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Exposure and Sensitization to Pets Modify
Endotoxin Association with Asthma and Wheeze
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What is already known about this topic? Exposure to endotoxin as well as exposure to cat and dog have been reported
to be associated with asthma and wheeze. However, it has been difficult to separate the 2 exposures and how pets in-
fluence the association of endotoxin with asthma and wheeze is unclear.

What does this article add to our knowledge? Exposure to dog allergen enhances endotoxin association with wheeze
in participants not sensitized to dog. In individuals sensitized to cat and exposed to cat allergen, endotoxin is associated
with asthma. In all participants, coexposure to dog and cat allergens increased endotoxin association with asthma and
wheeze.

How does this study impact current management guidelines? Measures aimed at decreasing the levels of
endotoxin and dog and cat allergens in the homes of people who own pets might reduce active asthma and wheeze
long-term.
BACKGROUND: Pets are major contributors of endotoxin in
homes, but whether they influence endotoxin association with
respiratory outcomes is unclear.
OBJECTIVE: To examine whether exposure and sensitization to
dog and cat modify the relationship between endotoxin exposure
and asthma and wheeze.
METHODS: We analyzed data from 6051 participants in the
2005-2006 cycle of the National Health and Nutrition
Examination Survey (NHANES). House dust from bedroom
floor and bedding was evaluated for endotoxin and for dog
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(Canis familiaris 1) and cat (Feline domesticus 1) allergens. The
NHANES also collected data on respiratory outcomes and
measured IgE specific to allergens. Associations of log-endotoxin
and pet exposure with respiratory outcomes were examined,
adjusting for covariates including pet avoidance.
RESULTS: Dog and cat ownership among participants was 48.3%
and 37.5%, respectively. Endotoxin geometric mean (SE) was
15.49 (0.50) EU/mg. Endotoxin and pet allergen levels were
significantly higher in households with a dog or cat. Overall,
endotoxin was positively associated with wheeze (odds ratio [OR],
1.30; 95% CI, 1.04-1.62), but not with asthma. However, in
participants nonsensitized to dog, the odds of endotoxin
association with wheeze were higher with exposure to dog allergen
(OR, 1.80; 95%CI, 1.27-2.53; Pinteraction[ .048). In participants
sensitized to cat and exposed to cat allergen, endotoxin became
positively associated with asthma (OR, 1.92; 95% CI, 1.21-3.0;
Pinteraction [ .040). With coexposure to dog and cat allergens,
endotoxin association with asthma and wheeze was exacerbated
(OR, 2.00; 95% CI, 1.04-3.83; Pinteraction [ .012 and OR, 1.88;
95% CI, 1.32-2.66; Pinteraction [ .016, respectively).
CONCLUSIONS: Exposure to dog and cat allergens enhances
the association of endotoxin with asthma and wheeze. � 2018
American Academy of Allergy, Asthma & Immunology (J Allergy
Clin Immunol Pract 2018;6:2006-13)
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INTRODUCTION

Endotoxin is a lipopolysaccharide from the outer membrane
of Gram-negative bacteria that persists in the environment after
bacterial death.1 It is widely disseminated in our surroundings
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Abbreviations used

CCAAPS- C
incinnati Childhood Asthma and Air Pollution Study
EU- E
ndotoxin units

NHANES- N
ational Health and Nutrition Examination Survey
OR- O
dds ratio

PIR- P
overty to income ratio
and higher concentrations are found in occupational settings in
which large quantities of bio-aerosols are generated.2,3 Endotoxin
has proinflammatory properties and can cause wheeze as well as
increase in asthma severity.1,4,5 The pathophysiology of this
inflammation involves the activation of macrophages with the
release of proinflammatory cytokines (TNF-a and IL-1, IL-6,
and IL-8).1,4-6 However, there are reports that early childhood
exposure to low doses of endotoxin could protect against atopic
asthma and allergy in genetically predisposed individuals,
potentially due to immunomodulatory effects by the
lipopolysaccharide.6

The presence of pets is a major contributor of endotoxin in
homes.2,7 Exposure to dog or cat has also been reported to have
either positive or negative associations with asthma and wheeze,
depending on the timing of exposure and family history of
asthma.8-10 It is possible that some of these associations could be
mediated by endotoxin, but it has been suggested that the effect
of pets on respiratory symptoms might well be independent of
endotoxin.8 Although exposure to both endotoxin and pets could
each be associated with asthma and wheeze, it is still unclear
whether they interact to affect respiratory outcomes. In partic-
ular, because pets are major predictors of endotoxin in homes, it
has been difficult to separate the 2 exposures. Therefore, we
proposed to investigate the influence of exposure and sensitiza-
tion to dog and cat on the endotoxin association with asthma and
wheeze in a sample representative of the US population.

METHODS

Data source and study design
Data for the analysis were obtained from the 2005-2006 cycle of

the National Health and Nutrition Examination Survey
(NHANES). The NHANES is a continuous cross-sectional survey
of the US noninstitutionalized civilian population conducted by the
National Center for Health Statistics of the Centers for Disease
Control and Prevention. It uses a complex multistage sampling
design to derive a sample representative of the US population. Some
subgroups such as participants below the poverty level, teenagers
aged 12 to 19 years, people 60 years or older, pregnant women,
African Americans, and Mexican Americans were oversampled to
ensure adequate subgroup analyses. Of the 6963 NHANES partic-
ipants who had data on house dust endotoxin, a total of 6051
(86.9%) had data on pet ownership as well as on sensitization to pets
and were included in our study. The study sample consisted of 5494
participants who had data on exposure and sensitization to dog, and
of 4808 participants who had data on exposure and sensitization to
cat.

