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Exhaled nitric oxide (eNO) is increasingly used as a non-invasive measure of airway inflammation. Despite
this, little information exists regarding the potential effects of indoor microbial components on eNO. We de-
termined the influence of microbial contaminants in house dust and other indoor environmental character-
istics on eNO levels in seven-year-olds with and without a physician-diagnosis of asthma. The study included
158 children recruited from a birth cohort study, and 32 were physician-diagnosed as asthmatic. The rela-
tionship between eNO levels and exposures to home dust streptomycetes, endotoxin, and molds was inves-
tigated. Streptomycetes and endotoxin were analyzed both as loads and concentrations in separate models.
Dog, cat, and dust mite allergens also were evaluated. In the multivariate exposure models, high streptomy-
cetes loads and concentrations were significantly associated with a decrease in eNO levels in asthmatic
(p b 0.001) but not in healthy children. The presence of dog allergen, however, was associated with increased
levels of eNO (p = 0.001). Dust endotoxin was not significant. The relationship between eNO and indoor ex-
posure to common outdoor molds was u-shaped. In non-asthmatic children, none of the exposure variables
was significantly associated with eNO levels. To our knowledge, this is the first study demonstrating a signif-
icant association between microbial components in the indoor environment and eNO levels in asthmatic chil-
dren. This study demonstrates the importance of simultaneously assessing multiple home exposures of
asthmatic children to better understand opposing effects. Common components of the indoor Streptomyces
community may beneficially influence airway inflammation.

© 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Exhaled nitric oxide (eNO) is a non-invasive marker of eosinophilic
airway inflammation, and is increasingly used in the diagnosis and
management of childhood asthma (Pijnenburg and De Jongste, 2008).
Apart from respiratory disease, other predictors of eNO are not well un-
derstood. A few studies have demonstrated associations between in-
door environmental exposures and both reductions and increases in
eNO levels. Kovesi and Dales (2009) demonstrated in children an asso-
ciation between lower eNO levels and the presence of dogs, but did not
find a significant association with either environmental tobacco smoke
exposure or visible mold. In a cross-sectional analysis of 170 asthmatic
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med Group 2 mold concentra-
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children, Spanier et al. (2006) found that higher eNO valueswere signif-
icantly associated with the lack of carpeting, not owning a cat, higher
dust mite exposure, and allergen sensitization.

Microbial components in indoor environments are known to be as-
sociated with adverse respiratory health, such as wheezing, rhinitis,
and asthma. Timing anddose appear to influence the effects. Both epide-
miological and experimental studies have implicated spores andmicro-
bial cell wall components such as endotoxin and (1–3)-β-D-glucan as
risk factors for respiratory disease (Sahakian et al., 2008), but other stud-
ies have also demonstrated a protective effect in accordance with the so
called hygiene hypothesis (Douwes et al., 2006; Ege et al., 2011; Ryan
et al., 2009; Sordillo et al., 2010). Although most previous studies have
focused on endotoxin, which is representative of Gram-negative bacte-
ria, Gram-positive bacteria are also relevant to indoor environments
(van Strien et al., 2004; Zhao et al., 2008). Streptomyces is a large
genus of spore forming soil bacteria, and streptomycetes are among
the Gram-positive bacteria most commonly isolated from moisture-
damaged buildings (Andersson et al., 1997). Some Streptomyces strains
are potent inducers of inflammatory reactions in mouse and human
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macrophage cells in vitro (Huttunen et al., 2003). Moreover,
intratracheal exposure of mice to Streptomyces californicus spores
resulted in recruitment of neutrophils, macrophages, and lymphocytes
in the airways (Jussila et al., 2003).

