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Abstract

Background: Microbial exposures in both childhood and
adult life are protective against atopy, allergic rhinitis and
atopic asthma. In adults, this protective effect is paralleled
by an increased prevalence of non-atopic asthma. This study
was undertaken to investigate associations between occu-
pational endotoxin exposure and atopic sensitization and
bronchial hyperresponsiveness to methacholine (BHR) in ag-
ricultural workers. In addition, the role of atopy in endotoxin-
related respiratory effects was studied. Methods: Data were
available for 427 farmers and agricultural industry workers,
for whom airborne endotoxin exposure levels were estimat-
ed by 249 personal exposure measurements. Atopy was as-
sessed as specific serum IgE to common inhalant allergens,
and respiratory symptoms and personal characteristics by
standardized questionnaires. BHR was determined in a sub-
set of 113 subjects. Associations were adjusted for age, sex,
smoking and living on a farm during childhood. Results: En-
dotoxin exposure was positively associated with BHR and
wheeze (p < 0.05). In contrast, endotoxin exposure was in-
versely associated with atopy and IgE to grass pollen (p <

0.001). The proportions of wheeze and BHR that were attrib-
utable to atopy were only 16.6 and 32.8%, respectively. Con-
clusions: High endotoxin exposure is a risk factor for BHR
and wheeze, which were characterized by a predominantly
non-atopic phenotype. At the same time, endotoxin expo-
sure is related to a reduced risk of atopy and IgE to grass
pollen in adults. It is unlikely that this is entirely a result of
healthy worker selection, as significant inverse associations
between endotoxin and IgE to grass pollen were found re-
gardless of reported allergic symptoms.

Copyright © 2009 S. Karger AG, Basel

Introduction

There is increasing evidence that farm exposures
throughout life are protective against atopy, allergic rhi-
nitis and atopic asthma [1]. Several studies have observed
a strongly decreased prevalence of allergic sensitization
[2-4], hay fever [5] and asthma [6] among adults with
childhood and current farm exposures. Farmers, and
children growing up on farms, are exposed to high levels
of microbial agents, such as bacterial endotoxin and fun-
gal B(1—3)-glucans [7, 8]. It has been hypothesized that
exposure to such agents may induce a shift from atopic
Th2 responses to Thl responses through stimulation of
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the innate immune system and regulatory T cells [9]. Pro-
tective effects of house dust endotoxin on the develop-
ment of atopy and asthma have been shown in children
[10-12], and more recently, studies among adults have
shown similar inverse relationships between endotoxin
exposure and atopic asthma [7], allergic sensitization [13,
14] and hay fever [15].

Since endotoxin is also a potent pro-inflammatory
agent, the downside of increased exposure can be an el-
evated risk of non-allergic respiratory health effects [16-
18]. Only a few studies have explicitly reported the Janus-
faced nature of endotoxin - a protective effect on atopic
disease, paralleled by an increased risk of non-atopic
asthma and nonspecific airway hyperresponsiveness — in
the same population [7, 11, 13].

We recently observed this dual nature, specifically as-
sociated with adult exposure in farmers and agricultural
processing workers. We found a significantly increasing
prevalence of wheeze at high endotoxin exposure, but an
inverse association between endotoxin exposure and self-
reported hay fever [15]. The latter finding is compatible
with a presumed down-regulatory effect of endotoxin ex-
posure on atopic immune responses, since hay fever
symptoms are usually strongly associated with atopic
sensitization [19]. The dose-response relationship be-
tween endotoxin and wheeze was independent of self-re-
ported allergy, a surrogate for atopy [15], suggesting that
wheezing reported in this population may not be due to
atopic airway inflammation. This might explain the par-
adoxical association with wheezing at high endotoxin ex-
posure, since wheeze is usually associated with atopy
[20].

