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Abstract

Many potential environmental risk factors, protective factors, and biomarkers of AR have been published, but so far, the
strength and consistency of their evidence are unclear. We conducted a comprehensive review of environmental risk, pro-
tective factors, and biomarkers for AR to establish the evidence hierarchy. We systematically searched Embase, PubMed,
Cochrane Library, and Web of Science electronic database from inception to December 31, 2022. We calculated summary
effect estimate (odds ratio (OR), relative risk (RR), hazard ratio (HR), and standardized mean difference (SMD)), 95% confi-
dence interval, random effects p value, 2 statistic, 95% prediction interval, small study effects, and excess significance biases,
and stratification of the level of evidence. Methodological quality was assessed by AMSTAR 2 (A Measurement Tool to
Assess Systematic Reviews 2). We retrieved 4478 articles, of which 43 met the inclusion criteria. The 43 eligible articles iden-
tified 31 potential environmental risk factors (10,806,206 total population, two study not reported), 11 potential environmental
protective factors (823,883 total population), and 34 potential biomarkers (158,716 total population) for meta-analyses. The
credibility of evidence was convincing (class I) for tic disorders (OR =2.89, 95% CI 2.11-3.95); and highly suggestive (class
II) for early-life antibiotic use (OR =3.73, 95% CI 3.06—4.55), exposure to indoor dampness (OR =1.49, 95% CI 1.27-1.75),
acetaminophen exposure (OR =1.54, 95% CI 1.41-1.69), childhood acid suppressant use (OR=1.40, 95% CI 1.23-1.59),
exposure to indoor mold (OR =1.66, 95% CI 1.26-2.18), coronavirus disease 2019 (OR=0.11, 95% CI 0.06-0.22), and
prolonged breastfeeding (OR =0.72, 95% CI 0.65-0.79). This study is registered in PROSPERO (CRD42022384320).
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Introduction allergic rhinitis is about 15%, and patients self-report

abnormal nasal symptoms up to 30% [3, 4]. A Danish

Allergic rhinitis (AR) is a chronic inflammatory disease of
the nasal mucosa, which is caused by the release of immu-
noglobulin E (IgE)-mediated mediators (mainly histamine)
after allergic individuals are exposed to allergens, and a
variety of immune active cells and cell factors are involved
[1, 2]. In the USA, the prevalence of physician-diagnosed
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study spanning three decades reported that the prevalence
of allergic rhinitis in the Danish adult population in the
last three decades increased from 16% in 1990-1991 to
29% in 2012-2015, and the prevalence of allergic rhinitis
is likely to continue to increase in this century [5]. It has
been estimated that 1 in 6 individuals in the USA may have
AR, generating $2 billion to $5 billion in direct medical
expenditures annually and up to $2 billion to $4 billion
in lost productivity due to lost work and attendance [6].
Nasal symptoms, including nasal congestion, itchy nose,
rhinorrhea (runny nose), and sneezing, are the signature
symptoms of AR, and symptoms last or accumulate for
more than 1 h per day [7]. This long-term chronic nasal
symptom may further lead to the decline of brain function,
affect the quality of life of patients, reduce the efficiency of
work and study in adults and children, and also lead to the
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patient’s irritability, and even cause anxiety, depression, and
other neuropsychiatric symptoms [8]. It is estimated that
about 40% of AR patients will be accompanied by bronchial
asthma, and about 30-71% of AR patients will have allergic
conjunctivitis or conjunctival symptoms [9, 10].

Given that AR is caused by the introduction of allergens
in sensitized individuals, and the immune and inflamma-
tory response induced by the excessive production of IgE
in response to environmental allergens in atopic individu-
als [11], how to better identify and understand the risk fac-
tors of the disease and prevent the occurrence of the disease
through the identification and intervention of risk factors
has become the key to the implementation of effective pre-
vention and control measures [12]. The pathogenesis and
etiology of allergic rhinitis are not completely clear, and
can not be explained simply by some susceptible changes in
human genes, which may be related to multiple factors such
as genetics, climate, living habits, eating habits, and con-
comitant diseases [13]. AR is a disease with complex physi-
opathology and is thought to be caused by the interaction
of more than 100 genetic loci with complex environmental
factors, which reflects the association between many genetic
and environmental factors and AR [14, 15]. Although there
is growing evidence that environmental exposures, climate
change, and lifestyle are important risk factors for AR [16],
disease-related biomarkers and environmental factors remain
challenging in the early diagnosis, therapeutic interventions,
and potential pathogenesis of AR [17, 18]. Many meta-
analyses and systematic reviews have elaborated, analyzed,
and summarized AR risk factors and biomarkers in their
respective fields, and reported the final results. However,
the thematic analysis of these meta-analyses is often single,
and meta-analyses estimates of mean effect sizes may be
imprecise, which may overestimate effect sizes, especially if
the meta-analysis is based on only a few studies, and the size
of observed effects, especially in meta-analyses with limited
evidence, is often exaggerated [19, 20]. Therefore, to avoid
these shortcomings as much as possible, we comprehen-
sively collected and evaluated meta-analyses and systematic
reviews of AR-related environmental factors and biomarkers,
and stratified the levels of evidence with a view to examining
and confirming the realistic relationship between environ-
mental factors and biomarkers and AR.

