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ORIGINAL ARTICLE

Perinatal paracetamol exposure in mice does not
affect the development of allergic airways disease

in early life

Debbie C P Lee,"? Simone A Walker,' Adam J Byme," Lisa G Gregory,'
James Buckley,! Andrew Bush,? Seif O Shaheen,” Sejal Saglani,"* Clare M Lloyd’

ABSTRACT

Background Current data concerning maternal
paracetamol intake during pregnancy, or intake during
infancy and risk of wheezing or asthma in childhood is
inconclusive based on epidemiological studies. We have
investigated whether there is a causal link between
maternal paracetamol intake during pregnancy and
lactation and the development of house dust mite (HDM)
induced allergic airways disease (AAD) in offspring using
a neonatal mouse model.

Methods Pregnant mice were administered
paracetamol or saline by oral gavage from the day of
mating throughout pregnancy and/or lactation.
Subsequently, their pups were exposed to intranasal
HDM or saline from day 3 of life for up to 6 weeks.
Assessments of airway hyper-responsiveness,
inflammation and remodelling were made at weaning

(3 weeks) and 6 weeks of age.

Results Maternal paracetamol exposure either during
pregnancy and/or lactation did not affect development of
AAD in offspring at weaning or at 6 weeks. There were
no effects of maternal paracetamol at any time point on
airway remodelling or IgE levels.

Conclusions Maternal paracetamol did not enhance
HDM induced AAD in offspring. Our mechanistic data do
not support the hypothesis that prenatal paracetamol
exposure increases the risk of childhood asthma.

INTRODUCTION

An association between paracetamol use in preg-
nancy and increased risk of early childhood wheez-
ing was first reported in a large population-based
birth cohort study several years ago.! Paracetamol
exposure in late gestation was subsequently asso-
ciated with an increased risk of doctor-diagnosed
asthma and elevated total IgE at 7 years, but not
allergen skin test positivity, lung function or bron-
chial responsiveness; early gestational exposure was
associated with an increased risk of asthma but not
raised IgE.? 3 It has been argued that confounding
by unmeasured behavioural factors linked to para-
cetamol use is an unlikely explanation for these
findings.* Some evidence has recently been
reported for interactions between maternal antioxi-
dant gene polymorphisms and prenatal paracetamol
exposure on childhood asthma risk, thus strength-
ening the likelihood of causality.® * Since the ori-
ginal report, a body of epidemiological evidence
from other birth cohort studies has accumulated,®
with most,” 7 ® though not all,” confirming a link

What is the key question?

» Does paracetamol exposure during pregnancy
or lactation lead to the development of allergic
airways disease in early life?

What is the bottom line?

» Maternal exposure to paracetamol, either
during pregnancy, or lactation, or both, does
not affect development of house dust mite
induced allergic airways disease in neonatal
mice.

Why read on?

» This is the first mechanistic study to investigate
a causal link between prenatal and early life
paracetamol exposure and the subsequent
development of allergic airways disease.

between prenatal exposure and subsequent asthma
or wheezing,.

Infant paracetamol exposure has also been linked
longitudinally to later wheezing and asthma,'®*
independently of the effect of prenatal exposure®
and also to atopy.® '* While the most likely explan-
ation for the association with asthma is confound-
ing by early respiratory infection,'”'* we cannot
rule out the possibility that paracetamol exposure,
perhaps in synergy with viral infection, might
promote persistence of wheezing.

While definitive evidence of a causal link can
only come from trials in humans, primary preven-
tion trials in pregnancy and infancy pose consider-
able challenges; one immediate way forward is to
carry out experimental studies in animal models.®
In an adult mouse model it was demonstrated that
paracetamol, in the equivalent of human thera-
peutic doses could, via its reactive metabolite, acti-
vate the transient receptor potential ankyrin-1
channel, leading to neurogenic airway inflamma-
tion, thus offering an alternative potential mechan-
ism by which paracetamol might influence asthma
pathogenesis.”” Using an established and charac-
terised neonatal model of house dust mite (HDM)
induced allergic airways disease (AAD)'® we have
investigated whether maternal exposure to para-
cetamol during pregnancy and lactation promotes
the development of AAD in the offspring.
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Figure 1 Similar airway hyper-responsiveness (AHR) following paracetamol exposure during either pregnancy or lactation. Experimental protocol
for paracetamol exposure during pregnancy (A). Pregnant females were treated with 100 L of 1.2 mg/mL liquid paracetamol by oral gavage 5 days
a week, with a break on day 4 and day 7, during pregnancy (1). Neonates were challenged with either house dust mite (HDM) or phosphate-
buffered saline (PBS) intranasally on day 3 of life, three times a week for 3 weeks (|). AHR measured as (B and E) lung resistance and (C and F)
dynamic compliance to increasing doses of methacholine was determined 4 h after the last HDM challenge. Experimental protocol for paracetamol
exposure during lactation (D). Female mice were mated and left for the duration of the pregnancy. On the day of birth, mothers were treated with
100 L of 1.2 mg/mL liquid paracetamol by oral gavage 5 days a week, with a break on day 4 and day 7, during lactation, neonates were
challenged with PBS or HDM from day 3 of life. Combined data of at least two experiments (n=10 for control mice and n=16-24 for HDM-exposed

mice). No significant differences were found.

