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Abstract
There is an increased risk of adverse perinatal outcomes in the ∼17% of women with asthma during
pregnancy. The mechanisms linking maternal asthma and adverse outcomes are largely unknown, but
reflect joint effects of genetics and prenatal exposure to maternal asthma. Animal models are essential to
understand the underlying mechanisms independent of genetics and comorbidities, and enable safe testing
of interventions. This scoping review aimed to explore the methodology, phenotype, characteristics,
outcomes and quality of published studies using preclinical maternal asthma models. MEDLINE
(PubMed), Embase (Elsevier) and Web of Science were systematically searched using previously validated
search strings for maternal asthma and for animal models. Two reviewers independently screened titles and
abstracts, full texts, and then extracted and assessed the quality of each study using the Animal Research:
Reporting of In Vivo Experiments (ARRIVE) 2.0 guidelines. Out of 3618 studies identified, 39 were
eligible for extraction. Most studies were in rodents (86%) and all were models of allergic asthma.
Maternal and progeny outcomes included airway hyperresponsiveness, airway resistance, inflammation,
lung immune cells, lung structure and serum immunoglobulins and cytokines. Experimental design
(100%), procedural details (97%) and rationale (100%) were most often reported. Conversely, data
exclusion (21%), blinding (18%) and adverse events (8%) were reported in a minority of studies. Species
differences in physiology and timing of development, the use of allergens not relevant to humans and a
lack of comparable outcome measures may impede clinical translation. Future studies exploring models of
maternal asthma should adhere to the minimum core outcomes set presented in this review.

Introduction
Asthma affects up to 17% of pregnancies worldwide [1, 2] and is characterised by airway
hyperresponsiveness, eosinophil influx, mucus accumulation and immunoglobulin (Ig)E production [3, 4].
Asthma is classified in phenotypes according to the specific underlying immune mediators [3, 5], the
broadest classifications being allergic and nonallergic asthma [6]. In women of reproductive age, atopic
sensitisation associated with allergic asthma is higher at age 20–27 years (OR 1.52, 95% CI 1.27–1.82)
and 28–35 years (OR 1.27, 95% CI 1.07–1.51) than 36–44 years [7].

Maternal asthma is associated with increased risks of adverse maternal and progeny outcomes [8–10].
Pregnant women with asthma are at increased risk of gestational diabetes (risk ratio 1.39, 95% CI 1.17–
1.66), pre-eclampsia (risk ratio 1.54, 95% CI 1.32–1.81), Caesarean section (risk ratio 1.31, 95% CI 1.22–
1.39) and preterm birth (risk ratio 1.41, 95% CI 1.22–1.61) [9, 11, 12]. Similarly, babies born to asthmatic
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mothers are at increased risk of being born small for gestational age (risk ratio 1.22, 95% CI 1.14–1.31), or
having transient tachypnoea of the newborn (adjusted (a)OR 1.10, 95% CI 1.02–1.19), respiratory distress
syndrome (aOR 1.09, 95% CI 1.01–1.19), requiring neonatal hospitalisation (aOR 1.50, 95% CI 1.03–
2.20) and neonatal death (aOR 1.49, 95% CI 1.11–2.00) [8–12]. Furthermore, the impact of maternal
asthma persists after birth. Children of mothers with asthma are more likely to have wheeze (hazard ratio
1.67, 95% CI 1.20–2.31), asthma (aOR 2.5, 95% CI 1.9–3.1), pneumonia (OR 1.3, 95% CI 1.06–1.66)
and general respiratory disease (aOR 1.6, 95% CI 1.4–1.9) [13–15]. Adults (aged ⩾18 years) are more
likely to have asthma if their mother ever had asthma (OR 5.33, 95% CI 2.51–11.3), compared to offspring
of nonasthmatic mothers [16].

Despite clear evidence for associations between maternal asthma and poor offspring outcomes, the
mechanisms are largely unknown. In mothers with well-controlled maternal asthma, the risk of several
adverse perinatal outcomes is lower than in women whose asthma is poorly controlled compared to mothers
with well controlled asthma [17, 18]. Additionally, maternal asthma (OR 3.04, 95% CI 2.59–3.56) conveys a
greater risk of childhood asthma than paternal asthma (OR 2.44, 95% CI 2.14–2.79; p=0.037) [16],
demonstrating that although genetics play a role, asthma risk in progeny is influenced by in utero exposure to
maternal asthma. Nevertheless, environmental exposures are difficult to investigate in humans due to multiple
confounding environmental factors. For example, asthmatic women are more likely than nonasthmatic
women to have a high body mass index, hypertension, cardiac disease and to smoke [12, 17, 19, 20], and
these concurrent risk factors probably contribute to poor outcomes. For instance, the progeny of asthmatic
smokers have higher risks of growth restriction, admission to neonatal intensive or special care and neonatal
oxygen therapy, but not the progeny of asthmatic nonsmokers, relative to progeny of nonasthmatic
nonsmokers [20].