NHANES protocols were approved by the institutional review
boards of the National Center for Health Statistics and the Centers
for Disease Control and Prevention and informed consent was ob-
tained from all participants. Details of the institutional review board
approval are available at http://www.cdc.gov/nchs/nhanes/irba98.
htm. NHANES procedures and methods are further described at
http://www.cdc.gov/nchs/nhanes/survey_methods.htm.

Endotoxin analysis
Combined bed and bedroom floor dust samples were collected at

each participant’s home using a vacuum cleaner fitted with a Mitest
Dust Collector (Indoor Biotechnologies, Inc, Charlottesville, Va).
One-square yard surfaces on beds and the adjacent floors were each
vacuumed for 2 minutes. These composite dust samples were
analyzed for endotoxin at our University of Iowa laboratory using a
kinetic chromogenic Limulus amebocyte lysate assay with expansive
quality assurance measures as previously described.4 Sieved dust was
extracted with sterile pyrogen-free water plus 0.05% Tween-20.
Control standard endotoxin (Escherichia coli 055:B5) was used to
develop 12-point standard curves and samples were assayed at 4
dilutions increasing 4-fold from 1:400 to 1:25,600. Endotoxin
concentrations were reported in endotoxin units per sieved dust
weight (EU/mg of dust). The lower limit of detection was 0.000488
EU/mg. A detailed description of our laboratory methods for the
endotoxin assay is available at http://www.cdc.gov/nchs/data/
nhanes/nhanes_05_06/ALDUST_D_met_endotoxin.pdf.

Pet ownership in past 12 months
In the Housing Characteristics section of the NHANES ques-

tionnaire, participants were asked about the presence of pets in the
home (“Do any dogs, cats, and furry animals such as a rabbit, a
guinea pig, or a hamster live or spend time in your home?”). Current
presence of dog or cat in the home was based on the answer to the
follow-up question “What kind of pet is it?” to participants who
provided a positive answer to the previous question. Participants
who provided a negative answer to the first question were secondarily
asked about the past presence of pet in the home in the past 12
months (“In the last 12 months, did any dogs, cats, and furry ani-
mals such as a rabbit, a guinea pig, or a hamster live or spend time
inside your home?”). Again, they were classified as having had a dog
or a cat in the past 12 months, on the basis of their answer to the
question “What kind of pet was it?” In our analysis, we combined
current and past 12-month presence of pets in home, to define pet
ownership in the past 12 months.

Pet allergens and sensitization to pets

Dust samples from homes were analyzed for a panel of allergens
including dog (Canis familiaris [Can f] 1) and cat (Feline domesticus
[Fel d] 1) allergens using a Multiplex Array for Indoor Allergens assay
(MARIA; Indoor Biotechnologies, Charlottesville, Va). Serum IgE
levels specific to dog and cat dander were measured using the
Pharmacia Diagnostics ImmunoCAP 1000 System (Kalamazoo,
Mich), now known as Thermo Scientific ImmunoCAP Specific IgE.
Sensitization status was defined as specific IgE level of 0.35 kU/L or
more.

Asthma and wheeze definition

Current asthma was defined using the following questions: “Has a
doctor or other health professional ever told {you/study participant}
that {you/s/he had} asthma?” and “Do you still have asthma?”
Wheeze in past 12 months was assessed using the following ques-
tion: “In the past 12 months {have you/has study participant} had
wheezing or whistling in {your/his/her} chest?”

Covariates
Data on age, sex, race/ethnicity, and family income were collected

using questionnaires. Participants were considered as being exposed
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TABLE I. Characteristics of study participants by exposure and sensitization to dog, NHANES 2005-2006 (N ¼ 5494)

Characteristic

Dog ownership in past 12 mo (N [ 5494)

Sensitization to dog

Among dog owners (N [ 1990) Among nonedog owners (N [ 3504)

Yes

(N [ 1990)

No

(N [ 3504) P*
Yes

(N [ 256)

No

(N [ 1734) P†
Yes

(N [ 418)

No

(N [ 3,086) P†

Age (y), % .40 .0093

<6 4.7 6.7 <.0001 3.4 4.8 5.5 6.9
6-17 20.1 13.5 22.4 19.8 18.0 13.0

�18 75.2 79.7 74.2 75.4 76.4 80.1

Sex, % .39 .12 .096

Male 48.3 49.7 54.4 47.5 54.3 49.1

Female 51.7 50.3 45.6 52.5 45.7 50.9

Race/ethnicity, % <.0001 .63 .0005

Non-Hispanic whites 80.1 54.3 79.3 80.2 47.9 55.1

Non-Hispanic blacks 4.8 21.0 5.5 4.7 29.2 19.9
Mexican Americans 6.1 14.0 7.6 5.9 7.7 14.8

Other 9.0 10.8 7.6 9.2 15.2 10.2

PIR, % <.0001 .98 .23

<1.85 23.1 43.6 23.3 23.1 39.1 44.2

�1.85 76.9 56.4 76.7 76.9 60.9 55.8

Exposure to smoke, % .010 .32 .39

No 49.7 56.1 54.8 49.0 53.4 56.5

Yes 50.3 43.9 45.2 51.0 46.6 43.5

Sensitization to allergens, % 42.0 43.4 .43 89.1 35.1 <.0001 95.1 36.0 <.0001
Pet removed or avoided, % 5.2 7.8 .0099 17.1 3.5 <.0001 22.3 5.8 <.0001
Respiratory outcomes, %

Current asthma 9.4 7.7 .045 27.7 6.9 <.0001 21.6 5.9 <.0001
Wheeze in past 12 mo 19.0 13.4 <.0001 33.3 17.0 <.0001 22.5 12.2 <.0001

