in NaCl may
increase the severity of asthmatic symptoms and bronchial reactivity (28, 55).

While the mechanism by which dietary NaCl may lead to airway‘reactivity
changes is not known, it is possible that the sodium ion influences smooth muscle
contractility, including bronchial and vascular smooth muscle (15, 55). The influence of
dietary NaCl on circulating blood volume and, consequently, on hemodynamics and
pulmonary function can not be ruled out as another possibility.

The influence of dietary NaCl on EIA has been previously investigated.
Mickleborough et al (45) demonstrated that NaCl loading worsened and NaCl
restriction improved pulmonary function at 5 minutes post-exercise in 15 clinically
diagnosed EIA subjects. The influence of changes in dietary NaCl on post-exercise
pulmonary function in Control (non-asthmatic) subjects was not evaluated. If dietary
NaCl enhances vascular and bronchial reactivity, then it is reasonable to expect that EIA
would be worsened by elevated dietary NaCl and improved by dietary NaCl restriction.
Therefore, this investigation was performed to determine if alterations in dietary NaCl
would influence the severity of EIA. The experimental hypothesis tested in the current

study was that increased dietary NaCl would worsen and decreased dietary NaCl

30

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



would improve pulmonary function variables at 1, 5, 10, and 15 minutes post exercise in
subjects with clinically diagnosed EIA, but have no effect on pulmonary function in

Control (non-EIA) subjects.

Methods

Subjects. Eight, clinically-diagnosed EIA subjects and eight subjects with no
history or signs of EIA (Control) volunteered for this study. The subjects were recruited
from a university student population, and each subject completed a health questionnaire
and gave written informed consent to participate prior to enrollment in the study. The
study was approved by the Human Subjects Committee Review Board at Colorado State
University. All EIA subjects had a history of post-exercise shortness of breath, and
intermittent wheezing, relieved by bronchodilator therapy after exercise; but were
otherwise free of atopic asthma. All EIA subjects had been using prescribed medication
prior to participation in the study. All EIA subjects tested positive for EIA, as indicated
by a drop of greater than 10% in post-exercise FEV; compared to pre-exercise values
(22), while none of the Control subjects tested positive for EIA. Blood pressure
measurements, using a sphygomanometer, were taken at the beginning of the study to
screen for hypertension, and on the first day and every third day of the treatment period
in order to check for any abnormal rises in blood pressure. Blood pressure was also
measured pre- and post-exercise

Study Design. The study was conducted as a double-blind randomized crossover
trial over five consecutive weeks, with a one-week washout period between each two-

week treatment period. All subjects entered the study on a normal salt diet (NSD),
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which varied according to each subject’s regular dietary NaCl intake; after which they
were randomly assigned to either a low salt diet (LSD) or high salt diet (HSD) for two
weeks. Thereafter, they followed a one-week washout (NSD) and then switched to the
alternative diet for the remaining two weeks. A base diet was provided by means of a
menu plan and required all subjects, whether on the LSD or HSD, to consume
approximately 1500 mg/day of sodium and ~ 2250 mg/ day of chloride. During the
HSD period, the base diet was supplemented with 10 one-gram salt capsules per day,
which equaled 4000 mg/ day of sodium and ~ 6,000 mg/ day of chloride . However, for
the LSD, the base diet was supplemented with an equivalent dose of sucrose, placebo
capsules.

Protocol. Each subject was instructed to avoid any strenuous physical activity
24 hours prior to the exercise test and to refrain from using therapeutic drugs prior to
the exercise test; time from last dose being dependent on the type of drug being used. At
an initial screening test and at the end of each treatment period, the subjects underwent
exercise challenge testing, used for the diagnosis of EIA (17, 21-23). The subjects were
required to perform pre-exercise pulmonary function tests. All subjects were required to
have pre-exercise FEV; values that were at least 80% of baseline values, achieved during
initial screening, to ensure that the subjects’ values were not depressed prior to exercise
(30). An exercise test on a treadmill followed in order to induce a bronchospasm.
Pulmonary function tests were conducted at 1, 5, 10 and 15 minutes post-exercise. After
all post-exercise pulmonary function tests were completed, the subjects were allowed
the use of their bronchodilators. Pulmonary function tests were repeated 5 minutes after

bronchodilator therapy to ensure lung function had returned to near pre-exercise test
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values and to confirm that the decrement in flow rates was due to bronchospasm.
Pulmonary function tests were conducted on each subject using a Sensormedics Vmax
AutoBox Di. (Sensormedics Corporation, Yorba Linda, CA). Subjects were required to
perform a total of three acceptable spirograms, of which two measurements of FEV,
with a maximal difference of 100ml were obtained with the larger value used in data
analysis (1).

The exercise stress test protocol required each subject to run on a Quinton
Treadmill (Model 640, Series 90, Quinton Instrument Company, WA) using a standard
graded protocol of incrementally increasing workloads up to ~ 85-90% of predicted
maximum heart rate (PMHR) (17, 21-23). Once the target heart rate was achieved a
constant load protocol was applied, which required each subject to exercise at a steady
state for a further 6 minutes at the target heart rate. ~ This protocol differed in treadmill
speed and inclination for each subject in order to achieve the heart rate criteria.
However, the same workload over the same period of time was performed by each
subject on each study day, and speed/elevation were matched. Heart rate was
determined from the ECG and monitored continuously (Quinton 4500 Stress Test
Monitor, Quinton Instruments, Seattle, WA). At the end of the 6 minute steady-state
exercise, the treadmill was elevated by 1% per min until volitional fatigue in order to
achieve a measure of peak exercise. Environmental conditions were 23°C and 50%
relative humidity. During the exercise, breath-by-breath analysis of expired gases was
accomplished by open circuit spirometry (SensorMedics 2900 Metabolic Cart,

Sensormedics Corporation, Yorba Linda, CA).
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Collection of 24-Hour Urine Samples. Twenty-four hour urine excretion of
electrolytes was measured at the beginning of the study and at the end of each treatment
to monitor dietary sodium compliance. Each subject voided urine into 2500 ml bottles,
which were collected on one of the last three days of each treatment period. The
volume was recorded, and sodium and potassium concentrations were measured on a
Beckman Astra analyzer (Beckman [nstruments Inc., La Brea, CA) using ion specific
electrodes. Urinary creatinine concentration was determined by a modified Jaffe rate
reaction, using the same instrument, in order to verify the completeness of the 24-hour
urine samples.

Statistical Analysis. Data were analyzed using the SigmaStat 2.03 statistical
package and SYSTAT 8.0 (SPSS Inc., Chicago, IL). Pre-exercise and post-exercise
pulmonary function values, and metabolic and ventilatory data were examined for the
effect of diet (LSD, NSD, HSD) and the presence of EIA by a 2-factor repeated measures
ANOVA, with both treatment and time as “within-subject” effects. A Tukey’s post-hoc
multiple pairwise comparison was used to isolate the differences. When the F-ratio was
significant, an omega squared (w?) was used to assess the magnitude of the treatment
effect (i.e., what percent variance is accounted for by the treatments). Power was
calculated at 0.925, using a sample size of n = 8 (per group). The effect of a treatment
administered in one period may continue to be present at the start of the following
period. This condition is referred to as carry-over effect. To lessen the chances of a
significant carry-over effect in the current study, a wash-out period was included
between treatments to allow the effect of a treatment given in one period- to be “washed-

out” of each subject’s system before beginning a different treatment in the next period.
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However, even when a wash-out period is included, significant carry-over effects may
remain. Therefore, the data were analyzed for the presence of carry-over effects
between treatments by an ANOVA fora 2 x2 crossover design (31). All statistical tests

of significance were set at p <0.05. Data are expressed as mean + SEM.

Resuits

Subject characteristics are shown in Table [II-1, which demonstrates that the two
groups, EIA and Control, were well-matched according to age, physical characteristics
and fitness level. Table III-2 indicates that the subjects were using traditional short-
acting or “rescue” medications, and none were on long term “maintenance”
medications. All subjects completed the study and no EIA subjects were dropped from
the study due to failure to test positive for EIA at the initial screening . Subjects
demonstrated dietary compliance with sodium enhancement on the HSD and sodium
restriction on the LSD as indicated by the 24-hr urinary excretion of sodium (Table III-
3). Neither potassium nor creatinine excretions were altered by the diets (Table III-3).

Baseline (pre-exercise) pulmonary function values are presented in Table [I1[-4.
Baseline pulmonary function was not altered by the diets in either group. All baseline
pulmonary function values for the three diets and for each group fell within éhe normal
parameters established for males and females at rest (16), indicating that no airflow
limitations were present.

Post-exercise pulmonary function values are presented in Table III-5 and III-6.
For Control subjects (Table [1I-5) there were no significant differences in post-exercise

pulmonary function values by time or diet. However, the EIA subjects (Table I11-6)
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demonstrated significant reductions, in post-exercise pulmonary function on all diets at
all post-exercise times. For FVC, FEV,, FEFs7sx and PEFR, the post-exercise values were
highest on the LSD, less on the NSD, and less still on the HSD. The FEV,/FVC ratio
decreased post-exercise on all diets; however, the FEV;/FVC ratio was not altered
between diets.

The differential effect of dietary salt on the percent change in FEV, pre- to-post
exercise for Control and EIA subjects is shown in Figure IlI-1 and Figure III-5
respectively. Control subjects demonstrated no significant difference (p>0.05) in the
percent change in FEVy, FVC (Table III-2), FEF2s.75x (Table I1I-3) and PEFR (Table I1I-4)
pre- to post-exercise on any diet. EIA subjects showed a significant reduction (p<0.05) in
percent change in FEV,, FVC (Table I1I-6), FEFas.7s5x (Table 11I-7) and PEFR (Table III-8)
pre- to post-exercise, in a gradation of response from LSD to NSD to HSD. However,
the minimum 10% reduction in post-exercise FEV), used for the diagnosis of EIA, was
observed during all diets.

Changes in pulmonary function at pre-exercise and 1, 5, 10 and 15 minutes post-
exercise for Control subjects are shown in Figures III-9 to [1I-12, and Figures III-13 to III-
16 for EIA subjects. The Control subjects demonstrated no significant differences by
time for each of the diet periods. The EIA subjects demonstrated sigm'ﬁc:;mt reductions
in all the pulmonary function variables measured by time for each of the diet periods.

An o?was performed on pulmonary function values for EIA subjects at 15
minutes post-exercise and indicated that 80% (FEV:), 92% (FVC), 82% (FEFs.7x)and 76%

(PEFR) of the variance was accounted for by the treatments. In addition, an w? was
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performed on ventilatory variables at peak exercise and indicated that 70% (V1), 72% (fs)
and 77% (Vp/ Vr) was accounted for by the treatments.

Ventilatory and metabolic variabies measured during exercise for EIA and
Control subjects are presented in Tables III-7 to [lI-16. Control subjects (Tables I11-7-III-
11) demonstrated no significant differences in any of the variables measured during
exercise by diet. The EIA subjects, however, showed significant differences in tidal
volume, Vr (Table I1I-13), which increased with exercise intensity for all diets, but was
significantly higher for the HSD and significantly lower for the NSD and LSD, in a
graded response at peak exercise. Respiratory rate, fy (Table III-13) likewise increased
with exercise intensity for all diets. However, in contrast to the results for Vr, fb was
significantly higher for the LSD and significantly lower for the HSD, with the NSD being
intermediate, at peak exercise.

The ratio of physiologic dead space to tidal volume, Vp/Vr (Table III-15)
decreased with exercise intensity on both the LSD and NSD in EIA subjects. The LSD
resulted in lower values for Vp/Vr throughout the exercise bout, while the HSD
increased this ratio, which then remained elevated during all levels of exercise.

There were some differences noted in the minute ventilations (VE) at peak
exercise, while on different diets, however, these were not significant (NS). Because
ventilation plays a role in triggering EIA symptoms (2, 3, 40), the effect of ventilation on
the pre- to post-exercise change in FEV) was examined by regression analysis (Figure III-
17 and [II-18). Itis apparent that NS variations in maximal ventilation achieved during
exercise did not correlate with decrements in pulmonary function observéd on the three

diets in EIA and Control subjects. Therefore, post-exercise pulmonary function changes
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are a function of diet and not changes in minute ventilation occurring at peak exercise.
Control subjects elicited the same dissociation between Vg and changes in pre- to post-
exercise change in FEV,.

The results of the 2 x 2 ANOVA crossover design indicated that carry-over effects
were not significant (p>0.05) for all measures of lung function in EIA subjects. Table III-
17 details the results of an ANOVA 2 x 2 crossover design for FEV, at 10 minutes post-
exercise. The ANOVA table clearly shows that carry-over effects were not significant
(p>0.05). Furthermore, there were no significant period effects.

Figures I11-25 to II-28 provide visual confirmation of the statistical tests in Table
[1I-17. Figures [1I-25 and I1I-26 are plots for each group showing the change in each
subject’s response over the two treatment periods. Group one started the LSD in period
one and then crossed over to the HSD in period two, while Group two started on the
HSD in period one and then crossed over to the LSD in period two. It is clear from these
graphs that FEV decreased on the HSD and improved on the LSD in both groups.
Figure [I-27 indicates that the direct treatment difference is the same in both periods,
Le., there is no group-by-period interaction. The test for parallelism is the t-test (or F-
test) for carry-over effects. If this is not significant (as is the case in the current study),
then the lines are considered parallel, except for random perturbations. Real data will
contain random variation and so exactly parallel lines will not be seen, even if there is no
interaction. Figure III-28 is a plot of the sum of the observations versus the difference
between the observations for each subject in each group. The convex hulls of the
subjects in each group are also shown in each of these plots. Significant overlap of the

groups in the horizontal (total axis) indicates no carry-over effect, while separation in
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the horizontal indicates a carry-over effect. Comparing the groups in the horizontal
plane clearly demonstrates a good deal of overlap and hence there is strong evidence to
reject the hypothesis that carry-over effects are significant. Separation of the two groups
in the vertical plane (difference axis) demonstrates that the results induced by the two
treatments are significantly different. In the present study, the conxex hulls of the two
groups have no overlap, indicating significant differences between the HSD and LSD; as
were shown in Table III-17. Similar results were observed in EIA subjects for FEV; at1,
5, and 15 minutes post exercise and for the other three lung functions measured (FVC,
FEFxs7sx and PEFR) at 1, 5, 10, and 15-minutes post-exercise. Control subjects elicited a
similar response, in that carry-over effects were not significant for all measures of lung

function at 1, 5, 10, and 15-minutes post-exercise.

Discussion

The current study represents the first report of altered post-exercise pulmonary
function in EIA subjects, compared to Control subjects, as a result of dietary changes in
NaCl consumption. Reductions in dietary NaCl improved post-exercise pulmonary
function and elevated dietary NaCl worsened post-exercise pulmonary function in EIA
subjects. Restricting dietary NaCl did not, however, normalize post-exercise pulmonary
function in these EIA subjects. In general, there was a graded improvement in post-
exercise pulmonary function as EIA subjects changed from the HSD to the NSD to the
LSD. There were no changes in post-exercise pulmonary function for the Control

subjects on the different diets.

39

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Dietary goals were met and compliance was successful as sodium excretion fell
significantly while on the LSD and rose significantly while on the HSD. This occurred
without a change in potassium excretion or glomerular filtration rate (creatinine
excretion). Thus, a graded dose of dietary sodium was achieved in this study from 1,
335 mg/day - 1, 580 mg/day (LSD) to 6, 750 mg/day - 10, 547 mg/day (HSD).

In the current study, the FVC maneuver provided an indirect measure of the
flow resistive properties of the lung. Pre- to post-exercise changes were evaluated in
both groups. All expiratory lung volumes and flow rates for the EIA subjects improved
in a dose-response manner from HSD to LSD, suggesting less airway obstruction. No
differences were demonstrated for these values with respect to the different diets for
Control subjects.

The exercise protocol used in this study was a typical clinical protocol used to
induce and diagnose EIA (56). The subjects exercised for 6 min at 85-90% PMHR
(steady state exercise), after which they continued on until volitional fatigue (peak
exercise). Therefore, the exercise protocol was of reasonably short duration, but reached
high intensity.

The pattern of exercise ventilation during exercise differed with diet in the EIA
subjects, even though there were no differences in exercise minute ventilation between
diets. The HSD resulted in a higher Vrand lower f; selection, while the LSD reversed
this pattern, lower Vrand higher fi. This breathing pattern suggests increased airways
resistance with the HSD and decreased airway resistance with the LSD. The pattern of
breathing chosen by the EIA subjects on the HSD suggests increased airway resistance

during exercise. Typically, subjects with elevations in airway resistance will increase Vr
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and decrease f, in order to reduce the work of breathing. The reversal of this pattern
elicited by the LSD may indicate a reduction in airway resistance by the same reasoning.
However, no direct measure of airway resistance was performed during exercise in the
present study. Other studies have reported a similar ventilatory pattern during exercise
as demonstrated in the present study in subjects with EIA versus those subjects without
EIA (Control) or with successful treatment (6, 25).

Previous studies have shown the presence of ventilation-perfusion mismatching
post-exercise in EIA subjects (57, 62). In the current study, the elevation of Vp/ Vrwith
the HSD suggests reduced ventilation relative to perfusion and improved Vp/Vr or
improved ventilation-perfusion matching with the LSD. However, these data must be
interpreted cautiously, since the pattern of ventilation to perfusion by this method is
difficult to interpret in the face of changing total ventilation and cardiac output induced
by exercise (62).

The present study confirms earlier work (3-5, 29, 41, 53, 54) that have
demonstrated increased resistance to airflow in EIA subjects during the later stages of an
exercise bout. Beck et al. (5) reported a decline in FEV) during exercise of varying
intensity in asthmatic subjects with documented EIA compared to non-asthmatic
subjects. Johnson et al. (29) also compared asthmatics with documented EIA to non-E[A
subjects during exercise. The EIA subjects demonstrated an elevation in end-expiratory
lung volume and airflow limitations compared to the non-EIA subjects. Beck et al. (4)
compared subjects with EIA versus non-asthmatic subjects. The purpose of the study
was to compare maximal flows from FVC maneuvers to measures of pulmonary

resistance, such as using an esophageal balloon and measuring flow and pressure
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changes. The asthmatic subjects demonstrated increased airways resistance during
exercise, during both techniques. Suman at al. (54) compared the changes in airway
function during exercise and voluntary hyperventilation, while measuring pulmonary
responses to both modes of hyperpnea in the same asthmatic subjects, while attempting
to match minute ventilation. A greater airway resistance during was observed during
the later stages of the exercise bout than during the isocapnic hyperventilation, even
though both modes of challenge produced similar degrees in the post-hyperpnic period.
The mechanism by which dietary NaCl may influence EIA is unknown. Since
the mechanism of EIA itself has not been determined, it would be speculative to suggest
a possible mechanism for the interaction of dietary NaCl with EIA. Changes in dietary
sodium intake, and its influence on the post-exercise flow rates at 5 minutes, in 15
subjects with EIA was conducted recently by Mickleborough et al. (45). They
demonstrated that two weeks of NaCl loading worsened and two weeks of NaCl
restriction improved post-exercise pulmonary function in EIA subjects. Data have also
been published on the possible relationship between asthma and dietary NaCl intake,
and have been mainly epidemiological with limited experimental evidence. As early as
1938, Stoesser and Cook (52) reported that a LSD contributed to a decrease in symptoms
in children with severe asthma. Burney (8, 10, 11) conducted epidemiological studies in
England and Wales, and a strong correlation was noted between table salt purchases
and asthma mortality in both men and children. Experimental studies have
concentrated on the effect of manipulating dietary sodium intake on airway
responsiveness. A small study demonstrated a significant increase in airway

responsiveness to histamine in male and female asthmatics on a HSD (28). A
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randomized double-blind crossover challenge designed to test the effect on airway
responsiveness to histamine in asthmatic subjects on a LSD while taking a NaCl
supplement or a placebo demonstrated an increase in airway responsiveness in those
receiving the sodium supplementation. In addition, a significant association between
bronchial reactivity and 24-hour sodium excretion was observed in males but not female
asthmatics (12). A double blind, placebo-controlled crossover design study
demonstrated that a change from a HSD to a LSD resulted in a significant reduction in
airway responsiveness to methacholine (FEV19) and PEF (15). A more recent study (55)
carried out an investigation to study dietary sodium intake and airway response to
methacholine in relation to cellular sodium transport in asthmatics. The results
suggested that a serum-borne factor found in asthmatic serum caused an increased
permeability of cell membranes, thereby stimulating sodium influx into cells (which is
related to the degree of hyper-responsiveness), independent of the effect of dietary
sodium loading on airway responsiveness. Other studies have failed to find an
association between sodium intake and asthma (or its surrogate, airways
responsiveness) (7, 19, 20, 39) and therefore the evidence for an association between
dietary sodium and asthma remains controversial.

[t is unclear how variations in dietary sodium may lead to airway reactivity
changes. However, sodium transport has been implicated in many aspects of the
regulation of airway smooth muscle tore (15, 50, 55). A high sodium intake has been
shown to inhibit Na*/ K+ ATPase in erythrocytes of normotensive males (59). Enhanced
dietary sodium loading expands blood volume and may trigger the release of

endogenous ouabain (26, 59), that inhibits Na*/K* ATPase. The resulting inhibition of

43

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



the Na*/K* ATPase would be expected to increase levels of intracellular sodium and, in
turn, to increase calcium via inhibition of Na*/Ca?* exchange (46), as well as, enhancing
release of inflammatory mediators (14, 24, 44). Increased airway smooth muscle tone
with pump inhibition is supported by animal experiments (50), but has not been shown
in studies with humans. The pathological events involved in asthma, such as the
release of inflammatory mediators, microvascular leakage, and mucous secretion are
also calcium dependent. Therefore, any defect in the control of intracellular calcium can
account not only for increased airway responsiveness, but also increased secretory
responses. The mechanisms responsible for increased bronchial reactivity may be due
directly or indirectly to hormonal or chemical changes associated with increased sodium
loads, or to changes in the physical properties of cell membranes.

