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Abstract

Objective

The relationship between leukotriene receptor antagonists (LTRAs) usage and the
subsequent occurrence of eosinophilic granulomatosis with polyangiitis (EGPA)
remained highly polarizing and controversial in previous studies. We aimed to inves-
tigate the risk of EGPA caused by LTRAs and the potential toxicological mechanisms
of LTRAs-related EGPA.

Methods

In this real-world pharmacovigilance study, we collected adverse event (AE) reports
of EGPA associated with LTRAs use from the U.S. FDA Adverse Event Reporting
System (FAERS), Japanese Adverse Drug Event Reporting (JADER), and Canadian
Vigilance Adverse Reaction (CVAR) databases. The reporting odds ratio (ROR), pro-
portional reporting ratio (PRR), information component (IC), and empirical Bayesian
geometric mean (EBGM) were calculated to quantify the strength of the association
between LTRAs and EGPA. The Weibull shape parameter (WSP) test was applied
to analyze time-to-onset profiles of EGPA toxicity. Network pharmacology analysis
was subsequently performed to identify the central genes to determine the potential
mechanisms underlying LTRAs-induced EGPA.

Results

LTRAs, including montelukast, zafirlukast, and pranlukast, exhibited a strong asso-
ciation with EGPA in three databases (the lower limit of 95% confidence interval (Cl)
for ROR>1, PRR>2 with ¥? values 24, EBGM05>2, and IC025>0). After exclud-
ing corticosteroids as concomitant medication, montelukast remained significantly
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associated with EGPA in the FAERS database. The median time-to-onset of EGPA
associated with LTRAs was 233 (range: 76-660) days, and the WSP test indicated
LTRAs had early failure-type profiles. We isolated 81 interactive target genes linking
LTRAs to EGPA. Several central genes, including SRC, PTGS2, EDN1, HMOX1,
KDR, and OCLN, were revealed via protein-protein interactions analysis and molecu-
lar complex detection (MCODE) algorithm.

Conclusion

Our study revealed LTRAs could increase the risk of EGPA, and initially explored
potential genes and mechanisms of LTRAs-induced EGPA. It is helpful for clinicians
to be alerted to the risk of EGPA during LTRAs administration.

1. Introduction

Eosinophilic granulomatosis with polyangiitis (EGPA), formerly known as Churg-
Strauss syndrome, is a rare immune-mediated disorder characterized by delayed-
onset asthma, eosinophilia in the blood and tissues, and vasculitis of small to
medium-sized vessels [1,2]. Global and European pooled estimates of EGPA inci-
dence were 1.22 and 1.07 cases per million person-years, respectively [3]. Although
EGPA exhibits a low global and European incidence, it is associated with substantial
healthcare resource utilization and disease burden. EGPA is a systemic disease
affecting multiple organs and tissues that is difficult to treat and requires long-term
follow-up and monitoring [4]. Patients with EGPA experience disease-related risks
in the form of high relapse potential, comorbidities, and frequent medical interven-
tions. In recent years, literature has documented a progressive annual increase in
the reported occurrence rate of EGPA [5]. The etiology and pathophysiology of EGPA
have not been fully elucidated [2]. Several genetic (variants in genes such as HLA-
DRB4, GATA3, TSLP, LPP, and BACHZ2) and environmental (allergens, infections,
exposure to silicone substances, etc.) factors may represent triggers of EGPA [6-9].
In addition, evidence suggested that vaccinations and medications (macrolides,
thiouracil, hydralazine, minocycline, torsemide, omalizumab, and leukotriene receptor
antagonists [LTRAs]) have been shown to potentially induce EGPA [10-13].
Leukotrienes are eicosanoid inflammatory mediators derived from arachidonic acid
that play an important role in the inflammatory process in asthma. In the mid-1990s,
the FDA (Food and Drug Administration) approved drugs that inhibit the action of
leukotrienes by binding to leukotriene receptors, and since then they have been widely
used to treat patients with asthma [14]. LTRAs exert their therapeutic effects by block-
ing the binding of cysteinyl leukotrienes (CysLTs) to their receptors (CysLT1 and G
protein-coupled receptor 17), thereby suppressing CysLT-mediated pro-inflammatory
signaling [15]. Several LTRAs have been developed, including montelukast, zafirlu-
kast, ibudilast (approved by the FDA), and pranlukast (approved by Japan), which
have markedly changed the practice of asthma. LTRAs are relatively well-tolerated
and generally safe, they may also cause some adverse events (AEs), among which
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EGPA has attracted much attention. The relationship between LTRAs usage and the subsequent occurrence of EGPA
remains highly polarizing and controversial. Several studies have reported a temporal association between LTRAs admin-
istration and EGPA onset [10,16]. Gramma et al. reviewed the cases of EGPA caused by montelukast reported between
1999 and 2019, identifying montelukast as a frequent trigger of EGPA as an adverse reaction [10]. Paul et al. summarized
the literature on the impact of LTRAs treatment on the development of EGPA in asthma patients, which suggested a close
relation between LTRAs and the occurrence of EGPA development [16]. However, case reports and case-control studies
also supported that LTRAs exhibited an “unmasking” effect, with EGPA observed in asthma patients following reduction/
discontinuation of corticosteroids. LTRAs therapy did not increase the risk of EGPA [17—19]. Moreover, most studies have
focused on investigating the association between montelukast and EGPA, with limited research on other LTRAs. Thus, the
relationship between LTRAs and EGPA is not yet established and requires further investigation.

Since drug-induced EGPA is a rare AE, it is difficult to conduct epidemiologic studies. Spontaneous reporting
systems (SRSs), as important pharmacovigilance tools reflecting the realities of clinical practice, are uniquely
valuable in rare AEs surveillance [20]. The U.S. FDA Adverse Event Reporting System (FAERS), Japanese Adverse
Drug Event Reporting (JADER) database, and Canadian Vigilance Adverse Reaction (CVAR) databases are SRSs
containing a large amount of information on drug use and related AEs, and can detect delayed or rare AEs [21].
Disproportionality analysis is the most widespread method for SRSs analysis, which aims to identify and quantify
the associations between specific drugs and adverse reactions [22]. In reviewing the published literature, there has
been no research that applied disproportionality analysis to explore the association of LTRAs with EGPA in combi-
nation with the FAERS, JADER, and CVAR databases. A pharmacovigilance study examining EGPA associated with
LTRAs in the FAERS database only included data from September 1997 through April 2003 and did not explore the
association of individual LTRA with EGPA [23]. This study aimed to explore the characteristics of EGPA associated
with LTRAs by mining three databases and quantifying the strength of the association between individual LTRA and
EGPA. The pharmacological mechanisms of EGPA induced by LTRAs remain obscure [24]. Network pharmacol-
ogy is a rapidly advancing technology that integrates computer science and bioinformatics to explore drug-target
interactions and signaling pathways. We employed network pharmacology to elucidate the mechanism of action of
LTRAs in EGPA.

2. Materials and methods
2.1 Data source

We extracted data for the period from January 2004 to March 2025 in the FAERS database, from January 2004 to Decem-
ber 2024 in the JADER database and January 1973 to December 2024 in the CVAR database. The FAERS dataset
comprises seven categories of data tables: Demographic Information (DEMO), Drug information (DRUG), Adverse Events
(REAC), Outcome (OUTC), Reporting Sources (RPSR), Drug Administration Start/End Dates (THER), and Indications
(INDI). The JADER database consists of DEMO, DRUG, REAC, and underlying diseases (HIST). The CVAR database
includes 11 categories of data tables. FAERS, JADER, and CVAR are publicly available pharmacovigilance databases
containing fully anonymized and de-identified patient records. Therefore, this study did not require ethical approval or
informed consent. This study followed the Reporting of a Disproportionality analysis for Drug Safety signal detection using
individual case safety reports in PharmacoVigilance (READUS-PV) guidelines (S1 Table). This study complied with the
principles of the Declaration of Helsinki. All analyses used publicly available data, therefore did not require informed con-
sent or ethics approval from an institutional review board.

2.2 Data extraction

Due to the spontaneous nature of data collection, duplicate reports were presented. For the FAERS database,
as recommended by the FDA, we removed duplicate entries in the DEMO table and linked each file via unique
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identification number. Regarding the JADER database, duplicate entries were removed from the DRUG and REAC
tables, and the DEMO table was subsequently linked to these tables using CASEID [25]. In the CVAR database,
after eliminating the duplicate reports, the different data tables were linked using Report_ID [26]. LTRAs consid-
ered for selection were montelukast, zafirlukast, pranlukast, and ibudilast. The generic, trade, and former names
of LTRAs, which were obtained through the DrugBank database (http://www.drugbank.ca) [27], the PubMed data-
base (https://pubmed.nchi.nim.nih.gov/), and the official website of Pharmaceuticals and Medical Devices Agency
(https://www.pmda.go.jp/english/), were used for retrieval in three databases (S2 Table). For precise results, only
AE reports for drugs in the specified categories in the FAERS database designated as principal suspect and desig-
nated as suspect in the JADER and CVAR databases were included. After extracting and standardizing AE reports
related to LTRAs, we mapped them to the preferred terms of the Medical Dictionary for Regulatory Activities (https://
www.meddra.org/).