Methods

We followed the latest PRISMA (Preferred Reporting Items
for Systematic reviews and Meta-Analyses) [21] guidelines
(Appendix p3-5) and conducted a comprehensive integra-
tion of currently published meta-analyses and systematic
reviews of environmental risk factors and biomarkers asso-
ciated with AR. Two researchers (XPX, XHL) independently

screened the literature, extracted the data, evaluated the
quality, and cross-checked the literature. In case of disa-
greement, a third person (HX) was consulted to assist in the
judgment. This study has been registered with PROSPERO,
registration number CRD42022384320.

Search Strategy and Eligibility Criteria

We used computer to search Embase, PubMed, Cochrane
Library, and Web of Science electronic database from incep-
tion to 31 December 2022, without any language restric-
tions. We used a combination of subject terms and free
words for the search, with search terms including “allergic
rhinitis”, “meta-analysis”, and “systematic review”. The
search strategy was adapted to the different databases, and
the full search strategy and search terms for each database
are presented in the Appendix (p6). In addition, we manually
traced the references of the included literature to supplement
access to relevant studies.

The types of articles we included were systematic reviews
and meta-analyses, which mainly studied the association of
environmental factors or biomarkers with AR. The types of
design included in the original study were limited to Cohort
studies (cross-sectional and longitudinal) and case—control
studies. Environmental factors (including risk and protec-
tive factors) and biomarkers (Appendix p7) are defined
according to World Health Organization (WHO) [22, 23],
and allergic rhinitis is defined according to clinical practice
guideline [6].

We excluded articles that were not related to the research
topic, which was not related to environmental factors, bio-
markers and AR and their associations with each other. We
excluded systematic reviews that did not perform a meta-
analysis as well as meta-analyses that did not provide suf-
ficient data. In addition, for systematic reviews and meta-
analyses lacking sufficient data, we attempted to contact
the corresponding authors to obtain the necessary data for
re-analysis. We also excluded animal studies, duplicate
publications, conference abstracts, protocols, posters, and
letters. If two or more studies were on the same topic or
assessed the same exposure and outcome measures, we
considered these studies on the same topic to have the pos-
sibility of overlap, which could lead to bias of publication.
Therefore, first, we prioritize meta-analyses with adjusted
study estimates over those with crude estimates; next, we
select meta-analyses with higher AMSTAR 2 (A Measure-
ment Tool to Assess Systematic Reviews 2) [24] scores; and
finally, we select meta-analyses with a higher number of
included studies. Finally, we excluded some studies whose
causal relationships were contrary to our topic, for example,
a meta-analysis [25] investigating the risk of systemic lupus
erythematosus (SLE) in patients with allergic rhinitis (AR),
which was to analyze whether AR was a risk factor for SLE,
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which happened to be contrary to the topic of our study. The
Appendix (p8—p12) provides a list of all potentially relevant
studies that were read in full and explains the reasons for the
exclusion of each article from the systematic review.

Literature Screening and Data Extraction

Two researchers (XPX, XHL) independently screened the
literature according to the inclusion and exclusion criteria,
extracted data, and evaluated the evidence quality of the
included studies. Firstly, the title and abstract of the arti-
cles were read to exclude obviously unqualified articles, and
then, the full text of the articles after initial screening was
further read to determine whether they were included. Stand-
ard data extraction tables were used to extract information.

The extracted contents included (1) basic information,
including the first author, the year of publication, the num-
ber of included studies, and the study design; (2) baseline
information of included studies, including the number of
cases, total sample size, environmental risk factors, protec-
tive factors or biomarkers; (3) the results of meta-analysis,
including the heterogeneity evaluation index, the combined
effect size and confidence interval of the primary outcome;
(4) methodological quality assessment methods and tools
for original studies or evaluation methods for the quality of
reported evidence.

Data Analysis

We followed the previous umbrella review design and vali-
dated statistical methods in order to address the issues we
encountered in our pooled summaries [26, 27]. Furthermore,
we also refer to the metaumbrella application (https://www.
metaumbrella.org/app) designed by Dr. Corentin J Gosling
and Dr. Aleix Solanes et al., which automatically performs
umbrella reviews (including, but not limited to, meta-anal-
yses), layering evidence according to various criteria, and
generating visual representations of the results [28].