The aim of the present study was to further elucidate
this apparent paradox by using objectively measured
health data: serum IgE to common allergens and non-
specific bronchial hyperresponsiveness (BHR). Specific
objectives were to test the hypotheses that (1) occupation-
al endotoxin exposure in agricultural workers is positive-
ly associated with airway hyperresponsiveness, but in-
versely with atopic sensitization, and (2) atopy plays a mi-
nor role in endotoxin-related respiratory effects.

Subjects and Methods

Study Population

Figure 1 depicts a flow diagram illustrating study population
recruitment. As described earlier [15], questionnaires were sent to
employees of 23 companies in 4 agricultural processing sectors
(onion trade, flower bulb trade, animal feed industry and vegeta-
ble seed industry). We received 376 completed questionnaires (re-
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sponse rate 90%). Farmers were recruited by sending question-
naires to 748 farm owners, and we received 525 completed ques-
tionnaires from 418 farms (farm owners’ response rate 61%).
Selection of the present study population has been described in
detail elsewhere [21, 22]. Briefly, a total of 342 agricultural pro-
cessing workers (91% of 376 eligible) consented to blood sampling.
A total of 340 farmers (65% of 525 eligible) indicated that they
would not object being contacted for a medical examination.
However, for logistical reasons, only approximately 100 farmers
could be included. A random sample of 122 farmers was ap-
proached by telephone, and 92 farmers participated. Data from
427 of 434 participating subjects were used (338 agricultural pro-
cessing workers, 89 farmers), as we excluded 4 subjects aged <18
or >65 years, and 3 subjects with incomplete data. Farmers who
participated in the medical examination did not differ signifi-
cantly from farmers in the original sample with respect to endo-
toxin exposure, potential confounders and wheeze, but hay fever
was more prevalent in the farmers who participated (17 vs. 9%;
p=0.02, x* test). Selection bias was a potential concern, and there-
fore, sensitivity analyses were performed to see whether results
changed after excluding farmers.

The study protocol was approved by the institutional ethics
committee and all participants gave their written informed con-
sent.

Endotoxin Exposure

Endotoxin sampling, quantification and modelling has been
described before [15]. Briefly, 249 personal full-shift inhalable
dust samples were collected in a sample of participants. Endo-
toxin was analysed by the quantitative kinetic chromogenic Lim-
ulus amebocyte lysate assay. Endotoxin exposure levels for each
participant were estimated by work site and job title. Endotoxin

exposure levels were expressed as endotoxin units (EU) per m>.

IgE Serology

Specific IgE to common allergens house dust mite, grass pol-
len (mix of timothy and perennial ryegrass), cat and dog, as well
as total serum IgE were determined by enzyme immunoassays as
described previously [13, 23]. Total IgE levels were dichotomized
by using 100 IU/ml as cut-offlevel. Atopy was defined as the pres-
ence of specific serum IgE antibodies to 1 or more of the common
allergens.

Bronchial Hyperresponsiveness

BHR to methacholine was assessed in subjects from 7 ran-
domly selected agricultural processing companies that were vis-
ited on a second occasion, as shown in figure 1. In total, 113 of 119
subjects who were present again on the second occasion consent-
ed to BHR (response 95%). Forced expiratory lung function and
BHR were assessed according to the European Respiratory Soci-
ety guidelines [24, 25]. Methacholine was inhaled from 0.019 mg
up to a cumulative dose of 2.5 mg, as described before [26]. The
test was stopped after the maximum cumulative dose was reached,
or when the forced expiratory volume in 1 s (FEV,) fell by 20% or
more.

Data Analysis

BHR was defined as a fall in FEV| of at least 20% at a metha-
choline dose of 2.5 mg or less. Bronchial challenge test results
were also expressed by the dose-response slope (DRS), calculated
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Fig. 1. Flow diagram representing study population recruitment. The questionnaire and endotoxin exposure
measurements are described in detail by Smit et al. [15].

as the maximum percentage fall in FEV, per mg inhaled metha-
choline [27]. Natural log-transformed DRS values were used in
calculations.