2.3 Disproportionality analysis

We extracted the clinical characteristics of cases reporting EGPA AEs following the use of LTRAs. These character-
istics included age, gender, weight, reporting year, reporter, reporting country, and outcome for descriptive analysis.
Disproportionality analysis quantified pharmacovigilance signals based on a 2 x 2 contingency table in SRSs (S3
Table). We jointly applied Bayesian and frequency methods to assess disproportionality between LTRAs and EGPA.
The frequency methods comprised the Reporting Odds Ratio (ROR) and Proportional Reporting Ratio (PRR), and
Bayesian methods included the Bayesian Confidence Propagation Neural Network (BCPNN) and Multi-ltem Gamma
Poisson Shrinker (MGPS). Frequency methods demonstrate computational simplicity and high sensitivity, but are
prone to false-positive signals when the number of AEs is small. Bayesian methods effectively adjust for uncertainty
in limited reporting cases, reducing false-positive signals and exhibiting superior performance in rare AE signal
detection [25]. These methods complement each other in the detection of drug safety signals. Consensus across
multiple algorithm thresholds enhances the reliability of analytical conclusions. A positive signal was defined as
meeting all four methodological criteria: (1) lower limit of the 95% confidence interval (Cl) of ROR>1 and the num-
ber of cases 23; (2) the 95% CIl of PRR >2 with corresponding chi-square (x?) value 24; (3) the Information Compo-
nent 2.5th percentile (IC025) >0; and (4) the lower limit of 95% CI of empirical Bayesian geometric mean (EBGMO05)
>2 [28,29]. A larger value indicated a stronger signal of an AE, which suggests that the drug has a stronger correla-
tion with the AE. Additionally, to discern the effect of age, gender, indication, and corticosteroid co-administration
on EGPA after taking LTRAs, we used the four methods to perform subgroup analyses by age, gender, and indica-
tion and co-medication analysis of corticosteroid use. Data were processed and analyzed using Excel 365 (Micro-
soft Corporation, Redmond, USA) and R software (version 4.2.2; R Foundation for Statistical Computing, Vienna,
Austria).

2.4 Time-to-onset analysis (TTO)

TTO was defined as the time interval from the initiation of drug therapy to the development of EGPA toxicity. We applied
the medians, interquartile range, and Weibull shape parameter (WSP) test to evaluate TTO data. The Weibull distribu-
tion test determines the proportional change in the AE rate, indicating the risk of an increase or decrease over time [30].
The Weibull distribution curve is defined by two primary parameters: the scale parameter a (determining the scale of the
distribution function) and the shape parameter 3 (determining the shape of the distribution function). When the shape
parameter $ was<1 and its 95% Cl was <1, the hazard was considered to decrease over time (early failure type); when 3
was equal to or close to 1 and its 95% CI contained the value of 1, the hazard was estimated to remain constant over time
(random failure type); when B was>1 and its 95% CI excluded the value of 1, the hazard was deemed to increase over
time (wear failure type) [31].
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2.5 Network pharmacology analysis: LTRAs-related EGPA network construction

The data required for the comprehensive analysis was obtained from online database platforms [32]. For LTRAs-related
targets, including montelukast, zafirlukast, pranlukast, and ibudilast, we searched the SwissTargetPrediction database
(https://www.swisstargetprediction.ch/), the Comparative Toxicogenomics database (CTD; https://ctdbase.org/), the
Targetnet database (http://targetnet.scbdd.com/home/index/), and the PharmMapper database (https://www.lilab-ecust.
cn/pharmmapper/index.html) to predict possible targets. The EGPA-related genes were identified from differentially
expressed genes (DEGSs) in the row data of GSE144302 (https://www.ncbi.nim.nih.gov/geo/).

The drug-target list and disease-DEG list were submitted to VENN diagram for obtaining overlapping targets (LTRAs-EGPA
genes). The overlapping targets of LTRAs and EGPA were the potential targets that could regulate EGPA. The overlapping tar-
gets were investigated by the STRING website (https://string-db.org/), with a focus on Homo sapiens species with a 0.4 confi-
dence threshold. Then, Cytoscape software was employed to visualize the protein-protein interaction network. In this network,
biological entities (LTRAs-EGPA-related genes) were depicted as nodes, and the interactions between them were represented
as edges. The molecular complex detection (MCODE) algorithm was applied to screen for key cluster [33].

The LTRAs-EGPA genes were analyzed by Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGGQG) for functional enrichment [34]. Through GO analysis of these genes, we identified three categories of cellu-
lar components, biological processes, and molecular functions to investigate the biological characteristics of LTRAs-
associated EGPA genes. Meanwhile, KEGG enrichment analysis was performed to predict potential signaling pathways
that may be implicated in LTRAs-induced EGPA.

3. Results
3.1 Basic characteristics of AE reports

The FAERS, JADER, and CVAR databases recorded 104,037, 1,948, 37,404 LTRAs-related AE cases and 2,509, 466, 237
EGPA-related cases, respectively. These cases included 1,031 LTRAs-related EGPA (FAERS: 822, JADER: 150, CVAR:

61) reports involving montelukast (949 cases, FAERS: 817, JADER: 71, CVAR: 61), pranlukast (75 cases, JADER: 75), and
zafirlukast (9 cases, FAERS: 5, JADER: 4). No reports of EGPA with ibudilast coded as the “principal suspect” drug in the
FAERS database or as a “suspect” drug in the JADER and CVAR databases were identified (Fig 1). Fig 2 presented the char-
acteristics of patients experiencing EGPA AEs associated with LTRAs in the three databases. The highest numbers of LTRAs
associated with EGPA AEs were reported before 2004 and after 2024, whereas the number of reported cases remained stable
in other years (Fig 2a). A higher proportion of EGPA AEs were reported in females in the FAERS and JADER databases,
whereas males predominated in the CVAR database (Fig 2b). The data from the three databases revealed that the highest
proportion of cases was observed in the 18—65 years subgroup, followed by the 265 years subgroup (Fig 2c). Patients with
weight 250 kg exhibited a higher proportion of EGPA cases compared to those <50 kg (Fig 2d). Reports from healthcare pro-
fessionals accounted for a greater proportion of EGPA cases compared to non-healthcare professionals (Fig 2e).

For montelukast, pranlukast, and zafirlukast, the majority of EGPA cases were concentrated in individuals aged 18-65 years
and were reported by physicians (Figs 2c and 2e). For montelukast, most EGPA reports originated from the United States,
followed by the United Kingdom, Japan, and Canada (Fig 2f). Among the 878 case reports that documented outcomes of
montelukast-associated EGPA, severe clinical outcomes were observed in 415 patients, with hospitalization being the most
frequently reported outcome (Fig 2g). For pranlukast, all EGPA reports were derived from Japan. Clinical outcomes were doc-
umented in 58 pranlukast-related EGPA, of whom 23 recovered, while 16 experienced unrecovered or sequelae (Fig 2h).

3.2 Disproportionality analysis

ROR, PRR, EBGM, and IC for LTRAs-associated EGPA AEs were calculated for all databases. Data mining algorithms
(the lower limit of 95% CI for ROR>1, PRR>2 with x? values 24, EBGM05>2, and I1C025>0) demonstrated that the
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(1973-2024)

DRUG
(n=70,002,318)

DEMO
(n=19,026,509)

DRUG
(n=4,759,612)

DEMO
(n=965,285)

REAC
(n=1,595,285)

DRUG
(n=5,020,281)

DEMO
(n=1,129,433)

REAC
(n=56,998,675)

REAC
(n=4,434,509)

AE reports of
LTRAs as the
PS (n=104,037)

AE reports of
LTRAs as the
Suspect (n=37,404)

AE reports of
EPGA
(n=237)

AE reports of
LTRAs as the
Suspect (n=1,948)

AE reports of
EPGA
(n=446)

EPGA reports of LTRAs as
the Suspect (n=150)

AE reports of
EPGA (n=2509)

[ EPGA reports of LTRAs as
the Suspect (n=61)

EPGA reports of LTRAs as
the PS (n=822)

Montelukast (n=949), Pranlukast (n=75), Zafirlukast (n=9)

Fig 1. Flowchart of EGPA adverse event reports identified from the FAERS, JADER, and CVAR databases with LTRAs. FAERS, Food and Drug
Administration Adverse Event Reporting System; JADER, Japanese Adverse Drug Event Reporting; CVAR, Canadian Vigilance Adverse Reaction;
LTRAs, leukotriene receptor antagonists; EGPA, eosinophilic granulomatosis with polyangiitis; DEMO, demographic information table; DRUG, drug infor-
mation table; AE, adverse event; REAC, adverse events table; PS, primary suspect drug.

https://doi.org/10.1371/journal.pone.0343084.9001

LTRAs exhibited a strong association with EGPA in three databases. Individual LTRA agents, including montelukast, pran-
lukast, and zafirlukast, also demonstrated strong correlations with EGPA (Table 1).