Since indoormicrobial components are known to be associatedwith
asthma and rhinitis, it was our hypothesis that these exposureswill also
influence eNO levels. However, there are inconsistent findings among
the few studies that have explored the association between eNO levels
and indoor microbial contamination. Experimental studies with adults
have demonstrated elevated eNO levels after respiratory challenge
with endotoxin (Kitz et al., 2006) and Aspergillus fumigatus (Stark
et al., 2005). In contrast, Purokivi et al. (2002) measured eNO levels in
employees working in moisture damaged buildings versus reference
buildings and detected no association. In a study of 115 asthmatic chil-
dren in Hong Kong (Leung et al., 2010), endotoxin levels in house dust
were associatedwithwheezing frequency but not with eNO. To assist in
clarification of these varyingfindings, the current studywas designed to
improve understanding of the impact of simultaneous exposures to
several indoor microbial contaminants on eNO levels in asthmatic and
non-asthmatic children. Streptomycetes, endotoxin, and mold content
in floor dust were used as proxy measures of these contaminants in in-
door air. Other environmental factors, including levels of common
household allergens and exposure to tobacco smoke, were included as
potential effect modifiers or confounders.

2. Materials and methods

2.1. Study subjects

The children in this study were recruited from a birth cohort, the
Cincinnati Childhood Asthma and Air Pollution Study (CCAAPS). A de-
tailed description of subject recruitment for the CCAAPS study has
been published (LeMasters et al., 2006). Briefly, newborns were identi-
fied frombirth records, and parentswere recruitedwhen the infant was
approximately six months old. Inclusion required that at least one par-
ent had allergy and/or asthma symptoms, and tested positive to at least
one of 15 commonaeroallergens. The children subsequently underwent
similar skin prick testing (SPT) and a physical exam at ages 1 through 4
and 7 years. For the present study, children were recruited from a co-
hort of 577 CCAAPS if their dwellings had had a home assessment com-
pleted at age 1 (Reponen et al., 2011) and they also completed an age
seven clinical evaluation (n = 176). The study was approved by the
University of Cincinnati Institutional Review Board, and a written in-
formed consent was obtained.

2.2. Asthma diagnosis

At the age seven clinical evaluation the children had a skin prick
test for 15 aeroallergens (LeMasters et al., 2006), spirometry, mea-
sures of airway hyperreactivity, and exhaled nitric oxide measure-
ment. In addition, a questionnaire covering respiratory health
symptoms, home exposures, and demographics was administered to
the child's caregiver. Spirometry was performed in a clinical office by
trained health professionals according to American Thoracic Society
criteria. Children with reported asthma symptoms, or an exhaled
nitric oxide (eNO) concentration greater than 20 ppb, or a predicted
forced expiratory volume in 1 s (FEV1) less than 90% and/or FEV1
ratio to forced vital capacity (FVC) less than the lower limit of normal
(LLN) were administered 2.5 mg of Xoponex® by nebulizer. Spirome-
try was subsequently repeated, and children with equal or less than
12% increase in FEV1 following Xoponex® (levalbuterol) treatment
were administered a methacholine challenge test (MCCT) at a
follow-up visit. Children were defined as asthmatic if they fulfilled
the following two criteria: 1) caregiver report of asthma symptoms
and 2) demonstration of airway reversibility (defined as ≥12% in-
crease in FEV1 following bronchodilator) or positive MCCT (defined
as ≥20% drop in baseline FEV1 at cumulative inhaled methacholine
concentration of ≤4 mg/ml).

2.3. eNO measurements

eNOwas measured by the online single breath method using NIOX
Flex (Aerocrine Inc.). The procedure was performed in a physician's
office by experienced health professionals according to the joint
guidelines of the American Thoracic Society and the European Respi-
ratory Society (ATS and ERS, 2005). Each child was seated, breathed
quietly for 5 min to acclimate, before inhalation to total lung capacity
and exhalation at a constant flow rate of 50 ml/s ± 10%. eNO was
recorded during the last 2 s of up to six exhalations with at least
30 s rest between each, and calculated as the mean of three accepted
exhalations. Children refrained from strenuous exercise, eating, and
drinking 1 h prior to testing. Children with current prescriptions for
asthma medications were not excluded.

2.4. Home visits and dust collection

When the child was seven years old, a trained two-person team vis-
ited the home to administer a questionnaire and perform dust sam-
pling. The questionnaire included questions about housing conditions,
demographics, presence of pets, and smoking habits. Dustwas collected
from the child's primary activity room as described (Cho et al., 2006;
Johansson et al., 2010). Briefly, floor dust was collected in filter bags
by vacuuming a 2-m2 area for carpeted floors, or the entire room for
hardwood floors. Large dust particles were removed by sieving through
a 355-μm sieve, and the dust was stored at −20 °C. Dust load was de-
fined as mg of collected dust per m2 of vacuumed area.