Endotoxin GM (SE) (EU/mg)z 18.41 (0.71) 13.58 (0.78) .0004 21.23 (2.13) 18.05 (0.76) .16 12.95 (1.71) 13.67 (0.76) .66

Can f 1 GM (SE) (ng/mg)z 8.75 (1.36) 0.08 (0.01) <.0001 10.09 (2.13) 8.59 (1.45) .52 0.10 (0.02) 0.08 (0.01) .26

Can f 1, Canis familiaris 1; GM, geometric mean.
Bold represents characteristics significantly different by dog ownership and sensitization to dog.
Sensitization status was defined as specific IgE level of �0.35 kU/L against dog.
*P value for difference between dog ownership and nonedog ownership in past 12 mo calculated using the c2 test.
†P value for difference between sensitized and nonsensitized to dog calculated using the c2 test.
zP value for difference in endotoxin and Can f 1 GM calculated from 2-sample t test for difference in log-transformed endotoxin and Can f 1.
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to cigarette if (1) they had smoker(s) in their homes, (2) if they
reported being current or former smokers, and (3) if they had a
serum cotinine level of 10 ng/mL or more. Poverty to income ratio
(PIR) was estimated using guidelines and adjustment for family size,
year, and state. Participants were also asked if they avoided or
removed a pet in the last 12 months because of allergies or asthma.

Sensitization to other inhalant allergens was defined as serum spe-
cific IgE level of 0.35 kU/L or more against any of the following 13
allergens: Alternaria alternata, Aspergillus fumigatus, Bermuda grass,
birch, cockroach, dust mites (Dermatophagoides pteronyssinus 1 [Der
p 1] and Dermatophagoides farinae 1 [Der f 1]), mouse urine proteins,
oak, ragweed, rat urine proteins, Russian thistle, or rye grass.

Statistical analysis
P values for differences in proportions or means by presence of

pet in the home and by sensitization status were calculated using chi-
square test for categorical variables and Student t test for continuous
variables. Endotoxin and dog and cat allergens were log-transformed
to improve the normality of their distribution. Multivariable logistic
regression was used to assess the association of exposure to endotoxin
and exposure as well as sensitization to pet with current asthma and
wheeze in the past 12 months. Odds ratios (ORs) with corre-
sponding CIs were reported. The models were adjusted for age, sex,
race/ethnicity, PIR, exposure to cigarette smoke, and pet avoidance
or removal in the last 12 months, and sensitization to other inhalant
allergens. Subgroup analyses were conducted, stratifying by dog and
cat sensitization, pet ownership, and levels of dog and cat allergens.
Low and high dog and cat allergens were defined as levels below or
above the median (ie, 0.41 ng/mg for Canis familiaris 1 and 0.26 ng/
mg for Fel d 1). We tested exposure and sensitization to pets for
effect modification on endotoxin association of the respiratory
outcome by including an interaction term in the model. Interactions
for dog and cat allergens were tested using their continuous log-
transformed values. The effect of endotoxin on the outcomes was
graphically illustrated for the different categories of the modifier
using the marginsplot command from STATA (version 14.2, STA-
TACorp, College Station, Tex).11 All analyses were performed in
SAS (version 9.4; SAS Institute, Cary, NC). NHANES sample
weights were used in all analyses to obtain unbiased national esti-
mates. SEs, CIs, and P values were developed in accordance with the
complex survey design by using Taylor series linearization methods.
P values of less than .05 were considered statistically significant.



TABLE II. Characteristics of study participants by exposure and sensitization to cat, NHANES 2005-2006 (N ¼ 4808)

Characteristic

Cat ownership in past 12 mo (N [ 4808)

Sensitization to cat

Among cat owners (N [ 1162) Among nonecat owners (N [ 3646)

Yes

(N [ 1162)

No

(N [ 3646) P*
Yes

(N [ 167)

No

(N [ 995) P†
Yes

(N [ 366)

No

(N [ 3,280) P†

Age (y), % <.0001 .20 .022

<6 3.9 7.1 1.4 4.3 4.6 7.4
6-17 19.0 13.7 18.3 19.1 17.2 13.2

�18 77.1 79.2 80.4 76.6 78.2 79.3

Sex, % .39 .61 .0073

Male 47.3 49.1 45.5 47.6 55.0 48.4
Female 52.7 50.9 54.5 52.4 45.0 51.6

Race/ethnicity, % <.0001 .68 .063

Non-Hispanic whites 84.8 55.7 83.5 85.1 58.4 55.4

Non-Hispanic blacks 3.4 20.1 4.5 3.3 22.0 19.8

Mexican Americans 2.8 13.5 3.5 2.7 7.5 14.2

Other 8.9 10.7 8.5 9.0 12.1 10.6

PIR, % <.0001 .93 .066

<1.85 22.4 42.2 22.6 22.4 35.0 43.1

�1.85 77.6 57.8 77.4 77.6 65.0 56.9

Exposure to smoke, % .0002 .0029 .0049

No 47.4 56.2 60.6 45.4 47.3 57.2

Yes 52.6 43.8 39.4 54.6 52.7 42.8
Sensitization to allergens, % 36.1 42.9 .0034 80.0 28.9 <.0001 86.0 37.3 <.0001
Pet removed or avoided, % 3.2 7.6 <.0001 10.8 2.0 <.0001 25.4 5.5 <.0001
Respiratory outcomes, %

Current asthma 10.0 7.6 .051 27.4 7.3 <.0001 18.9 6.3 <.0001
Wheeze in past 12 mo 20.0 13.5 .0001 30.1 18.4 .0021 23.5 12.3 <.0001

Endotoxin GM (SE), (EU/mg)z 17.23 (0.76) 13.70 (0.75) .0017 18.32 (2.03) 17.06 (0.86) .59 13.23 (1.14) 13.75 (0.77) .62