The descriptive values of the subgroup analysis determined whether montelukast/pranlukast were associated with EGPA
(Table 2). The reports were gathered based on patient demographics (gender, age, and indication). Age was stratified by placing
the study population into two distinct groups: <65 and 265 years. For montelukast/pranlukast-associated EGPA, the age subset
analysis demonstrated that compared to the <65 years, the 265 years had higher signal strength. Among the indication-based
groups, which were stratified into asthma and other indications (e.g., rhinitis, hypersensitivity, hypertension, chronic obstructive
pulmonary disease), other indications demonstrated a higher signal strength than asthma for montelukast/pranlukast-associated
EGPA. For montelukast-associated EGPA, the gender subset analysis revealed that females had a stronger signal intensity than
males in the FAERS and JADER databases, while the signal intensity was stronger for males in the CVAR database. The gender
subset analysis demonstrated that males had the greater signal strength for pranlukast-associated EGPA.

The top 10 medications most frequently co-administered with montelukast were selected from three databases. As
shown in Fig 3, prednisone, fluticasone, budesonide, and salmeterol were consistently reported across all three data-
bases. Among montelukast-associated EGPA AEs documented in the FAERS database, 64, 198, and 94 cases involved
concomitant use with prednisone, fluticasone, and budesonide, respectively. The combination with corticosteroid did not
enhance the signal strength of EGPA associated with montelukast (Table 3). After sequential exclusion of these concomi-
tant medications, disproportionality analysis revealed that montelukast maintained a statistically significant correlation with
EGPA (the lower limit of 95% CI for ROR>1, PRR>2 with x2? values 24, EBGM05>2, and 1C025>0).

3.3 TTO

Among the EGPA toxicity AE reports associated with LTRAs, including montelukast, pranlukast, and zafirlukast, time-to-
onset data were available for 316 reports. The median time-to-onset of EGPA associated with LTRAs was 233 (range:

PLOS One | https://doi.org/10.1371/journal.pone.0343084 March 9, 2026 6/17



https://doi.org/10.1371/journal.pone.0343084.g001

g —e— FAERS
&

:é —o—JADER
2

2 == CVAR
]

=z

N O e e DO
L 2 . . . 4

Reporting year

b , c d e

100% 100%
90% 90%
80% 80%
70% 70%
60% 60%
50% 50%
40% 40%
30% 30%
20% 20%
10% 10%

& &

0% 0%
S S & & S O ey & & S S S
R S g I I & S & A A G
<! b & S § < » © S < R & S < R ¢ & &
S <® S & ¥ & & v & <
H Female W Male ® Unknown <18 W 18-65 W 265 W Unknown B <50kg H 250kg @ Unknown B NHP ® Pharmacist ® Physician 8 OHP ® Unknown
m Canada
= Japan m NO Serious
= Netherlands m Death u sequelae
m United Kingdom N  recovery
- u United States o Disability i
® Germany Hospitalization u partial recovery
® France Life-Threatening ® unrecovered
/ Hungary Other = unknown
= Others
= Unkown

Fig 2. Basic information of LTRAs associated with EGPA toxicity. (a) The number of annual adverse reaction reports. (b) The gender distribution of
the patients. (c) The age distribution of the patients. (d) The weight distribution of the patients. (e) The occupational distribution of the reporter. (f) The
top 8 countries with the largest number of montelukast-related EGPA reports. (g) The outcome distribution of montelukast-related EGPA in patients. (h)
The outcome distribution of pranlukast-related EGPA in patients. Note: Fig 2 contains only statistical data visualizations and does not include any patient
imaging or re-imaging data. LTRAs, leukotriene receptor antagonists; EGPA, eosinophilic granulomatosis with polyangiitis; FAERS, Food and Drug
Administration Adverse Event Reporting System; JADER, Japanese Adverse Drug Event Reporting; CVAR, Canadian Vigilance Adverse Reaction; NHP,
non-health professional; OHP, other health professional.

https://doi.org/10.1371/journal.pone.0343084.9002

76-660) days. In the WSP test, the lower limit of 95% CI of the shape parameter was <1, suggesting an early failure type
curve profile. For each LTRA, time-to-onset data were available for 284 EGPA-toxicity AE reports associated with montelu-
kast and 27 associated with pranlukast. The median time-to-onset of EGPA associated with montelukast and pranlukast
was 244 days (range: 76—679) and 150 days (range: 44—292), respectively. In the WSP tests for montelukast and pranlu-
kast, the lower limit of 95% CI for the shape parameter was also <1, suggesting an early failure type curve. Results of the
WSP test and histograms of the incidence were displayed in Table 4 and Fig 4.
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Table 1. Results of disproportionality analysis of LTRAs-associated EGPA.

Database Drugs n ROR (95%Cl) PRR (x) EBGM (EBGMO05) IC (IC025)
FAERS LTRAs 822 268.58 (247.04-292.00) 266.46 (146177.12) 179.49 (167.37) 7.49 (7.37)
Montelukast 817 269.07 (247.46-292.57) 266.94 (145981.97) 180.34 (168.14) 7.49 (7.38)
Zafirlukast 5 102.07 (42.36-245.93) 101.62 (497.17) 101.42 (48.59) 6.66 (5.48)
JADER LTRAs 150 449.22 (367.12-549.67) 414.70 (41096.89) 275.56 (232.75) 8.11 (6.43)
Montelukast 71 280.44 (216.10-363.94) 263.14 (15594.04) 221.41(178.03) 7.79 (6.12)
Zafirlukast 4 465.57 (163.66-1324.43) 412.48 (1627.64) 408.79 (170.44) 8.68 (6.94)
Pranlukast 75 545.33 (420.09-707.90) 484.03 (30081.22) 402.80 (323.80) 8.65 (6.98)
CVAR Montelukast 61 40.81 (30.49-54.61) 40.74 (1756.30) 30.51 (23.91) 4.93 (3.26)

FAERS, Food and Drug Administration Adverse Event Reporting System; JADER, Japanese Adverse Drug Event Reporting; CVAR, Canadian Vigilance
Adverse Reaction; LTRAs, leukotriene receptor antagonists; EGPA, eosinophilic granulomatosis with polyangiitis; ROR, reporting odds ratio; Cl, confi-
dence interval; PRR, proportional reporting ratio; x2, chi-squared; EBGM, Empirical Bayes Geometric Mean; EBGMO05, lower limit of 95% Cl of EBGM;
IC, information component; IC025: Information Component 2.5th percentile.

https://doi.org/10.1371/journal.pone.0343084.t001

3.4 LTRAs-related EGFA network construction

After deduplication of the databases, we identified 553 target genes linked to LTRAs, along with 3,555 genes linked to
EGPA (S4 Table). By intersecting these genes, we separated 81 interacting target genes that represented the intersection
of LTRAs target genes and EGPA-related genes (S1 Fig). We conducted protein-protein interaction predictions for these
intersecting genes via the String database (Fig 5a). Upon the MCODE algorithm, a key cluster of the interaction was iden-
tified, including SRC, PTGS2, EDN1, HMOX1, KDR, and OCLN, revealing their centrality within the network (Fig 5b).

KEGG analysis of LTRAs-EGPA genes was shown in Fig 5¢c. We focused on the top 20 pathways for comprehensive
mapping. The analysis revealed that genes interacting with LTRAs-EGPA were enriched in different pathways, particularly
VEGEF signaling pathway, renin secretion, and drug metabolism. These findings suggested that LTRAs may be involved in
the development of EGPA by regulating these pathways. The GO analysis results of the LTRAs-EGPA genes were pre-
sented in S2 Fig. The biological process category of GO exhibited enrichment in vascular processes in circulatory system
and muscular systems. The cellular component category was enriched in membrane raft and membrane microdomain.
The molecular function category showed enrichment in amide binding oxidoreductase activity and acting on the CH-OH
group of donors, NAD or NADP as acceptor.