2.5. Quantification of streptomycetes in house dust

DNAwas purified from sieved dust using DNA-EZ kit fromGeneRite.
Five milligrams of dust was placed in a sterile 2-ml tube containing
0.3 g acid washed glass beads (#G1277, Sigma-Aldrich). Reference sus-
pension of Geotrichum candidum (#7863, University of Alberta Micro-
fungus Collection and Herbarium), 10 μl of a 2° × 108 conidia/ml
which was included as an internal positive control and 0.35 ml lysis
buffer were added to the tube. The tube was shaken for 1 min in a
Mini Bead-Beater (Biospec Products), and DNA was isolated according
to manufacturer's instructions.

Real-time PCR primers and probe targeted towards the ribosomal
23S gene and specific for the Streptomyces genus were from a previous
study (Rintala and Nevalainen, 2006). The real-time PCR assay of strep-
tomycetes has been described (Johansson et al., 2010). Briefly, separate
reactions were performed for Streptomyces cells and G. candidum cells,
and each reaction contained 1× Taqman® Universal PCR Master Mix
(Applied Biosystems), 1 μM of each primer, 80 nM of the probe,
0.01 mg/ml BSA, and 5 μl purified DNA in a total reaction volume of
25 μl. Reactionswere performed using the Roche LightCycler® 480 Sys-
tem (Roche Applied Science). Standard curves were used to calculate
the number of streptomycetes cells corresponding to the amount of
DNA in each reaction sample. Streptomycetes concentration in dust
was expressed as cells per mg of sieved dust, and streptomycetes load
was expressed as cells perm2 offloor area. Streptomyces loadwas calcu-
lated by multiplying concentration with total amount of dust collected
and dividing with floor area vacuumed.

2.6. Determination of endotoxin in dust

Determination of endotoxin concentrations in dust was performed
according to the Limulus amebocyte lysate method using the
Pyrochrome® Endotoxin Detection Reagent Kit from Associates of
Cape Cod, Inc. as described earlier (Johansson et al., 2010). Endotoxin
concentration in dust was expressed as endotoxin units (EU) per mg



143E. Johansson et al. / Environment International 59 (2013) 141–147
of sieved dust. Endotoxin load was expressed as EU per m2 of floor
area and was derived from concentration as described above for
streptomycetes.

2.7. Quantification of dust-borne mold

To obtain a measure of the levels of indoor mold, the Environmental
RelativeMoldiness Index (ERMI)was used (Vesper et al., 2007). ERMI is
based on the real-time PCR analysis of 26 mold strains characteristic of
moisture-damaged buildings (Group 1 molds) and 10 strains mostly
found outdoors that are characteristic of undamaged buildings (Group
2 molds) (Haugland et al., 2004). ERMI is calculated by subtracting the
sum of log-transformed Group 2 mold concentrations (SLG2) from the
sum of log-transformed Group 1 concentrations (SLG1). Purification of
DNA from dust was performed as described above for real-time PCR
quantification of streptomycetes.

2.8. Determination of allergen levels

Measurements of dog (Can f 1), cat (Fel d 1), and dust mite (Der f 1)
allergens were performed as described previously (Cho et al., 2006).
Allergens were extracted from 50 mg dust in 1 ml PBS-Tween
(phosphate-buffered saline + 0.05% Tween 20, pH 7.4) on a shaker at
4 °C overnight. The supernatant was analyzed using a monoclonal
antibody-based enzyme-linked immunosorbent assay (ELISA) (Indoor
Biotechnologies, Inc.). The limit of detection (LOD) for Can f 1, Fel d 1,
and Der f 1 was 0.005 μg/g, 0.006 μg/g, and 0.007 μg/g, respectively.