Noncompliance with asthma medication is another key confounder in pregnancy, as 39% of women reduce
or stop taking their asthma medication due to concerns about harm to the fetus (82%) [21, 22]. The same
hesitancy to prescribe asthma medication during pregnancy may be present in treating physicians. In the
setting of asthma exacerbations in the emergency department, pregnant asthmatics were ∼20% less likely
to be treated with systemic corticosteroids and ∼30% less likely to receive steroid prescriptions for their
asthma [23]. These data suggest a lack of patient and clinician awareness about the importance and safety
of asthma medications during pregnancy [24]. Assessing the impact of better asthma control is further
complicated by the interaction between asthma control and severity [17]. Women with severe asthma
before pregnancy are more likely to experience uncontrolled asthma during pregnancy (risk ratio 2.40, 95%
CI 1.53–5.58) [17]. Animal models remove these confounders and interactions while enabling mechanistic
studies of complex maternal–placental–fetal physiology [25, 26], for which in vitro, ex vivo and in silico
models are insufficient.

Preclinical models of asthma have been developed in multiple species including mice (Mus musculus L.),
rats (Rattus norvegicus Berkenhout), guinea pigs (Cavia porcellus L.), rabbits (Oryctolagus cuniculus L.),
cats (Felis catus L.), dogs (Canis lupus familiaris), sheep (Ovis aries L.), monkeys (Macaca mulatta
Zimmermann) and horses (Equus ferus caballus L.) [27–29]. Preclinical allergic asthma can be induced by
allergen administration, usually with adjuvants to strengthen the immune response, followed by
confirmation of allergic status [30]. Subsequent aerosol challenges stimulate a lung-specific allergic
immune response to induce the asthma phenotype [30]. Allergic asthma in rodent models is characterised
by elevated lung eosinophils, airway remodelling and high circulating IgE concentrations, similar to human
asthma [3, 31, 32]. In large animal models, horses and monkeys can naturally develop respiratory
sensitivities, with acute airway obstruction similar to human asthma [27]. Induction of allergic asthma in
sheep also results in comparable outcomes to human asthma, including elevated eosinophils, reduced lung
function and airway remodelling [3, 30, 33].

Another consideration for appropriate model selection is the timing of fetal organ development in different
species [25, 26]. For instance, lung alveoli develop by ∼90% of term gestation in humans, with similar
prenatal timing in sheep (∼86% of term) and in guinea pigs (∼81%) [34–36]. In contrast, alveoli appear
just prior to birth in rabbits, and 4 days postnatally in rats [34]. If fetal organs are exposed to maternal
asthma at a different development stage to a human pregnancy [25], the clinical translation of the findings
is limited.

To facilitate future studies and clinical translation, the primary aim of this scoping review was to describe
preclinical models of maternal asthma and their outcomes [37]. Maternal, placental, pregnancy and fetal,
and postnatal progeny outcomes were explored. A core outcomes set was developed for the findings, an
approach used in human clinical trials to improve relevance, consistency and reporting, enabling greater
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comparison between studies [38]. The secondary aim was to assess the methodological rigour of existing
studies [37]. Each study was evaluated according to the Animal Research: Reporting of In Vivo Experiments
(ARRIVE) 2.0 guidelines [39]. The ARRIVE guidelines bring together many previously published
guidelines for animal research and to improve the transparency, reliability and repeatability of animal research
[39–41]. These guidelines prioritise basic minimum reporting requirements, the “essential 10”, including
elements of study design, sample size, experimental animals, procedures and statistical methods [39]. An
additional “recommended set” of reporting requirements add further context and content for studies,
including details on the background, ethical statement, animal husbandry and generalisability [39].

Methods
A protocol was developed, published [37] and registered online at Open Science Framework (https://doi.
org/10.17605/OSF.IO/89BQC) before commencing this review. This review complies with JBI
methodology [42] and the Preferred Reporting Items for Systematic Reviews and Meta-Analyses extension
for scoping reviews (PRISMA-ScR) guidelines [43].

Search strategy
The literature search was performed using the search string from the published protocol [37], which
utilised validated search strings for animal models combined with previously published search terms for
maternal asthma (supplementary table S1) [44–47]. We searched PubMed (MEDLINE), Embase (Elsevier)
and Web of Science, the three most relevant databases for accessing publications describing preclinical
animal studies [44]. Initial searches were conducted on 20 September 2022 and updated on 10 January
2023. Papers published in hard copy or electronically up to the end of 2022 were included. In addition, the
reference lists of included studies and relevant reviews were screened for relevant papers, and these were
added for assessment at full-text stage (figure 1).