MATERIALS AND METHODS

Animals and paracetamol administration

BALB/c mice were housed at Imperial College animal facility and
used at 8-16 weeks of age. Female mice were administered
100 pL of liquid paracetamol (Calpol) (120 mg/SmLs paraceta-
mol) or phosphate-buffered saline (PBS) by oral gavage either
during pregnancy or lactation alone (figure 1), or both during
pregnancy and lactation (figure 2). The dose of paracetamol was

based upon the maximum recommended dose of 60 mg/kg/day
for an average human. The potential effects of oral gavage in indu-
cing stress during pregnancy were assessed by including a group of
naive pregnant females that underwent no treatment. Since there
was no significant effect of oral gavage alone, data for PBS treated
and naive mothers were combined. In order to mimic findings
from the epidemiological data which only showed effects with fre-
quent and regular maternal paracetamol use, we administered
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Figure 2 Experimental protocol for
paracetamol exposure during
pregnancy and lactation. Female BALB/
¢ mice aged 6-8 weeks were treated
with 100 pL of 1.2 mg/mL liquid

Experimental Protocol

Neonates Neonates weaned
born 3 weeks

b ow e Yl wow

paracetamol by oral gavage 5 days a
week, with a break on day 4 and day
7, during pregnancy and lactation (1).
Neonatal mice were treated with either

Mg |

house dust mite (HDM) or phosphate- | Pregnancy | | Lactation |

buffered saline (PBS) intranasally from

day 3 of life, three times a week for

either 3 weeks or 6 weeks ({). T Oral paracetamol / PBS to l Intra-nasal HDM H Mice sacrificed at 3 or 6 week,
mothers: 3days, break, 2 days or PBS to pups 4 hrs post last HDM challenge

paracetamol on 5 days every week. Litters were housed with their
mothers until weaned at 3 weeks. All mice and litters were main-
tained in specific pathogen-free conditions and given food and
water ad libitum. UK Home Office guidelines for animal welfare
based on the Animals Scientific Procedures act 1986 were
observed.

Induction of AAD

Pups were exposed to 10 ng (10 pL of 1 mg/mL protein weight
solution in PBS) of purified HDM extract (Greer Laboratories,
Lenoir, North Carolina, USA) or PBS intranasally from day 3 of
life for 3 days/week for 2 weeks, followed by 15 g for up to 3
weeks or 6 weeks. '

Measurement of AHR

Airway hyper-responsiveness (AHR) was measured as a terminal
procedure 4 h after last allergen challenge in response to
increasing doses of methacholine (3-100 mg/mL, Sigma, Poole,
UK) in tracheostomised, anaesthetised mice using a Flexivent
system (Scireq, Montreal, Canada) as described previously.'®

Cell recovery

Airway Lumen

Bronchoalveolar lavage (BAL) was performed using three ali-
quots of 0.3 mL PBS for 3-week-old mice and 0.4 mL PBS for
6-week-old mice, via a tracheal cannula. BAL fluid was centri-
fuged (200X g, 5 min at 4°C), supernatants were stored at —80°
C for cytokine analysis and cells were resuspended in 0.5 mL
complete media (Roswell Park Memorial Institute medium
(RPMI)+10% fetal calf serum (FCS), 2 mM L-Glutamine,
100 U/mL Penicillin/Streptomycin).

Lung parenchyma

One lobe of lung tissue was mechanically chopped and incu-
bated at 37°C for 1 h in complete media containing 0.15 mg/mL
collagenase (Type D, Roche Diagnostics, Lewes, UK) and 25 ug/
mL DNase (Type 1, Roche Diagnostics). Cells were recovered by
filtration through a 70 pm nylon sieve, washed twice and resus-
pended in 1 mL complete media.

Serum

Blood was collected by cardiac puncture and transferred into a
microtainer with serum separation gel (BD, Fischer scientific).
Tubes were centrifuged at 14 000 RPM for 5 min to separate
serum. Tubes were then stored at —20°C prior to analysis of
immunoglobulins.