4. Discussion

EGPA is a rare yet resource-intensive systemic immune-mediated disorder that can be triggered by a variety of factors,
among which drug-induced cases warrant particular attention. Although many studies have investigated the potential
association between LTRAs and the risk of EGPA, existing findings remain controversial. Notably, the majority of reported
cases have focused exclusively on montelukast, with little attention paid to other LTRAs. Our study is the first to employ
disproportionality analysis to comprehensively reveal the correlation between several LTRAs and EGPA risk by combined
with three large-scale datasets from the FAERS, JADER, and CVAR databases. Four algorithms consistently demon-
strated that LTRAs, including montelukast, zafirlukast, and pranlukast, exhibited a strong association with EGPA in three
databases. Individual LTRA agents, including montelukast, pranlukast, and zafirlukast, also demonstrated strong links
with EGPA. Furthermore, after excluding corticosteroids as concomitant medication, montelukast maintained significantly
associated with EGPA. To better understand the toxicological mechanisms of LTRAs-associated EGPA AEs, we curated
drug-gene interactions from public databases. By searching for key cluster of LTRAs-associated EGPA genes, we finally
identified these key genes, including SRC, PTGS2, EDN1, HMOX1, KDR, and OCLN, suggesting that they play important
roles in mediating the interaction between LTRAs and EGPA pathways.
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Table 2. Results of subgroup disproportionality analysis of montelukast/pranlukast-associated EGPA based on gender, age, and indication.

Montelukast

A. Gender

Database n ROR (95%Cl) PRR (x?) EBGM (EBGMO05) IC (1C025)

FAERS Female 415 397.26 (350.21-450.63) 394.40 (95269.10) 231.14 (208.00) 7.85 (7.68)
Male 290 216.60 (188.79-248.51) 214.93 (43554.00) 151.88 (135.38) 7.25 (7.05)

JADER Female 42 340.17 (240.18-481.79) 316.66 (10575.71) 253.53 (189.47) 7.99 (6.30)
Male 29 303.06 (201.73-455.28) 285.75 (6919.29) 240.38 (171.00) 7.91 (6.22)

CVAR Female 24 31.89 (20.22-50.31) 31.87 (553.54) 24.81 (16.95) 4.63 (2.94)
Male 34 49.27 (33.23-73.05) 49.13 (1170.51) 36.14 (25.99) 5.18 (3.49)

B. Age

Database n ROR (95%Cl) PRR (x?) EBGM (EBGMO05) IC (1C025)

FAERS <65 459 264.26 (234.23-298.14) 262.45 (69025.16) 151.95 (137.36) 7.25(7.09)
>65 142 419.88 (346.24-509.18) 414.43 (43022.65) 304.70 (259.29) 8.25 (7.98)

JADER <65 52 343.80 (251.43-470.12) 313.44 (13191.79) 255.41 (196.58) 8.00 (6.32)
265 18 560.91 (328.48-957.79) 529.11 (7406.34) 413.19 (264.06) 8.69 (6.99)

CVAR <65 21 25.71 (15.97-41.38) 25.68 (402.23) 20.93 (14.05) 4.39 (2.70)
265 28 56.45 (36.03-88.44) 56.29 (1036.79) 38.70 (26.58) 5.27 (3.58)

C. Indication

Database n ROR (95%Cl) PRR (x?) EBGM (EBGMO05) IC (1C025)

FAERS Asthma 566 14.11 (12.66-15.72) 13.97 (3961.59) 8.53 (7.79) 3.09 (2.95)
Others 251 328.87 (285.90-378.31) 327.13 (63950.96) 256.56 (228.19) 8.00 (7.80)

JADER Asthma 53 12.23 (8.92-16.75) 11.19 (393.42) 9.07 (6.97) 3.18 (1.50)
Others 8 246.26 (119.07-509.32) 240.79 (1774.08) 223.66 (121.76) 7.81(6.11)

Pranlukast

A. Gender

Database n ROR (95%Cl) PRR (x?) EBGM (EBGMO05) IC (1C025)

JADER Female 41 544.53 (380.96-778.31) 486.04 (15993.74) 391.79 (290.57) 8.61 (6.93)
Male 34 715.36 (482.78-1059.99) 628.31 (17320.5) 511.12 (367.81) 9.00 (7.31)

B. Age

Database n ROR (95%Cl) PRR (x?) EBGM (EBGMO05) IC (1C025)

JADER <65 59 731.74 (537.18-996.76) 609.26 (28315.51) 481.55 (371.81) 8.91 (7.23)
265 14 1204.01 (656.1-2209.47) 1058.82 (12271.13) 878.22 (528.43) 9.78 (8.06)

C. Indication

Database n ROR (95%Cl) PRR (x?) EBGM (EBGMO05) IC (1C025)

JADER Asthma 64 37.12 (27.16-50.74) 29.01 (1309.69) 21.98 (16.92) 4.46 (2.77)
Others 6 243.71 (106.12-559.69) 238.26 (1341.77) 225.55 (112.49) 7.82 (6.12)

FAERS, Food and Drug Administration Adverse Event Reporting System; JADER, Japanese Adverse Drug Event Reporting; CVAR, Canadian Vigilance
Adverse Reaction; EGPA, eosinophilic granulomatosis with polyangiitis; ROR, reporting odds ratio; Cl, confidence interval; PRR, proportional reporting
ratio; x?, chi-squared; EBGM, Empirical Bayes Geometric Mean; EBGMO0S5, lower limit of 95% CI| of EBGM; IC, information component; IC025: Informa-

tion Component 2.5th percentile.

https://doi.org/10.1371/journal.pone.0343084.t002

Following the introduction of LTRAs into asthma management, the association between LTRAs and EGPA was reported
[14,18]. As LTRAs have gradually become an integral component of asthma treatment, increasing attention has been
directed toward determining whether a genuine correlation exist between LTRAs and EGPA. Consistent with the major-
ity of previous findings, our study demonstrated that LTRAs exhibited significant signs of EGPA toxicity, irrespective of
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Fig 3. The top 10 medications most frequently co-administered with montelukast-associated EGPA in the FAERS, JADER, and CVAR data-
bases. FAERS, Food and Drug Administration Adverse Event Reporting System; JADER, Japanese Adverse Drug Event Reporting; CVAR, Canadian
Vigilance Adverse Reaction; EGPA, eosinophilic granulomatosis with polyangiitis.
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Table 3. Results of co-medication disproportionality analysis of montelukast-associated EGPA in the FAERS database.

A. Concomitant drugs

n ROR (95%Cl) PRR (x?) EBGM (EBGMO05) IC (IC025)
Prednisone 64 140.53 (109.56-180.25) 139.69 (8587.25) 136.14 (106.14) 7.09 (5.10)
Fluticasone 198 259.41 (224.20-300.15) 256.73 (46440.73) 236.46 (204.36) 7.89 (6.55)
Budesonide 94 161.65 (131.46-198.78) 160.56 (14344.82) 154.55 (125.69) 7.27 (5.58)
B. Removal of cases with concomitant drugs

n ROR (95%Cl) PRR (x?) EBGM (EBGMO05) IC (1C025)
Prednisone removed 753 267.52 (245.55-291.46) 265.34 (138530.43) 185.66 (170.41) 7.54 (7.10)
Fluticasone removed 619 224.42 (204.88-245.82) 222.77 (102800.01) 167.82 (153.21) 7.39 (6.92)
Budesonide removed 723 261.42 (239.71-285.11) 259.31 (132197.52) 184.55 (169.22) 7.53 (7.08)

FAERS, Food and Drug Administration Adverse Event Reporting System; EGPA, eosinophilic granulomatosis with polyangiitis; ROR, reporting odds
ratio; Cl, confidence interval; PRR, proportional reporting ratio; x?, chi-squared; EBGM, Empirical Bayes Geometric Mean; EBGMO5, lower limit of 95%
Cl of EBGM,; IC, information component; IC025: Information Component 2.5th percentile

https://doi.org/10.1371/journal.pone.0343084.t003

the specific LTRA administered. Nathani et al. identified 62 cases of EGPA following LTRAs therapy through systematic
literature retrieval (montelukast:29, zafirlukast:17, pranlukast:16). Evaluation based on the Hill criteria for strength of
causality suggested that a potential causal relationship between LTRAs and EGPA [35]. A case-crossover study revealed
a 4.5-fold increased risk of EGPA onset within the first three months of montelukast treatment [36]. However, both stud-
ies emphasized the rarity of EGPA, making it difficult to detect significant associations in statistical tests. Subsequently,
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Table 4. Weibull shape parameter test for EGPA associated with LTRAs.