Study inclusion and exclusion
All screening was conducted independently by two reviewers, and any conflicts were decided by
consensus with the input of a third reviewer. Publications screened at title and abstract stage were included
for full-text screening if the paper mentioned pregnancy, explored asthma, allergy in the lung or

3550 studies identified

• 875 PubMed

• 603 Embase

• 2072 Web of Science

104 studies excluded

• 47 asthma not in the

 mother/during pregnancy

• 31 abstract exclusion

 reasons

• 26 conference abstract

1124 duplicates removed

2351 studies irrelevant

2426 titles and abstracts

screened

68 unique studies from

reference lists

143 full texts screened

39 studies included

FIGURE 1 Preferred Reporting Items for Systematic Reviews – Scoping Review (PRISMA-ScR) flow diagram for
database search of studies utilising a nonhuman model of maternal asthma.
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hyperresponsiveness, described an in vivo study in a nonhuman mammalian animal, was a primary
research paper and was published in English [37]. We excluded reviews, editorials, case studies and
conference abstracts. Full texts of relevant studies were included for extraction if the study was specifically
of asthma in the mother during pregnancy. Comparators were a healthy nonasthmatic mother and her
progeny from the same population [37].

Data extraction
Extraction was conducted independently by two reviewers, and any conflicts were decided by consensus
with the input of a third reviewer. Data extraction was completed using a template designed in Covidence
review software (Veritas Health Innovation, Melbourne, Australia) and published in an appendix to the
protocol [37]. This template included background details of the study, animal species and strain, treatment
groups, method of inducing maternal asthma, timing of induction, measured characteristics of maternal
asthma, and outcomes measured in mothers, placentae, fetuses and postnatal progeny.

Quality assessment
Quality of each study was assessed by comparing the published information against the ARRIVE 2.0
guidelines (https://arriveguidelines.org/) [39]. Study quality was assessed by two independent reviewers, and
any conflicts were decided by consensus with the input of a third reviewer. Each study was assessed for
compliance with each subpoint of the essential 10 and the recommended set of best reporting practice from
the ARRIVE 2.0 guidelines, giving a total of 38 quality assessment criteria (supplementary table S2) [39].

Synthesis of results
Data extracted included species, method of maternal asthma induction and allergens, and timing of
measurements, and were summarised into four outcome types: maternal, pregnancy and fetal, placental and
postnatal progeny outcomes. Outcomes were classified into immune, respiratory, other (nonlung) organs,
endocrine, size, genetic/epigenetic, behavioural, survival and placental anatomical outcomes. A mixed-
methods approach using the ARRIVE guidelines, commonly reported or omitted outcomes and opinion of
the experts named on this study was used to develop a core outcome set for studies of maternal asthma
models. Descriptive statistics and one-way ANOVA for quality assessment over time were generated using
SPSS version 28 (IBM Corporation, Armonk, NY, USA). A p-value <0.05 was considered significant.

Results
Out of the 3550 studies found, 1124 were excluded as duplicates, and 2426 articles were screened at title
and abstract stage (figure 1). After excluding 2351 abstracts as irrelevant, 75 papers were identified for
full-text review, in addition to 68 papers identified from screening reference lists. These 143 full texts were
screened, resulting in exclusion of 104, primarily due to asthma not being in the mother or during
pregnancy. Extraction and quality assessment were performed on 39 eligible studies (figure 1).

Study characteristics
The earliest study was published in 2001 with a publication average of approximately two per year up to
2022. Experimental studies were largely nonrandomised (n=25, 64%) and only one was a pilot study
(supplementary table S3) [48]. A variety of species were used: 29 (74%) studies in mice, four (10%) in
sheep, four (10%) in rats, one in dogs and one in cats (supplementary table S3). Predominant mouse
strains were BALB/c and C57BL/6, and rat strains were Sprague Dawley, Brown Norway and Lewis
(supplementary table S2). Genetically modified knockout mice were used in three studies (supplementary
table S3). Progeny were delivered at term in 20 (51%) studies, but gestational age at delivery was not
explicitly stated in 15 (39%) studies. Animals were delivered late preterm in four articles on sheep (140
±1 days, term 147 days) and one mouse paper (18 days, term 21 days) (supplementary table S3) [33, 49].
Maternal outcomes were reported in 25 (64%) studies, placental outcomes in five (12%) studies, pregnancy
and fetal outcomes in eight (21%) studies and postnatal progeny outcomes in 32 (82%) studies
(supplementary table S3). Two (5%) studies only reported maternal outcomes and 12 (31%) studies only
reported postnatal progeny outcomes; 63% of studies reported multiple outcome types. Of the included
studies, 32 (82%) reported immune, 17 (44%) respiratory, eight (21%) other (nonlung) organs, eight (19%)
endocrine, seven (18%) size, six (15%) genetic/epigenetic, four (10%) behavioural, three (8%) survival,
and two (5%) reported placental anatomical outcomes. There were no studies that included clinical data or
samples in conjunction with preclinical models.