Fel d 1 GM (SE), (ng/mg)z 34.19 (2.86) 0.10 (0.01) <.0001 42.81 (5.69) 33.02 (3.22) .15 0.15 (0.03) 0.09 (0.01) .0090

Fel d 1, Felis domesticus 1; GM, geometric mean.
Bold represents characteristics significantly different by cat ownership and sensitization to cat.
Sensitization status was defined as specific IgE level of �0.35 kU/L against cat.
*P value for difference between cat ownership and nonecat ownership in past 12 mo calculated using the c2 test.
†P value for difference between sensitized and nonsensitized to cat calculated using the c2 test.
zP value for difference in endotoxin and Fel d 1 GM calculated from 2-sample t test for difference in log-transformed endotoxin and Feld 1.
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RESULTS

Characteristics of study participants

In our sample population, 48.3% of participants owned a dog
and 37.5% owned a cat. The geometric means and SEs were
15.49 (0.50) EU/mg for endotoxin, 0.59 (0.09) ng/mg for dog
allergen, and 0.52 (0.07) ng/mg for cat allergen in house dust.
Geometric mean (SE) endotoxin levels were 18.41 (0.71) EU/mg
for households with dogs, 17.23 (0.76) EU/mg for households
with cats, 21.60 (1.39) EU/mg for households with both, and
13.64 (0.72) EU/mg for households with no pets. There was a
weak, but significant association of dog and cat allergens with
endotoxin (regression coefficients ¼ 0.08; P < .0001; r2 ¼ 0.032
and regression coefficients ¼ 0.07; P < .0001; r2 ¼ 0.028,
respectively). The relationships are graphically depicted in
Figures E1 and E2 in this article’s Online Repository at www.
jaci-inpractice.org.

As shown in Table I, participants who owned a dog compared
with those who did not were more likely to be children aged 6 to
17 years and non-Hispanic whites. They had a higher socio-
economic status (ie, PIR � 1.85) and a higher prevalence of
sensitization to inhalant allergens, exposure to cigarette smoke,
and current asthma or wheeze in the past 12 months, but lower
prevalence of pet avoidance. They also had higher house dust
concentrations of endotoxin and dog allergen. The characteristics
of the participants by sensitization to dog among participants
with and without a dog are presented in Table I.

Table II shows that people who owned a cat compared with
those who did not were disproportionately children aged 6 to 17
years, non-Hispanic whites, and people with a higher socioeco-
nomic status (ie, PIR � 1.85). They also had a higher prevalence
of sensitization to inhalant allergens, exposure to cigarette smoke,
and wheeze. They had less pet avoidance and higher house dust
concentration of endotoxin and cat allergen. The characteristics
of the participants by sensitization to cat among participants who
owned or did not own a cat are reported in Table II.

Associations of endotoxin and pet exposure with

asthma and wheeze
As displayed in Table III, sensitization to dog (OR, 3.08; 95%

CI, 1.57-6.01), cat ownership (OR, 1.59; 95% CI, 1.15-2.19),
cat allergen (OR, 1.10; 95% CI, 1.00-1.21 for a 10-fold in-
crease), and sensitization to cat (OR, 2.35; 95% CI, 1.55-3.54)
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TABLE III. Associations of endotoxin, dog and cat exposure, and
sensitization with asthma and wheeze, NHANES 2005-2006

Association

Current asthma Wheeze in past 12 mo

OR (95% CI) P OR (95% CI) P

In all participants

Endotoxin 1.19 (0.98-1.45) .084 1.30 (1.04-1.62) .019
Dog exposure

Dog ownership 1.34 (0.99-1.81) .059 1.50 (1.17-1.91) .0012
Dog allergen 1.09 (0.99-1.20) .079 1.11 (1.05-1.19) .0009

Sensitization to dog 3.08 (1.57-6.01) .0010 1.82 (1.44-2.28) <.0001
Cat exposure

Cat ownership 1.59 (1.15-2.19) .0049 1.71 (1.22-2.39) .0018

Cat allergen 1.10 (1.00-1.21) .048 1.12 (1.01-1.25) .033

Sensitization to cat 2.35 (1.55-3.54) <.0001 1.59 (1.23-2.06) .0004
In children <6 y

Log-endotoxin 1.35 (0.83-2.19) .23 1.05 (0.61-1.81) .86

Dog exposure

Dog ownership 0.26 (0.10-0.72) .0091 0.67 (0.33-1.39) .29

Log-Can f 1 0.94 (0.64-1.37) .74 0.93 (0.75-1.16) .53

Sensitization to dog 0.93 (0.19-4.50) .92 1.00 (0.34-2.95) .99

Cat exposure

Cat ownership 0.74 (0.29-1.90) .53 1.21 (0.53-2.79) .65

Log-Fel d 1 0.96 (0.74-1.25) .78 1.05 (0.85-1.31) .63

Sensitization to cat 1.41 (0.26-7.74) .69 0.36 (0.12-1.08) .68

In children 6-17 y

Log-endotoxin 1.66 (0.90-3.05) .10 1.77 (1.09-2.88) .021

Dog exposure

Dog ownership 1.53 (0.94-2.49) .086 1.19 (0.74-1.92) .48

Log-Can f 1 1.14 (0.89-1.45) .29 1.06 (0.87-1.30) .56

Sensitization to dog 2.26 (1.32-3.87) .0030 2.02 (1.25-3.28) .0042

Cat exposure

Cat ownership 1.39 (0.75-2.59) .30 1.15 (0.70-1.88) .59

Log-Fel d 1 1.01 (0.89-1.16) .83 1.03 (0.90-1.17) .68

Sensitization to cat 2.56 (1.42-4.61) .0017 1.86 (1.02-3.41) .044

In adults �18 y

Log-endotoxin 1.08 (0.85-1.37) .52 1.28 (1.01-1.62) .045
Dog exposure

Dog ownership 1.51 (1.11-2.05) .0079 1.74 (1.30-2.32) .0002

Log-Can f 1 1.10 (0.99-1.21) .069 1.15 (1.07-1.24) <.0001
Sensitization to dog 3.72 (1.76-7.84) .0006 1.86 (1.32-2.61) .0004
Cat exposure