2.9. Statistical methods

Statistical analyses were performed to assess associations between
eNO and independent variables for environmental exposures and
demographic/ clinical characteristics. Histograms and scatterplots
were generated to assess the distributions of eNO and continuous inde-
pendent variables. Because of right-skeweddistributions, the loge trans-
formation was applied to eNO, streptomycetes load and concentration,
endotoxin load and concentration, and dust load. As there are known
differences between eNO levels of asthmatics and non-asthmatics
Table 1
Distributions of variables included in the study for asthmatic and non-asthmatic children.

All subjects (n

Demographics
Gender (male)a 88 (5
Race (African-American)a 42 (2
Income (b$40,000)a 46 (2

Clinical parameters
SPT (positive)a 83 (5
Pollen sensitization (yes)a,b 62 (3
eNO (ppb)c 4.8 (2

Environmental exposures
Streptomycetes load (cells/m2)c,d 7.06 × 105 (4
Streptomycetes concentration (cells/mg)c,d 1711 (2
Endotoxin load (EU/m2)c 6.27 × 104 (5
Endotoxin concentration (EU/mg)c 155 (2
ERMIe 2.3 (6
SLG2e 18.1 (3
Dust load (mg/m2)c 403 (3
Living in the same household as a current smoker (yes)a 32 (2
Fel d 1 (≥LOD)a 92 (5
Can f 1(≥LOD)a 118 (7
Der f 1 (≥LOD)a 53 (3

ERMI = Environmental Relative Moldiness Index; SLG2 = sum of log-transformed Group 2
⁎ The distribution was significantly different in asthma subjects compared to healthy sub
a Categorical variable. Counts given, with percentage within parenthesis.
b Sensitization to meadow fescue, timothy, white oak, maple mix, American elm, red ced
c Continuous variable. Geometric mean given, with geometric standard deviation within
d Streptomycetes analysis was not performed for the homes of three non-asthmatic and
e Continuous variable. Arithmetic mean given, with arithmetic standard deviation within
(Pijnenburg and De Jongste, 2008), differences were evaluated by un-
paired t-tests for continuous variables, and chi square or Fisher's Exact
tests for count data. Values of eNO were left-censored at 2 ppb, the
limit of detection of the NIOX Flex.

The Tobit model, which allows censoring, was used for the regres-
sion analyses. Univariate Tobit regression analyses were performed to
assess individual associations between loge-transformed eNO and
each independent variable. For continuous exposure variables, associ-
ations were also assessed by curves that showed the shape of their re-
lation with eNO. Linear and non-linear components of these curves
were tested for a significant association with eNO. Spline fit analyses
showed that slopes of eNO as a function of SLG2 were different for
SLG2 b 15.5 and SLG2 ≥ 15.5. Therefore, the relationship between
eNO and SLG2 was modeled by two linear functions. The univariate
analyses were repeated when asthma status, the independent vari-
able, and the interaction of the independent variable with asthma sta-
tus were modeled.

Since our analyses showed that asthma modified the effect of strep-
tomycetes on eNO, further analyseswere stratified by asthma status. In-
dependent variables significantly related to eNO at p b 0.20, either
linearly or non-linearly, were included in an asthma-specific Tobit mul-
tiple regression model. This level is often used in buildingmodels using
stepwise forward regression. A smaller level such as 0.05 can fail to
identify variables known to be important. For asthmatics, these vari-
ables included Can f 1 ≥ LOD, streptomycetes load, streptomycetes
concentration, endotoxin load, SLG2 in the range of ≥15.5, SLG2 in
the range of b15.5, and dust load. For non-asthmatics the variables in-
cluded in the multiple regression model were Der f 1 ≥ LOD, and Can
f 1 ≥ LOD, being African-American, and being SPT positive. The Tobit
multiple regression models were reduced by stepwise regression.
Final models included independent variables that were significant at
p b 0.05. Because of the relatively high percentage of dust samples
with allergen levels below LOD, the values of Fel d 1, Can f 1, and Der f
1 were dichotomized, as bLOD versus ≥LOD.