Maternal asthma induction
All the studies induced an allergic asthma phenotype through allergic sensitisation and 30 (77%) studies
reported using adjuvants including aluminium hydroxide, potassium aluminium sulphate and heat-killed
Bordetella pertussis (supplementary table S3). One study compared two different adjuvants, complete
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Freund’s adjuvant and aluminium hydroxide to stimulate different maternal immune responses [49].
Another study explored spontaneous asthma after allergen exposure in a feline model, not requiring
immune sensitisation [29]. Lung challenges with aerosolised allergens involved nebulised allergen in a
sealed chamber for a specified duration or allergen instillation into the trachea or lungs directly. One study
investigated whether early or late maternal allergen aerosol challenges impacted outcomes [50]. The
predominant allergens were ovalbumin (OVA; an egg-white protein, n=29, 74%) and house dust mite
extract (HDM; Dermatophagoides pteronyssinus Trouessart, n=6, 15%), with casein (a protein in cow’s
milk) used in comparison to OVA in one study [51]. Ragweed (Ambrosia artemisiifolia L.) extract;
mycelium, spores and enzyme extract of green muscardine fungus (Metarhizium anisopliae UKSI) and
Bermuda grass (Cynodon dactylon L.) allergen were used in the other four (10%) studies. In mice and rats,
OVA was the predominant allergen used to induce maternal allergy and asthma, and sheep studies used
HDM exclusively [33]. Maternal asthma was induced before pregnancy in the majority of studies (n=35, 90%),
but in some studies maternal asthma was induced during early (n=3, 8%) or late (n=1, 3%) pregnancy.
Only a minority (n=11, 28%) of studies validated the maternal allergic or asthmatic phenotype of the
cohort either in the article itself or in one of the cited references (where the study described additional
outcomes in a cohort of animals described previously). Measures of maternal asthmatic phenotype included
airway hyperresponsiveness, airway resistance, inflammation, lung-specific IgE and other immunoglobulins
(e.g. IgG), bronchoalveolar lavage immune cells and lung cytokine profile.

Combinations of maternal asthma with other exposures or interventions
The combination of maternal asthma with other maternal exposures or interventions was explored in 13
(32%) studies. Maternal asthma was studied in combination with dietary interventions (α-tocopherol or
γ-tocopherol, which respectively have anti-inflammatory and pro-inflammatory effects on lung) [52, 53],
environmental exposures (cigarette smoke) [48], treatments (anti-asthma simplified herbal medicine) [54],
dexamethasone [54], nerve growth factor treatment [31], antibodies (anti-interleukin (IL)-4 [55]) and
immune stimuli (immunisation with Mycobacterium vaccae [56], non-CpG oligodeoxynucleotides or CpG
oligodeoxynucleotides [57]). In another study, the maternal asthma phenotype was modified by adoptive
transfer of allergen-specific T-cells from donor spleens to elucidate the role of T-cells in the transmission
of asthma risk [58]. Genetically modified mouse models were used to understand how asthmatic mothers
confer risk to offspring through breastmilk IgG uptake in intestinal epithelial cells [59, 60].

The combination of maternal asthma with additional offspring exposures was reported in 23 (59%) studies.
The most common offspring exposure was an allergic stimulus and challenge similar to the maternal
asthma induction (n=20, 51%). Other studies explored whether progeny responses differed when progeny
were challenged with the same or a different allergen as had been used to induce asthma in the mother [55],
and progeny responses to different allergen doses or number of challenges [55, 61]. Further offspring
manipulations assessed in combination with maternal asthma were donor dendritic cell injection [62] or
antibody injection (anti-CTLA-4 and anti-GITR [63]).

Maternal outcomes
Of the 41 extracted maternal outcomes, 24 were immune, eight respiratory, five in other (nonlung) organs,
and four were endocrine outcomes (supplementary table S4). Immune outcomes included serum, amniotic
and breastmilk immunoglobulins and cytokines [48, 53, 64, 65], and lung cellular immune response and
inflammation [33, 55]. Respiratory outcomes included airway responsiveness [31, 33, 54, 55, 58] and lung
histology [31, 33, 66]. Other (nonlung) organ outcomes included concentration of α- and γ-tocopherol in
the liver [52, 53], and histological and molecular responses of the adrenal medulla [31]. Endocrine outcomes
included serum concentrations of corticosterone and adrenaline (supplementary table S3) [31, 50].