Cytocentrifuge preparation and differential counts of
Wright-Giemsa stained BAL and lung cells

Lung and BAL cells were applied to glass slides by centrifuga-
tion and stained with Wright-Giemsa (Thermo Fisher Scientific,
Waltham, Massachusetts, USA). Percentages of macrophages,
lymphocytes/mononuclear cells, eosinophils and neutrophils
were determined under 40X magnification by counting cells in
randomly selected fields and dividing this number by the total
number of cells (400) counted. To obtain absolute numbers, this
percentage was multiplied by the total number of cells recovered
in lavage fluid and lung digest suspension. All cell counts were
performed blind by the same observer.

Analysis of cytokines

Cytokines were analysed in BAL samples and lung tissue hom-
ogenate supernatants. Lung tissue was homogenised at 50 mg/
mL in Hank’s balanced salt solution (HBSS) containing protease
inhibitor tablets (Roche Diagnostics), centrifuged (800Xg,
10 min) and the supernatant collected. BAL and lung homogen-
ate cytokine levels were measured using paired antibodies for
murine interleukin (IL) 4, IL-5, IL-25, IL-33 and interferon
(IFN)-y (BD Bioscience UK and R&D Systems, Abingdon, UK)
in standardised sandwich ELISAs according to the manufac-
turer’s protocol. Kits to measure IL-13 were purchased from
R&D Systems. Paired antibodies for IgE (R&D systems) were
used to measure serum IgE levels.

Total lung collagen levels

Recently synthesised acid-soluble collagen was measured in the
lung by biochemical assay (Sircol collagen assay; Biocolor,
Belfast, UK) according to manufacturer’s instructions and nor-
malised for tissue weight.

RNA extraction and qPCR

Total RNA was extracted from 50 mg to 100 mg of lung tissue
by using a Qiagen RNeasy Mini Kit. Total RNA (1 pg) was
reverse transcribed into cDNA using a High Capacity cDNA
Reverse Transcription Kit (Life Technologies) as per the manu-
facturer’s instructions. Real-time PCR reactions were performed
using fast-qPCR mastermix (Life technologies) on a Viaa-7 (Life
Technologies) instrument with TagMan primer sets for murine
amphiregulin, matrix metallopeptidase 2 (MMP-2), fibronectin,
Found In Inflammatory Zone (FIZZ)1, vimentin, collagen-1lal
and Hypoxanthine-guanine phosphoribosyltransferase (HPRT)
(Life Technologies) and gene expression was analysed using the
change-in-threshold AACt- method.

530

Lee DCP, et al. Thorax 2015;70:528-536. doi:10.1136/thoraxjnl-2014-205280

y6uAdoo Ag pajoslold 1senb Ag 8T0Z AINC TE uo /wod fwg xeloyy/:dny wouy pspeojumoq "STOZ Ay € U0 082502-¥T0Z-|ulxeloyy9eTT 0T Se paysiignd 1s1i :xeloy L


http://thorax.bmj.com/

Paediatric lung disease
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Figure 4 Levels of Th2 and innate 3 week 6 week
cytokines in the lung. The levels of
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Statistical analysis

Data are expressed as median or mean=SEM. Group comparisons
were performed using a non-parametric analysis of variance
(ANOVA) test (Kruskal-Wallis), followed by a Dunn’s post test for
multiple comparisons between groups. Graph generation and statis-
tical analyses were performed using GraphPad Prism software
(V5.00; GraphPad).

RESULTS

Maternal paracetamol exposure during pregnancy alone did
not affect AHR in neonatal mice

In order to determine whether prenatal exposure to paracetamol
during pregnancy altered lung function in neonatal mice
exposed to HDM, pregnant females were treated with paraceta-
mol on the 1st day of mating and throughout pregnancy.
Paracetamol treatment was stopped on the day they gave birth.
Offspring were exposed to intranasal PBS or HDM from day 3
of life, for 3 weeks (figure 1A). In utero paracetamol exposure
alone did not result in worse lung function in HDM-exposed
neonatal mice at weaning (3 weeks) (figure 1B, C).

Maternal paracetamol exposure during lactation alone did
not affect AHR in neonatal mice

Therefore, exposure during lactation was investigated to deter-
mine the influence of oral ingestion in the neonate via breast
milk.'” Female mice were mated and left for the duration of the
pregnancy. On the day of birth, mothers received the first dose of
oral paracetamol which continued for 3 weeks. Pups were
exposed to either intranasal PBS or HDM (figure 1D).
HDMe-exposed pups from paracetamol-treated mothers had
similar AHR compared with those from PBS-treated mothers
(figure 1E, F). There was no effect of paracetamol on inflamma-
tion in the BAL or lung (see online supplementary figure S1A,B),
levels of IL-13 or IL-33 in the lungs (see online supplementary
figure S1C,D), or total IgE and HDM-specific IgE (see online
supplementary figure S1E, F).