It has been shown that airway mucosal edema can have a profound effect upon
airway function (27) in EIA. An increased blood volume in the bronchial circulation
caused by dietary NaCl loading could exert an important influence on airway diameter.
An increase in vascular volume and microvascular pressure might have substantial
effects on airway function in the face of mediator-induced increased vascular
permeability leading to a thickening of the mucosa (edema), thereby narrowing airway
diameters; possibly amplifying the effects of increased smooth muscle tone (42). It is
also possible that dietary NaCl loading may increase airway osmolarity leading to
airway drying and an exacerbation of EIA symptoms.

The focus of previous studies has been directed at elucidating a possible
mechanism whereby the cation, sodium influences bronchial reactivity in asthmatics.

However, it is possible that the anion component of dietary NaCl, chloride, plays a
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significant role in the severity of asthma and EIA. Medici et al. (43) investigated the
effects of NaCl loading and restriction in 14 asthmatics. They substituted sodium
chloride with sodium citrate in an equimolar concentration and demonstrated that while
bronchial reactivity in these subjects was sensitive to changes in dietary MaCl, it was
most likely mediated by the sodium ion, and not the chloride ion. However, in
hypertension research, there have been several reports that implicate the chloride ion as
the main contributor to elevated blood pressures during NaCl loading (32-38, 48, 49, 58,
60, 61) .

In conclusion, this study has shown that elevated dietary NaCl worsened and
dietary NaCl restriction consumption improved post-exercise pulmonary function in
EIA subjects. It should be noted that a restriction in dietary NaCl did not normalize
post-exercise pulmonary function in the EIA subjects. It is likely that elevations in
dietary NaCl consumption does not cause EIA, but rather enhances the underlying
mechanism and effects of exercise on pulmonary function in subjects with EIA. Itis
possible that dietary NaCl restriction will work in the opposite manner. Whether it is
the sodium or chloride ion in NaCl that is responsible for changes in post-exercise

pulmonary function in EIA subjects has yet to be determined.
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Table ITI-1. Subject characteristics.

Group Gender Age(years) Weight(kg) Height(cm) VO2pei (NSD)

M/F (ml/ min/kg)
EIA 44  2B+17 66+ 3 170 +3 43.6+28
Control 17 23+1.0 60+4 166 + 2 441+5.8

Values are means + SEM. There are no significant differences for any variables between

diets (p>0.05).
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Table ITI-2. Subject medications for EIA subjects.

Subject Medication
1 Terbutaline (Bricanyl)
2 " Albuterol (Ventolin)
3 Albuterol (Ventolin)
4 Terbutaline (Bricanyl)
5 Albuterol (Ventolin)
6 Albuterol (Ventolin)
7 Terbutaline (Bricanyl)
8 Albuterol (Ventolin)

Medications are all short-acting B2 agonists used
for rescue medication. No subjects appeared to be

on drugs used for maintenance therapy.
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Table ITI-3. Twenty-four hour urinary excretion of sodium, potassium, and

creatinine (mg/day).

Group LSD NSD HSD

ElA:
Sodium 1,335 + 2272 2,414 + 416> 6,750 + 1,159«
Potassium 1,802+325 2,362+652 2,973+ 1,410
Creatinine 1,305+136 1,353+102 1,311+99
Sodium normalized 1.02+0.322 1.78 £+038b 5.14 +0.70¢
to creatinine
24-hour volume (ml) 1,434+225 1,761 + 230> 2,351 + 228¢

Control:
Sodium 1,580+ 1732 3,478 +425b 10,547 + 1,868¢
Potassium 2,561 +417 2,405+435 2,213 +252
Creatinine 1,174 +253 1485+218 1,820+204
Sodium normalized 1.34 +0.81¢ 234+ 0.60ab 5.79 + 1.50¢
to creatinine
24-hour volume (mi) 2,065+ 159 2,537 + 187> 3,187 + 306<

Values are mean + SEM. Letters ab< designate significance (p<0.05) among

values, when letters are different. There are no significant differences among

potassium or creatinine values (p>0.05).
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Table III-4. Baseline pulmonary function.

FVC (L) FEV1 (L) FEV./ FEFs7ss (L/s) PEFR (L/s)
FVC (%)
EIA:
LSD 413+031 3.37+0.21 820+2 344+022 6.10 + 0.66
NSD 409+030 3.33+0.18 81.0+2  3.53+027 6.14 +0.63
HSD 392+036 3.18+0.25 810+3 3.35+030 5.89 + 0.74
Control:
LSD 463+030 387+0.24 840+3 4.08+045 8.37 + 0.80
NSD 470+026 3.92+0.23 83.0+2 427+043 7.61+0.81
HSD 4.62+026 3.71+027 80.0+2 4.03+043 8.80 + 0.70

Values are means + SEM. There are no significant differences for any variables among diets

or between groups (p>0.05). FVC, forced vital capacity; FEV, forced expiratory volume in

1-sec; FEFas7sx, forced expiratory flow rate from 25-75% of FVC; PEFR, peak expiratory flow

rate. LSD, low salt diet; NSD, normal salt diet; HSD, high salt diet.
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Table ITI-S. Pulmonary function post-exercise in Control subjects.

FVC (L) FEV; (L) FEV./ FEFxs.ss (L/s) PEFR (L/s)
FVC (%)
LSD:
1min 456+030 3.90+025 86.0+3 4.51 +0.51 8.41+0.71
Smin 4624033  3.94+027 830+3 4424055 8.50 + 0.71
10min  4.60+033 3.97+0.28 86.0+3  432+054 8.46 + 0.72
15min  473+033 3.99+028 840+3  4.07+034 8.59 + 0.74
NSD:
lmin 455+028 3.86+0.22 85.0+3 4,52 +0.46 793 +0.78
Smin 464+028 3.90+021 840+3  440+045 8.01+0.77
10min  4.65+028  3.89+0.23 840+2  429+043 8.14 + 0.78
15min =~ 471+030  3.95+0.26 840+2  4.31+049 7.79 + 0.74
HSD:
1min 454+028 3.80+0.25 84.0+3 4.21 +0.60 8.58 + 0.68
S5min 452+029 3.78+0.25 840+3 4.05 + 048 8.38 + 0.74
10min 458+029 3.70+0.29 81.0+4  4.10+044 8.55 +0.76
15min 456+030 3.68+0.29 81.0+4 4.14 + 044 844 +0.79

Values are means + SEM. There were no significant differences in Control subjects for post-

exercise values by time or diet (p>0.05).
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Table III-6. Pulmonary function post-exercise in EIA subjects.

FVC (L) FEV: (L) FEVy/ FEFs7sx (L/s) PEFR (L/s)
FVC (%)
LSD:
1min 3.86 +0.35"% 3.14+0.27* 820+3+ 3.30+0.32* 5.62 + 0.72*
Smin 3.86 + 0.38*%» 3.03 + 0.26*% 80.0+3«  3.08 + 0.32% 5.49 + 0.74%
10min 3.92+0.38% 299+ 0.28% 76.0+3* 292+ 0.33* 5.26 + 0.78*
15min 3.88 +0.38* 290+ 0.31% 750+ 2% 280 + 0.36* 5.17 + 0.82*
NSD:
1min 3.72+0.37* 299+0.30%b 81.0+3«  3.05+0.36* 5.39 + 0.78*b
Smin 3.71+0.36* 2.76 + 0.29* 740+ 3* 248 +0.37% 4.94 + 0.81*
10min 3.72+0.37* 276 +0.29% 740+ 3% 258 +0.32* 4.90 + 0.81*
15min 3.63 + 0.38* 2.65+ 0.33* 720+ 3* 239 +0.38* 4.68 + 0.83*
HSD:
1min 3.51+0.39* 285+ 0.29*% 820+3s 291+ 0.40*« 5.22 + 0.77*
Smin 3.38 +0.42*> 257 +0.32* 770+ 4*  2.37 + 0.40*b<c 4.79 + 0.80*
10min 3.31+0.43* 251 +0.31% 770+ 3% 229 +0.37*% 4.52 + 0.83*
15min 3.19+041% 242 +033*% 760+ 4* 215 + 0.40* 4.40 + 0.84*

Values are means + SEM. *p<0.05 compared to respective pre-exercise value. Letters ab<refer

to comparisons by diet for the post-exercise time period within specific variable; different

letters designate significant difference (p<0.05). Values with the same letter are not

statistically significant (p>0.05).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

56



Table ITI-7. Cardiovascular changes occurring during exercise in Control subjects.

LSD NSD HSD
HR (bpm)

Rest 73 +3.1 87 +3.7 70 +2.8
Steady state exercise 148 +9.7 157 +3.9 159 +5.5
Peak Exercise 176 +7.3 171 +4.3 173 + 6.5

HR % predicted max (bpm)

Rest 41+20 45+1.9 42 +1.6

Steady state exercise 85+19 88 +2.0 86 +2.7

Peak exercise 98 +3.6 95 +2.4 96 +3.1

O Pulse (ml/beat)
Rest 3.7+06 34+04 43+03
Steady state exercise 177+ 1.3 15.2+1.1 175+1.1
Peak Exercise 194+13 171+ 15 191+ 17

Values are mean + SEM. There were no significant differences in Control subjects for ventilatory

and metabolic values by diet, p>0.05. HR, heart rate; HR%, HR as a percentage of maximum heart

rate (220-Age); O, Pulse, oxygen pulse (VO,/HR).
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Table ITI-8. Breathing pattern and exercise ventilation changes occurring during exercise in
Control subjects.

LsSD NSD HSD
Vr (L)

Rest 0.80 +0.10 0.87 +0.10 0.73+0.23
Steady stale exercise 2.2+0.16 24+018 23+0.19
Peak Exercise 23+021 24+039 23+023

fy (breaths/min)
Rest 13.6 +3.0 14.8 + 2.4 15.0+ 3.0
Steady state exercise 30.6 +2.5 26.8+23 314+30
Peak exercise 50.0+3.3 455+21 46.1+ 1.8
Ve sres (L/ min)

Rest 109+ 09 129+ 14 109+1.2

Steady state exercise 67.3+38 64.3+5.5 723+35

Peak exercise 115 +10.2 A 109 +5.3 106 + 11.6

Values are mean + SEM. There were no significant differences in Control subjects for ventilatory
and metabolic values by diet, p>0.05. V7, tidal volume; ft, respiratory frequency; VEsres, minute

ventilation.
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Table ITI-9. Oxygen uptake and carbon dioxide output changes occurring during exercise in

Control subjects.

LSD NSD HSD
VCOzsrep (L./ min)
Rest 0.20+0.01 0.26 + 0.06 0.24 + 0.03
Steady state exercise 210+ 0.16 2.16+0.22 223+0.14
Peak Exercise 3.18+0.22 2.72+020 3.01+0.34
VO step (L/ min)
Rest 0.27 + 0.03 0.30 +£0.05 0.30 + 0.05
Steady state exercise 2.62+0.17 239+0.28 2.78 +0.18
Peak Exercise 3.42 +0.26 2.92+0.36 3.30 + 0.42
VOastep (ml/ min/kg)
Rest 41+03 42+08 47+07
Steady state exercise 404+20 33.6+4.1 432+17
Peak exercise 52.5+42.2 43.6 +2.8 52.4+35

Values are mean + SEM. There were no significant differences in Control subjects for ventilatory

and metabolic values by diet, p>0.05. VCO,, carbon dioxide output; VO2step, oxygen uptake.
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Table ITI-10. Physiologic dead space/tidal volume ratio, respiratory exchange ratio and end-

tidal carbon dioxide tension changes occurring during exercise in Control subjects.

LSD NSD HSD
Vo/Vt
Rest 0.30 + 0.02 0.30 + 0.02 0.30 + 0.02
Steady state exercise 0.21 £ 0.01 0.22+0.02 0.20 +0.01
Peak Exercise 0.15+0.01 0.14 + 0.02 0.12+0.01
RER
Rest 0.88 + 0.06 0.83 + 0.07 0.80 + 0.06
Steady state exercise 0.86 + 0.07 0.90 + 0.06 0.86 + 0.07
Peak exerdise 0.93 + 0.06 0.93 + 0.07 0.92 + 0.06
PerCO; (mmHg)
Rest 295+1.0 276+18 320+1.5
Steadly state exercise 370+ 14 36.1+14 37.1+1.0
Peak exercise 4.1+14 323+10 35.7+0.8

Values are mean + SEM. There were no significant differences in Control subjects for ventilatory
and metabolic values by diet, p>0.05. Vp/Vr, physiologic dead space/tidal volume ratio; RER,
respiratory exchange ratio (VCO,/VO,); PerCO;, the PCO; of the respired gas determined at the

end of an exhalation.
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Table ITI-11. Arterial oxygen saturation changes occurring during exercise in Control

subjects.
LSD NSD HSD
5.0z (%)
Rest 959+ 1.1 96.0+1.1 920+ 26
Steady state exercise 91.0+ 34 91.0+28 934 +27
Peak Exercise 940+ 1.5 945+1.1 928 +4.1

Values are mean + SEM. There are no significant differences in 54O value by diet or exercise

intensity, p>0.05. S.0,, arterial blood oxygen saturation.
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Table ITI-12. Cardiovascular changes occurring during exercise in EIA subjects.

LsD NSD HSD
HR (bpm)
Rest 81+4.9 89 +6.2 85 +6.6
Steady state exercise 161 +2.2* 163 +2.2 164 +23
Peak Exercise 176 +3.6 183 + 6.2 177 + 6.2
HR % predicted max (bpm)
Rest 46 +3.8 48 +3.1 45+34
Steady state exercise 87 +1.5 88+1.4 88 +1.1
Peak exerdise 94+27 99+2.8 99 +2.7
O Pulse (ml/beat)
Rest 3.0+0.5 26+06 2.2 +04*
Steady state exercise 13.0 + 1.3* 130+1.2* 11.8 + 1.0*
Peak Exercise 14.8 + 1.5* 16.1 + 1.4* 14.1 + 1.3*

Values are mean + SEM. *p<0.05 compared to respective value in Control subjects. There were no

significant differences in ventilatory and metabolic values by diet, p>0.05. HR, heart rate; HR%,

HR as a percentage of maximum heart rate (220-Age); O, Pulse, oxygen pulse (VO2/ HR).
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Table III-13. Breathing pattern and exercise ventilation changes occurring during exercise in

EIA subjects.
LSD NSD HSD
V(L)
Rest 0.67 + 0.042 0.67 + 0.04» 0.61 + 0.05=
Steady state exercise 1.4 +0.12* 1.6 +0.18™ 1.9 +0.19*
Peak Exercise 1.6 +0.24* 2.0 +0.28* 2.3 +0.23*
fy (breaths/min)
Rest 15.6 + 1.2 15.6 +1.32 17.9+ 1.9
Steady state exercise 448 +1.7* 40.4 + 3.1% 33.6+2.1b
Peak exercise 58.4 +2.9% 51.5 + 2.4* 43.4 +2.0%
Vesres (L/min)
Rest 10.5 + 0.3 10.5 + 0.5 10.9 + 0.5=
Steadly state exercise 64.1+4.2= 64.7 + 524 64.0+ 5.7
Peak exercise 93.4+11.2 103 + 11.2= 97.5+ 104~

Values are mean + SEM. *p<0.05 compared to respective value in Control subjects. Letters &b« refer
to comparisons by diet within specific variable; different letters designate significant difference,

p<0.05. Vr, tidal volume; fy, respiratory frequency; Vesres, minute ventilation.
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Table ITI-14. Oxygen uptake and carbon dioxide output changes occurring during exercise in

EIA subjects.
LSD NSD HSD
VCO;srep (L/ min)
Rest 0.19+0.02 0.18 +0.01 0.16 +0.03
Steady state exercise 1.78+0.19 1.8+023 1.67+0.23
Peak Exercise 2.4 +0.38* 2.6 +045 2.3+0.34*
VOzsteo (L/ min)
Rest 0.29 + 0.02 0.23 +0.02 0.19+0.02
Steady state exercise 210+ 0.23 212+ 0.30= 1.94 + 0.27*
Peak Exercise 2.61 + 0.36* 294 +0.47 2.50 + 0.37*
VOzsrep (ml/ min/kg)
Rest 3.6+0.2 40+03 3.2+03*
Steady state exercise 36.2+32 35.8+28 325 +2.6*
Peak exercise 45.3 +5.2* 44.1+57 41.6 +3.8*

Values are + mean SEM. *p<0.05 compared to respective value in Control subjects. There were no
significant differences in ventilatory and metabolic values by diet, p>0.05. VCO,, carbon dioxide

output; VOastep, OXygen uptake.
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Table ITI-15. Physiologic dead space/tidal volume ratio, respiratory exchange ratio and
end-tidal carbon dioxide tension changes occurring during exercise in EIA subjects.

LSD NSD HSD
Vo/Vr
Rest 0.33 + 0.02: 0.32 + 0.02 0.36 + 0.03e
Steady state exercise 0.19 + 0.01- 0.22 + 0.02¢ 0.27 + 0.02*
Peak Exercise 0.13 + 0.02= 0.18 + 0.02> 0.24 + 0.01*
RER
Rest 0.79 + 0.07* 0.78 + 0.08* 0.84 + 0.06*>
Steady state exercise 0.84 + 0.08* 0.85 + 0.07* 0.86 + 0.05*
Peak exercise 0.92 + 0.06e 0.88 + 0.06*a 0.92 + 0.07=
PerCO; (mmHg)
Rest 26.1+ 1.3 28.1 +0.8s 25.3+1.8%
Steadly state exercise 326+ 1.1s 33.0+1.1s 323+ 1.1%
Peak exercise 31.3+1.3 30.1+1.3s 31.1+1.5%

Values are mean + SEM. *p<0.05 compared to respective value in Control subjects. Letters «.b<

refer to comparisons by diet within specific variable; different letters designate significance

difference, p<0.05. Vp/Vr, physiologic dead space/tidal volume ratio; RER, respiratory

exchange ratio (VCO,/VOy); PeCO,, the PCO: of the respired gas determined at the end of an

exhalation.
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Table ITI-16. Arterial oxygen saturation changes occurring during exercise in EIA

subjects.
LSD NSD HSD
502 (%)
Rest 96.8 + 1.5 972+ 14 96.0 + 1.4
Steadly state exercise 95.4+29 949+21 94.6+14
Peak Exercise 95.7+12 947+ 1.5 95.7+ 1.6

Values are mean + SEM. There are no significant differences in 5,0 value by diet and exercise
intensity, or compared to respective value in Control subjects, p>0.05. S,0-, arterial blood

oxygen saturation.
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Analysis of Variance for 2 X 2 Crossover Design: FEV1 @ 10 min post-exercise. EIA subjects.
Sum of Mean Square
Source d. f. Squares F value P value
Between-subjects:
Carry-over 1 0.526 0.5260 0.0582 0.813
B.S. residual 6 9.038 1.5063
Within-subjects:
Direct Treatments 1 0.922 0.9216 91.89 0.000
(adjusted for Periods)
Periods 1 0.021 0.0210 0.969231 0.343
(adjusted for Treatments)
W-S residual 6 0.130 0.0217
10.637
Total 15 10.636

Table IT1-17. Analysis of variance for a 2 x 2 crossover design to assess carry-over effects for

FEV, at 10 minutes post-exercise in EIA subjects.
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Figure II-1. Mean percentage change in FEV pre- to post-exercise in Control subjects.

Values are mean + SEM. There were no significant differences by time or diet (p>0.05).
LSD-low salt diet; NSD-normal salt diet; HSD-high salt diet
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Figure ITI-2. Mean percentage change in FVC pre- to post-exercise in Control subjects.
Values are mean * SEM. There were no significant differences by time or diet (p>0.05).
LSD-low salt diet; NSD-normal salt diet; HSD-high salt diet.
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Figure III-3. Mean percentage change in FEF 55_759; pre- to post-exercise in Control

subjects. Values are mean + SEM. There were no significant differences by time or diet (p>0.05).
LSD-low salt diet; NSD-normal salt diet; HSD-high salt diet.
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Figure [lI-4. Mean percentage change in PEFR pre- to post-exercise in Control subjects.
Values are mean + SEM. There were no significant differences by time or diet (p>0.05).
LSD-low salt diet; NSD-normal salt diet; HSD-high salt diet.
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Figure ITI-S. Mean percentage change in FEV{ pre- to post-exercise in EIA subjects.
Values are mean + SEM. Letters denote significance for comparison of diets within time
period. Values with the same letter are not significantly different (p>0.05); differing letters
show significance among values (p<0.05). LSD-low salt diet; NSD-normal salt diet;
HSD-high salt diet.

72

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



—e— LSD
—O— NSD
5 - —¥— HSD

-10 -

15 -

Percent Change in FVC

=20 4

-25 4

| - T T T
1 5 10 15

Minutes after Exercise

0

Figure ITI-6. Mean percentage change in FVC pre- to post-exercise in EIA subjects.
Values are mean + SEM. Letters denote significance for comparison of diets within time
period. Values with the same letter are not significantly different (p>0.05) differing letters

show significance among values (p<0.05). LSD-low salt diet; NSD-normal salt diet;
HSD-high salt diet.
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Figure ITI-7. Mean percentage change in FEF 55 750, pre- to post-exercise in EIA subjects.
Values are mean + SEM. Letters denote significance for comparison of diets within time
period. Values with the same letter are not significantly different (p>0.05); differing letters

show significance among values (p<0.05). LSD-low salt diet; NSD-normal salt diet;
HSD-high salt diet.
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Figure ITI-8. Mean percentage change in PEFR pre- to post-exercise in EIA subjects.
Values are mean + SEM. Letters denote significance for comparison of diets within time
period. Values with the same letter are not significantly different (p>0.05); differing letters
show significance among values (p>0.05). LSD-low salt diet; NSD-normal salt diet,
HSD-high salt diet.
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Figure III-9. Changes in FEV] at pre-exercise and following exercise in Control subjects.
Values are mean + SEM. There were no significant differences by time or diet (p>0.05).
LSD-low salt diet; NSD-normal salt diet; HSD-high salt diet.
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Figure ITI-10. Changes in FVC at pre-exercise and following exercise in Control subjects.
Values are mean +SEM. There were no significant differences by time or diet (p>0.05).
LSD-low salt diet; NSD-normal salt diet; HSD-high salt diet.
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Figure III-11. Changes in FEF)5_750, at pre-exercise and following exercise in Control
subjects. Values are mean + SEM. There were no significant differences by time or diet
(p>0.05). LSD-low salt diet; NSD-normal salt diet; HSD-high salt diet.
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Figure III-12. Changes in PEFR at pre-exercise and following exercise in Control
subjects. Values are mean + SEM. There were no significant differences by time or

diet (p>0.05). LSD-low salt diet; NSD-normal salt diet; HSD-high salt diet.