We conducted a comprehensive integrated analysis of the
meta-analyses that met the inclusion criteria, and extracted
basic data information and study estimates. We selected ran-
dom-effect models to incorporate pooled effect estimates,
95% confidence intervals, and p values [29, 30]. The DerSi-
monian and Laird (DL) model was selected for the random
effects meta-analysis, which requires a simple summary of
data from each study and is particularly suitable for provid-
ing estimates of population effects and describing the hetero-
geneity of effects across a range of studies [31]. To confirm
the confidence of the evidence, we also calculated whether p
value <0.001 or <0.000001 [32, 33]. Before combining the
effect values, in order to clarify whether heterogeneity really
exists between studies, we used the Q test, a common test for
heterogeneity in meta-analysis, and calculated the statistic
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I? [34]. Prediction is one of the most important results of
meta-analysis, providing a convenient format for express-
ing the full range of uncertainty around inferences and for
making inferences about studies not included in the meta-
analysis; therefore, we estimated the 95% prediction inter-
val, the range in which we expect the effect of association
would lie for 95% of future studies [35]. We assessed the
presence of small study effects using a simplified inverted
funnel plot test developed by Egger and Colleagues [36]. We
assessed the presence of small-study effects using a simple
inverted funnel plot test developed by Egger and Colleagues
that uses linear regression to measure the symmetry of the
inverted funnel plot based on the natural logarithmic value
of the ratio; if there is asymmetry, small-sample trials show
effects that systematically deviate from those of larger sam-
ples, and the regression line does not pass the starting point
(Egger p value <0.1 for a small study effect was found).
Selective analysis and reporting of selective results may
lead to potential excess significance bias, which means that
the number of statistically significant studies is suspicious
to be too high. For this reason, Ioannidis’ test was used to
evaluate whether there was a significant bias in the meta-
analyses (p value <0.05) [37]. We performed a subgroup
analysis of children with identified AR symptoms, excluding
adults older than 18 years of age, which further assessed the
robustness of the evidence. Forest plots and funnel plots and
their data processing were performed using R version 4.2.2.
and its software package.

Methodological Quality and Evidence Credibility

Methodological quality was assessed using AMSTAR 2
[24], and the included studies were evaluated on an item-
by-item basis with “partially yes,” “yes,” and “no” according
to the scale entries, and the results were finally summed for
each component.

According to previously published umbrella reviews
and the metaumbrella application [26, 27, 38], we graded
the evidence derived from the studies against the evidence
grading criteria, which are generally based on the following
criteria: convincing (class I), highly suggestive (class II),
suggestive (class III), weak (class IV), and not significant
(NS). The criteria for grading evidence included: random
effects p value, number of AR cases, p value of the larg-
est study, heterogeneity (/?), small study effects, excess sig-
nificance bias, 95% prediction interval, and 95% prediction
interval of the largest study. However, since some of the
variables in these criteria are continuous variables, there
is an artificial demarcation of critical points. For example,
a study involving 1001 patients with a highly significant p
values < 0.000001 association between risk factors and out-
comes may be classified as class I evidence according to the
grading criteria of evidence, while another study with the
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same results in other aspects but only 1000 patients may be
graded as class IV evidence. This may not be common, but
researchers must be careful about the differences. Table 1
provides detailed grading criteria for evidence.

Results
Literature Search Results

We comprehensively searched four databases from inception
to 31 December 2022 and retrieved a total of 4478 articles,
43 of which met the criteria by title, abstract, and full-text
screening (Fig. 1). The 43 eligible articles (31 potential envi-
ronmental factors articles and 11 potential biomarkers arti-
cles) identified 43 potential environmental factors (Table 2;
Appendix p23—p68) and 34 potential biomarkers (Appendix
p18—p20, p69—p103) for meta-analyses.

Environmental Risk Factors and Protective Factors

The 43 meta-analyses of potential environmental factors
were classified into 31 potential environmental risk fac-
tors (10,806,206 total population, two studies not reported)
and 11 potential environmental protective factors (823,883
total population), of which 1 potential factor had no
effect on the occurrence of the disease (OR=1, 95% CI
0.99-1.00). Of the 43 meta-analyses, the largest included
63 original studies and the smallest included 2 original
studies, in which effect metrics included OR, RR, and
HR. Among them, the study designs of 35 meta-analyses
included cohort studies, 17 included case—control studies,
and 22 included cross-sectional studies. Of the 43 random
effects p values for the meta-analyses, 29 (67%) had p val-
ues <0.05, 16 (37%) had p values <0.001, and 8 (19%) had
p values <0.000001. Only 15 of 43 meta-analyses showed
less than 50% heterogeneity (I <50%). The number of
individual studies less than 3 could not conduct Egger’

Table 1 Level of evidence for grading levels

s test, which resulted in our 4 of 43 meta-analyses not
obtaining Egger’s test data. Among the 43 meta-analyses,
only 8 (19%) meta-analyses did not include more than
1000 AR cases. Among the 43 meta-analyses (excluding
not accessible data), the numbers of small study effects
and excessive significance bias were 11 and 13, respec-
tively. The 95% prediction interval and the 95% confidence
interval of the largest study excluded null in 4 of 43 (9%)
meta-analyses and 28 of 43 (65%) meta-analyses, respec-
tively. Table 2 provides the detailed characteristics and
statistical test results of potential environmental risk and
protective factors of AR.