Maternal paracetamol exposure during pregnancy and
lactation does not affect AAD in offspring

As paracetamol exposure during pregnancy or lactation alone
had no effect on neonatal AAD, additive effects of perinatal
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Figure 5 Total and house dust mite (HDM)-specific IgE levels. Serum from HDM-treated or phosphate-buffered saline (PBS)-treated neonatal mice
from either non-paracetamol or paracetamol treated mothers was assessed by ELISA for total IgE (A) or HDM-specific IgE (B) following 3 weeks or
6 weeks of HDM or PBS exposure. Combined data from two experiments (O naive females and m PBS-treated females) or paracetamol-treated
mothers () and w) (n=10-12 for control mice and n=11-15 for HDM-exposed mice). Significant differences between HDM-exposed and
PBS-exposed neonates from non-paracetamol-treated or paracetamol-treated mothers are shown as **p<0.01 and ***p<0.001. ns, not significant.

exposure during pregnancy and lactation were determined in
early life (3 weeks) and in young adulthood (6 weeks) (figure 2).
HDM-exposed pups from mothers treated with paracetamol
during pregnancy and lactation had similar airway resistance
and compliance at 3 weeks and 6 weeks compared with those
from naive or PBS-treated mothers (figure 3A-D). The total
number of inflammatory cells recruited to the lung and BAL
and eosinophils in the lung were unaffected by maternal para-
cetamol at 3 weeks and 6 weeks (figure 3E-]).

Maternal paracetamol exposure during pregnancy and
lactation does not alter neonatal inflammatory cytokines

or IgE

The Th2 cytokines IL-5 and IL-13 were measured in BAL and
lung and were significantly increased in HDM-exposed neonatal
mice compared with PBS controls at 3 weeks, but maternal para-
cetamol did not alter levels of BAL (data not shown) or lung
IL-5 or IL-13 (figure 4A, B). The same was true for the innate
cytokine IL-33 (figure 4C). At 6 weeks levels of IL-5, IL-13 and
IL-33 were still increased in HDM-treated groups, compared
with controls (figure 4D-F), but there was no additional effect
of maternal paracetamol. At 3 weeks and 6 weeks serum total
IgE levels were significantly higher in HDM-exposed neonatal
mice compared with controls, but there was no impact of mater-
nal paracetamol exposure on total IgE levels (figure SA). The
same was also true for HDM specific IgE levels following 3 and
6 weeks of HDM exposure (figure 5B).

Maternal paracetamol did not affect airway remodelling in
HDM-exposed neonatal mice

Increased subepithelial reticular membrane thickness is an early
feature of airway remodelling in preschool wheeze'® and child-
hood asthma,'” we therefore analysed mRNA levels of genes
associated with remodelling including FIZZ1,%° fibronectin,*!
vimentin,?> MMP-2,>* amphiregulin®* and collagen-10.1,>° from
neonatal mice exposed to paracetamol during pregnancy alone
(figure 1A), or lactation alone (figure 1D). Paracetamol treatment
during pregnancy or lactation led to an upregulation of FIZZ1
expression in 3 week old HDM-treated neonates, in comparison
to PBS-treated controls (figure 6A). Minimal changes were
observed in the expression of vimentin and fibronectin, following
3 weeks of HDM in mice exposed to paracetamol in utero, in

comparison to PBS exposed controls (figure 6B,C). However,
these alterations did not lead to lung function changes (figure 1
and see online supplementary figure S2A-D). Importantly, the
effect of paracetamol exposure was transient and was not
observed following 6 weeks of HDM exposure. Expression levels
of amphiregulin, MMP-2 and collagen-101 were unaffected by
paracetamol exposure following 3 weeks or 6 weeks of HDM
treatment (figure 6D-F). In order to determine whether differ-
ences in protein were present, total lung collagen was quantified
by biochemical assay. Maternal paracetamol treatment during
pregnancy, lactation, or both, had no impact on collagen levels in
neonatal mice exposed to HDM for 3 weeks (figure 7A-C) or in
young adulthood at week 6 (figure 7D).

DISCUSSION

To our knowledge, this is the first mechanistic study to investi-
gate a causal link between maternal paracetamol intake and
asthma in early life. We have provided direct in vivo evidence
that maternal paracetamol exposure either during pregnancy,
lactation, or during both, does not affect AHR in offspring
exposed to inhaled HDM. There was also no enhanced inflam-
mation, Th2 cytokines or increased levels of serum total or
HDM-specific IgE. Although expression of early remodelling
genes FIZZ1 and fibronectin were increased at weaning
(3 weeks) following in utero paracetamol exposure, there was
no associated change in protein (total lung collagen) or lung
function, and the differences were not maintained into later life
(6 weeks).