79

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



4.5 -
—&— LSD
—O— NSD
—w— HSD
4.0 1
3.5 4 I
a
a
=) a
~ a
- 3.0 1
= a
(&)
b b
2.5 4 S .
2.0 4
1.5 T T T T -
o 1 5 10 15
&
© Minutes after Exercise
&
[« I

Figure [1I-13. Changes in FEV| at pre-exercise and following exercise in EIA subjects.
Values are mean *+ SEM. Letters denote significance for comparison of diets within time
period. Values with the same letter are not significantly different (p>0.05); differing letters
show significance among values (p<0.05). LSD-low salt diet; NSD-normal salt diet,
HSD-high salt diet.
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Figure ITI-14. Changes in FVC at pre-exercise and following exercise in EIA subjects.
Values are mean + SEM. Letters denote significance for comparison of diets within time
period. Values with the same letter are not significantly different (p>0.05); differing letters
show significance among values (p<0.05). LSD-low salt diet; NSD-normal salt diet;

HSD-high salt diet.
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Figure III-1S. Changes in FEF45_750, at pre-exercise and following exercise in EIA subjects.
Values are mean + SEM. Letters denote significance for comparison of diets within time period.
Values with the same letter are not significantly different (p>0.05); differing letters show
significance among values (p<0.05). LSD-low salt diet; NSD-normal salt diet;

HSD-high salt diet.
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Figure III-16. Changes in PEFR at pre-exercise and following exercise in EIA subjects.
Values are mean + SEM. Letters denote significance for comparison of diets within time
period. Values with the same letter are not significantly different (p>0.05); differing letters
show significance among values (p<0.05). LSD-low salt diet; NSD-normal salt diet;

HSD-high salyt diet.

83

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CONTROLS - 5 min recovery

1.5 4
=)
S’
£ 1.0
&
[To]
ol
(]
e °
a2
5
¢ 05—
= -
@ ° -
g -
o T — §__.___-’/
u' M
)
£ 0.0~ e . o
- —"'———_—_ “-—'"'“\
= - ®
S
R °
(]
g .05+
s - r=0.185
@] p =0.50

y = -0.145 +0.002x
-1.0 T T I T l 1
60 80 100 120 140 160 180

Maximal Exercise Ventilation (L/min)

Figure ITI-17. Regression of maximal exercise ventilation and pre- to post exercise

changes in FEV at S-minutes of recovery in Control subjects.
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Figure III-18. Regression of maximal exercise ventilation and pre- to post-exercise

change in FEV{ at S-minutes of recovery in EIA subjects.
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Figure ITI-19. EIA Group One subject profiles for FEV, at 10 minutes post-exercise.
Subjects started the LSD in period 1 and then crossed over to the HSD in period 2.
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Figure III-20. EIA Group Two subject profiles for FEV, at 10 minutes post-exercise.

Subjects started the HSD in period 1 and then crossed over to the LSD in period 2.
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Figure III-21. Group-by-period plot for EIA subjects at 10-minutes

post-exercise FEV .
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Figure ITII-22. Differences (period 1 minus period 2) against totals (period 1 plus
period 2) plot, in order to assess carry-over effects in EIA subjects at FEV, at

10 minutes post-exercise.
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CHAPTER IV

Dietary chloride as a possible determinant of the severity of

exercise-induced asthma

Abstract

Purpose: [t was observed previously that a high salt (NaCl) diet worsened and a
low salt diet (LSD) improved pulmonary function in exercise-induced asthma (EIA).
The purpose of this study was to determine whether it is the sodium or chloride ion in
NaCl that is responsible for the observed changes in pulmonary function. This was
accomplished by determining the influence of different sodium salts on post-exercise
bronchoconstriction in EIA subjects. Methods: Eight subjects with clinically diagnosed
EIA and eight subjects without EIA (Control) underwent a double-blind crossover
study. Subjects entered the study on a normal salt diet (NSD), and then were placed
either on a LSD (low sodium, low chloride) or a NaHCO;3 diet (high soditim, low
chloride). A one-week washout period occurred between diets before subjects crossed
over to the alternative diet. Twenty-four urine collections confirmed compliance to all
diets. Pre-and -post exercise pulmonary function tests were performed at the end of
each treatment period. Subjects underwent treadmill testing to volitional fatigue (peak

exercise). During exercise ventilatory and metabolic variables were measured by
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indirect calorimetry. Results: Altering dietary sodium or chloride had no effect on pre-
exercise (baseline) pulmonary function in either group or post-exercise pulmonary
function in Control subjects. However, both LSD and the NaHCOs diet improved post-
exercise pulmonary function in EIA subjects compared to the NSD (which had a
significantly higher chloride content compared to the other diets). In EIA subjects,
comparing post- to —pre exercise, forced expiratory volume in 1-second (FEV1) decreased
by 7 + 4% on the LSD, decreased by 14 + 4% on the NaHCOs diet, and decreased 19 + 2%
on the NSD at 15-min post exercise. Thus there was a gradation of response from LSD,
to NaHCOs diet, to NSD with respect to post-exercise pulmonary function in EIA
subjects.  Similar patterns were observed for forced vital capacity, forced expiratory
flow rate at 25-75% FVC and peak expiratory flow rate. No changes were observed
during exercise for the ventilatory and metabolic variables on the different diets for both
groups. Conclusion: While the LSD (low sodium, low chloride) did not normalize post-
exercise pulmonary function in the EIA subjects it did improve it. Likewise the NaHCOs
(high sodium, low chloride) diet improved post-exercise pulmonary function, but not to
the extent of the LSD. In conclusion, lowering dietary NaCl improved symptoms of
EIA. Additionally, chloride is a major contributor to this response. [t appears that the
presence of high sodium in the diet (NaHCO3) prevents the total improvement seen with

the low sodium, low chloride diet (LSD).

[This study was supported in part by a grant from the College Research Council,

College of Veterinary Medicine and Biomedical Sciences, Colorado State University)
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Introduction

It was demonstrated in the previous study (Chapter III) that a high salt diet
(HSD) worsened, and a low salt diet (LSD) improved, post-exercise pulmonary function
in subjects with exercise-induced asthma (EIA). The focus of previous studies has been
directed at elucidating a possible mechanism, whereby the sodium ion in dietary salt
(NaCl), influences airway reactivity in asthmatics (40, 55). However, it is possible that
the chloride component of dietary NaCl plays a significant role in the severity of asthma
and EIA.

While the mechanism by which changes in dietary NaCl may alter the severity of
EIA is unknown, previous studies linking dietary NaCl with airway reactivity changes
in asthma have implicated transmembrane sodium ion transport in bronchial (8, 10, 17,
55) and vascular smooth muscle contraction (16). Additionally, the influence of dietary
NaCl loading could also exert a significant effect on circulating blood volume and hence
airway diameter (15, 29).

In hypertension research, there have been many studies implicating the chloride
ion as the main contributor to elevated blood pressure during dietary NaCl loading.
Sodium loading with anions other than chloride have failed to produce elevated blood
pressures in models of salt-sensitive hypertension (23, 54). In addition, several studies
of NaCl-induced hypertension have suggested that the anion in NaCl may be
responsible for changes in renal acid-base balance (2, 51, 52). It has been shown that a
relative metabolic acidosis is present in NaCl-sensitive subjects during dietary NaCl
loading, resulting in a decrease in intracellular pH ([pH])) (2, 51, 52). This association

between metabolic acidosis and hypertension may occur at the level of cells other than

92

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



kidney cells, such as smooth muscle cells and mast cells, which are important in the
pathogenesis of EIA. [t is possible that manipulation of dietary sodium salts, with or
without chloride, may have differing effects on other known or possible determinants of
EIA, such as plasma membrane ion transport exchange systems and eicosanoid
synthesis from mediator releasing cells in the airways.

Elucidating a role for the effect of dietary chloride on the severity of E[A has not
previously been investigated. Therefore the purpose of this study was to determine the
influence of high and low chloride diets on post-exercise bronchoconstriction in subjects
with EIA. The experimental hypothesis tested in the present study was that both a low
sodium, low chloride and a high sodium, low chloride diet would improve post-exercise
pulmonary function in EIA subjects compared to a normal NaCl diet, but have no effect

on post-exercise pulmonary function in Control (non-EIA) subjects.

Methods

The present study was conducted in a the same manner, and followed an
identical protocol, as the previous study. Eight clinically diagnosed EIA subjects and
eight subjects with no history or signs of EIA (Control), volunteered for this study,
which was conducted as a double-blind crossover trial over five consecutive weeks. All
subjects entered the study on their normal NaCl diet, after which they were randomly
assigned to either a LSD (low sodium, low chloride) or NaHCO; (high sodium, low
chloride) diet for two weeks. Thereafter, they followed a one-week washout period
(NSD) and then switched to the alternative diet. Throughout the study all subjects were

placed on a menu-driven diet designed to provide 1500 mg of sodium and 2315 mg of
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chloride per day, whether on the LSD or NaCHO:; diet. During the LSD, subjects
consumed the base diet plus placebo (sucrose) capsules. However, for the NaCHO; diet,
the base diet was supplemented with 14 one-gram salt capsules, which equaled 4000 mg
per day of sodium and 14,370 mg per day of bicarbonate. The NaHCOs diet had the
same equimolar concentration of sodium as the HSD in the previous study.

The analysis of expired gases during exercise was accomplished by open circuit
spirometry, using the mixing chamber mode. Pulmonary function tests were performed
at screening, and at the end of each treatment period (pre-exercise and and at1, 5, 10,
and 15-minutes post-exercise). Twenty-four urine was measured at the end of each
treatment period and analyzed for sodium, chloride, potassium, and creatinine.

Statistcial Analysis. Data were analyzed using the SigmaStat 2.03 statistical
package and SYSTAT 8.0 (SPSS Inc., Chicago, IL). Pre-exercise and post-exercise
pulmonary function values and metabolic and ventilatory data were examined for the
effect of diet (LSD, NSD, NaHCO3) and the presence of EIA by a 2-factor ;'epeated
measures ANOVA, with both treatment and time as “within-subject” effects. A Tukey’s
post-hoc multiple pairwise comparison was used to isolate the differences (p<0.05).
When the F-ratio was significant, an omega-squared (w?) was used to assess the
magnitude of the treatment effect (i.e., what percent varience is accounted for by the
treatments). Power was calculated at 0.925, using a sample size of n = 8 (per group).
The data were analyzed for the presence of carry-over effects between treatments, by
employing a 2 x 2 ANOVA crossover design (18). All statistical tests of significance

were set at p<0.05. Data are expressed as mean + SEM.
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Results

Table IV-1 indicates that the two groups (EIA and Control) were well matched
according to age and physical characteristics. However, the Control group
demonstrated a significantly higher (p<0.05) fitness level (VO2peak) compared to the EIA
group.

Table [V-2 shows that the subjects were not using any “long-term” medications,
but were using traditional short-acting or “rescue” medications. Three Control subjects
did not complete the study. However, three additional Control subjects were recruited
and did complete the study. All EIA subjects tested positive for EIA during the initial
screening test, while none of the Control subjects tested positive for EIA. Subjects
demonstrated dietary compliance with sodium enhancement on the NaHCOs diet and
sodium restriction on the LSD as indicated by the 24-hr urinary excretion of sodium
(Table [V-3). Additionally, there was no significant difference between chloride
excretions on the LSD and NaHCO; diet (Table IV-3). Neither potassium nor creatinine
excretions were altered by the diets (Table IV-3).

No significant differences were observed for pre-exercise (baseline) pulmonary
function on each diet in either group (Table IV-4). All baseline pulmonary function
values for the three diets fell within the normal parameters established .for males and
female$ at rest (11), indicating that no airflow limitations were present.

Table IV-5 shows the post-exercise pulmonary values for the Control subjects.
There were no significant differences in post-exercise pulmonary values by time or diet.
However, for the EIA subjects, the post-exercise values (Table [V-6) for FVC, FEV,,

FEFs7sx and PEFR were highest for LSD and lowest for the NSD. The NaHCO; diet was
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intermediate between the LSD and NSD. There was a significant difference between the
LSD and NSD (p<0.05), but not between the NaHCO; diet and the LSD (p>0.05), or NSD
(p>0.05) for post-exercise pulmonary function in EIA subjects. The FEV,/FVC ratio
decreased on all diets post-exercise compared to pre-exercise values. However, the
FEV:1/FVC ratio was not altered between diets post-exercise.

Figures IV-1 and [V-5 demonstrate the differential effect of the percent change in
FEV1 pre- to -post exercise for Control and EIA subjects respectively. No significant
differences (p>0.05) in the percent change in FEV; (Table IV-1), FVC (Table IV-2),
FEFxs7sx (Table IV-3), and PEFR (Table [V4) pre- to post-exercise were observed for the
Control subjects on any diet. The EIA subjects demonstrated a significant reduction
(p<0.05) in the percent change in FEV pre- to -post exercise (Table [V-5), in a graded
fashion from LSD (7.0 + 4%) to NaHCO; diet (14.0 + 4%) to NSD (19.0 + 2%) at 15-min
post-exercise. In addition, EIA subjects demonstrated significant reductions in FVC
(Table IV-6), FEFs.7s5 (Table IV-7) and PEFR (Table [V-8) pre- to post-exercise, in a
graded response from LSD to NSD to HSD, by time for each of the diet periods.

Pre- and post-exercise pulmonary function values at 1, 5, 10 and 15 minutes are
presented for Control subjects in Figures [V-9 to [V-12. The Control subjects
demonstrated no significant differences (p>0.05) by time for each of the diet periods.
However, the EIA subjects (Figures IV-13 to [V-16) demonstrated significant differences
(p<0.05) in all the pulmonary function variables measured at 5, 10, and 15 minutes post-
exercise between the LSD and NSD. The NaHCO; diet elicited no significant difference
(p>0.05) between the LSD and NSD by time, for any pulmonary function variable

measured post-exercise.
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An w? was performed on pulmonary function values for EIA subjects at 15
minutes post-exercise and revealed that 87% (FEV:), 88% (FVC), 53% (FEFxs.7s5z) and 68%
(PEFR) of the variance was accounted for by the treatments.

Ventilatory and metabolic variables measured during exercise for Control and
EIA subjects are presented in Tables IV-7 to IV-11 and Tables IV-12 to [V-16 respectively.
Both Control and EIA subjects demonstrated no sigruficant differences in any of the
variables measured during exercise by diet.

Because exercise ventilation plays a role in triggering post-exercise
bronchoconstriction (1, 5, 28), regression analysis was used to examine the effect of
ventilation on the pre- to ~post exercise change in FEV;for Control (Figures IV-17) and
EIA subjects (Figures IV-18). Itis apparent that maximal exercise ventilation did not
correlate with decrements in pulmonary function observed on the three diets in Control
and EIA subjects. In fact, for EIA subjects, the trend is just the opposite, exercise
ventilations correspond with improved FEV) values. Therefore, post-exercise
pulmonary function changes are a function of diet and not maximal exercise ventilation.

A 2 x2 ANOVA crossover design was used to test for the presence of carry-over
effects and indicated that none were present (p>0.05) for all measures of lung function.
An ANOVA for2 x2 crossover design for EIA subjects at FEV; at 10 minutes post-
exercise is shown in Table [V-17. Carry-over effects and period effects were not
significant (p>0.05). Figures I[V-25 to [V-28 provide visual confirmation that carry-over
effects were not significant and that there is no group-by-period interaction. Carry-over
effects assessed for FEV;at 1, 5, and 15-minutes post-exercise, and for FVC, FEFas7x,and

PEFR at 1, 5, 10, 15-minutes post exercise were not significant in EIA subjects. In
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addition, carry-over effects were not significant for Control subjects for all post-exercise

pulmonary function measures at 1, 5, 10, and 15-minutes post-exercise.

Discussion

The previous study (Chapter III) demonstrated that manipulation of dietary
NaCl effects post-exercise pulmonary function in subjects with EIA. The results of the
present study confirms this finding. Additionally, the current data indicates that dietary
chloride manipulation alters post-exercise pulmonary function in subjects with EIA. The
current study represents the first report that high sodium loading with low chloride
(NaHCQO;) improves pulmonary function in EIA subjects, but not to the extent of the
LSD (low sodium, low chloride). This implicates the chloride ion in the effect of dietary
NaCl on the severity of EIA. However, it appears that the sodium ion also plays an
important role, as high sodium in the NaHCOs diet prevented the total improvement
seen with a LSD.

Dietary goals were met and subject compliance was successful in the current
study as, compared to the NSD, sodium decreased significantly while on the LSD and
increased significantly while on the NaHCO; diet. Thus, a graded dose of dietary
sodium was achieved in this study from 1, 466 - 1, 761 mg/day (LSD) to 6, 260 - 6, 266
mg/day (HSD). In addition, dietary chloride goals were met as there was no significant
difference between the LSD (2, 805 - 3, 043 mg/day) and NaHCO; (2, 722 - 2, 794
mg/ day); both were significantly lower than the NSD (4, 442 - 4, 699 mg/day). There
was no change in potassium excretion or in glomerular filtration rate, as indicated by

creatinine excretion.
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In the present study, the FVC maneuver was used to evaluate the integrity of the
caliber of the airways pre- and ~post exercise on various sodium salt diets in EIA and
Control subjects. Pre- to -post-exercise changes were evaluated in both groups. Post-
exercise pulmonary function in EIA subject improved on the LSD and worsened on the
NSD, with the NaHCO; being intermediate, suggesting less airway obstruction on the
LSD and NaHCQOs;, compared to the NSD. Control subjects demonstrated no differences
for these values with respect to the different sodium diets.

The pattern of exercise ventilation during exercise did not differ with diet in the
EIA subjects. This is suprising, since in the previous study there was significant
differences noted between the LSD and HSD for Vr and fy selection, with the HSD
resulting in a higher Vr and lower f; selection, while the LSD reversed this pattern,
lower Vr and higher fi. This pattern of breathing indicates increased airways resistance
on the HSD and decreased airways resistance on the LSD. The HSD in the previous
study and the NaHCO; diet in the current study contained the same equimolar amount
of sodium. This suggests that the chloride ion may also be involved in the pulmonary
function response during exercise in EIA subjects. Further studies are needed to
elucidate the role of dietary chloride on airway function during exercise in EIA subjects.

The biological mechanisms that might explain the role of dietary salt intake in
airway responsiveness remain uncertain. It has been shown that high dietary sodium
loads inhibit Na*/K* ATPase activity in erythrocytes of normotensive males (57). The
mechanism of this inhibition is unclear. However, with increasead sodium influx and
an inhibited Na*/K* ATPase, Na* - Ca?* exchange could become the predominant

mechanism for restoring intracellular sodium ([Na*};) levels toward normal. This in turn
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could lead to a rise in free intracellular calcium ([Ca?*];), and an increase in bronchial
smooth muscle contraction (10). However, it is possible that the chloride ion may also
play a significant role in mediating the severity of EIA. Medici et al. (32) substituted
NaCl with sodium citrate in an equimolar concentration in 14 asthmatics. They
demonstrated that while bronchial reactivity was sensitive to dietary changes in NaCl,
this effect was most likely mediated by the sodium ion, and not the chloride ion.

Although the mechanism by which dietary NaCl influences the severity of EIA is
unknown it could be due to intrinsic alterations of cellular ion transport. A common
etiological role of dietary NaCl to both asthma and hypertension has been suggested (7).
Increasing evidence has suggested that the anionic component of NaCl may contribute
to hypertension in several animal models (20, 23, 39, 60). Kurtz et al. (23) and others (24,
39, 58) using rats given desoxycorticosterone (DOC), observed that NaCl induced
hypertension, while an equimolar amount of sodium in dietary NaHCO; did not. They
found that replacing dietary chloride with bicarbonate, without changing dietary
sodium, reversed hypertension induced by DOC and NaCl. These findings suggest that,
in rats given DOC and a fixed amount of dietary sodium, the anionic component of the
sodium salt can determine the occurrence, progression, and reversal of hypertension.

Kurtz et al. (21, 22) extended their observations to humans by substituting
sodium citrate for NaCl in the diets of salt-sensitive hypertensive men. They
demonstrated that NaCl elevated blood pressure while sodium citrate did not. Shore et
al. (54) performed a similar study in 6 men with essential hypertension by substituting
sodium phosphate for sodium citrate. Blood pressure increased on NaCl

supplementation, but not on the sodium phosphate. Luft et al. (27) tested the hypothesis
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that NaCl and NaHCO; have opposite effects on blood pressure in 10 mildly
hypertensive men. They showed that the addition of NaCHG; significantly lowered
systolic blood pressure while NaCl did not increase blood pressure. The data are
supported by the results of Morgan (35), that changes in blood pressure depend on
dietary chloride content.