Of all the environmental risk factors and protective fac-
tors, tic disorders (OR =2.89, 95% CI 2.11-3.95) was the
only one that was graded as convincing evidence (class I)
that it was an environmental risk factor. Seven environmen-
tal risk factors and protective factors were graded as highly
suggestive evidence (class II), of which early-life antibiotic
use (OR=3.73, 95% CI 3.06-4.55), exposure to indoor
dampness (OR=1.49, 95% CI 1.27-1.75), acetaminophen
exposure (OR=1.54, 95% CI 1.41-1.69), childhood acid
suppressant use (OR =1.40, 95% CI 1.23-1.59), and expo-
sure to indoor mold (OR=1.66, 95% CI 1.26-2.18) were
environmental risk factors, and coronavirus disease 2019
(OR=0.11,95% C10.06-0.22) and prolonged breastfeeding
(OR=0.72,95% C1 0.65-0.79) were environmental protec-
tive factors. Nitrogen dioxide and ambient particulate matter
(PM, 5) from air pollution were graded as suggestive evi-
dence (class III) as environmental risk factors, along with
passive exposure to tobacco smoking, history of Kawasaki
history, education level, and family history of allergies were
also graded as recommended evidence. Farm milk consump-
tion and early dietary introduction of fish as environmental
protection factors were graded as suggestive evidence (class
III). Ambient particulate matter (PM,,), sulfur dioxide and
ozone, as air pollution, were graded as weak evidence (class
IV), and only vitamin D status as an environmental protec-
tive factor was rated as weak evidence (class IV). Figure 2

Convincing (class I) Highly suggestive Suggestive Weak (class IV)  Not significant
(class IT) (class III) (NS)
Random effects p value <0-000001 <0-000001 <0-001 <0-05 >0-05
Number of AR cases > 1000 > 1000 > 1000 X X
The p value of the largest study <0.05 <0.05 X X X
Heterogeneity (1) <50% X X X X
Small study effects Not detected X X X X
Excess significance bias Not detected X X X X
95% prediction interval Excludes the null X X X X
95% prediction interval of the largest study Excludes the null X X X X
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and Cochrane Library

Articles identified from PubMed, Ebase, Web of Science

\ 4

2050 duplicate articles

\4

2428 Articles met the title and abstract screening

\ 4

2274 articles excluded on the basis of title and abstract

154 Articles met the text screening

A 4

111 articles excluded
33 Another eligible meta-analysis with the same topic was included
26 The included studies were not observational studies
36 Insufficient data were provided for re-analysis
16 It is not a risk factor, protective factor or biomarker study of

allergic rhinitis

{ Included ] [ Eligibility } { Screening ] [Identiﬁcation]

43 Articles included in umbrella review

Fig. 1 Flowchart of literature screening

provides summary estimates of the meta-analyses of poten-
tial environmental risk and protective factors for AR.

In the subgroup analysis of children (Appendix
p13—p14), except for the studies that could not be used for
subgroup analysis, most subsets retained the evidence level,
and only 4 changed the original evidence level. Exposure
to indoor dampness was upgraded from class II to class
I evidence, exposure to indoor mold was upgraded from
class III to class I evidence, active exposure to tobacco
smoking was upgraded from not significant to class II evi-
dence, and vitamin D status was downgraded from class
IV to not significant.

Biomarkers
The 34 meta-analyses of potential biomarkers were clas-

sified into 32 single nucleotide polymorphism biomarkers
(154,583 total population), one serum biomarker (915 total

@ Springer

population), and one biomarker of nasal inflammation (3218
total population), the largest of which included 30 original
studies and the smallest of which included 3 original stud-
ies. These meta-analyses included only case—control stud-
ies, and the effect metrics were based on OR and SMD. In
the random-effects model, only 10 of 34 (29%) associa-
tions were statistically significant (p value < 0.05), of which
only 3 (8%) had p values <0.001 and only 1 (3%) had p
value < 0.000001. Seven (70%) of 10 associations statisti-
cally significant meta-analyses included more than 1000 AR
cases, but only two of the eight meta-analyses showed less
than 50% heterogeneity (I> < 50%). Four of 10 (40%) sta-
tistically significant meta-analyses had small study effects,
and 2 of 10 (20%) had excessive significance bias. The 95%
prediction interval and the 95% confidence interval of the
largest study excluded null in 3 of 10 (30%) statistically
significant meta-analyses and 4 of 10 (40%) meta-analyses,
respectively.
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Table 2 (continued)