An epidemiological association between paracetamol exposure
during pregnancy and wheezing in early childhood was first
demonstrated over a decade ago in the Avon Longitudinal Study
of Parents and Children (ALSPAC) birth cohort.! Frequent para-
cetamol use, particularly in the latter half of pregnancy, was
associated with persistent wheeze in children at age 3.5 years
and asthma at age 7 years;' > the relation with asthma was inde-
pendent of the association between infant paracetamol exposure
and asthma.® Many other birth cohort studies have since shown
a link between maternal paracetamol use during pregnancy and
the development of wheezing or asthma in children.®

We first tried to mimic the effects of in utero exposure alone
by administering paracetamol to female mice only during preg-
nancy, but in contrast to the epidemiological data showing a
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Increased levels of airway remodelling gene expression in house dust mite (HDM) neonatal mice from paracetamol-treated mothers. RNA

was extracted from lungs from 3-week-old and 6-week-old neonatal mice exposed to HDM or phosphate-buffered saline (PBS), from mothers treated
with paracetamol or PBS during pregnancy alone or lactation alone. mRNA levels for Found In Inflammatory Zone (FIZZ)1 (A), vimentin (B),
fibronectin (C), amphiregulin (D), matrix metallopeptidase 2 (MMP)-2 (E) and collagen-1a1 (F) are shown as fold induction normalised to the control
group, PBS-exposed neonates from PBS-treated mothers. Data represents three individual experiments (3 week data) or one representative
experiment (6 week data). Significant differences between HDM exposed neonates from control or paracetamol-treated mothers and between PBS

control mice are shown as *p<0.05 and **p<0.01.

positive association between in utero paracetamol exposure and
elevated serum IgE at 7 years,” we saw no difference in either
total or allergen-specific IgE levels. In addition, we found no
effect of prenatal paracetamol exposure on any other features of
AAD in our animal model. One explanation may be that the epi-
demiological association with maternal use in pregnancy is
explained by residual or unmeasured confounding factors. For
example, few cohorts had information on indication for use.
A recent, large prospective study designed to look at the effects
of maternal and infant paracetamol ingestion and subsequent
asthma has only shown an association between prenatal para-
cetamol and asthma in early childhood, the effect was not sus-
tained until mid-childhood.?® In order to see whether even a
short-term increase in susceptibility to AAD was present follow-
ing maternal paracetamol exposure, we assessed pups at 3 weeks
and 6 weeks of age. In keeping with the findings from Sordillo

et al, we saw a transient increase in expression of remodelling
genes only at 3 weeks. However, there was no enhanced effect
on lung function, inflammation or sensitisation apparent from
maternal paracetamol at either 3 weeks or 6 weeks.

Another issue is whether infant ingestion may impact subse-
quent asthma development. One epidemiological study demon-
strated that paracetamol ingestion by infants in the 1st year of
life was associated with troublesome lower lung symptoms inde-
pendently of lower respiratory tract infections in the first
3 years. There was no association between paracetamol ingestion
during the 1st year and asthma at 7 years of age, or between
maternal paracetamol ingestion during pregnancy and asthma or
troublesome lower lung symptoms.”” Similarly, a much larger
prospective study has shown adjustment for respiratory infec-
tions in early life substantially reduces the association between
infant paracetamol intake and subsequent asthma.?® However,
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evidence from other epidemiological studies on whether the
link between infant use and asthma is confounded by respiratory
infection is conflicting.® > Paracetamol can be rapidly secreted
into breast milk and is detectable at higher concentrations in the
milk compared with maternal plasma.'” Furthermore, paraceta-
mol metabolites detected in the urine from babies from breast-
feeding mothers, differ significantly from those detected in the
urine of healthy adults who have ingested paracetamol.
Neonates have significantly higher levels of paracetamol in their
urine compared with adults, and adults have greater levels of
urinary paracetamol sulfate,’” confirming that the pharmacokin-
etics and pharmacodynamics of paracetamol differ substantially
in murine®® and human neonates and infants compared with
children and adults.®® As it is technically very difficult to
perform oral gavage in newborn mice, the importance of oral
paracetamol ingestion in early life on subsequent AAD was
indirectly determined in our study by administering paracetamol
to mothers only during lactation and assessing AAD just prior to
weaning at 3 weeks. However, we did not see any effect of oral
ingestion via breast milk on the development of AAD in 3 week-
old mice. There was also no long-term effect after weaning in
mice exposed to HDM for 6 weeks. Paracetamol exposure did
not alter inflammation or Th2 cytokines and levels of IgE were
also unaffected.