Numerous studies of NaCl-induced hypertension have shown that the anion
may be responsible for changes in renal-acid base homeostasis (2, 51, 52). These studies
have shown that sodium salts such as NaHCO; and sodium citrate induce a metabolic
alkalosis and do not raise blood pressure as effectively as NaCl in hypertensive
individuals, and suggests a role for the anion in the pressor effect of NaCl. It has been
demonstrated (2,51, 52) that a relative metabolic acidosis is present in NaCl-sensitive
subjects during dietary NaCl loading with an attendant decrease in [pH}:. This link
between metabolic acidosis and hypertension can be envisioned at the level of cells other
than kidney cells, such as smooth muscle cells and mast cells, which may be important
in the pathogenesis of acute bronchospasm in EIA. Manipulation of dietary sﬁdium
salts, with or without chloride, may have different effects on other known or possible
determinants of EIA, such as eicosanoid synthesis, sympathetic nervous system activity,
and the plasma membrane Na*/H* antiporter mechanism.

In lymphocytes obtained from a rat model of genetic hypertension, it has been
demonstrated that increased metabolic acid production is compatible with intracellular
acidosis, where reduced [pH]; stimulates the Na*/H* exchange mechanism, thereby
promoting Na- cellular influx and increasing intracellular Na* ([Na*};) concentrations (2,

3,12, 14, 37). This rise in [Na*}; may contribute to an increase in [Ca2*]; via the Na*/Ca2*
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exchange mechanism (2, 3). In addition, [Ca2*]; may also be increased via Ca?*/H*
exchange (2, 3). It has been shown that provision of sodium as NaHCO;3 or sodium
citrate can suppress the overactivity of the Na*/H* antiporter by neutralizing acid
overproduction generated during NaCl loading (2, 4). In response to a metabolic
acidosis the activity of the N*/H* antiporter has been shown to increase in renal
proximal cells (42, 50, 56), platelets (26, 49), erythrocytes (45) and leukocytes (2, 3, 44) of
individuals with essential hypertension and in the salt-sensitive Dahl/Rapp rat.
Although extrapolation of data from cells other than bronchial smooth muscle cells to
the pathogenesis of EIA is speculative, it is possible that a reduced [pH];, resulting in
increased [Ca?*}; also occurs in bronchial smooth muscle cells, leading to increased
contractility.

[t has been proposed that [pH]; regulation is governed by three plasma
membrane pH; regulatory proteins; Na*/H* antiporter, Na*-dependent Cl-/ HCOs-
exchanger, and Na*-independent Cl-/ HCOs-exchanger) (2, 3, 44, 48). Clearly, if [pH}; or
the Na*/H* antiporter is to be implicated in the pathogenesis of EIA, then HCOs- -
dependent mechanisms cannot be ignored. The tendency toward intracellular acidosis
should erthance not only Na*/H* exchange, but Na* -dependent Cl-/ HCOs- exchange as
well (2), which defends against cell acidification by acting as a pathway for HCOs- entry
into the cell in exchange for intracellular Cl- (2-4). Both transporters thus regulate pH;
and Na*entry into the cell. Batlleetal. (2, 3) and Redon et al. (44), studied the activity
of both the Na*-dependent and Na* -independent Cl-/ HCOs- exchangers in
lymphocytes from rats with genetic hypertension. They demonstrated that change in

the pH; was clearly dependent on extracellular CI- concentrations, such that an increase
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in external ClI- resulted in increased activity of the Na* -independent Cl-/ HCOs-
exchanger, which exchanges extracellular CI- for intracellular HCOs, resulting in a
concomitant fall in [pH]J:.

[onic fluxes that contribute to changes in membrane potential and variations in
pHi are not well known in eosinophils, basophils or mast cells, although they may be
important in the stimulus-response coupling cascade. Mast cells are important in the
pathogenesis of acute bronchospasm following exercise due to activation of pro-
inflammatory mediator release, such as histamine, prostaglandins and leukotrienes. It
has been shown that mast cells contain an N*/H* antiport, Na*/K* ATPase, and an
Cl-/HCO;5- antiport (9, 13, 19, 34, 41, 43, 47).

It is conceivable that a high NaCl diet may mediate the release of eicosanoids
(prostaglandins, sulphidopeptide leukotrienes and thromboxane) from cells in the
airways, such as mast cells, eosinophils, granulocytes, basophils, macrophages, and
epithelial cells (31, 59). There is considerable evidence that eicosanoids play a role in the
pathogenesis of EIA. It has been shown that manipulation of dietary NaCl has a direct
effect on prostaglandin synthesis, with respect to renal sodium balance and vascular
smooth muscle (25), and it has been suggested that a high NaCl diet suppresses PGE;, a
bronchodilator (31, 59). It has also been demonstrated in rat peritoneal mast cells that a
high [Na*]; increases [Ca?*];, via inhibition of the Na*/Ca?* exchanger, resulting in
histamine release (41). The effects of dietary NaCl loading on the role of eicosanoids and
histamine from mast cells in subjects with EIA remain to be determined.

Metabolic acidosis is a common finding in patients with severe acute asthma.

This acidosis is not due to lactic acidosis in most cases, but is probably due to renal
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bicarbonate (HCO:s) loss (6, 30, 36, 38). Interestingly, infusions of NaHCOs; have been
used to alleviate severe bronchospasms in patients with acute bronchial asthma (33, 46,
53). Sodium bicarbonate administration could induce a metabolic alkalosis by raising
the HCO5-/PCO, ratio and thus the pH, decrease the H* stimulation of carotid bodies,
and thereby raise the regulated level of arterial PCO; and decrease ventilation at a given
level of exercise (respiratory compensation). However in the present study, NaHCO;
loading failed to decrease exercise Ve compared to the NSD in both the Control and EIA
subjects. Since there was no change in exercise Vg between treatments in EIA subjects,
and since blood gas analysis was not performed (in order to determine plasma pH and
PCO), it is difficult to interpret whether the reduction in the severity of EIA seen with
NaHCO; loading compared to the NSD, is due to low chloride in the diet, or HCO;5-
loading. Whatever the mechanism, the physiological role that HCOs loading may play
in this improvement cannot be discounted.

In conclusion, while the mechanism is imprecise regarding changes in dietary
NaCl’s effect on post-exercise pulmonary function in EIA, it is apparent that in the
current study the NaHCQO; diet improved post-exercise pulmonary function in the
presence of high sodium, but not to the extent of the LSD. The lowering of dietary NaCl
did improve symptoms of EIA, but did not normalize pulmonary function.
Additionally, chloride may be a major contributor to this response. The presence of high
sodium in the NaHCO; diet prevents the total improvement seen with combined low
sodium, low chloride (LSD). An alternative interpretation of these results with regards

to the potential effect of HCOs- per se on EIA cannot be ignored.
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Table IV-1. Subject characteristics.

Group  Gender Age (years) Weight(kg) Height(cm) VO2,ek (NSD)
M/F (ml/min/kg)
EIA 44 2+15 67 +4 171+2 428+14
Control 44 23 +09 68+2 171+3 54.1+14

Values are means + SEM. Significant difference between VOzpeak for EIA and Control

group, p<0.05.
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Table IV-2 Subject medications for EIA subjects.

Subject Medication
1 Albuterol (Proventil)
2 Albuterol (Proventil)
3 Terbutaline (Bricanyl)
4 Albuterol (Ventolin)
5 Albuterol (Proventil)
6 Terbutaline (Bricanyl)
7 Albuterol (Ventolin)
8 Terbutaline (Bricanyl)

Medications are all short-acting 2 agonists used
for rescue medication. No subjects appeared to be

on drugs used for maintenance therapy.
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Table IV-3. Twenty-four hour urinary excretion of sodium, potassium, chloride and

creatinine (mg/day).

Group LSD NSD NaHCO,3

EIA:
Sodium 1,761 + 2022 3,447 + 220 6,266 + 713¢
Chloride 3,043 +4532 4699 +476> 2722 + 241
Potassium 1,833+252 2,183+222 2,141+182
Creatinine 1,415+109 1,722+272 1,426+70
Sodium normalized 1.24+022« 2.00+0372 4.39 + 0.56¢
to creatinine
24-hour volume (ml) 893 + 37 1,146 + 84> 1,543 + 115¢

Control:
Sodium 1,466 + 146+ 3,466 + 222 6,260 + 33%
Chloride 2,805+ 1540 4,442 +303> 2,794+ 192«
Potassium 1,629+190 1,456+202 1,548 +188
Creatinine 1,470+193 1,543+200 1,656 + 216
Sodium normalized 1.00+ 023« 224+0.55> 3.78 +0.69
to creatinine
24-hour volume (ml) 1,139+13% 1,601 +167> 2,112 + 204¢

Values are means + SEM. Letters «b< designate significance (p<0.05) among

values, when letters are different. There are no significant differences among

potassium or creatinine values (p>0.05).
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Table IV-4. Baseline pulmonary function.

FVC (L) FEV, (L) FEVy/ FEFs7sx (L/s) PEFR (L/s)
FVC (%)
ElA:
LSD 510+025 4.10+0.24 804+3 3.25+0.15 7.70 +0.37
NSD 500+029 4.02+021 804+2 350+0.19 7.50 + 0.58
NaHCO; 4.92+027 4.14+0.23 841+3 3411012 7.43 +0.47
Control:
LsSD 551+029 4.26+021 770+2  477+0.52 8.95+0.84
NSD 555+0.32 4.42+0.39 800+3  4..89+046 9.60 + 0.67
NaHCO; 556 +0.28  4.39+0.33 800+3 492+047 9.00 +0.82

Values are mean + SEM. There are no significant differences for any variables among diets or

groups (p>0.05). FVC, forced vital capacity; FEV}, forced expiratory volume in 1-sec;

FEFxs7sx , forced expiratory flow rate from 25-75% of FVC; PEFR, peak expiratory flow rate.

LSD, low salt diet; NSD, normal salt diet; NaHCOs-, sodium bicarbonate diet.
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Table IV-5. Pulmonary function post-exercise in Control subjects.

FVC(L) FEV: (L) FEVy/ FEFs.7x (L/s) PEFR (L/s)
FVC (%)
LSD:
1min 540+026 4.25+0.33 787+3 4.94 + 0.06 9.20+0.79
Smin 541+028 4.24+0.33 783+3 4.74 +0.53 9.10+0.77
10min 539+032 424+0.34 787 +2 4.68 + 0.52 8.85+0.84
15min 542+032 4.18%+0.35 77.1+3 4.67 + 0.51 8.85+0.80
NSD:
1min 542+0.29 4.37+0.35 80.6 +3 5.00 + 0.59 9.69+0.73
Smin 544+032 440+0.35 809+2 4.96 + 0.56 9.41+0.71
10min 542+034  438+0.37 80.8 +3 4.90 + 0.53 9.39+0.75
15min 545+031 4.38+0.35 804+3 4.82 + 0.50 9.34+0.73
NaHCOs:
Imin 545+025 434+0.32 796+3 5.02 + 0.61 9.27 +0.82
Smin 540+032 431+034 79.8+3 4.88 + 0.50 9.17 + 0.80
10min 552+030 4331034 784+2 483 +0.52 9.23+0.71
15min 544+032 432+0.27 794+3 4.88 + 0.56 9.03 +0.77

Values are mean + SEM. There were no significant differences in Control subjects for post-

exercise values by time or diet (p>0.05).
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Table IV-6. Pulmonary function post-exercise in EIA subjects.

FVC (L) FEV; (L) FEVy/ FEFs73 (L/s) PEFR (L/s)
FVC (%)
LSD:
Imin 5.11+026* 4.17 +0.25% 812+ 3% 3.38+0.08% 7.78 + 0.40*
Smin 5.14 £ 0.30* 4.00 + 0.25" 778 + 4%  3.12 + 0.06™ 7.43 + 0.35"
10min 4.83 +0.31* 3.84 +0.23% 795+ 3%  3.02+0.07* 6.72 + 0.46™
15min 469+ 031* 3.78+0.23% 80.6 +3* 2.79+0.11* 6.54 + 0.49*
NSD:
1min 4.80+0.30* 3.78 + 0.26* 787+ 2% 315+ 0.22% 7.11 + 0.58*
Smin 4.63 + 0.31*v  3.47 + 0.25* 749+ 3% 270+ 0.25% 6.25 + 0.64*
10min 4.40 £ 0.31* 3.40 + 0.24* 773+ 3% 237 +0.26* 5.80 + 0.65*
15min 4.19+0.31* 3.23 + 0.22* 770+ 2% 213 +0.27* 5.31 + 0.69*®
NaHCOa:
Imin 4.96 +0.28* 4.10 + 0.25" 827+ 3% 327 +0.12*% 7.44 + 0.49%
Smin 4.87 +0.31*b 3.90+0.25%b 80.0+3* 286+ 0.21* 6.83 + 0.50*.b
10min 4.57 + 0.31*b 3.62 +0.28*> 792+ 3* 260+ 0.23*b 6.26 + 0.57*ab
15min 4.56 + 0.31* 3.57 +027*b 783+ 2% 239+ 0.23*%b 5.90 + 0.65*

Values are mean + SEM. *p<0.05 compared to respective pre-exercise value. Letters ab<refer to

comparisons by diet for the post-exercise time period within specific variable; different letters

designate significant difference (p<0.05). Values with the same letter are not statistically

significant (p>0.05).
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Table IV-7. Cardiovascular changes occurring during exercise in Control subjects.

LSD NSD NaHCOs;
HR (bpm)
Rest 83+57 84+79 83 +5.0
Steady state exercise 161+1.2 161 +1.6 158 +1.8
Peak Exercise 185 +6.7 181+9.9 173 +9.8
HR % predicted max (bpm)
Rest 47 +28 45+39 45+26
Steady state exercise | 85+0.5 88+1.3 85+04
Peak exercise 99+3.1 97 +5.0 93 +5.0
O; Pulse (ml/beat)
Rest 3.6+05 35+03 34+04
Steadly state exercise 179+ 1.0 184+10 174+ 1.3
Peak Exercise 21.2+13 208 +1.9 204+16

Values are mean + SEM. There were no significant differences in Control subjects for

ventilatory and metabolic values by diet, p>0.05. HR, heart rate; HR%, HR as a percentage of

maximum heart rate (220-Age); O, Pulse, oxygen pulse (VO2/HR).
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Table IV-8. Breathing pattern and exercise ventilation occurring during exercise in

Control subjects.
LSD NSD NaHCO;
Vr (L)
Rest 091+0.21 0.92 +0.27 0.73+022
Steady state exercise 24+0.29 26+032 2.4 +040
Peak Exercise 2.7 +0.16 27+023 26+022
fo (breaths/min})
Rest 148+ 15 144+12 17.1+3.0
Steadly state exercise 33.0+27 33.5+25 31.2+19
Peak exercise 50.1 +3.8 51.0+34 488 +3.6
Ve eres (L/ min)
Rest 13.5+1.5 13.2+13 125+0.74
Steadly state exercise 79.2+53 87.1+3.1 745 +4.7
Peak exercise 136 +11.4 137 +10.6 126 +10.3

Values are mean + SEM. There were no significant differences in Control subjects for ventilatory
and metabolic values by diet, p>0.05. V7, tidal volume; f, respiratory frequency; Vesres, minute

ventilation.
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Table IV-9. Oxygen uptake and carbon dioxide output changes occurring during

exercise in Control subjects.

LSD NSD NaHCO;
VCOsstep (L/ min)
Rest 0.26 +0.03 0.25 +0.05 0.25+0.01
Steady state exercise 2.60+0.14 275+0.11 2.45+0.32
Peak Exercise 4.05 +0.30 2.87 +0.80 3.22+070
VOasrpp (L/ min)
Rest 0.30 + 0.04 0.29 + 0.05 0.28 + 0.03
Steady state exercise 2.88 +0.15 2.96 +0.12 2.75+0.23
Peak Exercise 391+027 3.77 £ 0.36 3.53+031
VO step (ml/ min/kg)
Rest 43+03 42+0.2 43+02
Steady state exercise 41.7+0.8 424 +0.6 420+038
Peak exercise 54.6 +1.4 541+14 541+13

Values are mean + SEM. There were no significant differences in Control subjects for ventilatory

and metabolic values by diet, p>0.05. VCO,, carbon dioxide output; VO2step, 0Xygen uptake.
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Table [V-10. Physiologic dead space/tidal volume ratio, respiratory exchange ratio and
end-tidal carbon dioxide tension changes occurring during exercise in Control subjects.

LSD NSD NaHCO;

RER

Rest 0.85+0.03 0.84 + 0.04 0.85+0.04

Steady state exercise 0.89 +0.05 0.93 +0.04 0.88 + 0.04

Peak exercise 1.03 + 0.05 1.03 +0.05 1.00 + 0.03
Ve/VO,

Rest 40.7 +3.9 400+3.1 378+30

Steady state exercise 268+ 1.0 285+13 263+ 1.8

Peak Exercise 354+23 373+20 33.6+3.0
Vg/VCO2

Rest 46.2+29 475+ 28 44+22

Steady state exercise 30.2+ 1.0 305+ 1.0 303+1.1

Peak exercise 342 +2.3 36.4+20 33.8+25

Values are mean + SEM. There were no significant differences in Control subjects for
ventilatory and metabolic values by diet, p>0.05. RER, respiratory exchange ratio (VCO,/VO,);

VE/VO; and Ve/VCO,, ventilatory equivalents for oxygen and carbon dioxide respectively.
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Table IV-11. Arterial oxygen saturation changes occurring during exercise in Control

subjects.
LSD NSD NaHCOs

502 (%)
Rest 92.6+0.9 91.0+13 88.0+21
Steady state exercise 91.1+22 95.0+ 1.7 90.6 +1.9
Peak Exercise 920+17 95.0+19 91.5+14

Values are mean + SEM. There are no significant differences in Control subjects for 5,0, value by

diet and exercise intensity, p>0.05. S.O;, arterial blood oxygen saturation.
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Table IV-12, Cardiovascular changes occurring during exercise in EIA subjects.

LSD NSD NaHCOs
HR (bpm)
Rest 92 +9.0 91 +4.8 94 +6.5
Steady state exercise 157 +1.9 163+1.9 157 +3.1
Peak Exercise 172 +5.6 175 +6.5 172+7.0
HR % predicted max (bpm)
Rest 49 +3.7 49+2.2 51+3.7
Steady state exercise 86 +1.0 87 +1.0 86 +1.0
Peak exercise 91+33 99 +1.9 93+44
Oz Pulse (ml/ beat)
Rest 3.4+06 34+05 3.2+0.6
Steady state exercise 13.5 +2.2* 13.0+ 2.3* 13.6 +1.7*
Peak Exercise 16.2 + 2.8* 16.4 +1.9* 16.2 + 2.5*

Values are mean + SEM. *p<0.05 compared to respective value in Control subjects. There were
no significant differences in ventilatory and metabolic values by diet, p>0.05. HR, heart rate;

HR%, HR as a percentage of maximum heart rate (220-Age); O Pulse, oxygen pulse (VO2/HR).
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Table IV-13. Breathing pattern and exercise ventilation occurring during exercise in

EIA subjects.
LSD NSD NaHCOs
Vr (L)
Rest 0.63*+0.26 0.60 + 0.36* 0.63 +0.22
Steady state exercise 2.0 +0.30* 2.1 +032 2.0+027*
Peak Exercise 2.3 +0.30* 2.3+0.29* 2.3 +0.30*
fy, (breaths/min)
Rest 173+21 188+24 17.3+20
Steady state exercise 300+ 1.9* 27.2+1.6* 29.7 + 2.1*
Peak exerdise 41.1 +#3.3* 428 +34* 41.8+3.3*
Ve pres (L/ min)
Rest 10.9 +0.36 11.2+0.65 10.9 + 0.35
Steady state exercise 60.1 +5.1* 57.1 + 5.6* 594 +4.1*
Peak exercise 94.5 + 5.6* 98.4 + 6.6* 96.1 +7.3*

Values are mean + SEM. *p<0.05 compared to respective value in Control subjects. There

were no significant differences in ventilatory and metabolic values by diet, p>0.05. V7, tidal

volume; fs, respiratory frequency; VEsres, minute ventilation.
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Table IV-14. Oxygen uptake and carbon dioxide output occurring during exercise in

EIA subjects.
LSD NSD NaHCO;
VCOasrep (L/ min)
Rest 0.26 + 0.02 0.26 + 0.03 0.25 + 0.02
Steady state exercise 1.87 + 0.31* 1.85 + 0.34* 1.84 + 0.21*
Peak Exercise 2.67 +0.41* 2.85 + 0.41* 2.71 + 0.42*
VOzstep (L./ min)
Rest 0.31 +0.04 0.31 +0.03 0.30+0.03
Steady state exercise 2.12 +0.34* 2.12 + 0.35* 2.14 + 0.27*
Peak Exercise 2.78 +0.39* 2.87 + 0.35* 2.79 + 0.40*
VO:zstep (ml/ min/kg)
Rest 44+03 45+0.2 42+03
Steady state exercise 342 +1.5* 33.1+1.6* 328 +0.9*
Peak exercise 423 +1.5* 42.8 + 1.4* 41.6 + 1.7*

Values are mean * SEM. *p<0.05 compared to respective value in Control subjects. There

were no significant differences in ventilatory and metabolic values by diet, p>0.05. VCO,,

carbon dioxide output; VO:step, oxygen uptake.
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Table IV-16. Arterial oxygen saturation changes occurring during exercise in EIA

subjects.
LsSD NSD NaHCOs
502 (%)
Rest 96.0 + 0.6 96.1 + 0.6* 96.0 + 0.6*
Steady state exercise 95.1+0.9 94.8 +0.8 93.2+17
Peak Exercise 95.8 +0.5 952+ 1.5 94.7 + 0.8

Values are mean + SEM. *p<0.05 compared to respective value in Control subjects. There are

no significant differences in 5,0, value by diet and exercise intensity (p>0.05). S.0,, arterial

blood oxygen saturation.
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Analysis of Variance for 2 x 2 Crossover Design: FEV1 @ 10 min post-exercise. EIA subjects

Sum of Mean Square

Source df Squares F value P value
Between-subjects:
Carry-over 1 0.121 0.1210 0.0198 0.880
B.S. residual 6 6.103 1.0172
Within-subjects:
Direct Treatments 1 0.121 0.1210 1.775061 0.206
(adjusted for Periods)
Periods 1 0.035 0.0350 0.513447 0.486
(adjusted for Treatments)
W-§ residual 6 0.409 0.0682
6.789
Total 15 7.518

Table IV-17. Analysis of variance for a 2 x 2 crossover design to assess carry-over effects for

FEV, at 10 minutes post-exercise in EIA subjects.
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Figure [V-1. Mean percentage change in FEV pre- to post-exercise in Control subjects.
Values are mean + SEM. There were no significant differences by time or diet (p>0.05).
LSD-low salt diet; NSD-normal salt diet; NaHCO, = sodium bicarbonate diet.
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Figure IV-2. Mean percentage change in FVC pre- to post-exercise in Control subjects.
Values are mean + SEM. There were no significant differences by time or diet (p>0.05).
LSD-low salt diet; NSD-normal salt diet; NaHCO,-sodium bicarbonate diet.
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Figure IV-3. Mean percentage change in FEF,, .., pre- to post-exercise in Control

subjects. Values are mean + SEM. There were no significant differences by time or diet (p>0.05).
LSD-low salt diet; NSD-normal salt diet; NaHCO,-sodium bicarbonate diet.
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Figure IV-4. Mean percentage change in PEFR pre- to post-exercise in Control subjects.