&

AMSTAR 2

Large heterogene-
ity, small study
effect, excess sig-

value

95% prediction Egger p

interval

12

Random
effects p
value

summary estimate

Random effects
(95% CI)

Effect
metrics

Study design

Number
of study

Number of cases/
total population

Source

Exposure

Springer

nificance bias, 95%
prediction interval

excludes the null

Low

Large heterogene-

0.24

(0.38-3.83)

0.192 70%

1.18 (0.93-1.49)

Cohort RR

Fakunle 2021 <1000/2082 4

Indoor microbial

ity, 95% predic-
tion interval

[69]

aerosols expo-

sures

includes the null

value

AMSTAR 2 A Measurement Tool to Assess Systematic Reviews 2, CI confidence interval, NR not reported, NA not available, OR odds ratio, RR relative risk, HR hazard ratio

There were no biomarkers that were found with con-
vincing evidence (class I). The only biomarker graded as
highly suggestive evidence (class II) was nasal nitric oxide
in AR patients, and the only biomarker graded as sugges-
tive evidence (class III) was interleukin 13 (IL-13) rs20541
polymorphism in AR patients. The Appendix (p18—p22)
provides detailed test data, levels of evidence, and supple-
mentary data for potential biomarkers of AR.

AMSTAR 2 Quality Assessment

We conducted AMSTAR 2 quality assessments on all meta-
analyses. Among potential environmental risk factors and
protective factors, 1 of 43 (2%) meta-analyses was graded
as high quality, 9 of 43 (21%) meta-analyses as moderate
quality, 10 of 43 (23%) meta-analyses as low quality, and
23 of 43 (54%) meta-analyses as critically low quality. Of
the potential biomarkers, none of the 34 meta-analyses were
graded as high quality, one of the 34 (3%) meta-analyses
was graded as moderate quality, 7 of the 34 (21%) meta-
analyses were graded as low quality, and 26 of the 34 (76%)
meta-analyses were graded as critically low quality. The
methodological quality of most studies was flawed. No study
provided complete search strategies, although by and large
they appeared to be well developed. However, due to the lack
of grey literature search, search registration, and consulting
content experts in the field, it is difficult to give a very posi-
tive evaluation in the search strategy section.

Discussion

To date, this study is the first comprehensive review in the
field of AR to summarize the evidence using state-of-the-art
evidence strategies, which comprehensively and systemati-
cally collect and re-analyze meta-analyses data on environ-
mental risk factors, protective factors and biomarkers of
AR, and stratifying the level of evidence. Only eight factors
were graded as high credibility, of which tic disorders (class
1), early-life antibiotic use, exposure to indoor dampness,
acetaminophen exposure, childhood acid suppressant use
and exposure to indoor mold were environmental risk fac-
tors (class II), and coronavirus disease 2019 and prolonged
breastfeeding (class II) were environmental protection
factors.

Tic disorder (TD) is the only environmental risk factor
that has been graded as convincing evidence in AR. TD
is a neuropsychiatric disorder with a clear genetic predis-
position that begins in childhood and adolescence [70]. It
includes a group of movement disorders of unknown cause
and may be accompanied by hyperactivity, inattention,
compulsive movements and thoughts, or other behavioral
symptoms [71]. The first report on the association between
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TD and allergic reactions dates back to 1985, when Fine-
gold [72] reported on four children who presented to
allergy department, all of whom had high IgE levels, posi-
tive skin prick test, and allergic symptoms; three children
were eventually diagnosed with Tourette syndrome (TS)
and one child was highly suspected of having TS. One
case—control study reported a doubling of the risk of TS
in patients with allergic rhinitis in a model that considered
all 4 allergic diseases simultaneously (adjusted OR=2.18,
95% CI 1.83-2.59; P <0.0001) [73]. Although the exact
biological mechanisms have not been identified, TD may
share genetic vulnerabilities with allergic disorders, which
may include the dysregulation of excitability in cortical-
basal ganglia (CBG) loops mediated by gamma-amin-
obutyric acid (GABA) transmission, a mediating role of
cell adhesion molecules (CAMs) in hyperinflammation,
and initiation of cytokines such as tumor necrosis factor
and interleukins [39, 74-76]. Notably, the possession of
a common etiology may be one of the important reasons
for the association of AR and TD. In addition to shared
familial genetic risk and environmental factors, pathogenic
infections (e.g., enterovirus, Mycoplasma pneumoniae,
group A streptococcus) are suspected to be important fac-
tors predisposing to co-morbidity between the two disease
[77-79]. Our level of evidence suggests a strong asso-
ciation between AR and TD; however, we cannot infer a
causal relationship between this association and the bio-
logical mechanisms between the two need to be further
investigated.