Associations between natural log-transformed endotoxin lev-
els and dichotomous and continuous health outcomes were as-
sessed by multiple logistic and linear regression analysis. Odds
ratios (ORs) for the interquartile range increase in endotoxin ex-
posure were calculated and were adjusted for age, sex, smoking
habits and farm childhood, unless stated otherwise. Exposure-
response relationships between endotoxin exposure and health
outcomes were further studied by assessing the shape of the ex-
posure-response relationship by means of generalized additive
modelling (smoothing; SAS Proc GAM), using Akaike’s informa-
tion criterion to select the degree of smoothing [13]. The propor-
tion of health outcomes attributable to atopy (i.e. population at-
tributable risk) was calculated as described by Pearce et al. [28].

Endotoxin Exposure and Atopy in Adults

Results

Characteristics of the study population are presented
in table 1. Endotoxin exposure levels ranged over 3 orders
of magnitude (approximately 10-10,000 EU/m’) with a
geometric mean endotoxin exposure level of 319 EU/m’,
which was similar in the original sample (265 EU/m?).

First, the association between endotoxin and wheeze
and BHR was explored. Positive and statistically signifi-
cant relationships between endotoxin exposure and
wheezing and BHR (as a dichotomous variable) were
found (table 2). The association between endotoxin expo-
sure and wheeze hardly changed when we only consid-
ered the processing workers and removed farmers from
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Table 1. Characteristics of the study population

Total 427
Male 371 (86.9)
Age, years 41.8+10.5
Smoking habits
Never 173 (40.5)
Former 134 (31.4)
Current 120 (28.1)
Farm childhood 193 (45.2)
Endotoxin exposure, EU/m?
Geometric mean 319
Geometric SD 5.5
Interquartile range 168-720
Range 14-10,645

Figures in parentheses are percentages.

Table 2. Associations between occupational endotoxin exposure
and wheezing, BHR, atopic sensitization, elevated total IgE and
hay fever in 427 agricultural workers

n % Endotoxin exposure! p
OR  95%CI value

Wheezing? 55 129 130 1.01-1.67 0.04
BHR? 30 26.6 1.55 1.03-2.35 0.04
Atopy 81 19.0 0.67 0.54-0.84 0.0005
Grass pollen IgE 49 11.5 0.59 0.45-0.79 0.0003
House dust mite IgE 46 10.8  0.84 0.65-1.09 0.18
Total IgE

(=100 IU/ml) 104 244  0.87 0.72-1.05 0.15
Hay fever? 51 11.9 057 0.43-0.75 <0.0001

! Data are presented as the OR for an interquartile range in-
crease in endotoxin exposure levels with 95% CI. ORs are adjust-
ed for age, smoking habits, sex and farm childhood.

2 Self-reported [15].

3 BHR was measured in a subgroup of 113 workers. ORs are
adjusted for age, smoking habits, sex, farm childhood and atopy.

the analysis (OR 1.39, 95% CI 1.04-1.86). The median
DRS (maximum percentage fall in FEV; per mg metha-
choline) was 4.5% (interquartile range 2.5-8.5%). In alin-
ear regression model, the log-transformed DRS showed a
positive, borderline statistically significant association
with endotoxin exposure (8 = 0.14, 95% CI -0.02 to 0.30;
p = 0.08).

We then explored associations between endotoxin ex-
posure and atopy. Specific serum IgE to 1 or more com-
mon allergens was found in 81 subjects (19%). Very few
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Table 3. Association between occupational endotoxin exposure
and atopy or grass pollen sensitization, stratified by self-reported
allergy

n/N % Endotoxin exposure!  p
OR  95%CI i

No self-reported allergy’

Atopy 32/325 9.8 0.79 0.58-1.08 0.14
Grass pollen IgE  15/325 4.6 0.59  0.38-0.93 0.02
Self-reported allergy

Atopy 49/102 48.0 0.61 0.41-0.93 0.02
Grass pollen IgE  34/102 333 0.72  0.47-1.09 0.12

n = Atopic subjects in stratum or subjects having a positive test
for grass pollen IgE; N = all subjects in stratum.