Values are mean + SEM. There were no significant differences by time or diet (p>0.05).
LSD-lows salt diet; NSD-normal salt diet; NaHCO,-sodium bicarbonate diet.
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Figure IV-S. Mean percentage change in FEV pre- to post-exercise in EIA subjects.
Values are mean + SEM. Letters denote significance for comparison of diets within time
period. Values with the same letter are not significantly different (p>0.05), differing letters
show significance among values (p<0.05). LSD-low salt diet; NSD-normal salt diet;
NaHCO,-sodium bicarbonate diet.

131

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



EIA-FVC

10 -
—o— LSD
—O— NSD

5 —v— NaHCO,

FVC (% Change)

l T T )

10 15

o
pes
n

Minutes after Exercise

Figure IV-6. Mean percentage change in FVC pre- to post-exercise in EIA subjects.
Values are mean + SEM. Letters denote significance for comparison of diets within time
period. Values with the same letter are not significantly different (p>0.05); differing letters
show significance among values (p<0.05). LSD-low salt diet; NSD-normal salt diet;
NaHCO,-sodium bicarbonate diet.
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Figure IV-7. Mean percentage change in FEF, .., pre- to post-exercise in EIA
subjects. Values are mean + SEM. Letters denote significance for comparison of diets
within time period. Values with the same letter are not significantly different (p>0.05);

differing letters show significance among values (p<0.05). LSD-low salt diet; NSD-
normal salt diet; NaHCO,-sodium bicarbonate diet.
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Figure IV-8. Mean percentage change in PEFR pre- to post-exercise in EIA subjects.
Values are mean + SEM. Letters denote significance for comparison of diets within time
period. Values with the same letter are not significantly different (p>0.05); differing letters
show significance among values (p<0.05). LSD-low salt diet; NSD-normal salt diet;
NaHCO,-sodium bicarbonate diet.
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Figure IV-9. Changes in FEV| at pre-exercise and following exercise in Control
subjects. Values are mean + SEM. There were no significant differences by time or diet

(p>0.05). LSD-low salt diet; NSD-normal salt diet; NaHCO,-sodium bicarbonate diet.
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Figure IV-10. Changes in FVC at pre-exercise and following exercise in Control
subjects. Values are mean + SEM. There were no significant differences by time or diet
(p>0.05). LSD-low salt diet; NSD-normal salt diet; NaHCO,-sodium bicarbonate diet.
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Figure IV-11. Changes in FEF55.750, at pre-exercise and following exercise in
Control subjects. Values are mean + SEM. There were no significant differences by time
or diet (p>0.05). LSD-low salt diet; NSD-normal salt diet; NaHCO,-sodium bicarbonate
diet.
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Figure IV-12. Changes in PEFR at pre-exercise and following exercise in Control
subjects. Values are mean + SEM. There were no significant differences by time or diet

(p>0.05). LSD-low salt diet; NSD-normal salt diet; NaHCO,-sodium bicarbonate diet.

138

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



EIA- FEV,
5.0

—e— LSD
—0— NSD
45 - —v— NaHCO,

3.5 -

FEV, (L)

3.0 .

2.5 -

2.0

l ' 1 ¥

1 5 10 15
Minutes after Exercise

Pre-Exercise © -

Figure IV-13. Changes in FEV at pre-exercise and following exercise in EIA subjects.
Values are mean + SEM. Letters denote significance for comparison of diets within time
period. Values with the same letter are not significantly different (p>0.05); differing letters

show significance among values (p<0.05). LSD-low salt diet; NSD-normal salt diet;
NaHCO,-sodium bicarbonate diet.
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Figure IV-14. Changes in FVC at pre-exercise and following exercisein EIA subjects.
Values are mean + SEM. Letters denote significance for comparison of diets within time
period. Values with the same letter are not significantly different (p>0.05); differing letters
show significance among values (p<0.05). LSD-low salt diet; NSD-normal salt diet;
NaHCOQ,-sodium bicarbonate diet.
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Figure IV-15. Changes in FEF)5_750, at pre-exercise and following exercise in EIA
subjects. Values are mean + SEM. Letters denote significance for comparison of diets
within time period. Values with the same letter are not significantly different (p>0.05);
differing letters show significance among values (p<0.05). LSD-low salt diet; NSD-
normal salt diet; NaHCO,-sodium bicarbonate diet.
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Figure 1V-16. Changes in PEFR at pre-exercise and following exercise in EIA subjects.
Values are mean + SEM. Letters denote significance for comparison of diets within time
period. Values with the same letter are not significantly different (p>0.05); differing letters
show significance among values (p<0.05). LSD-low salt diet; NSD-normal salt diet;

NaHCO,-sodium bicarbonate diet.
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Figure IV-17. Regression of maximal exercise ventilation and pre- to post-exercise

changes in FEV at S-min of recovery in Control subjects.
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Figure IV-18. Regression of maximal exercise ventilation and pre-to post-exercise

changes in FEV] at S-min of recovery in EIA subjects.
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Figure IV-20. EIA Group Two subject profiles for FEV, at 10 minutes post-exercise.
Subjects started the NaHCO5 "~ diet in period 1 and then crossed over to the LSD in period 2.
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(period 1 plus period 2) plot, in order to assess carry-over effects

in EIA subjects at FEV, at 10 minutes post-exercise.
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CHAPTER V
Dietary salt consumption and leukotriene-dependent hyperpnea-induced

airway obstruction in guinea pigs

Abstract

Purpose: The purpose of this study was to determine if altering dietary salt
(NaCl) consumption mediates leukotreine (LT) release in the airways of guinea pigs
during hyperpnea-induced airway obstruction (HIAO). Methods: Thirty-two male
Hartley strain guinea pigs (428-661 g) were split into two groups. One group (n=16) of
animals ingested a normal salt (NS) diet (0.75% NaCl) for two weeks, while the other
group of animals (n=16) ingested a high salt (HS) diet (2% NaCl) for two weeks.
Thereafter, animals were anesthetized with sodium pentobarbital (45 mg/kg) and
xylazine (7 ml/kg), cannulated (linguofacial vien or carotid artery), tracheotomized, and
mechanically ventilated using a tidal volume (V1) of 3 ml and a breathing frequency (fy)
of 60 breaths/min, during a 20 min baseline period. Ten minutes of dry gas hyperpnea
(95% O2/5% CO;) ensued with a Vr of 4 ml and a f, of 150 b/min. After the hyperpnea
challenge, baseline ventilator settings were resumed using a gas mixture of 50% Oz /50%
Room Air (humidified and warmed) for 20 min. Ten minutes after the hyperpnea
challenge, animals were administered either saline [NS- CON (n=8) and HS-CON (n=8)],

or NDGA, a LT-LO inhibitor [NS-BLO (n=8) and HS-BLO (n=8)] for 10 min.
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Subsequently, a second hyperpnea challenge for 10 min was followed by a second post-
hyperpnea recovery period for 10 min. Bladder urine was collected by needle aspiration
after euthanasia, and analyzed for urinary concentrations of sodium, chloride,
potassium and creatinine. Results: There were no significant differences between the
NS and HS diet for airway function prior to the first hyperpnea challenge (baseline), as
determined by airway inspiratory pressure (Ptr) (p>0.05). Following the first hyperpnea
challenge both groups demonstrated significant bronchoconstrictor responses compared
to baseline. However, the HS diet elicited higher peak Ptr than the NS diet (p<0.001) at
10 min post-challenge. After infusion of saline (CON), and following the second
hyperpnea challenge, both the NS-CON and HS-CON groups exhibited airway
obstruction, as indicated by increased peak Ptr, compared to pre-hyperpnea values.
However, the HS-CON group demonstrated higher peak Ptr than the NS diet group
(p<0.001). Following infusion of the LT-inhibitor, and after the second hyperpnea
challenge, HIAO was attenuated in both the NS-BLO and HS-BLO groups compared to
the CON groups respectively (p<0.001). However, the HS-BLO group continued to
demonstrate higher peak Ptr than the NS-BLO group (p<0.05). Conclusion: This study
has demonstrated that dietary NaCl loading exacerbates the development of HIAO in
guinea pigs, and that LT release is involved in HIAO and may be moderated by changes

in dietary NaCl loading.

[This study was supported in part by a grant from the College Research Council,

College of Veterinary Medicine and Biomedical Sciences, Colorado State University]
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Introduction

Hyperpnea-induced airway obstruction (HIAO) in guinea pigs has been
proposed as a potential animal model of exercise-induced asthma (EIA) in humans (13,
58), by using responses to dry gas isocapnic hyperventilation as a surrogate for exercise
challenge. This model shares several common features with EIA, including the time
course of onset of bronchoconstriction, the spontaneity of resolution, the diminution of
response with humidification of inspired gas, the reproducibility of response with
consecutive challenges, and the relationship between the amount of hyperpnea and the
degree of response elicited (31, 58).

Anesthetized mammals in which both lungs are either exposed to or
hyperventilated with cold dry air are commonly used as models to study HIAO.
Hyperventilation with dry air evokes a complex airway response associated with
microvascular leak and bronchoconstriction in several mammalian species, including
guinea pigs, dogs, rabbits, and monkeys (7, 13, 28, 31, 48, 50). All models are
mechanically ventilated via an endotracheal tube, so dry air bypasses some portion of
the upper airway and is delivered directly into the lower trachea or the proximal
airways. Although HIAO is artificially induced in all anesthetized animal models, their
pulmonary responses to transient changes in ventilation are remarkably similar to that
observed in normally exercising or hyperventilating asthmatic humans (13, 24, 25, 48,
58). In guinea pigs (56), HIAO does not usually develop until after hyperpnea stops. In
man, it can occur during exercise (6), but it is more common when exercise stops (8).

When either asthmatic human or guinea pig airways are hyperventilated (26, 44)
and allowed to recover breathing room temperature air, HIAO develops 2 to 6 min after
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the challenge ends. Surprisingly, HIAO is markedly reduced in both species when
airway cooling continues during the recovery period. This observation is consistent
with the hypothesis that both airway cooling and subsequent rewarming are necessary
for the injtiation of HIAO (43). It is apparent that an increase in airway resistance in the
guinea pig, as well as in subjects with exercise-induced asthma, may be caused by
factors other than bronchial smooth muscle contraction, such as mucosal edema, mucus
and fluid accumulation in the airways, and vascular congestion (15).

Bronchoactive eicosanoid mediators are synthesized by several cell types in the
airways, and accumulating evidence suggests the potential participation of such
eicosanoid mediators in hyperpnea-induced airway responses (30). First, when
administered exogenously, the mediators may cause bronchovascuiar leak and
bronchoconstriction (or bronchodilation) (37, 70). Second, it has been shown that after
dry gas hyperpnea, guinea pig lavage fluid contains increased leukotriene and
prostaglandin concentrations (33). Third, it appears that eicosanoid mediators can
themselves elicit (9, 40) or modulate tachykinin release (22).

[n addition to tachykinins, leukotrienes (LTs) have been found to act as
mediators of HIAO in guinea pigs. Chapman and Danko (13) found that the LT receptor
antagonist, FPL 55712, suppressed guinea pig HIAO. In addition, Garland et al. (30)
showed that both BW-755¢ (antagonist for both cyclooxygenase and lipoxyygenase) and
the LTDj receptor antagonist, ICI-198,615, suppressed HIAO. Similarly, Yang et al. (70)
found increased LT levels immediately after 5 min of isocapnic hyperpnea. Itis not
clear, however, whether LTs act in parallel or in combination with tachykinins to induce

airway narrowing in the process of HIAO.
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Cells resident in the airways, such as mast cells, eosinophils, and alveolar
macrophages, all have the requisite metabolic machinery to synthesize LTs. Human
mast cells are extremely sensitive to changes in osmolarity, with small changes causing
the release of mediators (21), thus establishing a possible link between the changes in
osmolarity that may occur secondary to hyperventilation during exercise and
subsequent mediator release. In addition, exercise seems to increase the propensity of
mast cells, eosinophils, and alveolar macrophages to synthesize eicosanoid mediators
(1).

The two previous studies (Chapters III and [V) have shown that increasing
dietary salt (NaCl) consumption worsens, and NaCl restriction improves, post-exercise
pulmonary function in EIA subjects. Therefore, this investigation was performed to
determine if changes in dietary NaCl consumption in guinea pigs mediates the release of
LTs from effector cells in HIAO. The experimental hypothesis tested in the present
study was that a high salt (HS) diet would exacerbate HIAO compared to a normal salt
(NS) diet, as exhibited by bronchoconstrictor responses to dry gas hyperpnea. It was
further hypothesized that NaCl mediates the release of LTs from mediator cells in the
airways. Nordihydroguaiaretic acid (NDGA), a non-selective inhibitor of LT

biosynthesis and the lipoxygenase pathways, was used to suppress LT function.

Methods
Study Design and Manipulation of Salt Balance. Forty-two male Hartley strain
guinea pigs (428g- 661 g) were purchased from Harlan (Harlan, Inc., Indianapolis, IN),

of which 32 of the animals completed the study. All animals were maintained in
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conventional laboratory animal facilities. All procedures in this study were approved by
the Animal Care and Use Committee at Colorado State University and animals were
treated according to the Public Health Service Policy on Humane Care and Use of
Laboratory Animals. Animals were housed in individual cages, permitting dietary
manipulations on an individual basis.

The animals were divided into two groups. One group (n=16) of animals
ingested a NS (0.75% NaCl) diet for two weeks - which is the normal NaCl content of
guinea pig feed; while the other group of animals (n=16) ingested a HS (2% NaCl) (BIO-
SERYV, Frenchtown, NJ) diet. Both groups were fed 35 g/day of feed and supplied with
water ad libitum. Each animal’s food consumption and weight was monitored every 24
hours and fresh feed was replaced at the end of every 24-hour period.

To evaluate the role of a non-selective peptido-leukotriene (LT) biosynthesis
inhibitor and lipoxygenase (LO) inhibitor, Nordihydroguaiaretic acid (NDGA) (Cayman
Chemicals, Ann Arbor, M), on HIAO in guinea pigs, the two NaCl diet groups (n=16)
were further subdivided. The HS group was divided into two groups: One group (n=8)
received NDGA (LT-LO blocked group; HS-BLO), while the other group (n=8) received
saline (HS-CON) in a randomized fashion, and served as the Control group. ‘The NS
group was divided in an identical manner; NS-BLO (n=8) and NS-CON (n=8).

Animal Preparation. Animals were initially anesthetized with sodium
pentobarbital (Veterinary Laboratories, Inc., Lenexa, KS; 65 mg/ml) given at 45 mg/kg
intraperitoneally (IP) at 60% of the original dose (from a 13 ml/ mg stock solution),
followed 10-15 min later with xylazine (Vedco, Inc., St. Joseph, MO; 20 mg/ ml) given at

7 mg/kg intramuscularly (IM) at 50% of the original dose, and supplemented with local

154

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



infiltration of the incision site with 0.5 ml of 2% lidocaine (Vedco, Inc., St. Joseph, MO;
100 mg/ml), prior to performing the surgical procedure. The anesthetic plane was
maintained by boosting the animals at 5-10% of the original dose of sodium
pentobarbital, as required. In order to assess the depth of anesthesia, heart rate,
monitored non-invasively via an ECG (Spacelabs, Inc., Richmond, WA; Model No.
90603A), respiratory rate, toe pinch, movement during incision, and corneal reflex were
used as a guide. The animals were placed on a heating pad (37°C) for the duration of
the experiment. The linguofacial vein or carotid artery was cannulated with PE-50
polyethylene tubing to allow for the administration of drugs. A high cervical
tracheostomy was performed, and the trachea was isolated and cannulated with a short
piece of polyvinyl tubing [I.D. 1.67 mm (0.066”); O.D. 2.42mm (0.095")] attached to a 15-
gauge cannula which was connected to a small animal ventilator (Harvard Rodent
Ventilator, Model 683). The inspiratory and expiratory tubes of the ventilator were
attached to the tracheal cannula through a Y-type connector with a 3 cm common
segment (total dead space 0.3 ml) to minimize conditioning of inspired air. The
inspiratory port of the ventilator was connected to a warmed (35-37°C) humidifier
through which room air or a 50% O, /50% room air gas mixture passed. The tracheal
inspiratory pressure (Ptr) was measured at the tracheal cannula with a pressure
transducer (Statham P10 EZ, Gould Instrument Systems, Valley View, OH) and recorded
on a Chart Recorder (Gilson ICT-2H Duograph, Middleton, WI) continuously, for the
entire experimental procedure. Increases in Ptr, which reflect increases in respiratory
system impedance, were interpreted to indicate airway narrowing, even though the

possible contributions of microvascular leak and other mechanical changes were not
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quantified. At the end of the protocol, the animals were euthanized with sodium
pentobarbital (100 mg/kg, iv). After euthanasia, bladder urine samples (0.5-1 ml) were
collected by needle aspiration from each animal and stored at -70°C until analysis.
Urinary concentrations of electrolytes were measured by an autoanalyzer (Roche
Diagnostics, Indianapolis, IN).

Experimental Protocol. Initial baseline ventilator parameters were set at 60
breaths/min (fs) with a tidal volume (Vr) of 3 m], and an inflation pressure of 10 cm H:O
at end-inspiration. During this run-in period, the animals breathed warmed and
humidified Room Air. These ventilation conditions are referred to as “quiet breathing”.
The animals were allowed 20 min to stabilize during this baseline period. A fixed
volume history of each animal (total lung inflation) was obtained twice on each animal,
by occluding the expiratory port of the ventilator at the beginning of the run-in period.

Immediately thereafter, dry gas hyperpnea (hyperpnea challenge # 1) was
mechanically imposed for a period of 10 minutes by using dry 95% O2/5% CO.
delivered at room temperature from a balloon reservoir into the inspiratory port of the
mechanical ventilator. [nspiratory inflation pressure was increased to 15 cm H>O and f,
was increased to 150 with a Vr of 4 ml for the challenge. After hyperpnea chgllenge #1,
the animals were returned to “quiet breathing” (post-hyperpnea period # 1) for 20 min
using a humidified and warmed inspired gas mixture of 50% O2/50% Room Air
delivered from a balloon. During this period, airway narrowing was quantified as the
highest airway Ptr recorded during the first 10 min post-hyperpnea period . Twenty

min after the first hyperpnea challenge a second hyperpnea challenge (hyperpnea
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challenge # 2) was performed in an identical fashion to the first challenge for a 10 min
period, followed by 10 minutes of “quiet breathing” (post-hyperpnea period # 2).

To determine the effect of an LT-LO inhibitor, in HIAO, 1 ml of the solution (2
mg/kg of the NDGA crystalline solid dissolved in 0.2 ml of methanol and 0.8 ml of 0.9%
saline) was administered to the HS-BLO (n=8) or NS-BLO (n=8) group of guinea pigs
through either a linguofacial vein or carotid artery catheter 10 min after the first
hyperpnea challenge and infused at a rate of 0.1 ml/ min via a syringe pump (Cole-
Parmer Instrument Company, Vernon Hills, [L, 74900 Series Multichannel Syringe
Pump). The control groups, HS-CON (n=8) and NS -CON (n=8) received either 1 ml of
0.9% saline (n = 4) or 0.8 ml of 0.9% saline with 0.2 ml methanol added (n = 4).

Statistical analysis. Data were analyzed using the SYSTAT 8.0 statistical
package (SPSS, Inc., Chicago, IL). During the initial baseline “quiet breathing” and post-
hyperpnea period # 1 stage, each min of the last 5-min time period was averaged to give
a single data point for airway inspiratory Ptr. Each min of the 10-min hyperpnea
challenge #1 and #2 was averaged to give a single data point for airway Ptr. In addition,
airway inspiratory Ptr was statistically analyzed every 2 min during post-hyperpnea
periods #1 and #2. The effect of diet (NS and HS) and time (min) on airway inspiratory
Ptr were analyzed by a two-way ANOVA with repeated measures across time (pre- and
post-challenge) within each diet. The effect of diet, treatment (CON and BLO) and time
were analyzed by a three-way ANOVA with repeated measures across time (pre- and
post-hyperpnea challenge) within each diet. When a significant F-ratio was found
(p<0.05), a Bonferroni post-hoc multiple pairwise comparison with paﬁéd t-tests was

used to identify differences in group means (p<0.05). As there were no significant
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differences (p>0.05) in inspiratory Ptr noted between the NS-CON and HS-CON groups
for saline (n=4) and saline with methanol (n=4), the two sub-groups were pooled and
analyzed as one sample population (HS-CON or NS-CON group). Unpaired t-tests
were conducted between treatments on bladder urine electrolytes, food consumption,
and body weight. Power was calculated at 0.902, using the following data: a minimum
detectable difference in means = 0.02, expected standard deviation of residuals = 0.01,
number of groups = 4, group size = 8, and p setat 0.05. All statistical tests of

significance were set at p<0.05. Data are expressed as mean + SEM.