Cat ownership 1.84 (1.24-2.73) .0025 2.00 (1.25-3.20) .0039

Log-Fel d 1 1.13 (1.01-1.27) .031 1.14 (1.01-1.29) .030

Sensitization to cat 2.41 (1.56-3.73) <.0001 1.65 (1.26-2.15) .0003

Can f 1, Canis familiaris 1.
Models adjusted for age, sex, race/ethnicity, PIR, exposure to cigarette smoke, pet
removal or avoidance, sensitization to other allergens, and endotoxin. ORs for
endotoxin and dog and cat allergens reported for a 10-fold increase.
Bold represent significant ORs and P values.
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were positively associated with current asthma. On the other
hand, endotoxin (OR, 1.04; 95% CI, 1.04-1.62 for a 10-fold
increase), dog ownership (OR, 1.50; 95% CI, 1.17-1.91), dog
allergen (OR, 1.11; 95% CI, 1.05-1.19 for a 10-fold increase),
and sensitization to dog (OR, 1.82; 95% CI, 1.44-2.28) were
positively associated with wheeze in the past 12 months. The
odds of wheeze in the past 12 months were also higher in par-
ticipants who owned a cat (OR, 1.71; 95% CI, 1.22-2.39), who
were exposed to cat allergen (OR, 1.12; 95% CI, 1.01-1.25 for a
10-fold increase), or who were sensitized to cat (OR, 1.59; 95%
CI, 1.23-2.06).

The association between the exposures and the outcomes
varied by age.

� In children younger than 6 years, dog ownership was nega-
tively associated with current asthma.

� In children aged 6 to 17 years, endotoxin was positively
associated with wheeze in the past 12 months. Sensitization to
dog and sensitization to cat was positively associated with
current asthma and wheeze in the past 12 months.

� In adults aged 18 years or older, dog ownership, sensitization
to dog, cat ownership, cat allergen, and sensitization to cat
were positively associated with current asthma and wheeze in
the past 12 months. Endotoxin and dog allergen had positive
associations with wheeze in the past 12 months (Table III).

Effect modification by exposure to dog

In participants not sensitized to dog, endotoxin association
with wheeze in the past 12 months was higher with elevated
exposure to dog allergen (ie, above median) (OR, 1.80; 95% CI,
1.27-2.53) than with lower exposure to dog allergen (ie, below
median) (OR, 1.01; 95% CI, 0.77-1.31) (Pinteraction ¼ .048)
(Table IV).

Effect modification by exposure to cat
In participants sensitized to cat, endotoxin association with

current asthma was modified by exposure to cat allergen
(Pinteraction ¼ .040). Although not associated with current asthma
in the overall sample (Table III), endotoxin became positively
associated with current asthma in participants sensitized to cat
who were exposed to cat allergen in house dust (ie, above the
median) (OR, 1.92; 95% CI, 1.21-3.02) (Table IV).

In subgroup analysis by age group reported in Table E1 in
this article’s Online Repository at www.jaci-inpractice.org, the
odds of endotoxin association with wheeze in the past 12
months were significantly higher in 6- to 17-year-old partici-
pants who were exposed to cat and cat allergens, but were not
sensitized to cat.

Effect modification by coexposure to dog and cat
Coexposure to dog and cat allergens modified endotoxin as-

sociation with both current asthma (Pinteraction ¼ .012) and
wheeze in the past 12 months (Pinteraction ¼ .016). Participants
living in homes with high dog and cat allergens were more likely
to have current asthma and wheeze in the past 12 months when
exposed to endotoxin (OR, 2.00; 95% CI, 1.04-3.83 and OR,
1.88; 95% CI, 1.32-2.66, respectively, for a 10-fold increase in
endotoxin) (Table V). Figure 1 illustrates the increased proba-
bility of current asthma (Figure 1, A) and wheeze in the past 12
months (Figure 1, B) associated with endotoxin in the case of
high exposure to dog and cat allergens compared with low
exposure to dog and/or cat allergen.

DISCUSSION

The present study used a large sample representative of the US
population to examine how the exposure and the sensitization to
pets modify the association of endotoxin with asthma and
wheeze. The results suggest that exposure to cat and dog allergens
enhances endotoxin relationship with current asthma and wheeze
in the past 12 months. In participants nonsensitized to dog, the
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TABLE IV. Association of log-endotoxin (ie, 10-fold increase) with asthma and wheeze by exposure and sensitization to pet, NHANES
2005-2006