Case reports Median (d) (25%-75%) Scale parameter: Shape parameter: Type
a (95% ClI) B (95% CI)
LTRAs 316 233 (76-660) 391.08 (331.19-450.97) 0.76 (0.69-0.82) early failure
Montelukast 284 244 (76-679) 407.26 (341.82-472.71) 0.76 (0.69-0.83) early failure
Pranlukast 27 150 (44-292) 254.86 (120.84-388.88) 0.75 (0.53-0.98) early failure
Cl, confidence interval; d, days; LTRAs, leukotriene receptor antagonists; EGPA, eosinophilic granulomatosis with polyangiitis.
https://doi.org/10.1371/journal.pone.0343084.t004
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Fig 4. Histogram of EGPA associated with LTRAs. (a) LTRAs, including montelukast, pranlukast, and zafirlukast; (b) montelukast; (c) pranlukast.
LTRAs, leukotriene receptor antagonists; EGPA, eosinophilic granulomatosis with polyangiitis.

https://doi.org/10.1371/journal.pone.0343084.9004

several cases of EGPA induced by montelukast were reported [24,37,38]. At the same time, the EGPA had progressed not
only with montelukast but also with zafirlukast and pranlukast [16]. Two recent systematic studies of cases also reported a
potential causal link between LTRAs and EGPA [10,16]. The summary of product characteristics for montelukast, zafir-
lukast, and pranlukast specifically highlighted that LTRAs may cause eosinophilia, particularly Churg-Strauss syndrome.
Therefore, our study considered that EGPA may be associated with all LTRA-class medications.

There have been some case reports supporting the absence of a direct causal relationship between montelukast
and EGPA, as EGPA was observed in asthma patients only after reducing or discontinuing oral corticosteroids [17—19].
To elucidate the independent effects of LTRAs, Guisti Del Giardino et al. compared the characteristics of patients with
and without LTRAs exposure. None of the patients in the LTRAs-exposed group had a history of oral corticosteroid use,
suggesting that steroid withdrawal was not a critical factor in the development of EGPA [39]. Among the 8 patients treated
with pranlukast reported by Shimbo et al., 3 had never received corticosteroid therapy before the onset of EGPA [40].
Approximately 30%-40% of EGPA patients tested positive for anti-neutrophil cytoplasmic antibodies, and a single-center
retrospective study by Schroeder et al. demonstrated that a significant correlation between LTRAs exposure and anti-
neutrophil cytoplasmic antibodies positivity in EGPA patients [41]. Alexander et al. performed a literature review of cases
of EGPA treated with montelukast in patients who had not previously used oral corticosteroids, supplemented by two
self-reported cases, finding a clear causal relationship between montelukast and the occurrence of systemic EGPA with
eosinophilia [42]. In our study, montelukast remained significantly correlated with EGPA regardless of concomitant cortico-
steroids use or exclusion. Regrettably, due to the limited number of EGPA-related AEs reported for pranlukast and zafirlu-
kast, the impact of corticosteroids could not be further evaluated. In subsequent studies, we will progressively follow up on
relevant pharmacovigilance data to clarify the effects.
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Fig 5. Results of gene interaction network analysis of LTRAs-associated EGPA. Protein-protein interaction network of LTRAs-associated EGPA
genes presented by Cytoscape. (b) Key cluster genes based on the MCODE algorithm. (c) KEGG pathway enrichment analysis of LTRAs-associated
EGPA genes LTRAs, leukotriene receptor antagonists; EGPA, eosinophilic granulomatosis with polyangiitis; MCODE, molecular complex detection;
KEGG, Kyoto Encyclopedia of Genes and Genomes.

https://doi.org/10.1371/journal.pone.0343084.9005
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Meanwhile, subgroup analyses of montelukast and pranlukast users indicated that EGPA toxicity exerted significant
effects across all age groups, genders, and indications, particularly in patients aged 265 years and those with non-asthma
indications. These patients often lack systematic monitoring and had comorbidities, which can readily mask EGPA symp-
toms. Heightened vigilance for EGPA toxicity is warranted. TTO results indicated that the median time to onset for mon-
telukast and pranlukast was 244 days and 150 days, respectively. The study by Alexander et al. also reported that the
majority of patients (18/26) developed EGPA within 1 year of starting montelukast therapy [42]. In the 8 patients reported
by Shimbo et al., the onset of EGPA occurred within 1 and 6 months after the initiation of pranlukast administration [40].
Moreover, WSP analysis revealed that LTRAs-related EGPA events were characterized by an early failure type, suggest-
ing that the risk progressively decreases over time. The initial phase of LTRAs treatment represents a high-risk window
for the occurrence of EGPA, necessitating proactive screening, intensified monitoring, and preemptive rapid contingency
protocols.

The network pharmacology approach indicated important insights into the potential mechanisms of LTRAs-induced
EGPA. The protein encodes by the PTGS2 gene, cyclooxygenase-2, which catalyzes prostaglandin E2 synthesis,
mediates inflammatory responses, and regulates vascular permeability [43]. KDR encodes vascular endothelial growth
factor receptor 2, playing a pivotal role in angiogenesis, vascular development, and vascular permeability [44]. SRC
kinase is extensively involved in biological processes such as cell proliferation, cytoskeletal reorganization, and OCLN
is a critical component of tight junctions, maintaining epithelial barrier function [45,46]. EDN1 encodes endothelin-1,

a potent vasoconstrictor that has a strong effect on vascular tone and vascular smooth muscle cell proliferation,

while HMOX1 regulates vascular cell proliferation in a cell-specific manner [47,48]. LTRAs suppress inflammation by
blocking leukotriene activity. Leukotrienes, prostaglandins, and other inflammatory mediators interact intricately within
inflammatory networks [49]. EGPA is also a vasculitis characterized by damage and destruction of blood vessels and
tissue barriers, as well as abnormal angiogenesis. LTRAs exert their effects by targeting CysLT1 receptors in pulmo-
nary tissues, blocking the actions of leukotriene C4 and D4. This leads to an overall increase in circulating leukot-
rienes, which subsequently act on uninhibited CysLT2 receptors predominantly distributed within the vascular system
[50]. The impact of LTRAs on inflammatory mediators or cytokines may indirectly modulate the vascular endothelial
microenvironment and inflammation-associated pathways mediated by genes such as SRC, PTGS2, EDN1, HMOX1,
KDR, and OCLN, ultimately influencing the pathophysiological progression of EGPA [51-53]. In our study, KEGG
analysis demonstrated that LTRAs-EGPA genes were enriched in the VEGF and drug metabolism signaling pathways,
and the biological process category of GO exhibited enrichment in vascular processes in circulatory system. Through
these key genes, we conjectured that the vascular endothelial microenvironment, VEGF pathway, and inflammation
may be the possible mechanisms of EGPA-induced LTRAs.

Our study has several limitations. First, although the three databases encompass millions of AE reports, they are SRSs
with inherent limitations, which do not provide exact records of drug dosage changes or tapering regimens, prior medi-
cation history, disease severity, detailed comorbidity data, steroid intolerance or comorbid allergic conditions of patients
in a structured or comprehensive manner. Second, the anonymous, voluntary nature of SRSs makes them susceptible
to under-reporting, duplicate reports, incomplete data, and reporting bias. To mitigate these limitations, we utilized three
large-sample databases and four data mining algorithms for cross-validation. Disproportionality analyses were restricted
to AE reports in which LTRAs were coded as “principal suspect” or “suspect” drugs to minimize dilution effects from con-
comitant medications. A co-medication analysis of corticosteroid use was performed to minimize confounding by steroid
therapy. Analyses stratified by age, gender, and indication were conducted to demonstrate that the findings were not
driven by a single demographic characteristic or indication cluster. Despite our attempts to mitigate these biases, residual
confounding cannot be fully eliminated. The observed association may still overestimate the true causal effect of LTRAs
on EGPA. Disproportionality analysis can also only assess signal strength, neither establishing causality nor quantifying
real-world risks. Therefore, the findings of this study cannot establish causality or quantify the independent contribution of
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LTRAs. Further validation is required through longitudinal prescription databases or prospective pharmacovigilance cohort
studies. Third, this study preliminarily explored the potential targets and mechanisms of the development of EGPA caused
by LTRAs using network pharmacology approach. Further validation through cellular or animal experiments is required to
elucidate the actual roles of vascular endothelial microenvironment, the VEGF pathway, and inflammatory responses in
LTRAs-induced EGPA.

5. Conclusion

Given the rapid increase in LTRAs use worldwide, EGPA needs to be examined in multiple large spontaneous AE report-
ing databases to understand the relationship between LTRAs use and EGPA AEs. Our study applied real-world data from
the FAERS, JADER, and CVAR databases to measure the risk of EGPA among several LTRAs through time of onset and
disproportionality analysis. LTRAs, including montelukast, zafirlukast, and pranlukast, were found to correlate with EGPA
toxicity. Individual LTRA agents, including montelukast, pranlukast and zafirlukast, showed the same significant associa-
tion. After excluding corticosteroids as concomitant medication, montelukast remained significantly associated with EGPA.
Potential mechanisms by which LTRAs contribute to EGPA were revealed by pharmacogenetic network analysis, and cen-
tral genes were highlighted. With the central genes, we hypothesized that vascular endothelial microenvironment, VEGF
pathway and inflammation may be the possible mechanisms by which LTRAs induce EGPA. The results of this study will
have a positive impact on medication safety for patients using LTRAs, which may inform clinical decision-making and the
safety-efficacy assessment of LTRA therapy.