Results

Body weights, food consumption, and bladder urine electrolyte concéntrations
are summarized in Table V-1. [nitial and final body weights among the different
treatments did not differ (p>0.05). Guinea pigs appear to have definite taste preferences,
and alterations in the composition of a feed or the introduction of a new feed may result
in a decline in food consumption. This may account for the fact that food consumption
differed significantly between diets, with the NS diet group eating significantly more
than the HS diet group (p<0.001). Bladder urinary sodium and chloride concentrations
were significantly higher for the HS diet compared to the NS diet (p<0.001). No
significant differences were noted for bladder urinary concentrations of pbtassium and
creatinine (p>0.05).

Baseline conditions and airway response to hyperpnea challenge #1. The
airway inspiratory Ptr values for baseline (V1 = 3 ml, f, = 60 b/ min) and hyperpnea
challenge (Vr =4 ml, f, = 150 b/ min), were not significantly different between the two
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diet (NS and HS) groups (p>0.05). The time course of the change in Ptr during post-
hyperpnea period #1 was consistent with the development of airway obstruction (Figure
V-1). On both diets, the response was similar in that the inspiratory Ptr showed an
increase as early as 2 min after the dry gas challenge, and peaked at 10 min, with a
gradual return to baseline (pre-hyperpnea challenge #1) values by 20 min. The HS diet
elicited significantly higher inspiratory Ptr than the NS diet during the post-hyperpnea
period #1 during all time periods (p<0.05), indicating increased airway resistance.

Airway response to hyperpnea challenge # 2 after infusion of saline (CON
groups). There was no significant difference between the HS and NS diet inspiratory Ptr
value during hyperpnea challenge #2 (p>0.05). The time course of inspiratory Ptr for
the CON groups are shown in Figures V-2 to V-4 and Figures V-6 and V-7. The HS-
CON group exhibited higher inspiratory Ptr values than the NS-CON group at 8 min (
p<0.05) and at 10 min during post-hyperpnea period #2 (p<0.001) (Figure V-4). In
addition, both groups demonstrated significant increases (p<0.001) in inspiratory Ptr
values at 6, 8, and 10 min compared to the Ptr value just prior to hyperpnea challenge #
2 for the respective diet, demonstrating airway obstruction.

Airway résponse to hyperpnea challenge # 2 after infusion of leukotriene
inhibitor [NDGA] (BLO groups). Infusion of NDGA, a leukotriene biosynthesis and
lipoxygenase inhibitor, blunted the bronchoconstrictor response seen in CON groups on
both diets. However, the HS-BLO group demonstrated significantly higher inspiratory
Ptr values than the NS-BLO group (Figure V-5) at 8 and 10 min (p<0.05). No significant
difference (p>0.05) was noted at pre-hyperpnea challenge #2 between NS-BLO and HS-

BLO. The NS-BLO group demonstrated significant reductions in inspiratory Ptr values

159

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



compared to the NS-CON group at 4 min (p<0.05) and 6, 8, 10 min (p<0.001) (Figure V-
6). The HS-BLO group demonstrated significant reductions in inspiratory Ptr values at
6, 8, and 10 min compared to the HS-CON group (p<0.001) (Figure V-7).

Comparison of airway responses during post-hyperpnea period # 1 and # 2 for
CON and BLO groups. Similar bronchoconstrictor responses were seen during post-
hyperpnea period #1 and #2 for CON groups; there were no significant differences
between inspiratory Ptr during the post-hyperpnea period #1 and #2 for NS-CON and
HS-CON within respective time period up to 10 min (NS-CON, Figure V-2 and HS-
CON, Figure V-3) (p>0.05). Both NS-BLO and HS-BLO groups demonstrated significant
reductions in Ptr values in post-hyperpnea period #2 compared to post-hyperpnea
period #, within respective time period from 4 min to 10 min (NS-BLO, Figure V-2 and
HS-BLO, Figure V-3) (p<0.001).

Peak inspiratory Ptr values. During post-hyperpnea periods #1 and # 2, the
greatest increase in inspiratory Ptr occurred at 10 min, so this time was chosen to test the
statistical significance of the changes in peak inspiratory Ptr changes among the NS-
CON and HS-CON groups. In addition, the same time period was used to signify peak
inspiratory Ptr for the NS-BLO and HS-BLO groups. Figure V-8 depicts the peak
inspiratory Ptr values for pre- and post-hyperpnea challenge #1 and #2. Significant
differences (p<0.001) were r;;ted between peak Ptr inspiratory values comparing
baseline (average of the last 5 min) and post-hyperpnea challenge # 1 respectively for NS
and HS diets. Significant differences (p<0.001) were observed for peak Ptr values
between pre-hyperpnea challenge # 2 (average of the last 5 min) and post-hyperpnea

challenge # 2 for NS-CON and HS-CON groups, but not for the NS-BLO and HS-BLO
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groups (p>0.05). The peak inspiratory Ptr value during post-hyperpnea period # 2 was
significantly higher (p<0.001) for the HS~CON group compared to the HS-BLO and NS-
CON group. In addition, the NS-BLO group demonstrated a significant reduction in
peak inspiratory Ptr, during post-hyperpnea period # 2, compared to the NS-CON
group (p<0.001) and HS-BLO group (p<0.05). Figures V-9 and V-10 are examples of

airway Ptr tracings for CON- and BLO groups on the NS diet.

Discussion

The results of the present study confirm that a dry gas hyperpnea chaﬂenge
evokes an airway response in guinea pigs, and presents the novel finding that HIAO is
enhanced by increased dietary NaCl. Furthermore, this study demonstrates that LT
release from effector cells in the airways may be the end result of a final common
pathway for normal HIAO and NaCl-enhanced HIAQ. This suggests an important
interaction between dietary salt consumption and LT release. The blockade of HIAO by
a non-selective lipoxygenase and LT biosynthesis inhibitor resulted in less airway
obstruction, as determined by a decrease in airway inspiratory Ptr, compared to the non-
blocked (Control) group on both diets. However, the HS diet resulted in increased
airway inspiratory Ptr, in both the HS-CON and HS-BLO groups, indicating increased
airway obstruction, compared to the NS-CON and NS-BLO groups, respectively.

Bladder urine samples were analyzed for urinary concentration of electrolytes
and demonstrated that, while on the HS diet, urinary sodium and chloride were higher
(126 and 93.6 mEq/ L, respectively) compared to the NS diet (84.9 and 49.4 mEq/L,

respectively). There was no change in glomerular filtration rate (creatinine excretion).
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While it is recognized that a bladder urine sample is not representative of a two-week
dietary protocol, it is indicative of the last meal eaten by the guinea pigs. In combination
with the dietary data, the urine analyses confirm the effectiveness of the two diets.

A limitation of this study is that the airway response to hyperpnea challenge was
quantified from changes in Ptr, that reflect alterations in respiratory system impedance.
The pulmonary response to hyperpnea challenge is clearly complex and involves
changes in both airway and tissue resistance (47), as well as microvascular leak (31).
However, it is assumed that most of the measured response is a consequence of airway
narrowing resulting from airway smooth muscle contraction, which has been confirmed
by morphometric studies (47).

This study supports data from prior studies (46, 56, 58) that anesthetized
mechanically ventilated guinea pigs develop self-limited bronchoconstriction after dry
gas hyperpnea challenge. This response is very reproducible with consecutive
challenges. However, qualitative and quantitative differences between the guinea pig
response to dry gas hyperpnea and EIA in humans are likely. The oropharynx and
larynx in asthmatic subjects provide substantial conditioning of inspired gas delivered
to the lower airways. This mechanism is bypassed with the tracheal cannula and small
amount of ventilator tubing, as described in the present study. Increasing minute
ventilation during hyperpnea presumably increases penetration of the unconditioned
gas beyond the trachea into more distal central airways. This has been shown to occur
in dogs (59) and in normal (32, 42) or asthmatic human subjects (32); however, inference
about how the longitudinally distributed heat and water losses actually change airway

wall temperature or hydration (63, 64) is purely speculative. Mechanistic differences in
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transduction of the stimulus to bronchoconstriction also could exist, based on species-
dependent mediator response, activation of specific neural pathways, and airway
smooth muscle anatomy.

Ray et al. (56) have shown that the stimulus for HIAO occurs during, rather than
after, dry gas hyperpnea. The magnitude of peak bronchoconstriction depends heavily
on three features of the hyperpnea challenge itself: 1) the duration of the hyperpnea
challenge, 2) the minute ventilation during dry gas hyperpnea, and 3) the heat and
water content of inspired gas during hyperpnea (i.e., bronchoconstriction does not occur
when inspired gas is warmed and humidified throughout hyperpnea). Although its
magnitude is small, bronchoconstriction is evident after 5 min of dry gas hyperpnea
challenge. Furthermore, the absence of bronchoconstriction during 10 min of warm
humidified gas hyperpnea indicates that heat and water losses associated with dry gas
breathing are the key features responsible for the bronchoconstrction that occurs during
dry gas hyperpnea. Finally, a prominent feature of the results of Ray et al. (56) and
those of Blackie et al. (8), is that the magnitude of bronchoconstriction increased with the
duration of dry gas hyperpnea. It has been suggested that an extended duration of
thermal stimulus during dry gas hyperpnea could conceivably result (indirectly or
directly) in a greater total release of tachykinins from airway sensory nerves; a
pathogenetic step that seems to be critical for the development of HIAO in guinea pigs
(30, 31, 37, 40, 57, 62, 69). However, the precise mechanism by which airway heat/losses
are transduced into tachykinin release remains unknown.

It is possible that dry gas hyperpnea reversibly impairs airway epithelial cell

function in a way that potentiates bronchoconstriction. This might conceivably occur by
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1) epithelial dehydration (4), which might facilitate exposure of airway sensory nerve
endings, which contains tachykinins substance P (SP) and neurokinin A (NKA) to
stimulatory thermal effects of dry gas hyperpnea (29), or 2) inhibition of epithelial
neutral endopeptidase (67), which cleaves and inactivates tachykinins. Pharmacological
inhibition of this enzyme has been shown to potentiate tachykinin-induced
bronchoconstriction (61), including guinea pig HIAO (30, 31, 37, 40, 57, 62, 69).

The respiratory tract in guinea pigs has a rich network of sensory nerve and
sensory receptor types containing tachykinins (38). Sensory nerve endings have been
identified around vascular and nonvascular smooth muscle, seromucus glands, and
penetrating into the surface epithelium (66). There are three main groups of lung
receptors: the slowly adapting stretch receptors in airway smooth muscle, the rapidly
adapting (irritant) stretch receptors, and the C-fiber receptors located in the epithelium.
While the lung receives C-fibers that are of are of spinal origin, the trachea is innervated
with C-fibers of vagal origin (66). It has been suggested that tachykinins, which are
located in airway afferent nerve endings, are the mediators of HIAO in guinea pigs (37,
57, 62).

Activation of afferent C-fibers causes the release of tachykinins which, in turn,
may induce bronchoconstriction, vascular leakage, and mucus secretion (5, 38). Afferent
C-fibers can be stimulated by hyperpnea (57) and by other irritants. Tachykinins may
directly or indirectly induce airway constriction. In guinea pigs, both NKA and SP are
potent bronchoconstrictors (5). In addition, tachykinins can activate mast cells (36),
neutrophils (60), and macrophages (10) which, in turn, can release other airway

constrictors, such as histamine, LTs, and prostaglandins.
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Although, tachykinins appear to be key mediators of HIAO in guinea pigs (31,
62), little evidence exists for their participation in human HIAO: a NK-1 and NK-2 dual
tachykinin receptor antagonist (FK-224) inhibits NKA-induced bronchoconstriction in
guinea pigs (45), but fails to do so in human asthmatics (35). Although capsaicin
reduces HIAO in guinea pigs (29, 70), it does not alter airway responsiveness to
hypertonic saline in children with asthma (12). The NK-1 receptor antagonist CP-99,994
inhibits airway response of healthy subjects to SP, but does not protect against
hypertonic saline-induced bronchoconstriction in individuals with asthma (23). Finally,
FK-888, another NK-1 receptor antagonist, does not inhibit the development of exercise-
induced airway obstruction in asthmatic patients [Ichinose, 1996 #672]. Although a
different picture may emerge with the advent of new and improved neurokinin
antagonists, these studies suggest that tachykinins do not play a promine;nt role in the
development of HIAO in humans.

Given the previously documented (31, 37, 57, 58, 62, 70) critical role of sensory
neuropeptides in guinea pig HIAO, one must reconcile how eicosanoid mediators also
make an important contribution. When administered exogenously, prostaglandin
PGF»,, PGD;, TxA: analogue, and the sulfidopeptide LTs are bronchoconstrictors in this
species (30). Cysteinyl-LTs, in particular LTD,, are also known to contribute to HIAO in
the guinea pig (13, 30). Dry gas-induced bronchoconstriction in the guinea pig has been
shown to be inhibited by the 5-lipoxygenenase (5-LO) inhibitor, A-63162, and the LTD;4
antagonist, [CI-198615 (30). In addition, the LT receptor antagonist, FPL 55712, and LT
synthesis inhibitor, MK-886, significantly attenuated HIAQO, as well as hyperpnea-

induced increases in LT and SP levels. These results suggest that LTs play an important
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role in HIAO (37). Increases in plasma and BAL LT levels during the recovery period
indicate that hyperventilation causes an increase in LT release. The mechanism for this
release is unknown. It could be speculated that hyperventilation-related water and/or
heat loss stimulates inflammatory cells to release mediators including LTs, which may
directly or indirectly induce airway construction. Leukotrienes are potent airway
constrictors (19) and may trigger the release of other bronchoconstrictors, such as
tachykinins (9, 40). The completeness of the blockade of HIAO by an LTD; antagonist
and a 3-lipoxygenase inhibitor provide strong circumstantial evidence that cysteinyl LTs
interact with tachykinins to cause airway narrowing (34, 39).

At present it is not clear whether LTs and tachykinins act independently or in
combination on airway smooth muscle cells to cause HIAO. Tachykinins have been
reported to cause lung mast cell degranulation and pro-inflammatory mediator release
in the rat (2), and in human subjects (14). Such a link between tachykinin and secondary
release of bronchoconstrictors by airway cells has been confirmed in vivo in the guinea
pig: neurokinin antagonists inhibit the synthesis of cysteinyl-LTs evoked by dry gas
challenge (70). Yang et al. (70) demonstrated that NK; and NK: antagonists block both
isocapnic dry gas HIAO and observed an increase in biliary LTs, and concluded that LTs
are released by tachykinins and are the final mediators of HIAO. However, Lai et al.
(37) demonstrated, in guinea pigs, that hyperpnea-induced increases in BAL tachykinin
levels were significantly attenuated by LT receptor antagonists FPL 55712 and MK-886.
In addition, Garland et al. (30) proposed that eicosanoids modulate HIAO by influencing
tachykinin release from afferent C-fibers. Both groups suggest that LTs may trigger the

release of tachykinins, which act as the mediators of HIAO. Further studies are needed
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to elucidate the sequential release of LTs and tachykinins and their subsequent role in
HIAO.

Several potential mechanisms that result in HIAO have been suggested: 1) both
airway cooling and subsequent rewarming are necessary for the initiation of HIAO (56),
and that airway cooling per se may moderate hyperpnea-induced injury by altering
ciliated, goblet, and mast cell membrane fluidity and structure (18). It has been
demonstrated that hyperpnea-induced mucosal injury occurs in guinea pigs (33), dogs
(27), and asthmatic humans (54), and it is possible that either direct stimulation or
damage of the bronchial mucosa may independently initiate HIAO via the release of
epithelium-derived mediators; 2) HIAO is mediated by inflammatory mediator release
and production, such as LTs and tachykinins (30, 31, 37, 57, 69, 70); and 3) studies in
guinea pigs (31) suggest that bronchovascular hyperpermeability develops
simultaneously with HIAO and may play a major role in airway narrowing following
dry gas hyperpnea. However, morphometric analysis of guinea pig lungs have shown
that smooth muscle contraction, and not airway edema, is responsible for HIAO (47). It
is possible that bronchovascular leakage may provide water for the maintenance of
mucosal hydration and mucociliary clearance during and after hyperpnea. The fact that
hypertonic saline and hyperpnea with dry air enhances mucociliary clearance in normal
and asthmatic subjects (16, 17) support this hypothesis. Instead of contributing to the
development of HIAO, microvascular leakage appears to protect the airway mucosa.
from hyperpnea-induced injury.

The most effective inhibitors of HIAO are B2-adrenoreceptor agonists (69), which

act primarily by reducing smooth muscle responsiveness. Their efficacy in protecting
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against HIAO and the speed with which HIAO develops and subsides (69) strongly
support the hypothesis that mediator-induced smooth muscle constriction causes HIAO.
Cénversely, McFadden et al. (43) speculated that airway cooling transiently decreased
bronchial blood flow and that rewarming resulted in bronchovascular hyperemia,
engorgement, and airway edema that resulted in airway obstruction. However,
bronchial blood flow in dogs (3) and sheep (51) increases during hyperventilation with
dry air. Although, these data do not support the hypothesis that cooling induces
bronchovascular constriction, they do not rule out the possibility that airway hyperemia
and edema contribute to the development of HIAO (43). Therefore, although HIAO
primarily results from airway smooth muscle constriction, airway edema may enhance
its effect.

The potential mechanisms that contribute to the development of HIAO are
clearly complex. The mechanism by which dietary NaCl loading augments the
development of HIAO in guinea pigs is unknown. It has been that shown that dietary
NaCl loading decreases intracellular pH causing a metabolic acidosis, and increases
intracellular sodium [Na*]; and intracellular calcium [Ca?*]; levels via inhibition of the
Na* - Ca? exchanger, in rat peritoneal mast cells, resulting in histamine release (55).
Leukotriene release was not evaluated, but it is likely that LTs are also released from
effector cells in the airways (30). Dumitriu et al. (20) demonstrated that LTDjacting on
specific receptors increases [Ca?]; resulting in contraction of guinea pig tracheal smooth
muscle, while Oliva et al. (49) observed the same effect in guinea pig ileal longitudinal

smooth muscle .
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An elevation in dietary NaCl may have a profound effect on blood volume in the
bronchial circulation and hence on airway diameter. An increase in vascular volume
and microvascular pressure may lead to mucosal edema and hence a narrowing of the
airway lumen (41). This could augment the effects of smooth muscle contraction. In
addition, it has been shown that high dietary sodium loads inhibits the Na+/K+ ATPase
in erythrocytes of normotensive males (68) and asthmatic subjects (52). The resulting
inhibition would be expected to increase [Na*], thereby raising [Ca?*]; levels via
inhibition of the Na* - Ca2* exchanger, thereby resulting in smooth muscle contraction
(52, 65), as well as enhancing the release of inflammatory mediators (11).

It is possible that changes in NaCl may act upstream of mediator release by
directly effecting airway osmolarity (initiating stimulus of EIA). The stimulation of
sensory nerves by airway osmolarity is established in animal models of EIA (53), but
evidence that sensory neuropeptides are directly involved in human EIA is lacking. The
development of specific peptide antagonists for study in EIA is eagerly awaited.

In conclusion, while the mechanism of how dietary NaCl loading augments the
development of HIAO in guinea pigs is unknown, this study has clearly demonstrated
that increasing NaCl consumption in guinea pigs results in increased airway obstruction
in both the HS-CON and HS-BLO groups compared to the NS group, and suggests that
LT release can be influenced by changes in dietary NaCl loading. Further studies are
needed to elucidate a mechanistic pathway by which NaCl effects LT release from
mediator cells and/or tachykinin release from afferent sensory C-fibers in the airways,
and whether LTs and tachykinins act independently or in combination on airway

smooth muscle to cause HIAO. Itis possible, however, that dietary NaCl loading acts
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via changing airway osmolarity and the subsequent release of mediators such as LTs,

resulting in airway smooth muscle contraction.
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Table V-1. Electrolyte content of bladder urine, food consumption and starting and ending weights after 14 days.

Food consumption Body weight (g) Bladder urine electrolyte concentration
(g/day)
Start of End of Na+ Cl K+ Cr
Diet study study (mEq/L) (mEq/L) (mEq/L) (mg/dL)
Normal salt (0.75%) 34.4 +0.08 3933+206 5323+169 849+6.8 494 + 80 126.1+145 28.7+26
High salt (2%) 32,6 + 043 * 373.4+288 517.2+209 1268+111f 93.6+159f 995+108 25.8+26

Values are means + SEM; n = 16 measurement in each group. *p<0.001, 1 p<0.05, compared to the “nornnal salt” group. Na* =sodium,
CI- = chloride, K* = potassium, and Cr = creatinine
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Figure V-1. Time course of inspiratory tracheal pressure (Ptr) measured before
(Baseline), during (HC1), and after dry gas hypernea challenge # 1. Values are means

+ SEM. Letters (a,b) denote significant difference between diet within time; p<0.05 for 4 and
6 min and p<0.001 for 8, 10, 12, 14, and 16 min post challenge. # p<0.001 and *p<0.05
significantly different from baseline within respective diet.