! Data are presented as the OR for an interquartile range in-
crease in endotoxin exposure with 95% CI. ORs are adjusted for
age, smoking habits, sex and farm childhood.

2 Symptomatic subjects are those who gave a positive answer
to the question: ‘Have you ever had any allergies?’

subjects had a positive IgE test to cat (n = 7, 1.6%) or dog
(n =3, 0.7%). The geometric mean total IgE level was 25.6
IU/ml (geometric SD 7.5). In contrast to wheezing and
BHR, endotoxin exposure was inversely associated with
atopy, grass pollen sensitization and hay fever, with ORs
0f 0.67, 0.59 and 0.57, respectively (p < 0.001; table 2). The
inverse relationships between endotoxin exposure and
house dust mite sensitization and increased total IgE were
weaker and not statistically significant (table 2). Analysis
of total IgE as a continuous variable (log transformed) did
not show an association with endotoxin exposure (p >
0.6) either. Adjustment had a small influence on the risk
estimates (1-20% difference between adjusted and unad-
justed ORs). Sensitivity analyses restricted to the 338 ag-
ricultural processing workers showed an OR of 0.69 (95%
CI 0.55-0.87) for the association between endotoxin and
atopy. Adjustment for occupational group (farmer versus
agricultural processing worker) yielded similar results.

To examine the possibility that healthy worker selec-
tion bias was (partly) responsible for the inverse relation-
ship between occupational endotoxin exposure and ato-
py, we investigated whether the inverse associations be-
tween endotoxin and atopy were also present in workers
who reported that they never had any allergies. As shown
in table 3, inverse associations between endotoxin expo-
sure and atopy/grass pollen IgE were observed regardless
of self-reported allergy (p values between 0.02 and 0.14, p
value for interaction >0.3).
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Fig. 2. Smoothed plots with 95% confidence bands representing
associations of endotoxin exposure with atopic sensitization (a),
atopic sensitization to grass pollen (b) and atopic sensitization to
house dust mite (c) in 193 agricultural workers with a farm child-
hood (white circles) and 234 workers without a farm childhood
(black triangles). Associations were adjusted for age, sex and
smoking.

Workers who had grown up on a farm had a lower
prevalence of atopic sensitization than workers without a
farm childhood (atopy 14.5 vs. 22.7%, p = 0.03; grass pol-
len IgE 7.8 vs. 14.5%, p = 0.03; house dust mite IgE 7.8 vs.
13.3%, p = 0.07). In figure 2, the shape of the exposure-
response relationships between occupational endotoxin
exposure and atopic sensitization is shown separately for
workers with and without a farm childhood. These fig-
ures suggested a non-linear relationship between endo-
toxin exposure and atopy in workers without a farm
childhood. At very low endotoxin exposures (<35 EU/
m?), the highest prevalence of atopy was seen, after which
a decline in the predicted prevalence was observed up to
levels of around 1,000 EU/m?>. At higher endotoxin expo-
sure levels, a constant and very low prevalence of atopic
sensitization was seen. For workers with a farm child-

Endotoxin Exposure and Atopy in Adults
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hood, the prevalence of sensitization was low over the
whole range of exposure.

Finally, we explored interrelationships between wheez-
ing, BHR and atopy. As expected, hyper-responsive sub-
jects often reported wheezing (OR 6.4, 95% CI 2.1-19.8).
BHR and wheezing were also positively associated with
atopy, but the proportions of wheeze and BHR attrib-
utable to atopy were only 16.6 and 32.8%, respectively
(table 4). Exposure-response relationships between endo-
toxin exposure and wheeze and BHR were similar in non-
atopic and atopic subjects when these associations are de-
scribed as ORs (table 4). However, the prevalence of
wheezing and BHR differs more than a factor 2 in atopics
and non-atopics. Hay fever was strongly associated with
atopy (table 4) and grass pollen sensitization (OR 18.1,
95% CI 9.0-36.3). Despite the high ORs, the proportion
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Table 4. Association between atopy and wheezing, rhinitis and BHR, and association between endotoxin exposure and wheezing,

rhinitis and BHR, according to atopic status

n/N % Atopy Cases Interquartile range increase p inter-
attributable  in endotoxin exposure! action
to atopy, %