Graphical assessments of predicted values versus residuals of final
streptomycetes load and concentration models for asthmatics were
generated to assess model fit. Owing to the relatively small number
of asthmatics (n = 30), sensitivity analyses were undertaken to help
= 158) Non-asthma (n = 126) Asthma (n = 32)

6%) 69 (55%) 19 (59%)
7%) 28 (22%) 14 (44%)⁎
9%) 30 (24%) 19 (59%)⁎

2%) 61 (48%) 23 (72%)⁎
9%) 45 (36%) 17 (53%)
.6) 4.7 (2.5) 5.6 (2.9)

.8) 6.87 × 105 (4.6) 7.89 × 105 (5.9)

.3) 1775 (2.2) 1473 (2.7)

.1) 6.50 × 104 (5.1) 5.29 × 104 (5.5)

.8) 168 (2.8) 112 (2.8)

.4) 2.5 (6.5) 1.6 (6.2)

.7) 18.2 (3.5) 17.9 (4.2)

.5) 391 (3.3) 457 (4.3)
0%) 21 (17%) 11 (34%)⁎
8%) 74 (59%) 18 (56%)
5%) 94 (75%) 24 (75%)
4%) 43 (34%) 10 (31%)

mold concentrations; SPT = skin prick test; LOD = limit of detection.
jects at a significance level of p b 0.05.

ar, or short ragweed.
parenthesis.
two asthmatic children because of low amount of available dust.
parenthesis.



Table 3
Multivariate Tobit regressionmodels describing the association between eNO and each in-
dependent variable, controlling for the other variables, in asthmatic children (n = 30)a.

Parameter
estimate

Standard
error

p-Value

Multivariate model for asthmatic children, streptomycetes expressed as load
Streptomycetes load (cells/m2),
log transformedb

−0.42 0.08 b0.001

SLG2 b 15.5b −0.29 0.11 0.01
SLG2 ≥ 15.5b 0.45 0.14 0.001
Can f 1 b LOD (0.005 μg/g) Ref – –

Can f 1 ≥ LOD 1.06 0.33 0.001

Multivariate model for asthmatic children, streptomycetes expressed as concentration
Streptomycetes concentration (cells/mg),
log transformedb

−0.73 0.17 b0.001

SLG2 b 15.5b −0.14 0.13 0.27
SLG2 ≥ 15.5b 0.33 0.16 0.04
Can f 1 b LOD (0.005 μg/g) Ref – –

Can f 1 ≥ LOD 1.03 0.36 0.004

SLG2 = sum of log-transformed Group 2 mold concentrations. LOD = limit of
detection.

a Streptomycetes analysis was not performed for the homes of two asthmatic chil-
dren because of low amount of available dust.

b Parameter estimates of continuous variables represent the change in log-transformed
eNO corresponding to a 1 unit increase in the log-transformed independent variable, or to
a 1 unit increase on the normal scale for SLG2.
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ensure that no single subject had undue influence on the results. Ac-
cordingly, final multivariate streptomycetes load and concentration
models were analyzed after removal of a different randomly chosen
subject, and parameter estimates were compared to those of the full
data set. Analyses were performed using SAS for Windows version
9.2 (Statistical Analysis System). A p-value of b0.05 was considered
significant unless stated otherwise.

3. Results

Exhaled nitric oxidemeasurementswere obtained for 161 of the 176
enrolled children. Of these, three did not complete the asthma clinical
examination. Streptomycetes measurements were unavailable for five
homes due to low dust amounts.

The distributions of demographic, clinical, and exposure variables
are shown in Table 1. The asthma incidence for the 158 children who
completed the asthma clinical examination was 20%. Although not sig-
nificant, geometric means of eNO in asthmatic versus non-asthmatic
children were 5.6 ppb and 4.7 ppb, respectively. There was, however,
a significant difference between eNO in those with a positive SPT com-
pared to those with a negative SPT (5.8 ppb vs. 4.0 ppb, p = 0.008).
Those children (n = 23) who were both asthmatic and had a positive
SPT had the highest eNO at 6.6 ppb (data not shown). Other factors
that were associated with asthma were being African American (44%)
having lower household incomes (59%), having a positive SPT (72%),
and living in the same household as a current smoker (34%) (Table 1).
For the asthmatics, being prescribed inhaled corticosteroids (n = 8)
did not have a significant effect on eNO levels (data not shown),
and therefore, children prescribed inhaled corticosteroids were not ex-
cluded from the study.