NOTE: When error bers are not evident for any data point in this or subesquent figures, it is because the SEM was so small
that error bars fell within the size of the symbol used to plot mean value.
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Figure V-2. Time course of inspiratory tracheal pressure (Ptr) in reponse to hyperpnea challenge

# 1 and # 2 for NS diet. Values are means + SEM. Significant difference between dry gas hyperpnea challenges (HC)

# 1 and # 2 within diets (p<0.05). No significant difference (p>0.05) between NS diet (prior to HC2) and NS-CON within
respective time periods. Significant difference between NS-BLO and NS diet and NS-BLO and NS-CON, within respective
time periods (p<0.05 at 4 min, and p<0.001 at 6, 8, 10 min).
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Figure V-3. Time course of inspiratory tracheal pressure (Ptr) in response to hyperpnea challenge

#1 and # 2 for HS diet. Values are means + SEM. Significant difference between dry gas hyperpnea challenges

# 1 and # 2 within diets (p<0.05). No significant difference (p>0.05) between HS diet (prior to HC2) and HS-CON within

respective time periods. Significant difference between HS-BLO and HS-diet and HS-BLO and HS-CON, within

respective time periods (p<0.001 at 6, 8, and 10 min).
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Figure V-4. Time course of inspiratory tracheal pressure (Ptr) for CON groups in
response to dry gas hyperpenea challenge # 2. Values are means + SEM. Letters (a,b)

denote significant difference between diets within time; p<0.05 for 8 min and p<0.001 for

10 min. # p<0.001 significantly different to pre-challenge value within respective diet.
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Figure V-5, Time course of inspiratory tracheal pressure (Ptr) for BLO groups in
response to dry gas hyperpnea challenge # 2. Values are means + SEM. Letters (a, b)

denote significance between diets within time, p<0.05. No significant difference (p>0.05)

between post-hyperpnea challenge and pre-challenge values within respective diet.

182

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



20 -+ —8— NS-CON
—C— NS-BLO

Tracheal Inspiratory Pressure (cmH50)
QS

6 -
b —O
4 - b b b
2 - End of 20 min post-
hyperpnea period # 1
o Ll L T ! T 1 ¥
HC2 2 4 6 8 10

Time (min}

Figure V-6. Time course of inspiratory tracheal pressure for NS-CON and NS-BLO
groups in response to dry gas hyperpnea challenge # 2. Values are means + SEM.
Letters (a,b) denote significance between groups within time; p<0.05 for 4 min and p<0.001
for 6, 8, and 10 min. # p<0.001 and * p<0.05 significantly different to pre-challenge value

within respective group.
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Figure V-7. Time course of inspiratory pressure (Ptr) for HS-CON and HS-BLO

groups in response to dry gas hyperpnea challenge # 2. Values are means + SEM.

Letters (a,b) denote significance between groups within time, p<0.001. # p<0.001 significantly
different to pre-challenge value within respective group
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IR Peak Ptr at baseline Pir (pre-hyperpnea challenge # 1) on NS or HS diet prior to treatment

Peak Ptr at 10 min post-hyperpnea period # 1on NS or HS diet prior to treatment

B Peak Ptr pre-hyperpnea challenge # 2 on NS or HS diet during treatment (safine-CON or LT-Inhibitor-BLO groups)

Peak Ptr at 10 min post hyperpnea period # 2 on NS or HS diet following treatment (Saline-CON or L.T-inhibitor-BLO groups)
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Figure V-8. Peak inspiratory value of Ptr pre- and post hyperpnea challenge # 1 and # 2. Values are mean + SEM.

Significant difference between pre- and post-hyperpnea challenge # 1, within each group (#, p<0.001). Significant difference

between pre- and post-hyperpnea challenge # 2, within CON groups (y, p<0.001). Significant difference between post-hyperpnea

challenge # 1 and # 2 (£, p<0.001), within BLO groups. Significant difference between post-hyperpnea challenge # 1 and # 2 resp.(*, p<0.001).
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Figure V-9. Example of airway inspiratory pressures for an NSD-CON animal.

A, Baseline and hyperpnea challenge # 1 (HC # 1). B, HC # 1 and post-hyperpnea period
# 1. C, Infusion of saline at 10 min post-HC # 1. D, End of post-hyperpnea period # 1
and HC # 2. E, Post-hyperpnea period # 2 . It is evident that HIAQ is enhanced during

the first 10 min of post-hyperpnea period # 1 and # 2.
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period # 1 and HC # 2. E, Post-hyperpnea period # 2 . It is evident that HIAO is
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post-hyperpnea period # 2, after infusion with the LT-LO inhibitor. 187
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CHAPTER VI

SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

Summary and Conclusions

The purpose of the present set of studies was to determine: 1) the influence of
dietary salt (NaCl) consumption on post-exercise pulmonary function in subjects with
exercise-induced asthma (EIA); 2) which ionic component of NaCl (sodium or chloride)
is primarly responsible for the observed changes in post-exercise pulmonary function;
and 3) determine whether altering dietary NaCl consumption in guinea pigs (an animal
model of EIA) moderates airway responses to dry gas hyperpnea challenge, and to
determine whether blocking leukotriene (LT) biosynthesis and the lipoxygenase (LO)
pathway mediates the airway response to hyperpnea on the different NaCl diets.

This first study demonstrated that a HSD worsens and a LSD improves post-
exercise pulmonary function in EIA subjects, but has no effect on post-exercise
pulmonary function in Control (non-asthmatic subjects). The second study showed that
it is likely that the chloride constituent of NaCl is largely responsible for decrements in
post-exercise flow rates and volumes in EIA subjects. This was accomplished by placing

subjects on either a LSD (low sodium, low chloride) or sodium bicarbonate (NaHCO;;
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high sodium, low chloride) diet for 2 weeks. Both the LSD and NaCHO; diet improved
post-exercise pulmonary function in EIA subjects compared to the NSD (which had a
significantly higher chloride content compared to the other diets). However, the
NaHCOQO; diet did not improve post-exercise pulmonary function values to the same
extent as the LSD. This suggests that the chloride ion may be involved in the effect of
dietary NaCl on the severity of EIA. However, it does appear that the sodium ion also
plays a role, as high sodium in the NaHCO; diet prevented the total improvement seen
with the LSD. In both studies the LSD did not cure (as compared against Control
subjects) but did improve post-exercise pulmonary function in EIA subjects. It is likely
that increasing NaCl consumption does not cause EIA, but rather enhances the
underlying mechanism.

The third study used guinea pigs as an animal model of EIA, and involved
measuring airway responses to dry gas hyperpnea, on either a normal salt (NS) diet or
high salt (HS) diet. The HS diet significantly increased airway obstruction compared to
the NS diet. In order to delineate the role of LTs in this response, an LT-LO inhibitor
was given to each diet group. Blocking both LT biosynthesis and the LO pathway
resulted in an attenuation of the bronchoconstrictor response on both diets in response
to dry gas hyperpnea. However, the HSD exhibited higher airway resistance compared
to the NSD.

The physiological mechanisms by which altering dietary NaCl can mediate the
severity of EIA, and NaCl induced - LT release in HIAO are at present unknown.
Evidence is beginning to accumulate that asthmatics may be NaCl-sensitive (27). It has

long been recognized that a high NaCl intake increases the reactivity of arterioles to
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sympathetic stimulation and increases blood pressure in NaCl-sensitive subjects. An
increase in the volume of the bronchial microcirculation caused by dietary NaCl loading
could exert an important influence on airway diameter. An increase in vascular volume
and microvascular pressure, in conjunction with mediator-induced increased vascular
permeability, may lead to narrowing of the airways by edema formation. This could
compound the effects of increased smooth muscle tone (77) (Figure VI-1). It is now
recognized that airway cooling associated with hyperpnea or exercise provokes an
increase in the bronchial blood flow in humans and other animals, presumably to
regulate thermal losses and prevent tissue injury (7). In asthmatic individuals this effect
is manifested as a rapid ressuply of heat (52), which may produce hyperemia and edema
at the airway wall by aggravating thermally-induced leakage from a chronically
inflamed capillary bed. It has been conclusively shown by direct measurement that the
size of the cooling gradient that exists at the end of the hyperpnea determines the
intensity of the obstructive response (52). Therefore, the effect of dietary NaCl loading
could also augment the effect of airway cooling on the bronchial microcirculation due to
exercise in asthmatic subjects

It is possible that high NaCl loads inhibit the Na*/K* ATPase either directly, due
to high extracellular sodium, or indirectly by an increase in blood volume causing the
release of inhibitors of the ATPase (120). The inhibition would be expected to raise
intracellular sodium ([Na*};) levels, which subsequently inhibits the Na*-Ca?* exchanger,
resulting in an increase in intracellular calcium ([Ca?*];) levels, and subsequent smooth
muscle contraction (Figure VI-1). This mechanism has been demonstrated in

lympthocytes taken from salt-sensitive patients with essential hypertension (2). In
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subjects with EIA, it remains to be determined whether NaCl-induced increases in
lymphocyte or platelet [Ca2*]; reflect corresponding increases in bronchial smooth
muscle, and whether NaCl-induced increases in [Na*}; precede those in [Ca%];.

It has been suggested that the chloride ion is responsible for producing a relative
metabolic acidosis in NaCl-sensitive subjects, during dietary NaCl loading, resulting in a
decrease in intracellular pH ([pH];). In lymphocytes cbtained from a rat model of
genetic hypertension, it has been shown that a reduced intracellular [pH]; stimulates the
N*/H* exchange mechanism, promoting an increase in [Na*];, and resulting in a rise in
[Ca?*]; via the Na*/Ca?* exchanger or the Ca?*/ H* exchanger (12, 13). Although
extrapolation of data from cells other than bronchial smooth muscle cells to the
pathogenesis of EIA is speculative, it is possible that a reduced [pH]Ji, and an increase in
[Ca?*]; also occurs in bronchial smooth muscle cells, leading to increased contractility.

[t has been shown that mast cells contain Na*/H* antiports, Na*/K* ATPase, and
Cl-/HCO:; antiports, and that high NaCl loads increase [Na*], which in turn increases
[Ca2*]; via inhibition of the Na*/Ca?* exchanger, resulting in histamine release. It
remains to be determined the effect of dietary NaCl loading on eicosanoid release in
mast cells, eosinophils and alveolar macrophages in subjects with EIA.

One interpretation of the third study suggests that high NaCl loads may enhance
the release of LTs from effector cells in the airways of guinea pigs subjected to dry gas
hyperpnea. An alternative explanation is that NaCl loading may work upstream at the
initiating stimulus of EIA and HIAO by altering airway osmolarity, resulting in the
subsequent release of inflammatory mediators. Inflammatory mediators may cause

bronchial smooth muscle to contract either by direct or indirect (e.g., triggering neural
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responses) actions (114) and cause an increase in vascular permeability and airway

mucus secretion, which subsequently cause airway obstruction (Figure VI-1). The effect

of NaCl-induced release of LTs in airways of EIA subjects has not been determined.

At present, it is a matter of opinion as to whether the results from the first two
(human) studies have clinical relevance. The LSD in both studies lessened the severity
of EIA, but did not ‘cure’ symptoms (in comparison to the Control subjects). However,
it is interesting to note that in the first study the FEV; at 15 minutes post-exercise for EIA
subjects following the LSD was reduced by 14 + 6% compared to pre-exercise (baseline)
values, and in the second study by only 8 + 3% (below the 10% threshold that is used to
diagnose EIA). Clearly, a clinical study is warranted to determine the importance and
magnitude of these dietary changes in post-exercise pulmonary function in exercising
asthmatic subjects.

In addressing the specific aims and hypotheses set forth in this study, the
following conclusions are drawn:

Study 1:

1. InEIA subjects, tidal volume (Vr) and breathing frequency (fs) selection during
exercise varied between diets, with higher Vr and lower fs on the HSD, and the
opposite on the LSD. This suggests that a HSD causes increased airway resistance
compared to the LSD. No changes in Vr and fs were observed between diets for
Control subjects.

2. The LSD improved and the HSD worsened post-exercise pulmonary function in EIA
subjects. Compared to pre-exercise values, post-exercise forced expiratory volume

in one second (FEV1) at 15 minutes decreased 14 + 6% on the LSD, 20 + 7% on the
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NSD and decreased further by 24 + 6% on the HSD, indicating increased airway
resistance on the HSD compared to the NSD and LSD. There were no differences
observed between diets for post-exercise FEV; compared to baseline values for
Control subjects.

Study 2:

1. The pattern of exercise ventilation (Vr and fs) did not differ with diet in EIA subjects.
The HSD in the first study and the NaHCOs (high sodium, low chloride) diet in this
study contained the same equimolar concentration of sodium. This suggests that the
chloride ion may also be involved in the pulmonary response during exercise in EIA
subjects. No differences were observed for the pattern of ventilation in Control
subjects.

2. The NaHCO; diet significantly improved post-exercise pulmonary function, but not
to the extent of the LSD, compared to the NSD in EIA subjects. Compared to pre-
exercise values, post-exercise FEV) at 15 minutes decreased 8 + 3% on the LSD, 14 +
3% on the NaHCO; diet, and 20 + 3% on the NSD. This suggest less airway
resistance on the LSD and NaHCO; diets compared to the NSD (which had a
significantly higher chloride content, as indicated by 24-hour urine excretion of
chloride, compared to the LSD and NaHCO; diet). This implicates the chloride ion
in the bronchoconstrictor response to exercise in EIA subjects. No changes were
observed between diets on post-exercise pulmonary function in Control subjects.

Study 3:

1. The HS diet (2% NaCl) significantly increased airway obstruction compared to the

NS diet (0.75% NaCl) in guinea pigs, after being challenged with dry gas hyperpnea.
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2. To examine the mechanism by which a HSD increases post-hyperpnea airway
obstruction, guinea pigs, on both diets, were either infused with
Nordihydrouaiaretic acid (NDGA), which is non-selective LT biosynthesis and LO
pathway inhibitor (BLO group) or saline (CON-group), prior to hyperpnea. The LT-
LO inhibitor resulted in a significant reduction in the bronchoconstrictor response to
hyperpnea compared to non-blocked groups on the same diets. However, the HSD
exhibited higher airway resistance compared to the NSD in the blocked groups. This
suggests that NaCl loading may enhance the release of LTs from effector cells in the
airways in a dose-dependent manner. An alternative interpretation 1s that NaCl
loading increases airway osmolarity and the subsequent release of inflammatory

mediators

Recommendations for Future Research

Human Studies:

1. The time course for the improvement in post-exercise pulmonary function in
clinically diagnosed EIA subjects should be measured at every two days, during the
two weeks of dietary NaCl restriction.

2. Compare post-exercise pulmonary function values at the end of two weeks on either
a HSD, NSD, or potassium bicarbonate (KHCO;) diet in EIA and Control subjects, in
order to determine the magnitude of the sodium ion effect on the severity of EIA.

3. Repeat Study 1, and include a methacholine challenge test (at rest) on a subsequent
day, while subjects are on the different NaCl diets. The FEV; and all indices of

airway resistance will be measured after inhalation of normal saline (neutral control
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agent), followed by doubling doses of methacholine starting at 0.048 umol and
continuing until FEV; decreases to 80% of the post-saline value or a cumulative dose
of 12.24 umol has been administered. A positive test is defined as > 20% decline in
FEV: (PDx). Airway responsiveness (logio PD20) should be regressed against 24 hour
urinary excretion of sodium and potassium, in order to determine if a high rate of
sodium excretion is associated with increased reactivity of the airway.

4. Repeat Study 1, and obtain approximately 10 ml of venous blood from each subject
using heparinized tubes pre- and post-exercise. The objective will be to determine if
manipulation of dietary NaCl alters transmembrane sodium transport systems in
erythrocytes and/or leukocytes in EIA subjects compared to Control subjects.
Measurements should include: leukocyte sodium influx, estimation of intracellular
sodium content, maximal rate ( Vmax) of erythrocyte Na*/K* ATPase activity, Na*-K*-
Cl co-transport, rate constant of sodium leak, along with separate measurements of
intracellular calcium concentration. Note: Extrapolating cell membrane transport
systems from leukocytes and erythrocytes to bronchial smooth muscle cells may be
misleading as cellular fon transport mechanisms may differ.

5. The above mentioned experiment (# 2) should be repeated in clinically diagnosed
children with EIA, since EIA is more prevalent in children than adults, and 40-90%
of the asthmatic population experience bronchoconstriction upon an exercise
challenge. A larger sample size than the one used in the first two studies should be
used for the EIA and Control groups. Pharmacological drug use and amount of

exercise during the dietary protocol should also be monitored. In addition,
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pulmonary function tests should be conducted using a body plethysmograph to

measure airway resistance and lung volumes directly.

Animal Studies:

6. Repeat the third (animal) study to determine which inflammatory mediators are
primarily responsible for hyperpnea-induced airway obstruction (HIAO) in guinea
pigs on different salt diets, by using a cyclooxygenase inhibitor which will block the
production of prostanoids, specific LT antagonists, and an inhibitor of the LO
pathways. Airway resistance should be measured directly by using an isothermal
constant-mass whole body plethysmograph. [n addition, arterial blood gases (PO,
PCO; and pH) should be monitored.

7. The above mentioned experiment (# 6) should be repeated, but without eicosanoid
inhibitors. Bronchoalveolar lavage (BAL) samples should be obtained from the
guinea pig airways in order to determine the number of mediator cell types, such as
eosinophils, alveolar macrophages, neutrophils, and mast cells present in the
airways at the end of the post-hyperpnea period on the different diets. In addition,
a radioimmunoassay (RIA) should be conducted to determine the type of mediators
present in the airways and blood on the different NaCl diets. There may be a
significant correlation between percentage of BAL mediator cell types and mediators
assayed.

8. The above mentioned experiment (# 6) should be repeated using the same
eicosanoid inhibitors but with a different dietary protocol. The guinea pigs should

be fed a LSD (low sodium, low chloride) or a NaHCO; diet (high sodium, low
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chloride). This study may give insight into which ion is primarily responsible for
mediator release.

9. The above mentioned experiment (# 6) should be repeated to determine whether
tachykinins or LTs are the central mediators in HIAO in guinea pigs on the different
NaCl diets. This study could clarify whether NaCl releases tachykinins directly via
stimulation of sensory C-neurons in the airways, which subsequently release LTs
from mediator cells present in the airway, or whether NaCl induces LT release
directly. This could be accomplished by blocking the LO pathway and the release of
tachykinins (pretreated with capsaicin) separately. Subsequently, both capsaicin and
the LO inhibitor will be given together to compare the airway response to dry gas
hyperpnea, on the two diets. Capsaicin, in sufficient doses has been shown to
deplete immunoreactive substance P from nerve fibers in the lung, and to diminish
subsequent mucosal and bronchial smooth muscle response to stimuli wﬁose
physiological effect is thought to be mediated by the release of tachykinins. Carotid
arterial blood and BAL fluid should be obtained for latter determination of substance
P (a tachykinin) by enzyme immunoassay (EIA), and LTs (LTC,, LTD, and LTE,) by
RIA.

10. The above mentioned experiment (# 6) should be repeated, without the use of
eicosanoid inhibitors. A morphometric examination of the lungs should be
conducted by fixing the lungs with liquid nitrogen after taking physiologic
measurements and measuring morphometric changes (airway diamefer and degree
of constriction using 4 pm thick slices of lung tissue) in the airways and tissues;

thereby correlating changes in lung function with changes in structure. Itis
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anticipated that the peak airway resistance would occur approximately 10 minutes
after cessation of the hyperpnea challenge. The peak Ptr should be carefully
monitored, and the moment it begins to decrease the lungs should be removed

immediately from the animal and frozen at -70° C.
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Figure A-1. First study. Regression of maximal exercise ventilation and pre- to

post-exercise changes in FEV| at 1-minute of recovery in Control subjects.
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Figure A-2. First study. Regression of maximal exercise ventilation and pre- to

post-exercise changes in FEV at 10-minutes of recovery in Control subjects.
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Figure A-3. First study. Regression of maximal exercise ventilation and pre- to

post-exercise changes in FEV{ at 15-minutes of recovery in Control subjects.
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Figure A-4. First study. Regression of maximal exercise veniilation and pre- to

post-exercise changes in FEV at 1-minute of recovery in EIA subjects.
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Figure A-S. First study. Regression of maximal exercise ventilation and pre- to
post-exercise changes in FEV} at 10-minutes of recovery in EIA subjects.
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Figure A-6. First study. Regression of maximal exercise ventilation and pre- to

post-exercise changes in FEV| at 15-minutes of recovery in EIA subjects.
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Figure A-7. Second study. Regression of maximal exercise ventilation and pre- to post-

exercise changes in FEV; at 1-min of recovery in Control subjects.
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Figure A-8. Second study. Regression of maximal exercise ventilation and pre- to post-

exercise changes in FEV; at 10-min of recovery in Control subjects.
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Figure A-9. Second study. Regression of maximal exercise ventilation and pre- to post-

exercise changes in FEV| at 15-min of recovery in Control Subjects.
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Figure A-10. Second study. Regression of maximal exercise ventilation and pre- to post-

exercise changes in FEV{ at 1-min of recovery in EIA subjects.
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Figure A-11. Second study. Regression of maximal exercise ventilation and pre- to post-

exercise changes in FEV at 10-min of recovery in EIA subjects.
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1. Project Title: Dietary Sodium Intake Mediates Cellular Sodium Transport and Bronchial Reactivity

in Asthmatics.
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4, Department: Exercise and Sport Science 5. E-mail: gotshall@cahs.colostate.edu
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14. Grant/contract number: §. Proposal deadline:
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the protocal or madifications to it and as approved by the Department and the Human Research Committee; to obtain and document

infor!ned consgnt and provide a copy of the consent form to each subject unless this is waived by the HRC; to present any proposed
madifications in the research to the HRC for review and approval prior to implementation; to retain records for the mandated lengths of

time; and to report to the HRC& problems or injuries to subjects.
P! Signature: / MM Date: &/24/78

Department Chair/Head or Acting (circle which) Signature
My signature below confirms that [ have read this protocol and approve of this research.