OR  95% CI CHPYE T orR 95w
Wheezing No atopy 38/346 11.0 2.15 1.14-4.05 16.6 1.43 1.04-1.97 0.92
Atopy 17/81 21.0 1.46 0.87-2.45
BHR No atopy 17/87 19.5 412 1.62-10.5 32.8 1.94 1.11-3.41 0.55
Atopy 13/26 50.0 2.12 0.71-6.30
Rhinitis No atopy 20/346 5.8 10.1  5.35-19.1 54.8 0.73 0.48-1.12 0.29
Atopy 31/81 38.3 0.52 0.31-0.87

n = Subjects in stratum reporting wheeze, rhinitis (hay fever), or having a positive test for BHR; N = all subjects in stratum.
! ORs for associations between endotoxin exposure and health outcomes are adjusted for age, smoking habits, sex and farm child-

hood.

of hay fever attributable to atopy was only 54.8%. When
hay fever was subdivided by atopic status and analyzed as
atopic and non-atopic rhinitis, only ‘atopic rhinitis’
showed a statistically significant inverse association with
endotoxin (table 4).

Discussion

In this study, we showed that high occupational expo-
sure to endotoxins was a risk factor for BHR, whereas
endotoxin exposure showed an inverse dose-response re-
lationship with atopic sensitization. Since atopy was pos-
itively associated with wheezing and BHR, the opposite
effects of endotoxin exposure may seem paradoxical.
However, the proportions of wheeze and BHR in our pop-
ulation that were attributable to atopy were only 16.6 and
32.8%, respectively. These apparently low proportions
are consistent with data presented by Pearce et al. [28]
who demonstrated that the proportion of asthma-related
outcomes in population-based studies that is attributable
to atopy is on average <40%. In adults exposed to high
levels of pro-inflammatory, non-allergenic agents such as
endotoxin, one may expect that the attributable risk of
atopy is even lower [29]. The proportion of self-reported
hay fever that was attributable to atopy was 54.8%. Al-
though this proportion appears to be low, in a review of
large population-based surveys it has been shown that the
average percentage of self-reported seasonal rhinitis or
allergen-related rhinitis attributable to atopy was only
48% [30].
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According to the hygiene hypothesis, bacterial and vi-
ral infections, and environmental exposures to microbial
compounds, may protect from the development of aller-
gic disease by influencing immune responses [31, 32]. It
has been argued that the immune system is most suscep-
tible to the influence of microbial exposures during in-
fancy or early childhood and, as a result, it seems plau-
sible that timing of exposure plays a critical role [32]. Sev-
eral studies have shown that farm exposures during
childhood may exert long-lasting protective effects on al-
lergy or allergic asthma [3, 33], and the lower prevalence
of atopic disease that is often found among farmers is
therefore likely to be partly a result of early microbial ex-
posures [2-6, 34]. In accordance with the hypothesis that
effects of early exposures can be long-lasting, we ob-
served a significantly lower prevalence of atopy in agri-
cultural workers with a farm childhood (14.5%) com-
pared with workers without a farm childhood (22.7%).
The prevalence of sensitization to common aeroallergens
in our study is very low compared with the general Dutch
population (32%, subjects aged 20-70 years) [35] and oth-
er Dutch occupational populations (36.5%, workers in
spray-painting companies; 33%, bakery workers) [26, 36].
The low prevalence of atopy in workers without a farm
childhood compared with other Dutch populations can
obviously not be attributed to early farm exposures. It has
been suggested that immune deviation may take place
throughout life [6], and exposure in adulthood to endo-
toxin and other microbial compounds has indeed been
associated with a lower prevalence of allergy or allergic
asthma [7, 13-15]. Our study provides evidence for the
hypothesis that exposures at adult age may be associated
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with a protective effect by showing strong inverse asso-
ciations between (adult-onset) occupational endotoxin
exposure and atopy. In workers without a farm child-
hood, steep inverse dose-response relationships between
endotoxin exposure and atopy were observed for expo-
sure levels >35 EU/m’. In workers grown up on a farm,
the prevalence of atopy and grass pollen IgE was clearly
reduced over the whole range of occupational endotoxin
exposures. The protective effect of endotoxin exposure
was strongest for grass pollen sensitization, which is con-
sistent with other studies in children and adults [13, 14,
37, 38]. Moreover, it has been reported that cigarette
smoking, which is also a source of endotoxin, has a simi-
lar inverse effect on sensitization to grass pollen but not
to house dust mite [39, 40]. Therefore, it could be specu-
lated that endotoxin or other microbial factors may have
a strong influence on grass pollen sensitization, whereas
levels of allergen exposure or genetic factors may be more
important for other allergies and total IgE levels. As we
argued before [15], we cannot exclude the possibility that
the observed relationships were at least partially due to
other microbial agents than endotoxin. Given its potency
as an inducer of inflammatory reactions and activator of
immunoregulatory pathways, a major role for endotoxin
itself seems, however, highly likely.