3.1. Candidate predictors of eNO

Results fromunivariate regression analyses are shown in Table 2. For
asthmatic children, independent variables positively associated with
eNO at p b 0.20 included high levels of outdoor mold found in the
home (SLG2 ≥ 15.5) and detectable Can f 1. Streptomycetes load, strep-
tomycetes concentration, endotoxin load, low levels of outdoormold in
the home (SLG2 b 15.5), and dust load were inversely associated with
eNO (Table 2). These variables were included in the multivariate
Table 2
Univariate analyses of relations between independent variables and eNO.

Non-asthma

Parameter estimate (stand

Gender (male) 0.035 (0.19)
Race (African-American) 0.33 (0.23)
Income

b$40,000 −0.35 (0.24)
$40,000–$89,999 −0.034 (0.20)
≥90,000 Ref

SPT (positive) 0.33 (0.19)
Pollen sensitization (yes) 0.085 (0.20)
Streptomycetes load (cells/m2)a −0.050 (0.063)
Streptomycetes concentration (cells/mg)a −0.15 (0.12)
Endotoxin load (EU/m2)a 0.005 (0.060)
Endotoxin concentration (EU/mg)a 0.027 (0.094)
ERMIa −0.011 (0.015)
SLG2 b 15.5a −0.005 (0.067)
SLG2 ≥ 15.5a 0.005 (0.046)
Dust load (mg/m2)a 0.066 (0.078)
Living in the same household as a current smoker (yes) 0.17 (0.25)
Fel d 1 ≥ LOD 0.067 (0.19)
Can f 1 ≥ LOD −0.40 (0.21)
Der f 1 ≥ LOD 0.27 (0.20)

ERMI = Environmental Relative Moldiness Index; SLG2 = sum of log-transformed Group 2
a Parameter estimates represent the change in log-transformed eNO corresponding to a 1

which were not log-transformed.
analyses. Gender, race, income, being SPT positive, sensitization to pol-
len (meadow fescue, timothy, white oak, maplemix, American elm, red
cedar, or short ragweed), endotoxin concentration, ERMI, living in the
same household as a current smoker, detectable Can f 1 and detectable
Der f 1 were not associated with eNO at p b 0.20. Having a positive SPT
was not significant for asthmatic likely because 72% of the asthmatics
were positive.

As shown in Table 2, in the non-asthmatic children, being African-
American, being SPT positive (48%) and detectable Der f 1 were posi-
tively associated with eNO, whereas Can f 1 was negatively associated
with eNO at p b 0.20. eNO was not associated (p ≥ 0.20) with gender,
income, sensitization to pollen, streptomycetes load, streptomycetes
concentration, endotoxin load, endotoxin concentration, ERMI, SLG2
when SLG2 values were b15.5 and ≥15.5, dust load, living in the
same household as a current smoker, or Fel d 1.
Asthma

ard error) p-Value Parameter estimate (standard error) p-Value

0.86 0.13 (0.43) 0.77
0.14 −0.14 (0.43) 0.74
0.31 0.67
0.14 −0.18 (0.67) 0.78
0.86 −0.13 (0.73) 0.86
– Ref −
0.08 0.41 (0.46) 0.37
0.67 0.055 (0.43) 0.90
0.43 −0.40 (0.11) b0.001
0.20 −0.65 (0.21) 0.002
0.94 −0.24 (0.13) 0.07
0.77 −0.02 (0.23) 0.93
0.45 −0.016 (0.036) 0.65
0.94 −0.52 (0.26) 0.048
0.91 0.12 (0.06) 0.06
0.39 −0.30 (0.17) 0.09
0.50 −0.38 (0.45) 0.40
0.73 0.41 (0.43) 0.33
0.06 0.93 (0.47) 0.046
0.18 0.030 (0.46) 0.95

mold concentrations; SPT = skin prick test. LOD = limit of detection.
unit increase in the log-transformed independent variable, except for ERMI and SLG2,