Signature: Jli/‘:hz [ "ﬁl—v(p 4 Date: 5/ 26;/7?’
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As the Pl submitting this proposed research and signing below, | agree to conduct the research invoiving human subjects as presented in
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Colorado State University Animal Care and Use Committee
Animal Research/Teaching Protocol Approval

Principal Investigator: Miller,Charles W Phone: 970-491-7842
Co-Investigator(s):

Department: Physiology
College: Vet. Medicine and Biomedical Sciences

Protocol Number: 99-191A-01
This number is required to place animal orders with Laboratory Animal Resources.

Project Title: Role of Dietary Salt on Airway Reactivity During Hyperpnea
and Histamine Exposure in Guinea Pigs
Approval Date: 17-AUG-99 Approval Expiration Date: 17-AUG-00

Species Approved: 30 adult male guinea pigs/yr

If the number of animals ordered exceeds the number approved by 10%, a justification for more animals
must be sent to the Regulatory Compliance Coordinator before further orders will be processed by the
Laboratory Animal Resources. Use form A-103.

Funding Agency: nfa

This project was reviewed by the Animal Care and Use Committee and action taken as follows:
Project approved without condition
X  Project approved with the following conditions:

One of the LAR veterinarians must observe the first procedure.

Chair: ,@(/ W e
Date: 67 // ?/ /5 C;

Questions concerning this approval should be directed to Linda L. Kovar, Coordinator, Animal Care and
Use Committee, 410 University Services Center (1-0232, Ikovar@research.colostate.edu)
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Colorado State University
Informed Consent to Participate in a Research Project

Title of Project: Dietary Sodium Intake Mediates Cellular Sodium Transport and Bronchial Reactivity in Asthmatics.
Name of Principal Investigator: Robert Gotshall, Ph.D.

Name of Co-Investigators: C.W. Miller, Ph.D.; Tim Mickleborough, M.S.

Contact Name and Phone Number: Robert Gotshall, Ph.D., 491-6374

Purpose of the Research: The purpose of this research study is to determine if increased salt in the diet will worsen symptoms
of asthma, especially during exercise, and whether a diet low in sait will reduce asthmatic symptoms associated with exercise.
You are being asked to volunteer about nine (9) hours of your time over a five (5) week period.

Procedures/Methods to be Used: The general procedures for which you are volunteering are as follows. There will be an
initial screening test day in which you will be explained the details of the study and will undergo an exercise test, with your
lung function tested before and after the exercise. This will take about one (1) hour. You will then be scheduled to return to
the laboratory for the first testing day of the study, this will take about 2 hours of your time. Prior to coming to the laboratory,
you will collect your urine for a 24-hour period in containers provided to you. This is so we can check how much salt you have
eaten, because it passes through your body. You will also be asked not to exercise within the 12 hours prior to coming to the
laboratory, and not to use your medication (if you use any) for 24 hours prior to coming to the laboratory (this will be
discussed with you each time, since different medications may require a different procedure). Should you require the use of
your medication, let us know and we will reschedule your test.

Upon arrival at the laboratory, the following will occur on each visit. You will have a small (10 ml) blood sample drawn from
a vein in your arm. You will then have electrodes placed on your chest to monitor your heart function and cuffs placed on your
arms to measure blood pressure. You will then have your heart function measured by echocardiography, which requires
placing a small, hand-held, device against your chest. Your blood vessels in your neck and arm will also be examined in a
similar manner to determine how your blood vessels function. Following this testing, you will proceed to the exercise lab,
where you will blow into a tube as hard as you can to determine your lung function. You will then exercise on a treadmill for
about 10 to 15 minutes as the workload is slowly increased until you can no longer continue (maximal exercise test). During
the exercise, you will have your heart monitored by the electrocardiogram (ECG), blood pressure taken by a cuff on your arm,
and breathe into a tube to permit the measurement of how much oxygen you are consuming. You will also have the amount of
oxygen in your blood continuously monitored by a small device which connects to your ear. Following the exercise, you will
again have your lung function measured at 1, 5, 10 and 15 minutes after the exercise. You may stop the test at any time if you
become too uncomfortable. Each testing day will take about 2 hours of your time.

There will be a total of four (4) testing days, after your initial screening test. Following your first full testing day, vou will be
given a special menu which you must follow when eating so we can control the amount of salt which vou eat. You will also be
given some capsules to take each day, which may or may not contain salt. You will remain on this diet for two (2) weeks. At
the end of the two weeks, you will again save you urine for 24 hours, and refrain from exercise and medications as you did
previously. You will then come to the laboratory as scheduled and the tests run again. You will then return to your normal diet
for a week, collect your urine, refrain from exercise and medications and be tested again, as before. Following this, you will
again start the special diet plus capsules to take for an additional two weeks and repeat all procedures.

Five Week Period:
Initial Screening Test — First Test Day — Second Test Day — Third Test Day — Fourth Test Day
Normal Diet Special Diet Normal Diet Special Diet
2 weeks 1 week 2 weeks
Page 1 of _2_Subject initials Date
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Risks Inherent in the Procedures: Maximal exercise includes the risk of fatigue, muscle strains, heart abnormalities
(arrhythmias), 0.01% chance of death (in cardiac population), 0.02% risk of cardiac arrhythmias requiring hospitalization (in a
cardiac population), and change of blood pressure. The ECG will be monitored for abnormalities. In an individual with
asthma/EIA, the risks increase somewhat with the possibility of minor chest pain/discomfort, and significant respiratory
distress. Oxygen saturation will be monitored and the exercise stopped if saturation drops by 10 points. If respiratory distress
occurs, the exercise will be stopped and you will be permitted use of your medication. Oxygen by mask is available if your
blood oxygen is slow to recover. You may stop the testing at any point. Should you require medical assistance, 911
emergency access is available in the laboratory.

There are very few risks associated with acute exposure to a high salt diet within normal subjects. Some possible risks are
a transient ¢levation in blood pressure. Certain subjects may have an increased sensitivity to a high salt diet and show a large
rise in blood pressure and subsequently an increase in sodium and water retention (hypertensive response). Thus, blood
pressure will be taken on the first day of the study and then every first and third day of the treatment period. If diastolic blood
pressure rises greater than 5 mmHg compared to baseline values, you will be returned to a lower salt diet and removed from the
study.

There are no known risks involved with a low salt intake or the vascular testing. There is a risk of bruising, infection, local
soreness, and fainting with the venipuncture. If you are taking any nonprescribed (or illegal) drugs, such as cocaine, your risks
will be increased and you should not participate in this study. Please be aware that it is impossible to identify all potential risks
in an experimental procedure, but the researchers have taken reasonable safeguards to minimize any known and potential, but
unknown, risks.

Benefits: You will receive your maximal exercise data, which can be useful to indicate your fitness and can be used to guide
training. The asthmatic population may benefit, if the low salt diet reduces symptoms of asthma.

Confidentiality: You will not be identified on any data or in any publication of results of this study. All records will be kept
secured in the principal investigator’s files.

Liability: The Colorado Governmental Immunity Act determines and may limit Colorado State University’s legal
responsibility if an injury happens because of this study. Claims against the University must be filed within 180 days of the

injury.
Questions about subjects’ rights may be directed to Celia Walker at (970) 491-1563.

Participation: Your participation in this research is voluntary. If you decide to participate in the study, you may withdraw
yuur consent and stop participating at any time without penalty or loss of benefits to which you are otherwise entitled. Your
signature acknowledges that you have read the information stated and willingly sign this consent form. Your signature also
acknowledges that you have received, on the date signed, a copy of this document containing 2 pages.

Participant name (printed)
Participant signature Date
Investigator signature Date
Page _2 of _2_Subject initials Date
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Colorado State University
Informed Consent to Participate in a Research Project

Title of Project: Dietary Chloride Intake on Severity of Exercise-Induced Asthma.
Name of Principal Investigator: Robert Gotshall, Ph.D.

Name of Co-Investigators: C.W. Miller, Ph.D.; Tim Mickleborough, M.S.
Contact Name and Phone Number: Robert Gotshall, Ph.D., 491-6374

Purpose of the Research: The purpose of this research study is to determine if dietary intake of salt (sodium chloride)
influences the severity of exercise-induced asthma. Specifically, this study address the question of whether it is sodium or
chloride which is most important in this regard.

Procedures/Methods to be Used: The general procedures for which you are volunteering are as follows. There will be an
initial screening test day in which you will be explained the details of the study and will undergo an exercise test, with your
lung function tested before and after the exercise. This will take about one (1) hour. You will then be scheduled to return to
the laboratory for the first testing day of the study, this will take about 2 hours of your time. Prior to coming to the
laboratory, you will collect your urine for a 24-hour period in containers provided to you. This is so we can check how
much salt you have eaten, because it passes through your body. You will also be asked not to exercise within the 12 hours
prior to coming to the laboratory, and not to use your ‘rescue’ medication for 24 hours prior to coming to the laboratory (this
will be discussed with you each time, since different medications may require a different procedure). Should you require the
use of your medication, let us know and we will reschedule your test.

Upon arrival at the laboratory, the following will occur on each visit. You will report to the exercise lab, where you will
blow into a tube as hard as you can to determine your lung function. You will then exercise on a treadmill for about 10 to 15
minutes as the workload is slowly increased until you can no longer continue (maximal exercise test). During the exercise,
you will have your heart monitored by the electrocardiogram (ECG), blood pressure taken by a cuff on your arm, and breathe
into a tube to permit the measurement of how much oxygen you are consuming. You will also have the amount of oxygen in
your blood continuously monitored by a small device which connects to your ear. Following the exercise, you will again
have your lung function measured at 1, 5, 10 and 15 minutes after the exercise. You may stop the test at any time if you
become too uncomfortable. Each testing day will take about 2 hours of your time.

There will be a total of four (4) testing days, after your initial screening test. Following your first full testing day, you will
be given a special menu which you must follow when eating so we can control the amount of salt (sodium chloride, table
salt) which you eat. You will also be given some capsules to take each day, which may or may not contain a spzcial salt
(sodium bicarbonate). You will remain on this diet for two (2) weeks. At the end of the two weeks, you will again save you
urine for 24 hours, and refrain from exercise and medications as you did previously. You will then come to the laboratory as
scheduled and the tests run again. You will then return to your normal diet for a week, collect your urine, refrain from
exercise and medications and be tested again, as before. Following this, you will again start the special diet plus capsules to
take for an additional two weeks and repeat all procedures.

Five Week Period:
Initial Screening Test — First Test Day —Second Test Day —Third Test Day —— Fourth Test Day

Normal Diet Special Diet Normal Diet Special Diet
2 weeks [ week 2 weeks
Page _1_of _2 Subject initials Date
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Risks Inherent in the Procedures: Maximal exercise includes the risk of fatigue, muscle strains, heart abnormalities
(arrhythmias), 0.01% chance of death (in cardiac population), 0.02% risk of cardiac arrhythmias requiring hospitalization (in
a cardiac population), and change of blood pressure. The ECG will be monitored for abnormalities. In an individual with
asthma/EIA, the risks increase somewhat with the possibility of minor chest pain/discomfort, and significant respiratory
distress. If your pulmonary function is below normal prior to exercise, you will not be exercised. Oxygen saturation will be
monitored and the exercise stopped if saturation drops by 10 points. If respiratory distress occurs, the exercise will be
stopped and you will be permitted use of your medication. Oxygen by mask is available if your blood oxygen is slow to
recover. You may stop the testing at any point. Should you require medical assistance, 911 emergency access is available in
the laboratory.

There are very few risks associated with acute exposure to a high sodium diet within normal subjects. Some possible
risks are a transient elevation in blood pressure. Certain subjects may have an increased sensitivity to a high sodium diet and
show a large rise in blood pressure and subsequently an increase in sodium and water retention (hypertensive response).
Thus. blood pressure will be taken on the first day of the study and then every first and third day-of the treatment period. If
diastolic blood pressure rises greater than S mmHg compared to baseline values, you will be returned to a lower salt diet and
removed from the study.

The special salt, sodium bicarbonate, may cause stomach or intestinal upset. The dose of this salt is split so that you do
not take the full dose all at once to reduce this possibility.

There are no known risks involved with a low salt intake. If you are taking any nonprescribed (or illegal) drugs, such as
cocaine, your risks will be increased and you should not participate in this study. Please be aware that it is impossible to
identify all potential risks in an experimental procedure, but the researchers have taken reasonable safeguards to minimize

any known and potential, but unknown, risks.

Benefits: You will receive your maximal exercise data, which can be useful to indicate your fitness and can be used to
guide training. The asthmatic population may benefit, if the low salt diet reduces symptoms of asthma.

Confidentiality: You will not be identified on any data or in any publication of results of this study. All records will be
kept secured in the principal investigator’s files.

Liability: The Colorado Governmental Immunity Act determines and may limit Colorado State University’s legal
responsibility if an injury happens because of this study. Claims against the University must be filed within 180 days of the

injury.
Questions about subjects’ rights may be directed to Celia Walker at (970) 491-1563.

Participation: Your participation in this research is voluntary. If you decide to participate in the study, you may withdraw
your consent and stop participating at any time without penalty or loss of benefits to which you are otherwise entitled. Your
signature acknowledges that you have read the information stated and willingly sign this consent form. Your signature also
acknowledges that you have received, on the date signed, a copy of this document containing 2 pages.

Participant name (printed)

Participant signature Date

Investigator signature Date

Page 2 of _2_Subject initials Date
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APPENDIX D

GUIDELINES FOR SODIUM RESTRICTION
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GUIDELINES FOR SODIUM CONTROLLED DIET
1500 mg/day (56 mEq/day)

Sodium, a mineral, is abundant in many foods. It may be found naturally, or it
may be added during the processing of a food. The most common form of salt is
composed of sodium and chloride. Reducing your sodium intake will require changing
your eating behavior.

You are being asked to go on a sodium-restricted diet (1500mg/day or 56
mEg/day) for the duration of the study. On this diet, no salt should be added in cooking.
In addition, we are asking that you use low-sodium milk and low and no-salt free bread.

Most foods contain some sodium, which means that the salt added by nature is
low. Therefore, fresh vegetables, fruits, grains, milk, and meat are not limited by this
diet.

Processed foods are generally high in sodium, however, it is possible to buy low-
or no-salt processed foods. The following additives contain sodium in high amounts and
should be avoided:

e salt (sodium chloride)

e monosodium glutamate (MSG)-present in seasonings

e sodium nitrite and nitrate-used in the curing of meat

The following guidelines will help you reduce the sodium in your diet:

stop using the salt shaker

omit salt in cooking and in baking

substitute sodium-free seasonings and spices

use a salt substitute (potassium chloride) only with a doctor’s permission
include a variety of fresh, unprocessed foods in your diet, such as fruits, grains
and most vegetables

use low-sodium commercial products

sugars, oils, shortenings, and unsalted butter and margarine are negligible
sources of sodium

Please note that a tablespoon of salt contains 2000 mg of sodium and therefore
table salt should be avoided. The most common processed foods that are high in sodium
and that should be avoided include, but not limited to processed meat, salsa and chips,
packaged noodles, soups (unless low in sodium), frozen dinners, pizza (unless home
made), etc.

Whether you are a control (non-asthmatic) or asthmatic subject, there are many
health benefits to be gained from lowering your dietary salt consumption. At present, salt
intake among adults and children in the United States averages at least 9000mg/day, with
large numbers of adults consuming 12000mg/day, resulting in 10-15 times the basal
sodium requirement for adults and growing children of 500mg/day of salt.

At the end of each two week dietary period we will collect a 24-hr urine sample
from you (containers supplied) which will monitor compliance to the diet. Unfortunately,
if you have not kept to the dietary protocol then we can not use your pulmonary function
and exercise data in the study.
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FOODS ALL.OWED

low-sodium bread, rolls and crackers

fresh vegetables

vegetables such as potato, sweet potato it emit salt when cooking
fresh fruits

low-sodium pasta sauce and tomato paste

fruit juices, salt-free vegetable juices

dry cereals such as puffed rice, puffed wheat, shredded wheat, low-sodium cornflakes
pasta, noodles, macaroni, and spaghetti cooked without salt
meat, fish, poultry, eggs and low-sodium cheese

natural peanut butter

unsalted butter and margarine

cream cheese and sour cream

most soft drinks

unsalted nuts and pretzels

cranberry sauce

syrups

one to two eggs per day

coffee, tea

FLAVORING AIDS ALLOWED

low sodium ketchup

salt-free herb and blend spices

spices such as basil, cinnamon, etc

lemon and lime juice

dry mustard

vinegar

garlic or onion powder

paprika

pepper (lemon pepper contains salt and should be avoided)
tabasco sauce
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FOODS TO AVOID

all canned vegetables, unless low in sodium

frozen vegetables, unless low in sodium

commercial foods made with milk (eg., chocolate milk, condensed milk, etc)
dried fruit with sodium sulfite added

processed cheese

yeast breads, rolls, or breads and muffins made from commercial mixes containing
baking powder, baking soda, salt or MSG

salted popcorn, pretzels, waffles

salted or smoked meat (eg., corned beef, frankfurters, etc)

salted or smoked fish (eg., anchovies, canned salmon,etc)

shellfish (eg., shrimp, crab, etc)

commercial peanut butter (eg., skippy)

salted butter or margarine

commercial salad dressings

instant cocoa mixes

commercial candies, cakes, cookies, etc

FLAVORINGS TO AVOID

wocestershire sauce

BBQ sauce

catsup

chili sauce

garlic or onion salt

horseradish prepared with salt

meat sauces, tenderizers, regular steak sauce
MSG

prepared mustard

olives

pickles and relishes

soy sauce (low-sodium soy sauce is still “high” in sodium)
sugar substitutes containing sodium

regular bouillon cube
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APPENDIX E

ANIMAL STUDY INFORMATION
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DIO)-

® One 8th Street, Suite I, Frenchtown, NJ 08825
Phone: 908-996-2155 e« Web Address: www.bio-serv.com © Fax: 908-996-4123

Products That Perform
CERTIFICATE OF ANALYSIS

2/24/00

COLORADO STATE UNIVERSITY

DR. TIM MICKLEDOROUGH

LAB ANIMAL RES., PAINTER CTR.

DEPT. OF PHYSIOLOGY

200 W. LAKE STREET

FORT COLLINS CO 80523

SALES ORDER NUMBER: 51472
INVOICE NUMBER: 77712
INVOICE DATE: 2/23/00
CUSTOMER PURCHASE ORDER NUMBER: 459825
DIET PRODUCT NUMBER: F4097
DIET LOT NUMBER: 41021

DIET DESCRIPTION: GUINEA PIG DIET, GRAIN-BASED, SALT (2%), 3/16* PELLET

PROXIMATE PROFILE

THEORETICAL ACTUAL
PROTEIN 17.20% 19.40%
FAT 3.70% 2.85%
FIBER 11.60% 10.89%
ASH 7.70% 8.99%
MOISTURE < 10.00% 7.76%
CARBOHYDRATE (CALCULATED) 51.80% 50.13%
CALORIC PROFILE
PROTEIN 0.734 0.828 kcal/ GRAM
FAT 0.327 0.250 kcal/ GRAM
CARBOHYDRATE 2.051 1.985 kcal/ GRAM
ETHANOL kcal/ GRAM
TOTAL 3.112 3.063 kcal/l GRAM

This assay certifies that the above diet is guaranteed to meet the above theoretical
parameters as specified by Bio-Serv and/or the investigator.

Anayltical variability, sampling variability, and moisture levels account for overalil
differences in theoretical and actual figures for assays.

Information contained herein is believed to be correct and reliable. However, Bio-Serv
does not assume rosponsibility for it or for recommendations of our representatives
inasmuch as conditions and methods of use are beyond our control. Further, we make no
warranty, expressed or implied, of any kind regarding these products or their use, and the
purchaser assumes all risks of use or handling either in accordance with directions or not.
Assays performed by: Independent Analytical Laboratory Judy Drake
Method of Reference: AOAC-10/88. Quality Assurance Technician
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Product Information

Nordihydroguaiaretic Acid
Catalog No. 70300

CAS Registry No: 500-38-9

CA Index Name: 1,2-Benzenediol, 4,4'-(2,3-dimethyl-1,4- OH
butanediyl)bis-

Synonyms: NDGA

MF: C,Hy0, O oH

FW: 3024

Purity: 295% HO

Stability: 21 year at -20°C

Supplied as: A crystalline solid

Melting Point:  186-187°C

Laboratory Procedures

For long term storage, we suggest that Nordihydroguaiaretic Acid (NDGA) be stored as supplied at -20°C. It will
be stable for at least one year.

Concentrated stock solutions of NDGA can be prepared by dissolving the crystalline solid in an organic solvent
such as ethanol, methanol, acetone, DMSO, or acetonitrile. The solubility of NDGA in these solvents is at least 100
mg/ml. Stock solutions prepared in oxygen-free solvents will be stable for at least one week if protected from light
and stored at 0-4°C. Further dilutions of the stock solution into aqueous buffers or isotonic saline should be made
prior to performing biological experiments. Also, ensure that the residual amount of organjg solvent is insignificant,
since organic solvents may have physiological effects at low concentrations. We do not recommend storing the
aqueous solution for more than one day.

NDGA is a lipoxygenase inhibitor, as well as, an inhibitor of peptxdo-lcukomenc bwsynthesns NDGA inhibited
ionophore A23187-induced peptido-leukotriene biosynthesis in rat peritoneal cells with an IC, of 5-7 uM.! NDGA
inhibited electron transport in ascites tumor mitochondria at the NADH-dehydrogenase-ubiquinone level.2

References

. Hope, W.C., Welton, A.F.,, Fiedler-Nagy, C., et al. In vitro inhibition of the biosynthesis of slow reacting substance
of anaphylaxis (SRS-A) and lipoxygenase activity by quercetin. Biochem. Pharmacol. 32, 367-371 (1983).

2. Pavani, M., Fones, E., Oksenberg, D., er al [nhibition of tumoral cell respiration and growth by
nordihydroguaiaretic acid. Biochem. Pharmacol. 48, 1935-1942 (1994).
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