Early-life antibiotic use is associated with AR and is an
environmental risk factor for AR, which provides highly
suggestive evidence. This association is noteworthy because
antibiotics can prevent and cure many infections when the
immune systems of infants and children are not fully devel-
oped, and because the cardiovascular and nervous systems
of children are not fully developed, inappropriate antibiotic
use may have an impact on future health outcomes [80, 81].
Regarding the potential mechanisms of their association, the
interference of antibiotic exposure on the colonization of
the intestinal flora is considered to be the most plausible
mechanism at present [82]. The gut microbiome hypothesis
has recently emerged as a link between antibiotic exposure
and disease development, and the gut microbiome has also
been shown to play an important role in the human immune
system and in maintaining homeostasis [83]. In terms of
AR, the gut microbiota is emerging as a new target of inter-
vention and is becoming a hot research topic in the field of
allergic diseases, the mechanisms of which may be related to
gut ecological dysregulation and early disruption of immune
regulation leading to the development of allergic diseases
[84, 85]. Therefore, early-life antibiotic use may affect
immature intestinal biota or affect their colonization num-
bers, resulting in changes in the developing immune system

that could induce AR [83]. Although, the use of antibiotics
in medical practice is inevitable, how to prevent antibiotic
abuse and promote the rational use of antibiotics has become
a current thorny issue in public health, which requires health
care professionals or national health care planners to develop
more comprehensive and efficient antibiotic stewardship ini-
tiatives, and the concept of rational antibiotic use needs to
permeate all aspects of daily medical activities [86].

Childhood acid suppressant use is associated with AR
and is an environmental risk factor for AR, which provides
highly suggestive evidence. Gastric acid inhibiting drugs
are thought to be one of the causes of allergic diseases, and
the mechanism may be that the drug reduces gastric acid
secretion, which directly leads to intestinal ecological dys-
regulation and increases the risk of allergy [87]. Although
not fully understood, the underlying mechanisms by which
acid-suppressive drugs and antibiotic use increase allergy
include gut dysbiosis, a key part of which, in the case of
acid-suppressive drugs, is reduced digestion of protein in
the stomach. Increasing evidence from human and animal
studies suggests that a diverse microbiome plays a central
role in the development of a healthy immune system and
that perturbations in the microbiome increase the risk of
developing allergic diseases [§8—90]. It is important to note
that the association between gastroesophageal reflux disease
(GERD) and food allergy cannot be completely discounted,
since not all studies have adjusted for participants’ indica-
tions for acid inhibitors such as GERD, which suggests the
possibility that confounding may account for the associa-
tions we observed [45]. Although Muhammad et al. [45]
have conducted a subgroup analysis based on GERD status
for the risk between GERD and allergic diseases, and the
results also showed that the use of acid inhibitors is associ-
ated with a higher risk of allergy in GERD patients, due to
the lack of corresponding data, no analysis of AR has been
conducted, which makes it impossible for us to draw defini-
tive conclusions.

Exposure to indoor mold and exposure to indoor damp-
ness are associated with AR and are an environmental risk
factor for AR, which provides highly suggestive evidence
and upgrades to convincing evidence in the subgroup
analysis of children. Indoor dampness and mold are impor-
tant factors in residential indoor environment. On the one
hand, it is related to high indoor water vapor content and
insufficient ventilation; on the other hand, it is related to
unreasonable construction and use of buildings that lead to
excessive moisture or excessive water vapor accumulation
in building materials, both of which create conditions for
the breeding of moisture and mold [91]. Studies have found
that self-reported problems with dampness or mold in build-
ings where people live or work are associated with respira-
tory or allergic diseases [92]. Signs of dampness, such as
water leakage, water damage, visible mold, and mold odor,