Fig. 1. Predicted value of log eNO for asthmatic children obtained from the multivariate
model including log streptomycetes concentration (A) as a function of log streptomy-
cetes and (B) as a function of SLG2.
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3.2. Multivariate models for prediction of eNO

The multivariate models for predicting eNO in asthmatic children
are shown in Table 3. Increasing streptomycetes load was the most
significant factor correlated with lower eNO for asthmatic children.
A biphasic pattern was observed between eNO and outdoor mold;
at low SLG2 (SLG2 values b 15.5), increase in SLG2 was associated
with lower eNO, whereas at high SLG2 (SLG2 values ≥ 15.5), increase
was associated with higher eNO (Fig. 1A). Finally, amounts of Can f 1
above LOD were associated with higher eNO.

When concentrations were substituted for loads, high streptomy-
cetes levels remained the most significant factor associated with
lower eNO (Fig. 1B). High SLG2 remained significantly associated with
higher eNO, whereas there was no significant association between
eNO and low SLG2. Detectable Can f 1 remained associated with higher
eNO. Plots of predicted values versus residuals showed no systematic
relationship for the analyses of asthmatic children. Sensitivity analysis
showed essentially no change in any variable parameter estimate for
either model when randomly chosen individuals were removed. Inter-
estingly, for non-asthmatic children, no factor was significantly associ-
ated with eNO levels in the multivariate analysis.

4. Discussion

The multivariate analyses in our study consistently showed in-
verse associations between eNO levels and streptomycetes exposure
in asthmatic children but not in non-asthmatic children. There are
several possible explanations for this unique finding. Streptomycetes
are important producers of a variety of secondary metabolites; while
some are potent toxins, others have anti-inflammatory activities
(Deshpande et al., 1988), and anti-inflammatory effects of some
streptomycetes could possibly result in lower airway inflammation.
It is also possible that the effect of streptomycetes is non-specific. In
the context of the hygiene hypothesis, the most studied microbial
component is the Gram-negative cell-wall component endotoxin.
Peptidoglycan is a cell wall component that is present at substantially
higher levels in Gram-positive than in Gram-negative bacteria. It is
therefore considered a marker of Gram-positive bacteria, including
streptomycetes. Although far less is known about the respiratory
health effects of peptidoglycan than that of endotoxin, a few studies
have indicated that muramic acid, one of the monomers of peptido-
glycan, may be associated with decreased wheezing (van Strien et
al., 2004; Zhao et al., 2008). In another study, both peptidoglycan
and the endotoxin component lipid A were shown to decrease the
ovalbumin-induced pulmonary recruitment of eosinophils and air-
way hyperresponsiveness in mice (Velasco et al., 2005). These studies
suggest that cell-wall components in Gram-positive bacteria such as
streptomycetes may affect respiratory health outcomes.

In an earlier study, we showed that the presence of two or more
dogs in the homewas significantly associatedwith decreasedwheezing
(Campo et al., 2006). The presence of two or more dogs is also a strong
determinant of streptomycetes levels in house dust (Johansson et al.,
2010). Our study used Can f 1 levels in dust as a marker for exposure
to dog allergens. The association between eNO and streptomycetes
levels, however, remained unaltered whether the Can f 1 variable was
included in the model or not, suggesting that the presence of dogs in
the home was not a confounder in this study. Several other potential
confounders previously shown to be associated with streptomycetes
levels (Johansson et al., 2010) were explored, including endotoxin
load and outdoor molds (SLG2). None of these, however, significantly
altered the parameter estimates for streptomycetes in the multivariate
analyses. High ERMI has been shown to be associated with adverse re-
spiratory health outcomes in children (Reponen et al., 2011), and was
therefore included among the independent variables. No correlation,
however, was found between ERMI and eNO.

The relationship between eNO levels and SLG2, the metric for 10 in-
dicator mold strains, demonstrated a U-shaped pattern. A biphasic re-
sponse pattern for environmental exposures to allergens and microbial
components has previously been reported in several studies (Campo
et al., 2006; Iossifova et al., 2007; Platts-Mills et al., 2001; Tovey et al.,
2008), and has been explained by the reaction of maturing immune sys-
tem in children. However, the pattern in above-quoted studies was an
inverted U-shaped association. In the current study, this association
was only significant when streptomycetes were expressed as load, and
thereforemay be a chance association. The positive association between
eNO and SLG2 when SLG2 values ≥ 15.5, however, supports a study by
Leuppi et al. (2002), inwhich sensitization to the commonoutdoormold
Cladosporium was associated with increased eNO levels.