Placental outcomes
Of the nine extracted placental outcomes, there were four anatomical, three endocrine and two immune
outcomes (supplementary table S5). All of the anatomical and endocrine outcomes were from a sheep
model of HDM-induced maternal asthma, including placental weight [33, 67], placentome maturity [33, 68]
and the isoforms and subcellular localisation of glucocorticoid [67] and androgen receptor isoforms [67, 69].
The immune outcomes were from two mouse studies that measured cytokine production by placental
lymphocytes [56, 70].

Pregnancy and fetal outcomes
Of the 17 extracted pregnancy and fetal outcomes, there were six size, four immune, four survival, one
endocrine, one genetic/epigenetic and one respiratory outcome (supplementary table S6). Size outcomes
included fetal weights [33, 48, 52, 53, 67] and fetal to maternal weight ratio [67]. Immune outcomes
include cytokines in whole brain [70] and plasma [65], and immune cells in lung, thymus and spleen [65].
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Survival outcomes included pup viability [53, 71] and average litter size [48, 71]. Other outcomes
included fetal plasma cortisol concentration [65], lung gene expression of surfactant proteins [33] and
organ weights [65]

Postnatal progeny outcomes
Of the 121 postnatal progeny outcomes, there were 62 immune, 21 respiratory, 13 behavioural, 12 nonlung
organs, seven genetic/epigenetic, five endocrine and one size (supplementary table S7). Immune outcomes
include lung cellular immune response [55, 72], serum and bronchoalveolar lavage immunoglobulins and
cytokines [29, 54], lung histological inflammation [61] and phenotyping of thymic and splenic immune
cells [65]. Respiratory outcomes included airway responsiveness and lung histology [55, 64]. Behavioural
outcomes included locomotion [50, 73, 74], social activity [50, 73, 74], anxiety-like behaviours [50, 73, 74]
and repetitive behaviours [73, 74]. Nonlung organ outcomes include neuronal morphology [32, 72] and
adrenal medulla histology and protein expression [31, 75]. Genetic and epigenetic outcomes included
whole-genome DNA methylation changes [62], genotype profiling of splenic dendritic cells [62], gene
expression in airways [76] and the microglial transcriptome [77]. Other outcomes were growth trajectories of
offspring [73], serum adrenaline and corticosterone concentration [31, 75].

Sex-specific outcomes
Of the 12 studies that reported sex-specific analyses and outcomes, eight reported outcomes in both sexes,
two in males only and two in females only (supplementary tables S5–S7). No maternal outcomes were
reported by fetal sex. One placental outcome was analysed by sex in a study which reported placental
cytokines in male and female placentae (supplementary table S4). The three pregnancy and fetal outcomes
(supplementary table S5) analysed by sex were differences in mass of pups per litter, average litter size
[53] and whole-brain fetal cytokines [70]. Sex-specific data were reported for 22 postnatal progeny
outcomes (supplementary table S6). Outcomes reported in both sexes include fetal brain cytokines [70],
exploratory and sexual behaviours [32, 50], mast cell number [32], immunoglobulins and cytokine
concentration [50, 71] and airway responsiveness [71]. Outcomes reported in males only included serum
adrenaline and corticosterone [31] and mRNA of hyperresponsive airways [76]. Outcomes reported in
females only included microglial transcriptome [77], serum immunoglobulins [51] and numbers of
T-regulatory cells [51].

Quality of studies
Of the ARRIVE 2.0 essential 10, well-reported criteria (reported in >80% of studies) (figure 2a,
supplementary table S8) were details of experimental design (n=39, 100%), outcome measures (n=41,
100%), the primary hypothesis-driven measure (n=39, 100%) and procedural details for each experimental
group (n=38, 97%), including when (n=39, 100%), where (n=33, 85%) and why (n=38, 97%) procedures
were performed. Conversely, several of the ARRIVE 2.0 essential 10 criteria were poorly reported (<20%
of studies) (figure 2b): sample size justification (n=1, 2%), randomisation statement including method
(n=1, 2%), data points excluded from the analysis (n=8, 21%), blinding and operator awareness of group
allocation (n=7, 18%) and description of methods to test whether the data met the assumptions of the
statistical approach (n=7, 18%). In studies published before 2010 when ARRIVE 1.0 was implemented,
reporting score for the essential 10 was 52%; 56% in studies published from 2010–2019; and 64% in
studies published from 2020 onwards after the release of the ARRIVE 2.0 guidelines (figure 3a–c), but the
change over time was not significant (p=0.116).