Supporting information

S1 Table. Checklist of READUS-PV guidelines for reporting disproportionality analyses.
(DOCX)

S2 Table. The generic, trade, and former names of leukotriene receptor antagonists.
(DOCX)

S3 Table. Formulas for the 4 algorithms in disproportionality analysis.
(DOCX)

S4 Table. Related targets of LTRAs from different databases.
(DOCX)

S1 Fig. Intersection of EGPA-related genes and LTRAs-related genes. LTRAs, leukotriene receptor antagonists;
EGPA, eosinophilic granulomatosis with polyangiitis.
(TIF)

S2 Fig. GO analysis of the LTRAs-EGPA genes. LTRAs, leukotriene receptor antagonists; EGPA, eosinophilic granu-
lomatosis with polyangiitis; GO, Gene Ontology; CC, cellular components; BP, biological processes; MF, and molecular
functions; AC—M G protein—CR pathway, adenylate cyclase—modulating G protein—coupled receptor signaling pathway;
OA, AO CH-0OH GD, NAD or NADP as acceptor, oxidoreductase activity, acting on the CH-OH group of donors, NAD or
NADP as acceptor.

(TIF)

Acknowledgments
We want to acknowledge the participants and investigators of the GEO, FAERS, JADER, CVAR database.

PLOS One | https://doi.org/10.137 1/journal.pone.0343084 March 9, 2026 14 /17



http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0343084.s001
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0343084.s002
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0343084.s003
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0343084.s004
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0343084.s005
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0343084.s006

PLO\Sﬁ\\.- One

Author contributions

Conceptualization: Cuilv Liang, Yin Zhang.

Data curation: Cuilv Liang.

Formal analysis: Cuilv Liang.

Investigation: Cuilv Liang.

Methodology: Cuilv Liang.

Project administration: Yin Zhang.

Software: Cuilv Liang, Pingping Zhuo.

Supervision: Pingping Zhuo, Yin Zhang.

Writing — original draft: Cuilv Liang.

Writing — review & editing: Cuilv Liang, Pingping Zhuo, Yin Zhang.

References

1.

10.

1.

12.

13.

14.

15.

White J, Dubey S. Eosinophilic granulomatosis with polyangiitis: a review. Autoimmun Rev. 2023;22(1):103219. https://doi.org/10.1016/j.
autrev.2022.103219 PMID: 36283646

Trivioli G, Terrier B, Vaglio A. Eosinophilic granulomatosis with polyangiitis: understanding the disease and its management. Rheumatology
(Oxford). 2020;59(Suppl 3):iii84—94. https://doi.org/10.1093/rheumatology/kez570 PMID: 32348510

Jakes RW, Kwon N, Nordstrom B, Goulding R, Fahrbach K, Tarpey J, et al. Burden of iliness associated with eosinophilic granulomatosis with
polyangiitis: a systematic literature review and meta-analysis. Clin Rheumatol. 2021;40(12):4829-36. https://doi.org/10.1007/s10067-021-05783-8
PMID: 34159493

Vega Villanueva KL, Espinoza LR. Eosinophilic vasculitis. Curr Rheumatol Rep. 2020;22(1):5. https://doi.org/10.1007/s11926-020-0881-2 PMID:
31927633

Sada K-E, Kojo Y, Fairburn-Beech J, Sato K, Akiyama S, Van Dyke MK, et al. The prevalence, burden of disease, and healthcare utilization of
patients with eosinophilic granulomatosis with polyangiitis in Japan: a retrospective, descriptive cohort claims database study. Mod Rheumatol.
2022;32(2):380-6. https://doi.org/10.1093/mr/roab007 PMID: 34894250

Lyons PA, Peters JE, Alberici F, Liley J, Coulson RMR, Astle W, et al. Genome-wide association study of eosinophilic granulomatosis with
polyangiitis reveals genomic loci stratified by ANCA status. Nat Commun. 2019;10(1):5120. https://doi.org/10.1038/s41467-019-12515-9 PMID:
31719529

Wieczorek S, Hellmich B, Arning L, Moosig F, Lamprecht P, Gross WL, et al. Functionally relevant variations of the interleukin-10 gene asso-
ciated with antineutrophil cytoplasmic antibody-negative Churg-Strauss syndrome, but not with Wegener’s granulomatosis. Arthritis Rheum.
2008;58(6):1839—48. https://doi.org/10.1002/art.23496 PMID: 18512809

Vaglio A, Buzio C, Zwerina J. Eosinophilic granulomatosis with polyangiitis (Churg-Strauss): state of the art. Allergy. 2013;68(3):261-73. https://doi.
org/10.1111/all.12088 PMID: 23330816

Gomez-Puerta JA, Gedmintas L, Costenbader KH. The association between silica exposure and development of ANCA-associated vasculitis:
systematic review and meta-analysis. Autoimmun Rev. 2013;12(12):1129-35. https://doi.org/10.1016/j.autrev.2013.06.016 PMID: 23820041
Grama P, Ureche C, Zah CA, Buzoianu AD, Bocsan IC. Eosinophilic granulomatosis with polyangiitis induced by montelukast. Acta Clin Croat.
2024;63(1):45-54. https://doi.org/10.20471/acc.2024.63.01.6 PMID: 39959324

Yamaki Y, Hayashi D, Honda K, Imai H, Takada H. A case of omalizumab-associated eosinophilic granulomatosis with polyangiitis. Pediatr Int.
2021;63(9):1119-21. https://doi.org/10.1111/ped.14540 PMID: 34170601

Roux M, Fabre M. Macrolide-induced churg-strauss syndrome. Eur J Intern Med. 2004;15(7):474. https://doi.org/10.1016/j.ejim.2004.07.008 PMID:
15581757

Mouthon L, Dunogue B, Guillevin L. Diagnosis and classification of eosinophilic granulomatosis with polyangiitis (formerly named Churg-Strauss
syndrome). J Autoimmun. 2014;48-49:99—103. https://doi.org/10.1016/j.jaut.2014.01.018 PMID: 24530234

Drazen JM, Israel E, O’'Byrne PM. Treatment of asthma with drugs modifying the leukotriene pathway. N Engl J Med. 1999;340(3):197-206. https://
doi.org/10.1056/NEJM199901213400306 PMID: 9895400

Xiong LY, Ouk M, Wu C-Y, Rabin JS, Lanct6t KL, Herrmann N, et al. Leukotriene receptor antagonist use and cognitive decline in normal cognition,
mild cognitive impairment, and Alzheimer’s dementia. Alzheimers Res Ther. 2021;13(1):147. https://doi.org/10.1186/s13195-021-00892-7 PMID:
34479635

PLOS One | https://doi.org/10.1371/journal.pone.0343084 March 9, 2026 15717



https://doi.org/10.1016/j.autrev.2022.103219
https://doi.org/10.1016/j.autrev.2022.103219
http://www.ncbi.nlm.nih.gov/pubmed/36283646
https://doi.org/10.1093/rheumatology/kez570
http://www.ncbi.nlm.nih.gov/pubmed/32348510
https://doi.org/10.1007/s10067-021-05783-8
http://www.ncbi.nlm.nih.gov/pubmed/34159493
https://doi.org/10.1007/s11926-020-0881-2
http://www.ncbi.nlm.nih.gov/pubmed/31927633
https://doi.org/10.1093/mr/roab007
http://www.ncbi.nlm.nih.gov/pubmed/34894250
https://doi.org/10.1038/s41467-019-12515-9
http://www.ncbi.nlm.nih.gov/pubmed/31719529
https://doi.org/10.1002/art.23496
http://www.ncbi.nlm.nih.gov/pubmed/18512809
https://doi.org/10.1111/all.12088
https://doi.org/10.1111/all.12088
http://www.ncbi.nlm.nih.gov/pubmed/23330816
https://doi.org/10.1016/j.autrev.2013.06.016
http://www.ncbi.nlm.nih.gov/pubmed/23820041
https://doi.org/10.20471/acc.2024.63.01.6
http://www.ncbi.nlm.nih.gov/pubmed/39959324
https://doi.org/10.1111/ped.14540
http://www.ncbi.nlm.nih.gov/pubmed/34170601
https://doi.org/10.1016/j.ejim.2004.07.008
http://www.ncbi.nlm.nih.gov/pubmed/15581757
https://doi.org/10.1016/j.jaut.2014.01.018
http://www.ncbi.nlm.nih.gov/pubmed/24530234
https://doi.org/10.1056/NEJM199901213400306
https://doi.org/10.1056/NEJM199901213400306
http://www.ncbi.nlm.nih.gov/pubmed/9895400
https://doi.org/10.1186/s13195-021-00892-7
http://www.ncbi.nlm.nih.gov/pubmed/34479635