Streptomycetes levels were correlated with eNO in asthmatics, but
not in non-asthmatics. The modifying effect of streptomycetes and
other environmental contaminants by asthma status may be the result
of the pathway for nitric oxide production in the airways. Nitric oxide
is produced by three isoforms of nitric oxide synthase (NOS), and induc-
ibleNOS (iNOS) is expressed in response to pro-inflammatory cytokines
aswell as environmental factors (Ricciardolo et al., 2004). Although low
levels of iNOS are expressed in healthy airways, the increased levels of
eNO observed in asthma patients may be the result of up-regulation
of iNOS. In clinical studies using selective iNOS inhibitors, eNOwas prin-
cipally lowered in asthmatic compared to healthy subjects (Brindicci et
al., 2007; Hansel et al., 2003), which suggests that most of the eNO in
asthmatics is produced by iNOS. Similarly, it may be hypothesized that
inhaled streptomycetes selectively affect iNOS, which could help ex-
plain why streptomycetes reduce eNO levels in asthmatics but not in
healthy children.
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Our eNO findings are in part similar to those of Frank et al. (1998),
who tested children aged 5 to 15 and found that the geometric mean
of eNOwas = 12.5 (95% CI = 8.3, 18.8) for children with allergic asth-
ma and eNO = 3.8 (95% CI = 2.7, 5.5) for children with non-allergic
asthma. Jackson et al. (2009) found that six-year old childrenwith aller-
gic asthma had eNO = 10.3 (95% CI = 6.8, 26.2), and those with
non-allergic asthma had lower eNO at 8.6 (95% CI = 6.7, 14.3).
Kukkonen et al. (2011) found that young children age five who ever
had asthma had eNO = 6.2 (95% CI = 4.9, 10.9), while others have
reported higher values for children seven and under.

The absolute levels of eNO in asthmatic children found in our
study were at the lower end of the range of values found by other in-
vestigators. Study differences on eNO levels for asthmatic children
may be related to ethnic status, use of medication at the time of test-
ing, season when the test was administered, technical experience,
type of instrument, the use of standardized procedures, and location
of testing such as physician's office versus other locations. In our
study, all testing was conducted in a physician's office, across all sea-
sons, and over 80% were Caucasian. The asthmatic children included
newly diagnosed cases that may have had less airway inflammation,
and less inflammation may have resulted in lower eNO compared
with asthmatics with more established inflammation. We did not de-
tect any effect on eNO levels in asthmatic children prescribed inhaled
corticosteroids, possibly because of the small sample number. Fur-
thermore, no information was available on when children prescribed
inhaled corticosteroids had last used their medication, and therefore,
any possible effect on eNO levels by these short-acting drugs may
have been obscured.

The difference between eNO in those with a positive SPT compared
to those with a negative SPT found in this study support previous stud-
ies in finding a significant difference in eNO levels between sensitized
and nonsensitized children (Pijnenburg and De Jongste, 2008).

The CCAAPS cohort was recruited from atopic families, and the geo-
graphic area of recruitment was limited to the Greater Cincinnati/
Northern Kentucky area. Therefore, the results and conclusions of this
study may not be applicable to other regions or types of cohorts.

The study was also limited by a relatively small number of asthma
cases (n = 32), which may have decreased study power to detect sig-
nificant associations between eNO and independent variables. The
strong associations observed between eNO and levels of microbial
contaminants even with this relatively limited number of asthma
cases, however, is noteworthy. Future studies will be able to confirm
or refute the results in larger cohorts, and explore the causal nature
of the relationship between eNO and dust-borne microbial contami-
nants in homes, especially streptomycetes. The influence on eNO
levels of other Gram-positive taxa, and Gram-positive markers such
as peptidoglycan, is also worth exploring.
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