Association

Current asthma Wheeze in past 12 mo

OR (95% CI) P P Interaction OR (95% CI) P P Interaction

Participants not sensitized to dog

Dog ownership .37 .099

No 1.14 (0.76-1.71) .54 1.15 (0.93-1.43) .20

Yes 1.71 (1.02-2.86) .041 1.78 (1.26-2.51) .0010
Dog allergen .33 .048

Low (below median) 1.01 (0.68-1.50) .97 1.01 (0.77-1.31) .96

High (above median) 1.77 (1.13-2.76) .012 1.80 (1.27-2.53) .0008

Participants sensitized to dog

Dog ownership .19 .86

No 0.72 (0.50-1.04) .085 0.85 (0.66-1.10) .22

Yes 1.37 (0.56-3.32) .49 1.09 (0.43-2.76) .85

Dog allergen .29 .97

Low (below median) 0.80 (0.61-1.05) .11 0.92 (0.69-1.24) .60

High (above median) 1.51 (0.62-3.71) .37 1.02 (0.43-2.45) .96

Participants not sensitized to cat

Cat ownership .77 .84

No 1.04 (0.72-1.49) .84 1.11 (0.88-1.40) .39

Yes 1.28 (0.58-2.82) .54 1.43 (0.76-2.67) .27

Cat allergens .88 .91

Low (below median) 1.00 (0.74-1.35) .99 1.13 (0.91-1.42) .27

High (above median) 1.38 (0.79-2.38) .25 1.50 (1.06-2.12) .021

Participants sensitized to cat

Cat ownership .15 .79

No 1.09 (0.48-2.46) .84 1.40 (0.69-2.81) .35

Yes 2.00 (1.09-3.67) .025 1.23 (0.65-2.31) .52

Cat allergens .040 .55

Low (below median) 1.01 (0.42-2.44) .99 1.00 (0.48-2.10) 1.00

High (above median) 1.92 (1.21-3.02) .0052 1.41 (0.81-2.45) .23

Can f 1, Canis familiaris 1.
Models adjusted for age, sex, race/ethnicity, PIR, exposure to smoke, and pet removal or avoidance because of allergies, and sensitization to other allergens. The effect
modifications for dog and cat allergens were tested using their continuous log-transformed values. Low and high dog allergen defined as Can f 1 below or above the median
(ie, 0.41 ng/mg). Low and high cat allergen defined as Fel d 1 levels below or above the median (0.26 ng/mg).
Bold represent significant ORs and P values.

TABLE V. Association of log-endotoxin (10-fold increase) by coexposure to cat and dog, NHANES 2005-2006

Association

Current asthma Wheeze in past 12 mo

OR (95% CI) P P Interaction OR (95% CI) P P Interaction

Dog and cat ownership .32 .19

No dog or cat 1.04 (0.77-1.40) .78 1.12 (0.95-1.34) .18

Cat alone 0.80 (0.11-6.08) .83 1.87 (0.27-13.12) .53

Dog alone 1.18 (0.28-5.07) .82 2.85 (0.91-8.92) .072

Dog and cat 2.03 (0.77-5.38) .15 2.25 (0.99-5.12) .053

Dog and cat allergens .012 .016
Low dog and cat allergen 0.87 (0.63-1.20) .40 0.96 (0.81-1.14) .66

High cat allergen only 1.12 (0.71-1.77) .64 1.04 (0.65-1.67) .87

High dog allergen only 1.06 (0.61-1.84) .83 1.29 (0.78-2.12) .32

High dog and cat allergen 2.00 (1.04-3.83) .038 1.88 (1.32-2.66) .0004

Can f 1, Canis familiaris 1.
Models adjusted for age, sex, race/ethnicity, PIR, exposure to smoke, and pet removal or avoidance because of allergies, and sensitization to allergens. The effect modifications
for dog and cat allergens were tested using their continuous log-transformed values. Low and high dog allergen defined as Can f 1 below or above the median (ie, 0.41 ng/mg).
Low and high cat allergen defined as Fel d 1 levels below or above the median (0.26 ng/mg). Bold represent significant ORs and P values.
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FIGURE 1. Change in the probability of current asthma (A) and wheeze in the past 12 months (B) with increasing concentration of
endotoxin by exposure to dog and cat allergens. The graph shows that the probability of the outcomes associated with endotoxin in-
creases more significantly with high exposure to dog and cat allergens than with low exposure to dog and/or cat allergens.
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odds of endotoxin association with wheeze in the past 12 months
were higher with exposure to dog allergens. However, in
individuals sensitized to cat and exposed to cat allergens in house
dust, endotoxin was significantly associated with current asthma.
Endotoxin association with both current asthma and wheeze in
the past 12 months also increased with coexposure to cat and dog
allergens.

To our knowledge, only one study (the Cincinnati Childhood
Asthma and Air Pollution Study [CCAAPS]) investigated the
influence of exposure to pets on endotoxin association with
respiratory outcomes.12 In the CCAAPS, Campo et al12 studied
532 infants and found that endotoxin was associated with lower
odds of recurrent wheeze at age 1 year in the presence of multiple
dogs in the house.12 One potential reason these results are
inconsistent with our findings was that the CCAAPS included
only young children whereas NHANES included young chil-
dren, adolescents, and adults. Consistent with our findings, the
effect of exposure to pet and endotoxin as well as atopy on
asthma or wheeze seems to be age-dependent.13-17 However, in
our subgroup analyses by age groups, we did not observe a
negative association between endotoxin and wheeze in children
who owned a dog or who had high exposure to dog allergens. It is
possible that our analysis in children (especially those younger
than 6 years) was underpowered, limiting our ability to find a
significant association. Concordant with the hypothesis that
exposure to dog could exacerbate the association of environ-
mental exposures with asthma symptoms, McConnell et al18

found that the relationship between air pollution and asthma
symptoms was enhanced by dog ownership. Our study is the first
to examine the effect modification by dog allergen, cat owner-
ship, or cat allergen as well as sensitization to cat and dog on the
association of endotoxin with asthma and wheeze.10,19 Newton
et al20 recently investigated the influence of sensitization to
mouse on endotoxin-associated symptoms.