PLO\Sﬁ\\.- One

16. Paul S, Yakkali S, Teresa Selvin S, Thomas S, Bikeyeva V, Abdullah A, et al. Is leukotriene receptor antagonist the direct cause of churg-strauss
syndrome in asthmatic patients?. Cureus. 2022;14(8):e28018. https://doi.org/10.7759/cureus.28018 PMID: 36120237

17. Harrold LR, Patterson MK, Andrade SE, Dube T, Go AS, Buist AS, et al. Asthma drug use and the development of Churg-Strauss syndrome (CSS).
Pharmacoepidemiol Drug Saf. 2007;16(6):620—6. https://doi.org/10.1002/pds.1353 PMID: 17192840

18. Wechsler ME, Finn D, Gunawardena D, Westlake R, Barker A, Haranath SP, et al. Churg-Strauss syndrome in patients receiving montelukast as
treatment for asthma. Chest. 2000;117(3):708-13. https://doi.org/10.1378/chest.117.3.708 PMID: 10712995

19. Cuchacovich R, Justiniano M, Espinoza LR. Churg-Strauss syndrome associated with leukotriene receptor antagonists (LTRA). Clin Rheumatol.
2007;26(10):1769-71. https://doi.org/10.1007/s10067-006-0510-0 PMID: 17256102

20. LiW,YuY,LiM, Fang Q, Jin X, Lin H, et al. Identification of novel signal of proton pump inhibitor-associated drug reaction with eosinophilia and
systemic symptoms: a disproportionality analysis. Int J Clin Pharm. 2024; 46(6): 1381-90. https://doi.org/10.1007/s11096-024-01778-y

21. KanJ, ChenY, Gu Q, Hu N, Qiao Y, ChenY, et al. Analysis of the relationship between histamine H1 receptor antagonists and broad dementia
events using the FAERS, JADER, and CVAR databases. Expert Opin Drug Saf. 2025;:1-12. https://doi.org/10.1080/14740338.2025.2517232
PMID: 40501012

22. Fusaroli M, Salvo F, Begaud B, AIShammari TM, Bate A, Battini V, et al. The reporting of A disproportionality analysis for drug safety signal detec-
tion using individual case safety reports in pharmaco vigilance (READUS-PV): explanation and elaboration. Drug Saf. 2024;47(6):585—-99. https://
doi.org/10.1007/s40264-024-01423-7 PMID: 38713347

23. DuMouchel W, Smith ET, Beasley R, Nelson H, Yang X, Fram D, et al. Association of asthma therapy and Churg-Strauss syndrome: an analysis of
postmarketing surveillance data. Clin Ther. 2004;26(7):1092—104. https://doi.org/10.1016/s0149-2918(04)90181-6 PMID: 15336474

24. Altinel Acoglu E, Yazilitas F, Gurkan A, Sari E, Senel S, Akcaboy M. Eosinophilic granulomatosis with polyangiitis in a 4-year-old child: is montelu-
kast and/or clarithromycin a trigger?. Arch Iran Med. 2019;22(3):161-3. PMID: 31029073

25. LiuQ, Cui Z, Deng C, Yang C, Shi T. A real-world pharmacovigilance analysis of adverse events associated with irbesartan using the FAERS and
JADER databases. Front Pharmacol. 2024;15:1485190. https://doi.org/10.3389/fphar.2024.1485190 PMID: 39635439

26. Maity T, Longo C. Pragmatic pharmacoeconomic analyses by using post-market adverse drug reaction reports: an illustration using infliximab,
adalimumab, and the Canada vigilance adverse reaction database. BMC Health Serv Res. 2021;21(1):1231. https://doi.org/10.1186/s12913-021-
07260-z PMID: 34774053

27. Knox C, Wilson M, Klinger CM, Franklin M, Oler E, Wilson A, et al. DrugBank 6.0: the DrugBank knowledgebase for 2024. Nucleic Acids Res.
2024;52(D1):D1265-75. https://doi.org/10.1093/nar/gkad976 PMID: 37953279

28. Arai M, Tsuno T, Konishi H, Nishiyama K, Terauchi Y, Inoue R, et al. A Disproportionality analysis of the adverse effect profiles of methimazole and
propylthiouracil in patients with hyperthyroidism using the Japanese adverse drug event report database. Thyroid. 2023;33(7):804—16. https://doi.
org/10.1089/thy.2023.0030 PMID: 37130038

29. Lou S, Chen H, Cui Z, Zhang X, Zhu C, Zhou L, et al. Safety evaluation of irinotecan: a real-world disproportionality analysis using FAERS and
JADER databases during the time period 2004-2024. Front Pharmacol. 2025;16:1516449. https://doi.org/10.3389/fphar.2025.1516449 PMID:
40552159

30. Kinoshita S, Hosomi K, Yokoyama S, Takada M. Time-to-onset analysis of amiodarone-associated thyroid dysfunction. J Clin Pharm Ther.
2020;45(1):65-71. https://doi.org/10.1111/jcpt. 13024 PMID: 31400296

31. Mazhar F, Battini V, Gringeri M, Pozzi M, Mosini G, Marran AMN, et al. The impact of anti-TNFa agents on weight-related changes: new
insights from a real-world pharmacovigilance study using the FDA adverse event reporting system (FAERS) database. Expert Opin Biol Ther.
2021;21(9):1281-90. https://doi.org/10.1080/14712598.2021.1948529 PMID: 34191656

32. Yao W, Huo J, Ji J, Liu K, Tao P. Elucidating the role of gut microbiota metabolites in diabetes by employing network pharmacology. Mol Med.
2024;30(1):263. https://doi.org/10.1186/s10020-024-01033-0 PMID: 39707185

33. Xie R, LiB, Jia L, Li Y. Identification of core genes and pathways in melanoma metastasis via bioinformatics analysis. Int J Mol Sci. 2022;23(2):794.
https://doi.org/10.3390/ijms23020794 PMID: 35054979

34. Yu G, Wang L-G, Han Y, He Q-Y. clusterProfiler: an R package for comparing biological themes among gene clusters. OMICS. 2012;16(5):284—7.
https://doi.org/10.1089/0mi.2011.0118 PMID: 22455463

35. Nathani N, Little MA, Kunst H, Wilson D, Thickett DR. Churg-Strauss syndrome and leukotriene antagonist use: a respiratory perspective. Thorax.
2008;63(10):883-8. https://doi.org/10.1136/thx.2007.093955 PMID: 18492740

36. Hauser T, Mahr A, Metzler C, Coste J, Sommerstein R, Gross WL, et al. The leucotriene receptor antagonist montelukast and the risk of Churg-
Strauss syndrome: a case-crossover study. Thorax. 2008;63(8):677—-82. https://doi.org/10.1136/thx.2007.087825 PMID: 18276721

37. Anar C, Unsal I, Ozanturk ME, Halilgolar H, Yucel N. A case of Churg-Strauss syndrome treated with montelukast. Med Princ Pract.
2012;21(2):186-9. https://doi.org/10.1159/000331901 PMID: 22025058

38. Matsui K, Nishijima K. A case of montelukast-induced churg-strauss syndrome associated with liver dysfunction. Case Reports Hepatol.
2011;2011:412524. https://doi.org/10.1155/2011/412524 PMID: 25954543

39. Giusti Del Giardino L, Cavallaro T, Anzola GP, Lombardi C, Ferrari S. Neuropathy in eosinophilic granulomatosis with polyangiitis: a comparison
study of 24 cases with or without prior leukotriene antagonist exposure. Eur Ann Allergy Clin Immunol. 2014;46(6):201-9. PMID: 25398163