The present study population was derived from a ques-
tionnaire survey in 877 subjects [15], showing significant
inverse associations between endotoxin exposure and
hay fever. Due to logistical constraints, we could only
conduct medical examinations in a relatively small sam-
ple of farmers who had completed the questionnaire. On
the other hand, a large proportion of agricultural indus-
try workers (>90%) participated in the examination, and
results of the questionnaire survey were confirmed in the
427 subjects with IgE data available, also when farmers,
where selection effects might have occurred, were exclud-
ed from analyses. Confounding by agrochemical expo-
sures is unlikely, as the farmers in this study practiced
organic farming and are not allowed to use chemical pes-
ticides and certain toxic disinfectants. An earlier survey
showed only small differences in the prevalence of hay
fever and asthma symptoms between conventional and
organic farmers, which could partly be explained by dis-
infectant use and farm childhood [5]. Therefore, we as-
sume that the associations between endotoxin exposure,
atopy and BHR can very likely be generalized to conven-
tional farmers as well.

Healthy worker effects are likely to be important in ag-
riculture, either because less healthy subjects would prefer
not to take over a farm or be employed in a dusty agricul-

Endotoxin Exposure and Atopy in Adults

tural processing company, or because less healthy workers
are more likely to leave high-exposure jobs [41]. In west-
ern countries, migration out of rural areas and agricul-
tural occupations has occurred over more than a century.
However, the strong and positive associations between en-
dotoxin exposure and wheeze and BHR argue against a
major influence of the healthy worker effect. Further-
more, one would not expect strong healthy worker hire
effects nor survivor effects to have taken place among
workers who reported that they never had any allergies.
Thus, the statistically significant inverse exposure-re-
sponse relationships between endotoxin exposure and
grass pollen IgE in the subgroup of non-symptomatic sub-
jects (table 3) supports the hypothesis that microbial ex-
posures in adulthood might be causally related to less
atopic sensitization. However, more and especially longi-
tudinal studies are needed to assess causal associations.

In conclusion, occupational endotoxin exposure was a
risk factor for BHR and wheeze, which were character-
ized by a predominantly non-atopic phenotype. In con-
trast, a significant inverse dose-response relationship be-
tween occupational endotoxin exposure and atopy was
observed. This study adds to the evidence that exposure
to endotoxin later in life may protect against atopic sen-
sitization. However, longitudinal studies are necessary to
draw conclusions about causality.
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