@ Springer



200

Clinical Reviews in Allergy & Immunology (2023) 65:188-205

Exposure

Effect estimate(95% Cl) Level of evidence

Early-life antibiotic use —_— 3.73 (3.06 to 4.55) class Il
Early life food sensitization —_——— 3.06 (1.90 to 4.94) class IV
Neonatal jaundice > 3.01 (0.88 to 10.28) NS
Tic disorders —_—— 2.89 (2.11 to 3.95) class |
Children and adolescents exposed to pesticides 2.77 (0.13 to 61.40) NS
Family history of allergic diseases 2.62 (1.51 to 4.56) class Ill
House dust mite 2.00 (1.19 to 3.37) class IV
Educational level _—— 1.74 (1.34 t0 2.27) class Ill
History of Kawasaki disease —_—— 1.73 (1.29 to 2.31) class llI
Exposure to indoor mold —_—— 1.66 (1.26 to 2.18) class Il
Attention deficit hyperactivity disorder —_— 1.59 (1.13 t0 2.22) class IV
Obstructive sleep apnea _— 1.55 (1.16 to 2.06) class IV
Acetaminophen exposure —— 1.54 (1.41 to 1.69) class Il
Exposure to indoor dampness —_—— 1.49 (1.27 to 1.75) class Il
Childhood acidsuppressant use — 1.40 (1.23 to 1.59) class Il
Phototherapy —_———— 1.38 (0.93 to 2.04) NS
Prenatal maternal psychosocial stress s 1.36 (1.08 to 1.71) class IV
Maternal oral contraceptive pill —_—— 1.34 (1.07 to 1.68) class IV
Caesarean delivery —— 1.24 (1.08 to 1.43) class IV
Postpartum smoke exposure —— 1.19 (1.03 to 1.39) class IV
Indoor microbial aerosols exposures —_——— 1.18 (0.93 to 1.49) NS
Sulfur dioxide —— 1.14 (1.08 to 1.21) class IV
Ambient particulate matter(PM2.5) —— 1.13 (1.04 to 1.22) class Ill
Prenatal smoke exposure —— 1.12 (1.04 to 1.21) class IV
Nitrogen dioxide - 1.11(1.07 to 1.16) class Ill
Passive exposure to tobacco smoking - 1.10 (1.06 to 1.15) class Ill
Exposure to perfluoroalkyl substances —— 1.08 (0.96 to 1.20) NS
Ambient particulate matter(PM10) - 1.07 (1.04 to 1.11) class IV
Ozone - 1.06 (1.03 to 1.08) class IV
Carbon monoxide he 1.03 (1.00 to 1.05) NS
Active exposure to tobacco smoking —— 1.03 (0.92to 1.15) NS
Greenness . 1.00 (0.99 to 1.00) NS
Prenatal exposure to vitamin D —_—— 0.98 (0.84 to 1.15) NS
Maternal fish intake during pregnancy —_——— 0.94 (0.60 to 1.64) NS
Childhood type 1 diabetes —_— 0.88 (0.68 to 1.13) NS
Multiple sclerosis —_—— 0.81 (0.59 to 1.12) NS
Exposure to cats —_———— 0.80 (0.49 to 1.29) NS
Vitamin D status —— 0.78 (0.63 to 0.96) class IV
Exposure to dogs — 0.76 (0.57 to 1.03) NS
Prolonged breastfeeding —— 0.72 (0.65 to 0.79) class Il
Farm milk consumption —— 0.68 (0.57 to 0.82) class Ill
Early dietary introduction of fish —— 0.64 (0.50 to 0.82) class llI
Coronavirus disease 2019 - 0.11 (0.06 to 0.22) class |l
0 1 2 5

Fig.2 Summary estimates of the meta-analyses of potential environmental risk and protective factors for AR

inevitably cause biological contamination, invasion of the
respiratory tract, and allergic reactions [93]. In addition to
indoor dampness and mold providing a good environment
for microbial growth, the degradation of building materials
by moisture and water vapor to volatilize chemicals may
also be an important cause of allergy problems [94]. The
age subgroup analysis showed that the level of evidence was
upgraded from highly suggestive to convincing evidence in
children, suggesting that children may be more susceptible
to allergic reactions in indoor environments with dampness
and mold, which may be related to the immature develop-
ment of the immune system in children.

Acetaminophen exposure is associated with AR and is an
environmental risk factor for AR, which provides highly sug-
gestive evidence. Acetaminophen (paracetamol, APAP), one
of the most widely used analgesics, is a classic dose-depend-
ent liver injury drug and the most commonly used antipyretic
analgesic drug in the world. Its antipyretic effect is slow and
lasting, and it has the advantages of little irritation and few
allergic reactions [95]. A multi-center, multi-country, cross-
sectional study of children (6—7 and 13—14 years of age) from
the International Study of Asthma and Allergy in Childhood
(ISAAC) showed that acetaminophen use was associated with
an increased risk of present symptoms of allergic rhinitis
[96]. The mechanism of this association has not been unified,
and the depletion of glutathione-S-transferase in the upper

@ Springer

airway mucosa leading to increased oxidative stress, promot-
ing the helper T-helper 2 (Th2) differentiation pathway and
immunoglobulin E (IgE)-mediated response is one of the
leading hypotheses [97-99]. Caballero et al. [100] identified
lymphocyte aggregates in a group of paracetamol treated rats
and determined that the inflammatory infiltrate was primarily
composed of lymphoid aggregates and mast cells, suggest-
ing that chronic exposure to paracetamol in a rat model is
associated with the development of rhinitis. Although a clear
causal relationship between acetaminophen and AR cannot
be established from this study, we suggest that exposure to
acetaminophen may be an important putative risk factor for
the development of AR.