Of the ARRIVE 2.0 recommended set, well-reported criteria (>80% of studies) (figure 2b, supplementary
table S9) were scientific background on the study rationale (n=31, 100%), describing the results question
and objectives (n=38, 97%), interpreting the results within the scope of the current literature (n=38, 97%),
commenting on generalisability of findings (n=32, 82%) and stating the funding bodies (n=36, 92%).
Conversely, multiple criteria within the ARRIVE 2.0 recommended set were poorly reported (<20% of
studies) (figure 2b): reporting of adverse events (n=3, 8%), descriptions of humane end-points and
monitoring (n=0, 0%) and reference to a pre-published protocol (n=0, 0%). In studies published before
2010 when ARRIVE 1.0 was implemented, reporting score for the recommended set was 53%; 61% in
studies published from 2010 to 2019 and 67% in studies published from 2020 onwards after the release of
the ARRIVE 2.0 guidelines (figure 3d–f ), increasing over time (p=0.049).

Discussion
This scoping review highlights that few studies have explored preclinical models of maternal asthma
(n=39). Furthermore, the majority of published preclinical data describing maternal asthma are from studies
of OVA-induced asthma in rodent models (73%), with a limited range of allergens used to induce asthma,
and studies conducted in only a few species. The reported studies focussed on immunological outcomes,
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reported in 82% of studies, elucidating immune mechanisms underlying maternal asthma and perinatal
outcomes. These mechanisms included T-helper cell and dendritic cell mediation increasing the
susceptibility of offspring to allergic airway disease and asthma [58, 62]. While findings could inform
likely interventions, a greater diversity of maternal asthma models is needed to ensure these are common
mechanistic pathways across species [25], before clinical translation is possible. Largely unexplored areas
include large animal models of maternal asthma with more similar fetal developmental timing relative to
human pregnancy and a broader range of allergens to induce asthma.

Airway hyperresponsiveness and airway remodelling are key characteristics of asthma [4]. In the included
studies, maternal measures of asthma phenotype described airway responsiveness and airway remodelling:
increased airway subepithelial smooth muscle [33, 66], basement membrane thickness [66] and epithelial
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FIGURE 2 Assessment of quality for all included studies (n=41) based on the Animal Research: Reporting of In
Vivo Experiments (ARRIVE) 2.0 guidelines for a) the essential 10 and b) the recommended set. Data are
percentages of studies that met each specific ARRIVE 2.0 recommendation.
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thickness in asthmatic mothers and progeny of asthmatic mothers compared to controls (supplementary
table S3) [66]. Only 11 (28%) studies validated maternal asthma consistent with our recommended
minimum core reporting set (table 1). Other studies measured serum immunoglobulins (such as IgE) or
cytokines [32, 74]. However, measuring serum immunoglobulins or cytokines alone is insufficient to
validate asthma, being indicative of allergy, but not necessarily asthma [30]. Allergic asthma involves both
a systemic immune response and localised respiratory immune mediators [3], and lung-specific measures
of IgE and related cytokines are required to indicate asthma [3]. Furthermore, validation is important since
the animal strain can impact the response to the asthma induction [78]. One study comparing rat strains
demonstrated that OVA airway challenge elicited a response to that included elevated lung resistance, and
higher bronchoalveolar lavage eosinophil numbers, IL-1β and tumour necrosis factor-α concentration in
Brown Norway rats, but no responses in Lewis rats that underwent the same asthma induction protocol [78].
Similarly, in mice, offspring of C57 strain asthmatic mothers exhibited behavioural changes including
reduced social time and body sniffing, but offspring of FVB/Ant asthmatic mothers exhibited behavioural
changes in the opposite direction [74]. Each cohort must be independently validated to confirm the
successful induction of maternal asthma to ensure the outcomes are reliable and recapitulate clinical
findings in asthma (table 1).

All of the reported studies described models of allergic asthma, which is only one of the aetiologies of
asthma in humans [5], but arguably the most relevant to women of reproductive age [7]. Interestingly,
OVA was the allergen used in 74% of studies, but is a common food allergen and not a trigger for asthma
in humans [79, 80]. Fewer studies (15%) sensitised and challenged mothers with HDM, which is the most
prevalent allergen in human asthma [80]. Allergic asthma can be further divided into a mild–moderate
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phenotype driven by T-helper type 2 cells (Th2), or a moderate–severe phenotype driven by T-helper type
1 or 17 cells (Th1/Th17) [72, 81]. Importantly, the specific cells involved in the allergic immune response
can alter progeny outcomes. One included study used different adjuvants to develop Th1 and Th2 maternal
asthma phenotypes and found a reduced immune response in the offspring of Th1 asthmatic mothers, but
not in the offspring of Th2 asthmatic mothers, relative to controls [49]. Future studies of maternal asthma
should be careful to assess the maternal and progeny immune responses and consider whether the progeny
outcomes vary with maternal asthma phenotype (table 1).