Various genes have now been identified as important regula-
tors of bronchial subepithelial basement membrane thickening
and as such we analysed the mRNA expression levels of several
fibrotic and early remodelling genes. Interestingly, we found
there was a very small (less than twofold), but statistically signifi-
cant increase in the mRNA levels of fibronectin and vimentin in
allergen-exposed mice from mothers treated with paracetamol
during pregnancy, but not during lactation; whereas FIZZ1 was
upregulated after paracetamol exposure during lactation or preg-
nancy. FIZZ1 is induced in the lung following ovalbumin or
Alternaria challenge,”® *° while fibronectin has been shown to

be essential for the development of ovalbumin-induced airway
fibrosis and AHR.%* Vimentin and fibronectin are also associated
with airway collagen deposition and airway remodelling.*! %2
Despite the transient increase in the expression of these genes
we found no change in protein levels of lung collagen in
HDM-treated neonatal mice exposed to maternal paracetamol.
We acknowledge that the findings from a murine model may
not be directly applicable to the human situation. However,
murine models have been used extensively to study paracetamol
toxicity.”’! Furthermore, the transient changes with paracetamol in
FIZZ1, fibronectin and vimentin suggest that paracetamol crosses
the placenta. There is no literature on whether paracetamol
crosses into breast milk of lactating mice, but conversely, there is
no evidence to suggest that breast milk metabolism in mice is sig-
nificantly different from humans. To our knowledge, this is the
first mechanistic investigation of a direct effect of paracetamol
exposure either in utero, or orally via breast milk, or at both times,
on neonatal HDM-induced AAD. The strengths include; (1) use of
an age-appropriate model with inhaled allergen challenge, (2)
administration of maternal paracetamol with a similar frequency
and dosage, equivalent to those in epidemiological studies shown
to have effects and (3) absence of any confounding from respira-
tory infections. With these best possible conditions, there was no
effect of maternal paracetamol on the development of any para-
meters of AAD in offspring either in early life (3 weeks of age) or
later at 6 weeks. These data may help to demonstrate why a recent
systematic review of studies looking at the effect of paracetamol in
pregnancy and early life and subsequent asthma has concluded (A)
the association between exposure during pregnancy and asthma in
childhood is highly variable between studies and is not robust, and
(B) the association between paracetamol ingestion in infancy and
subsequent asthma is confounded by respiratory infections.>?

Contributors DCPL designed and conducted the majority of the experiments,
analysed the data and wrote the first draft of the manuscript; SAW, AJB, LGG and
JB performed and analysed the revised experimental work; AB and SOS reviewed

Lee DCP, et al. Thorax 2015;70:528-536. doi:10.1136/thoraxjnl-2014-205280

535

y6uAdoo Ag pajoslold 1senb Ag 8T0Z AINC TE uo /wod fwg xeloyy/:dny wouy pspeojumoq "STOZ Ay € U0 082502-¥T0Z-|ulxeloyy9eTT 0T Se paysiignd 1s1i :xeloy L


http://thorax.bmj.com/

Paediatric lung disease

and edited the manuscript; SS and CML designed the study, supervised the project
and edited the manuscript.

Funding This work was supported by Asthma UK (Grant ID: 11/051) and the
Wellcome Trust (Grant ID: 087618/2/08/Z). AB was supported by the NIHR
Respiratory Disease Biomedical Research Unit at the Royal Brompton and Harefield
NHS Foundation Trust and Imperial College London.

Competing interests AJB, SOS, CML and SS are members of the MRC Asthma
UK Centre for Allergic Mechanisms of Disease. CML is a Wellcome Senior Research
Fellow in Basic Biomedical Science.

Provenance and peer review Not commissioned; internally peer reviewed.

Open Access This is an Open Access article distributed in accordance with the
terms of the Creative Commons Attribution (CC BY 4.0) license, which permits
others to distribute, remix, adapt and build upon this work, for commercial use,
provided the original work is properly cited. See: http://creativecommons.org/
licenses/by/4.0/

REFERENCES

1 Shaheen SO, Newson RB, Sherriff A, et al. Paracetamol use in pregnancy and
wheezing in early childhood. Thorax 2002;57:958-63.

2 Shaheen SO, Newson RB, Henderson AJ, et al. Prenatal paracetamol exposure and
risk of asthma and elevated immunoglobulin E in childhood. Clin Exp Allergy
2005;35:18-25.

3 Shaheen SO, Newson RB, Ring SM, et al. Prenatal and infant acetaminophen
exposure, antioxidant gene polymorphisms, and childhood asthma. J Allergy Clin
Immunol 2010;126:1141-8.¢7.

4 Shaheen SO, Newson RB, Smith GD, et al. Prenatal paracetamol exposure and
asthma: further evidence against confounding. Int J Epidemiol 2010;39:790-4.

5 Perzanowski MS, Miller RL, Tang D, et al. Prenatal acetaminophen exposure and risk
of wheeze at age 5 years in an urban low-income cohort. Thorax 2010;65:118-23.

6 Henderson AJ, Shaheen SO. Acetaminophen and asthma. Paediatr Respir Rev
2013;14:9-15; quiz 6.

7 Rebordosa C, Kogevinas M, Sorensen HT, et al. Pre-natal exposure to paracetamol
and risk of wheezing and asthma in children: a birth cohort study. Int J Epidemiol
2008;37:583-90.