PLOS One | https://doi.org/10.1371/journal.pone.0343084 March 9, 2026 16 /17



https://doi.org/10.7759/cureus.28018
http://www.ncbi.nlm.nih.gov/pubmed/36120237
https://doi.org/10.1002/pds.1353
http://www.ncbi.nlm.nih.gov/pubmed/17192840
https://doi.org/10.1378/chest.117.3.708
http://www.ncbi.nlm.nih.gov/pubmed/10712995
https://doi.org/10.1007/s10067-006-0510-0
http://www.ncbi.nlm.nih.gov/pubmed/17256102
https://doi.org/10.1007/s11096-024-01778-y
https://doi.org/10.1080/14740338.2025.2517232
http://www.ncbi.nlm.nih.gov/pubmed/40501012
https://doi.org/10.1007/s40264-024-01423-7
https://doi.org/10.1007/s40264-024-01423-7
http://www.ncbi.nlm.nih.gov/pubmed/38713347
https://doi.org/10.1016/s0149-2918(04)90181-6
http://www.ncbi.nlm.nih.gov/pubmed/15336474
http://www.ncbi.nlm.nih.gov/pubmed/31029073
https://doi.org/10.3389/fphar.2024.1485190
http://www.ncbi.nlm.nih.gov/pubmed/39635439
https://doi.org/10.1186/s12913-021-07260-z
https://doi.org/10.1186/s12913-021-07260-z
http://www.ncbi.nlm.nih.gov/pubmed/34774053
https://doi.org/10.1093/nar/gkad976
http://www.ncbi.nlm.nih.gov/pubmed/37953279
https://doi.org/10.1089/thy.2023.0030
https://doi.org/10.1089/thy.2023.0030
http://www.ncbi.nlm.nih.gov/pubmed/37130038
https://doi.org/10.3389/fphar.2025.1516449
http://www.ncbi.nlm.nih.gov/pubmed/40552159
https://doi.org/10.1111/jcpt.13024
http://www.ncbi.nlm.nih.gov/pubmed/31400296
https://doi.org/10.1080/14712598.2021.1948529
http://www.ncbi.nlm.nih.gov/pubmed/34191656
https://doi.org/10.1186/s10020-024-01033-0
http://www.ncbi.nlm.nih.gov/pubmed/39707185
https://doi.org/10.3390/ijms23020794
http://www.ncbi.nlm.nih.gov/pubmed/35054979
https://doi.org/10.1089/omi.2011.0118
http://www.ncbi.nlm.nih.gov/pubmed/22455463
https://doi.org/10.1136/thx.2007.093955
http://www.ncbi.nlm.nih.gov/pubmed/18492740
https://doi.org/10.1136/thx.2007.087825
http://www.ncbi.nlm.nih.gov/pubmed/18276721
https://doi.org/10.1159/000331901
http://www.ncbi.nlm.nih.gov/pubmed/22025058
https://doi.org/10.1155/2011/412524
http://www.ncbi.nlm.nih.gov/pubmed/25954543
http://www.ncbi.nlm.nih.gov/pubmed/25398163

PLO\S\% One

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

Shimbo J, Onodera O, Tanaka K, Tsuji S. Churg-Strauss syndrome and the leukotriene receptor antagonist pranlukast. Clin Rheumatol.
2005;24(6):661-2. https://doi.org/10.1007/s10067-004-1035-z PMID: 15578247

Schroeder JW, Folci M, Losappio LM, Chevallard M, Sinico RA, Mirone C, et al. Anti-neutrophil cytoplasmic antibodies positivity and anti-
leukotrienes in eosinophilic granulomatosis with polyangiitis: a retrospective monocentric study on 134 Italian patients. Int Arch Allergy Immunol.
2019;180(1):64—71. https://doi.org/10.1159/000500544 PMID: 31189169

Alexander G, Moore SA, Lenert PS. Eosinophilic granulomatosis with polyangiitis and its association with montelukast: a case-based review. Clin
Rheumatol. 2024;43(6):2153-65. https://doi.org/10.1007/s10067-024-07000-8 PMID: 38720163

Qiang E, Xu H. PGE2 synthesis and signaling in the liver physiology and pathophysiology: an update. Prostaglandins Other Lipid Mediat.
2024;174:106875. https://doi.org/10.1016/j.prostaglandins.2024.106875 PMID: 39019102

Quentmeier H, Eberth S, Romani J, Weich HA, Zaborski M, Drexler HG. DNA methylation regulates expression of VEGF-R2 (KDR) and VEGF-R3
(FLT4). BMC Cancer. 2012;12:19. https://doi.org/10.1186/1471-2407-12-19 PMID: 22251800

Byeon SE, Yi Y-S, Oh J, Yoo BC, Hong S, Cho JY. The role of Src kinase in macrophage-mediated inflammatory responses. Mediators Inflamm.
2012;2012:512926. https://doi.org/10.1155/2012/512926 PMID: 23209344

Ding Q, von Schaewen M, Ploss A. The impact of hepatitis C virus entry on viral tropism. Cell Host Microbe. 2014;16(5):562-8. https://doi.
org/10.1016/j.chom.2014.10.009 PMID: 25525789

Gupta RM. Causal gene confusion: the complicated EDN1/PHACTR1 locus for coronary artery disease. Arterioscler Thromb Vasc Biol.
2022;42(5):610-2. https://doi.org/10.1161/ATVBAHA.122.317539 PMID: 35387481

Ayer A, Zarjou A, Agarwal A, Stocker R. Heme oxygenases in cardiovascular health and disease. Physiol Rev. 2016;96(4):1449-508. https://doi.
org/10.1152/physrev.00003.2016 PMID: 27604527

Jo-Watanabe A, Okuno T, Yokomizo T. The role of leukotrienes as potential therapeutic targets in allergic disorders. Int J Mol Sci.
2019;20(14):3580. https://doi.org/10.3390/ijms20143580 PMID: 31336653

Liu T, Barrett NA, Nagai J, Lai J, Feng C, Boyce JA. Leukotriene D4 paradoxically limits LTC4-driven platelet activation and lung immunopathology.
J Allergy Clin Immunol. 2021;148(1):195-208.e5. https://doi.org/10.1016/j.jaci.2020.10.041 PMID: 33285161

Nair J, Shanker J, Jambunathan S, Arvind P, Kakkar VV. Expression analysis of leukotriene-inflammatory gene interaction network in patients with
coronary artery disease. J Atheroscler Thromb. 2014;21(4):329-45. https://doi.org/10.5551/jat.20123 PMID: 24366255

Abdelhady SA, Ali MA, Al-Shafie TA, Abdelmawgoud EM, Yacout DM, EI-Mas MM. Montelukast potentiates the antiinflammatory effect of NSAIDs

in the rat paw formalin model and simultaneously minimizes the risk of gastric damage. Inflamm Res. 2021;70(9):981-92. https://doi.org/10.1007/
s00011-021-01492-9 PMID: 34382102

Poulin S, Thompson C, Thivierge M, Véronneau S, McMahon S, Dubois CM, et al. Cysteinyl-leukotrienes induce vascular endothelial growth
factor production in human monocytes and bronchial smooth muscle cells. Clin Exp Allergy. 2011;41(2):204—17. https://doi.org/10.1111/j.1365-
2222.2010.03653.x PMID: 21121979

PLOS One | https://doi.org/10.1371/journal.pone.0343084 March 9, 2026 17117



https://doi.org/10.1007/s10067-004-1035-z
http://www.ncbi.nlm.nih.gov/pubmed/15578247
https://doi.org/10.1159/000500544
http://www.ncbi.nlm.nih.gov/pubmed/31189169
https://doi.org/10.1007/s10067-024-07000-8
http://www.ncbi.nlm.nih.gov/pubmed/38720163
https://doi.org/10.1016/j.prostaglandins.2024.106875
http://www.ncbi.nlm.nih.gov/pubmed/39019102
https://doi.org/10.1186/1471-2407-12-19
http://www.ncbi.nlm.nih.gov/pubmed/22251800
https://doi.org/10.1155/2012/512926
http://www.ncbi.nlm.nih.gov/pubmed/23209344
https://doi.org/10.1016/j.chom.2014.10.009
https://doi.org/10.1016/j.chom.2014.10.009
http://www.ncbi.nlm.nih.gov/pubmed/25525789
https://doi.org/10.1161/ATVBAHA.122.317539
http://www.ncbi.nlm.nih.gov/pubmed/35387481
https://doi.org/10.1152/physrev.00003.2016
https://doi.org/10.1152/physrev.00003.2016
http://www.ncbi.nlm.nih.gov/pubmed/27604527
https://doi.org/10.3390/ijms20143580
http://www.ncbi.nlm.nih.gov/pubmed/31336653
https://doi.org/10.1016/j.jaci.2020.10.041
http://www.ncbi.nlm.nih.gov/pubmed/33285161
https://doi.org/10.5551/jat.20123
http://www.ncbi.nlm.nih.gov/pubmed/24366255
https://doi.org/10.1007/s00011-021-01492-9
https://doi.org/10.1007/s00011-021-01492-9
http://www.ncbi.nlm.nih.gov/pubmed/34382102
https://doi.org/10.1111/j.1365-2222.2010.03653.x
https://doi.org/10.1111/j.1365-2222.2010.03653.x
http://www.ncbi.nlm.nih.gov/pubmed/21121979