We found the levels of dog allergen to be a significant effect
modifier, whereas dog ownership had little to no influence on
endotoxin association with wheeze. The precise mechanism(s) for
this is unclear. It is possible that the concentration of dog
allergens was an indicator for the number of dogs in the home.
Dog and endotoxin exposures have been reported to have the
similar effect of being hypoallergenic early in life at low con-
centrations, while having proinflammatory properties.17,21

Consistent with this postulate, we found dog negatively
associated with current asthma in children younger than 6 years,
but positively associated with the outcome in adults. This change
in effect with age was less apparent for endotoxin. Dogs promote
a higher distribution of microbes among household members,
resulting in a shared and diverse microbiota protective against
allergic conditions.22,23 Ingestion of house dust with a rich
microbiome during infancy purportedly modifies the gut
microbiota, shapes the immune system, and subsequently re-
duces the risk of allergic asthma.24 In mice, dust from a house
with a dog has been shown to protect against allergen-induced
airway challenge via the reduction of TH2 cytokines and fewer
activated T cells.22 Because dogs are major predictors of endo-
toxin in homes, it has been difficult to separate the 2 exposures in
previous studies, though in some studies, the association of dog
exposure with asthma was reported to be independent of endo-
toxin.17,18 In support of our findings, dog allergens (Can f) have
been shown to influence endotoxin action through the
enhancement of the interaction of lipopolysaccharides with Toll-
like receptors in macrophages to cause airway hypersensitivity
and wheeze.25 In addition, pet activity could carry outdoor
allergens indoors, increasing the concentration of indoor aller-
gens with higher airborne inhalable exposures, which may
potentiate endotoxin inflammatory effects.18 Cats have been
suggested to have a limited impact on the concentrations of other
allergens in homes or to have less direct contact with humans
compared with dogs.26 Yet, we found that endotoxin was higher
in homes with a cat and that with cat exposure, endotoxin
became associated with asthma. To possibly explain our results, it
has been shown that when cat allergens of the Fel d 1 type are
inhaled, they can have an increased allergenicity by binding to
dendritic cell mannose receptors and causing the secretion of
specific immunoglobulins IgE and IgG1.

27 This is further sup-
ported by reports of higher Fel d 1 specific IgE levels in children
with asthma compared with controls without asthma.27-29 In
animal studies, endotoxin aggravated inflammation caused by
allergen challenge in rats previously sensitized. However, when
exposure to endotoxin precedes sensitization, it seems to alleviate
allergen-induced airway hyperresponsiveness.30,31 This is
coherent with a stronger effect of endotoxin on the risk of asthma
in participants previously sensitized to cats or exposed to higher
concentration of cat and dog allergens in their homes.

Our study has some limitations. First, the study design was
cross-sectional; therefore, temporality between the exposures and
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the outcomes could not be assessed and causality cannot be
inferred. The outcomes of asthma and wheeze were self-reported
and could not be verified. Endotoxin was measured only once,
yet it has been suggested that endotoxin in bed and/or bedroom
floor is not subject to significant change for up to a year.32 It has
been proposed that endotoxin in house dust might not correlate
well with endotoxin concentration in air that is inhaled.33 The
NHANES also did not include data on the number of pets in the
homes. Another limitation was the limited power to examine the
effect modification by exposure and sensitization to pets in
children younger than 6 years. Nonetheless, our study had major
strength. It includes a large sample representative of the US
population. Dog exposure was defined by pet ownership and
exposure to pet allergens, which can be found in homes even in
the absence of dog. Previous studies on pet exposure and asthma
or wheeze could have been confounded by avoidance behavior
toward pets by people who perceive themselves to be at risk. Our
analyses adjusted for pet avoidance and removal, but there is still
a possibility that pet keeping might be associated with different
behaviors we cannot account for. In additional analyses, our
results remained significant even after adjustment for sensitiza-
tion to other allergens associated with asthma and wheeze,
reducing the likelihood that other exposures confounded our
analysis.

In conclusion, exposure to dog allergen increases the odds of
endotoxin association with wheeze in individuals nonsensitized
to dog, whereas in people sensitized to cat and exposed to cat
allergens, endotoxin is associated with asthma. Coexposure to
both dog and cat allergens significantly increases endotoxin as-
sociation with asthma and wheeze. Future studies should eval-
uate whether environmental measures aimed at reducing the
levels of cat and dog allergens as well as endotoxin in the homes
of people who want to keep their pets can be effective in reducing
asthma and wheeze symptoms in the long-term. Studies should
be designed to allow stratification of the analysis by both expo-
sure to pet allergens and sensitization status.
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METHODS

Effect modification by pet exposure by age
Cat ownership (P ¼ .015) and exposure to cat allergens (P ¼

.076) modified endotoxin association with wheeze in children
aged 6 to 17 years who were not sensitized to cat. The children
who owned cat (OR, 5.27; 95% CI, 1.91-14.58) or were
exposed to cat allergen (OR, 3.10; 95% CI, 1.24-7.72) were
more like to have wheeze when exposed to endotoxin (Table E1).

In adults, cat allergen modified endotoxin association with
asthma in participants sensitized to cat (P ¼ .026). Those who
owned a cat were more likely to have asthma when exposed to
endotoxin (OR, 2.56; 95% CI, 1.39-4.72). Dog ownership (P ¼
.033) and dog allergen (P ¼ .058) modified endotoxin associa-
tion with wheeze in participants not sensitized to dog. Partici-
pants not sensitized to dog who owned a dog or were exposed to
dog allergen were more likely to have asthma when exposed to
endotoxin (OR, 1.77; 95% CI, 1.25-2.52 for dog ownership and
OR, 1.81; 95% CI, 1.25-2.62 for high dog allergen) (Table E2).

The effect modification by pet exposure was not performed in
children younger than 6 years because of the small sample size.

Relationship between endotoxin and dog and cat

allergens

Endotoxin had a significant but weak association with dog and
cat allergens. The relationships are illustrated in Figures E1 andE2.