8  Persky V, Piorkowski J, Hernandez E, et al. Prenatal exposure to acetaminophen and
respiratory symptoms in the first year of life. Ann Allergy Asthma Immunol
2008;101:271-8.

9 Kang EM, Lundsberg LS, Illuzzi JL, et al. Prenatal exposure to acetaminophen and
asthma in children. Obstet Gynecol 2009;114:1295-306.

10 Rusconi F, Gagliardi L, Galassi C, et al. Paracetamol and antibiotics in childhood
and subsequent development of wheezing/asthma: association or causation? /nt J
Epidemiol 2011;40:662-7.

11 Amberbir A, Medhin G, Alem A, et al. The role of acetaminophen and geohelminth
infection on the incidence of wheeze and eczema: a longitudinal birth-cohort study.
Am J Respir Crit Care Med 2011;183:165-70.

12 Lowe AJ, Carlin JB, Bennett CM, et al. Paracetamol use in early life and asthma:
prospective birth cohort study. BMJ 2010;341:¢4616.

13 Wickens K, Beasley R, Town |, et al. The effects of early and late paracetamol
exposure on asthma and atopy: a birth cohort. Clin Exp Allergy 2011;41:399-406.

14 Shaheen SO. Commentary: Paracetamol and asthma--lessons from the antibiotic
hypothesis? Int J Epidemiol 2011;40:667-9.

15  Nassini R, Materazzi S, Andre E, et al. Acetaminophen, via its reactive metabolite
N-acetyl-p-benzo-quinoneimine and transient receptor potential ankyrin-1

20

21

22

23

24

27

28

29

30

31

32

stimulation, causes neurogenic inflammation in the airways and other tissues in
rodents. FASEB J 2010;24:4904-16.

Saglani S, Mathie SA, Gregory LG, et al. Pathophysiological features of asthma
develop in parallel in house dust mite-exposed neonatal mice. Am J Respir Cell Mol
Biol 2009;41:281-9.

Notarianni LJ, Oldham HG, Bennett PN. Passage of paracetamol into breast

milk and its subsequent metabolism by the neonate. Br J Clin Pharmacol
1987;24:63-7.

Saglani S, Payne DN, Zhu J, et a/. Early detection of airway wall remodeling and
eosinophilic inflammation in preschool wheezers. Am J Respir Crit Care Med
2007;176:858-64.

Bossley CJ, Fleming L, Gupta A, et al. Pediatric severe asthma is characterized by
eosinophilia and remodeling without T(H)2 cytokines. J Allergy Clin Immunol
2012;129:974-82.e13.

Doherty TA, Khorram N, Sugimoto K, et al. Alternaria induces STAT6-dependent
acute airway eosinophilia and epithelial FIZZ1 expression that promotes airway
fibrosis and epithelial thickness. J Immunol 2012;188:2622-9.

Kohan M, Muro AF, Bader R, et al. The extra domain A of fibronectin is essential
for allergen-induced airway fibrosis and hyperresponsiveness in mice. J Allergy Clin
Immunol 2011;127:439-46.e1-5.

Johnson JR, Roos A, Berg T, et al. Chronic respiratory aeroallergen exposure in mice
induces epithelial-mesenchymal transition in the large airways. PLoS ONE 2011;6:
e16175.

Firszt R, Francisco D, Church TD, et al. Interleukin-13 induces collagen

type-1 expression through matrix metalloproteinase-2 and transforming

growth factor-betal in airway fibroblasts in asthma. Eur Respir J 2014;
43:464-73.

Monticelli LA, Sonnenberg GF, Abt MC, et al. Innate lymphoid cells promote
lung-tissue homeostasis after infection with influenza virus. Nat Immunol
2011;12:1045-54.

Fritz DK, Kerr C, Fattouh R, et al. A mouse model of airway disease: oncostatin
M-induced pulmonary eosinophilia, goblet cell hyperplasia, and airway
hyperresponsiveness are STAT6 dependent, and interstitial pulmonary fibrosis is
STAT6 independent. J Immunol 2011;186:1107-18.

Sordillo JE, Scirica CV, Rifas-Shiman SL, et al. Prenatal and infant exposure to
acetaminophen and ibuprofen and the risk for wheeze and asthma in children.

J Allergy Clin Immunol 2015;135:441-8.

Kreiner-Moller E, Sevelsted A, Vissing NH, et a/. Infant acetaminophen

use associates with early asthmatic symptoms independently of

respiratory tract infections: the Copenhagen Prospective Study on Asthma

in Childhood 2000 (COPSAC(2000)) cohort. J Allergy Clin Immunol
2012;130:1434-6.

Adamson GM, Papadimitriou JM, Harman AW. Postnatal mice have low
susceptibility to paracetamol toxicity. Pediatr Res 1991;29:496-9.