Another consideration when selecting animal models of maternal asthma is the appropriate species
selection to maximise relevance and clinical translation of findings [25], since maternal asthma may impact
a different fetal developmental stage than would occur during human pregnancy [25, 26]. In our review,
the majority of included studies (86%) were rodent models of maternal asthma. Rodents are cost-efficient,
readily available, and may be the most appropriate for questions of genetics and genetic modification, and
multigenerational studies due to the shorter intergeneration timeframe [25]. However, disparities exist
between clinical and preclinical studies that may arise from the developmental timing differences between
rodents and humans. For example, in rodents the majority of brain myelination and lung alveoli develop
postnatally, but these events occur prenatally in humans [25, 26, 34]. Similar to a systematic review in
humans [82], some preclinical studies of behavioural outcomes found a minimal impact of maternal asthma
on child cognitive and behavioural development, but other reduced sociable and increased anxiety
behaviours were reported in other studies (supplementary table S7) [50, 73, 74]. Respiratory outcomes
reported in rodent studies include increased airway responsiveness and remodelling in progeny of asthmatic
mothers, similar to human studies demonstrating increased wheeze and asthma in children of asthmatic
mothers [16]. However, the lower surfactant expression observed in fetal sheep from asthmatic mothers [65]
would not be observable in rodents, since surfactant synthesis begins postnatally in rodents but prenatally
in humans [34]. Surfactant deficiency at birth causes respiratory distress syndrome and is therefore a
clinically important observation [83]. Hence, for particular research questions, larger-animal models may

TABLE 1 Core minimum reporting items and outcomes for animal models of maternal asthma derived from this scoping review and the Animal
Research: Reporting of In Vivo Experiments (ARRIVE) 2.0 guidelines

General
Species Choice of animal species (and strain, if applicable), justification/generalisability of outcomes, developmental

timing of offspring and organs of interest
Animal source and management Source of animals, housing including group size, feed type and availability, frequency of handling
Animal numbers Total number of animals, total number of pregnant mothers, total number of offspring, number of litters

and average number per litter (if applicable), number of offspring analysed from each pregnancy
Animal phenotype Age, weight, parity
Treatment groups Study design should include a maternal asthma-only group, and analysis should compare the maternal

asthma group with a concurrent control group
Experimental protocol Protocol information should include dose(s) of allergens used, route of administration and timing of

outcome assessments (time of day and relative timing)
Animal welfare Describe environmental enrichment, humane end-points and any adverse outcomes

Maternal
Pregnancy information Normal pregnancy duration for the species (strain) and stage of pregnancy for outcome measurements
Maternal asthma phenotype Maternal asthma phenotype should be assessed in each study, given impacts of variable environment

Outcomes should include airway function, airway remodelling, lung-specific immune response and other
immune responses (immune cells and/or cytokines)

Pregnancy, placental and fetal
Pregnancy health Total and viable litter size, placental weights, implantation number
Sex Numbers within each sex should be provided and sex-specific analysis of fetal and placental outcomes

performed where possible, including sex×intervention interactions
Fetal growth Fetal weight
Placenta Placental weight

Postnatal progeny
Sex Progeny numbers within each sex should be provided and sex-specific analysis performed where possible,

including sex×intervention interactions
Developmental stage at assessment Gestational age at birth and postnatal ages relative to age at adulthood
Progeny health Survival, any adverse health outcomes, any animal losses explained
Growth Weight at regular intervals
For studies of immune outcomes Bronchoalveolar lavage eosinophils and total leukocytes, serum immunoglobulin E, cytokines
For studies of lung development Expression of surfactant protein B, lung structure (histology)
For studies of lung function Lung compliance and/or airway responsiveness to allergen or bronchoconstrictor

https://doi.org/10.1183/16000617.0174-2023 9

EUROPEAN RESPIRATORY REVIEW PRECLINICAL MODELS OF MATERNAL ASTHMA | J.L. ROBINSON ET AL.

http://err.ersjournals.com/lookup/doi/10.1183/16000617.0174-2023.figures-only#fig-data-supplementary-materials


be more appropriate to investigate the impact of maternal asthma on the later stages of fetal organ
development. Previous findings, timing of exposures, interventions and outcome measures relative to
species-specific organ maturation should be considered to ensure the most appropriate preclinical model
selection, reflecting clinically relevant outcomes (table 1).

Likewise, investigators must consider that maternal asthma impacts offspring in a sex-specific manner.
Across the sources eligible for inclusion in this scoping review, only eight studies reported analyses in
both sexes separately. Of the four studies that explored only male or only female outcomes, the reason for
selecting one sex was given in one study that investigated the impact of maternal asthma on microglia and
referenced higher microglial reactivity in females [77]. In contrast, other studies did not provide a rationale
for selecting only one sex in which to investigate progeny outcomes [31, 51, 76]. This is an important
omission, because effects of maternal asthma are sex-specific effects in humans. Females born to asthmatic
mothers are more likely to be small at birth [84], partially mediated by changes in placental vascular
function [85]. Male infants born to asthmatic mothers have reduced lung function at 5–6 weeks of age
[86], predictive of respiratory morbidities in later life [87]. Thus, studies of maternal asthma may be
missing important sex-specific outcomes, especially since male offspring dominate animal biomedical
research (males:females, 5.5:1), leading to outcomes impacted by sex bias [88]. This evidence justifies
sex-specific analyses in all future studies of preclinical maternal asthma models, where possible (table 1).