FIGURE E1. Association between endotoxin and dog allergen
(Can f 1). The solid black line represents the linear regression line.
Each gray dot represents an observation. Dog allergen had a weak
but significant association with endotoxin (linear regression
coefficient ¼ 0.08; P < .0001; r2 ¼ 0.032). Can f 1, Canis
familiaris 1.

FIGURE E2. Association between endotoxin and cat allergen (Fel
d 1). The solid black line represents the linear regression line. Each
gray dot represents an observation. Cat allergen had a weak but
significant association with endotoxin (linear regression
coefficient ¼ 0.07; P < .0001; r2 ¼ 0.028).
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TABLE E1. Association of log-endotoxin with asthma and wheeze by exposure and sensitization to pet in 6- to 17-y-old children,
NHANES 2005-2006

Association

Current asthma Wheeze in past 12 mo

OR (95% CI) P P Interaction OR (95% CI) P P Interaction

Participants not sensitized to dog

Dog ownership .61 .23

No 1.33 (0.53-3.36) .54 1.29 (0.66-2.55) .46

Yes 1.73 (0.71-4.19) .22 2.62 (0.90-7.62) .076

Dog allergens 0.84 .28

Low Can f 1 1.64 (0.88-3.05) .12 1.28 (0.90-1.82) .17

High Can f 1 1.72 (0.65-4.52) .27 2.54 (1.01-6.38) .047

Participants sensitized to dog

Dog ownership .30 .52

No 0.77 (0.38-1.54) .46 1.34 (0.64-2.82) .43

Yes * 2.48 (0.56-10.98) .23

Dog allergens .42 .55

Low Can f 1 0.73 (0.48-1.12) .15 0.77 (0.45-1.32) .35

High Can f 1 * *

Participants not sensitized to cat

Cat ownership .061 .015

No 0.96 (0.51-1.79) .89 0.89 (0.52-1.52) .68

Yes * 5.27 (1.91-14.58) .0013
Cat allergens .25 .076

Low Fel d 1 1.27 (0.78-2.08) .34 1.03 (0.64-1.65) .92

High Fel d 1 1.91 (0.64-5.66) .24 3.10 (1.24-7.72) .015

Participants sensitized to cat

Cat ownership .90 .50

No 1.35 (0.51-3.58) .55 3.52 (1.06-11.76) .040
Yes * *

Cat allergens .10 .63

Low Fel d 1 * 2.24 (0.76-6.59) .14

High Fel d 1 * *

Can f 1, Canis familiaris 1.
Models adjusted for age, sex, race/ethnicity, PIR, exposure to smoking, sensitization to other allergens, and pet removal or avoidance because of allergies. Low Can f 1 defined
as Can f 1 <0.41 ng/mg and high Can f 1 as Can f 1 �0.41 ng/mg. Low Fel d 1 defined as Fel d 1 <0.26 ng/mg and high Fel d 1 as Fel d 1 �0.26 ng/mg.
Bold represents significant ORs and P values.
*OR not computed or model fit questionable because of small sample size.
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TABLE E2. Association of log-endotoxin with asthma and wheeze by exposure and sensitization to pet in �18-y-old adults, NHANES
2005-2006

Association

Current asthma Wheeze in past 12 mo

OR (95% CI) P P Interaction OR (95% CI) P P Interaction

Participants not sensitized to dog

Dog ownership .19 .033
No 0.94 (0.57-1.56) .82 1.13 (0.88-1.44) .35

Yes 1.62 (1.02-2.58) .043 1.77 (1.25-2.52) .0013
Dog allergens .29 .058

Low Can f 1 0.88 (0.58-1.33) .55 0.98 (0.70-1.38) .91

High Can f 1 1.68 (1.08-2.63) .022 1.81 (1.25-2.62) .0017

Participants sensitized to dog

Dog ownership .51 .90

No 0.63 (0.39-1.02) .063 0.78 (0.52-1.19) .26

Yes 1.13 (0.33-3.87) .85 1.09 (0.37-3.21) .88

Dog allergens .81 .71

Low Can f 1 0.76 (0.53-1.09) .14 1.01 (0.67-1.53) .96

High Can f 1 1.34 (0.43-4.15) .61 0.95 (0.33-2.75) .92

Participants not sensitized to cat

Cat ownership .94 .81

No 0.91 (0.59-1.39) .66 1.10 (0.83-1.45) .51

Yes 0.98 (0.41-2.34) .97 1.30 (0.67-2.54) .44

Cat allergens .71 .97

Low Fel d 1 0.94 (0.69-1.26) .67 1.19 (0.95-1.49) .14

High Fel d 1 1.19 (0.62-2.32) .60 1.40 (0.94-2.08) .09

Participants sensitized to cat

Cat ownership .11 .96

No 0.86 (0.31-2.34) .76 1.25 (0.52-2.97) .62

Yes 4.73 (1.37-16.32) .014 1.78 (0.52-6.07) .36

Cat allergens .026 .35

Low Fel d 1 0.77 (0.23-2.57) .67 0.90 (0.32-2.53) .84

High Fel d 1 2.56 (1.39-4.72) .0025 1.64 (0.83-3.25) .15

Can f 1, Canis familiaris 1.
Models adjusted for age, sex, race/ethnicity, PIR, exposure to smoking, sensitization to other allergens, and pet removal or avoidance because of allergies. Low Can f 1 defined
as Can f 1 <0.41 ng/mg and high Can f 1 as Can f 1 �0.41 ng/mg. Low Fel d 1 defined as Fel d 1 <0.26 ng/mg and high Fel d 1 as Fel d 1 �0.26 ng/mg.
Bold represents significant ORs and P values.
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