Arana A, Morton NS, Hansen TG. Treatment with paracetamol in infants. Acta
Anaesthesiol Scand 2001;45:20-9.

Dong L, Wang SJ, Camoretti-Mercado B, et al. FIZZ1 plays a crucial role

in early stage airway remodeling of OVA-induced asthma. J Asthma
2008;45:648-53.

Williams CD, Bajt LM, Sharpe MR, et al. Neutrophil activation during
acetaminophen hepatotoxicity and repair in mice and humans. Toxicol App!
Pharmacol 2014;122:122-33.

Cheelo M, Lodge CJ, Dharmage SC, et al. Paracetamol exposure in pregnancy and
early childhood and development of childhood asthma: a systematic review and
meta-analysis. Arch Dis Child 2015;100:81-9.

536

Lee DCP, et al. Thorax 2015;70:528-536. doi:10.1136/thoraxjnl-2014-205280

y61uAdoo Ag pajoslold 1senb Ag 8T0Z AINC TE Uo /wodfwg xeloyy/:dny wouy pspeojumod "STOZ Ay € U0 08250Z-¥T0Z-|ulxeIoyy9eTT 0T Se paysiignd 1s1y :xeloyL


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.1136/thorax.57.11.958
http://dx.doi.org/10.1111/j.1365-2222.2005.02151.x
http://dx.doi.org/10.1016/j.jaci.2010.08.047
http://dx.doi.org/10.1016/j.jaci.2010.08.047
http://dx.doi.org/10.1093/ije/dyq049
http://dx.doi.org/10.1136/thx.2009.121459
http://dx.doi.org/10.1016/j.prrv.2012.04.004
http://dx.doi.org/10.1093/ije/dyn070
http://dx.doi.org/10.1016/S1081-1206(10)60492-9
http://dx.doi.org/10.1097/AOG.0b013e3181c225c0
http://dx.doi.org/10.1093/ije/dyq263
http://dx.doi.org/10.1093/ije/dyq263
http://dx.doi.org/10.1164/rccm.201006-0989OC
http://dx.doi.org/10.1136/bmj.c4616
http://dx.doi.org/10.1111/j.1365-2222.2010.03610.x
http://dx.doi.org/10.1093/ije/dyr070
http://dx.doi.org/10.1096/fj.10-162438
http://dx.doi.org/10.1165/rcmb.2008-0396OC
http://dx.doi.org/10.1165/rcmb.2008-0396OC
http://dx.doi.org/10.1111/j.1365-2125.1987.tb03137.x
http://dx.doi.org/10.1164/rccm.200702-212OC
http://dx.doi.org/10.1016/j.jaci.2012.01.059
http://dx.doi.org/10.4049/jimmunol.1101632
http://dx.doi.org/10.1016/j.jaci.2010.10.021
http://dx.doi.org/10.1016/j.jaci.2010.10.021
http://dx.doi.org/10.1371/journal.pone.0016175
http://dx.doi.org/10.1183/09031936.00068712
http://dx.doi.org/10.1038/ni.2131
http://dx.doi.org/10.4049/jimmunol.0903476
http://dx.doi.org/10.1016/j.jaci.2014.07.065
http://dx.doi.org/10.1016/j.jaci.2012.09.017
http://dx.doi.org/10.1203/00006450-199105010-00016
http://dx.doi.org/10.1034/j.1399-6576.2001.450104.x
http://dx.doi.org/10.1034/j.1399-6576.2001.450104.x
http://dx.doi.org/10.1080/02770900802126941
http://dx.doi.org/10.1016/j.taap.2014.01.004
http://dx.doi.org/10.1016/j.taap.2014.01.004
http://dx.doi.org/10.1136/archdischild-2012-303043
http://thorax.bmj.com/

	Perinatal paracetamol exposure in mice does not affect the development of allergic airways disease in early life
	Abstract
	Introduction
	Materials and methods
	Animals and paracetamol administration
	Induction of AAD
	Measurement of AHR
	Cell recovery
	Airway Lumen
	Lung parenchyma
	Serum

	Cytocentrifuge preparation and differential counts of Wright-Giemsa stained BAL and lung cells
	Analysis of cytokines
	Total lung collagen levels
	RNA extraction and qPCR
	Statistical analysis

	Results
	Maternal paracetamol exposure during pregnancy alone did not affect AHR in neonatal mice
	Maternal paracetamol exposure during lactation alone did not affect AHR in neonatal mice
	Maternal paracetamol exposure during pregnancy and lactation does not affect AAD in offspring
	Maternal paracetamol exposure during pregnancy and lactation does not alter neonatal inflammatory cytokines or IgE
	Maternal paracetamol did not affect airway remodelling in HDM-exposed neonatal mice

	Discussion
	References