This scoping review uses the ARRIVE 2.0 guidelines for quality assessment, the most recent reporting
guidelines for in vivo animal experiments [39, 41]. Updates from the ARRIVE 1.0 guidelines include
improved clarity, prioritisation of criteria into the essential 10 and recommended set, and consultation with
an international working group to ensure global relevance [39, 89]. Further details were added to the
ARRIVE 2.0 guidelines such as inclusion and exclusion criteria, protocol registration and data access. In
this scoping review, some included studies (n=14, 34%) were published before the ARRIVE 1.0 guidelines
(published in 2010) [40] and most (n=33, 85%) before the ARRIVE 2.0 guidelines (published in 2020) [39].
Publication before the guidelines may partially explain the lack of compliance with reporting guidelines,
including no mentions of pre-published protocols, and few mentions of access to experimental data.
However, as 66% of papers were published after at least the first iteration of ARRIVE guidelines, poor
reporting of certain criteria highlights a lack of awareness and adherence to the guidelines overall [90]. In
particular, the quality assessment in this scoping review highlights poor reporting of total animal numbers,
numbers in each analysis, randomisation details, blinding during analysis and statistical assumptions.
Previous assessments of ARRIVE 2.0 utilisation concur with this scoping review, particularly the lack of
clarity on numbers and poor reporting of animal welfare [90, 91]. Further studies using animal models of
maternal asthma should pay particular attention to reporting of animal numbers and animal welfare (table 1).

The core outcomes determined in this scoping review represent minimal details for reporting in future
studies of maternal asthma models (table 1). Comparable outcomes allow for greater transparency and
similarity between studies, therefore allowing evidence synthesis and improving clinical translation [92].
The core outcomes we consider most critical include species justification, assessment of the maternal
asthma phenotype, timing of measurements and sex-specific reporting. We also recommend reporting of
aspects such as specific numbers and animal welfare, identified during quality assessment as missing in
many published studies. A review of animal models in Developmental Origins of Health and Disease
(DOHaD) research provides further recommendations included in our core outcome set: species-appropriate
environmental enrichment, testing for an effect of sex and interaction, consistent age and time of day of
samples or data collection, and concurrent controls in each cohort [25]. The careful selection of appropriate
species is facilitated by reviews comparing the developmental physiology of DOHaD models, contrasting
the strengths and limitations of common species used as animal models [25, 26, 36].

Strengths of this scoping review include a systematic literature search using validated search strings and
databases most relevant for animal studies [44, 93]. The search strings were developed by a well published
research group in this area, having done extensive work on systematic searching and assessment of animal
models [44–46, 94, 95]. Our methodologies complied with current best practices for scoping reviews in
line with JBI methodology [42] and the PRISMA-ScR guidelines [43]. We used the updated ARRIVE 2.0
guidelines to assess study quality, aligning with the latest guidelines for transparent and accurate reporting
[89]. Limitations of the scoping review include the heterogeneity of terms used to describe models of
maternal asthma, making identification of all relevant studies more difficult. The number of studies may
have been impacted by only including studies in English and only using three databases, although our
study design matched published methodologies for comprehensive searching of animal models [44, 93]. In
addition, the quality of studies in this scoping review was variable, although all outcomes were reported
without regard to the overall quality score.
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These findings will inform the selection of appropriate animal models for the study of asthma in
pregnancy, including species, method of asthma induction, as well as core outcomes for assessment.
Current unexplored questions in maternal asthma models include the impact of maternal asthma on the
progeny cardiovascular system and the exploration of how asthma treatment improves maternal and
offspring outcomes. Future studies of preclinical models of maternal asthma should consider: species
selection, the timing of fetal development for studies of progeny outcome, validation and classification of
the maternal asthma phenotype, and adherence to the ARRIVE guidelines. By improving preclinical
studies of maternal asthma, clinical translation will be easier, and the adverse perinatal outcomes associated
with maternal asthma can be reduced through better-informed interventions.

Points for future research

• The appropriate selection of animal models is paramount in understanding the mechanisms underlying
maternal asthma and associated adverse perinatal outcomes, and to ensure greater clinical translation utility.

• Model selection should consider species physiology, timing of organ development and comparable asthma
induction to humans.

• Outcomes assessed should include the minimum reporting requirements stated in this scoping review.
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