Prolonged breastfeeding is associated with AR and is
an environmental protective factor for AR, which provides
highly suggestive evidence. Breast milk is considered the
ideal food for healthy full-term infants and contains a variety
of biologically active substances with nutritional, immune
and disease-fighting and growth-promoting metabolic func-
tions; breastfeeding has health benefits for infants, including
short-term (e.g., reduction of neonatal and child deaths from
infectious diseases) and long-term (e.g., prevention of adult
obesity, diabetes, cardiovascular disease and metabolic dis-
orders) effects [101, 102]. The immune effect of breast milk
is expressed through various immunoglobulin (sIgA, IgA,
IgG, IgM, IgE, IgD) compounds that are derived from the
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maternal immune response, and this protective mechanism
allows the newborn to develop high immunity directly
against the infectious source recognized by the mother
[103, 104]. Moreover, the microorganisms in breast milk are
an important link in initiating the immune function of the
infant gut and driving the colonization of intestinal micro-
organisms; its short-chain fatty acids, a metabolite produced
by microorganisms, can affect peripheral blood T cells, espe-
cially regulatory T (Treg) cells, by inhibiting histone deacet-
ylases to achieve immune effects [105]. The meta-analysis
by Hoang et al. [42] included in this study showed that either
extended exclusive breastfeeding or extended non-exclusive
breastfeeding (> 6 months) reduced the risk of AR, which
is in line with the WHO recommendation that every infant
should be breastfed for at least 6 months [102].

Coronavirus disease 2019 (COVID-19) is associated
with AR and is an environmental protective factor for AR,
which provides highly suggestive evidence. From the studies
[43], we included that the prevalence of allergic rhinitis in
confirmed cases of COVID-19 was much lower than in the
normal population; however, it is difficult to establish a clear
causal relationship for this association. Data from the Korean
Adolescent Risk Behavior Network Survey (KYRBWS-2019
and 2020) reported a decrease in the incidence of allergic
rhinitis in 2020 compared with pre-COVID-19 [106]. During
the COVID-19 pandemic, disposable medical masks have
been widely used, which can prevent most pollen particles
from inhaling into the nasal cavity, thereby reducing the
incidence of nasal symptoms in patients [107]. Furthermore,
the decline of allergic rhinitis could be related to the block-
age of respiratory infections by COVID-19 prophylaxis, or
the reduction of socioeconomic activities and environmen-
tal factors that trigger allergies, resulting in a reduction of
particulate matter or air pollutants; and the maintenance of
social distance also prevents respiratory infections to some
extent and reduces the chance of AR [108]. However, the
current studies cannot clearly explain whether the COVID-
19 disease itself reduces the risk of AR or lifestyle changes
during the COVID-19 period reduce the risk of AR, which
may require rigorous case—control studies or randomized
controlled studies to explain this phenomenon.

Limitations

Although we have conducted standardized evidence hierar-
chy on the potential environmental risks, protective factors
and biomarkers of AR, there are still some limitations. First,
because the included studies were observational, the cau-
sality of these associations remains difficult to determine.
Second, the diagnosis of AR in some children is based on
questionnaires from parents and lacks objective clinical
examination and professional diagnosis. Third, confound-
ing factors present in observational studies are difficult to

completely rule out, and these participating confounders
may confound the final results. Fourth, this study focused
only on meta-analyses that had already been published and
may have missed associations that were not assessed in other
systematic reviews or meta-analyses. Fifth, because of the
level of evidence, an environmental factor or biomarker with
a strong effect may be underestimated, such as early life food
sensitization, since fewer than 1000 studies would be graded
as class IV evidence. Finally, the umbrella review inher-
ited most of the study limitations of the included studies.
For example, if the latter evaluates the relationship between
the study factors and morbidity rather than causation, then
the umbrella review can also only evaluate the relationship
between the study factors and morbidity but not causation.

Conclusion

In this umbrella review, a total of 76 potential environmental
risk factors, environmental protection factors and biomarkers
for AR were established, forming a complete hierarchy of evi-
dence. Among them, tic disorders (class I), early-life antibiotic
use, exposure to indoor dampness, acetaminophen exposure,
childhood acid suppressant use to exposure to indoor, corona-
virus disease 2019 and prolonged breastfeeding (class II) were
rated as high credibility. However, we could not infer causality
for these associations, which would require a more rigorous
design and high-quality studies to confirm this finding.
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