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PUBLIC SUMMARY

= Aortic aneurysm and dissection may lead to fatal aortic rupture.
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= We screened 40 high-signal related drugs from real-world databases and verified the risk with animal models.

= These drug signals do not confirm causality, and further research is needed to guide safe clinical medication.
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Background: Aortic rupture represents the most critical complication of
aortic aneurysm and dissection (AAD). Identifying and avoiding drugs
associated with increased aortic rupture risk may provide immediate clini-
cal benefits. Methods: Data from the FAERS and JADER databases (2004
Q1-2025 Q2) were analyzed. Clinical characteristics associated with
adverse events of aortic rupture were summarized. Four disproportionality
methods, reporting odds ratio (ROR), proportional reporting ratio (PRR),
Bayesian confidence propagation neural network (BCPNN), and multi-item
gamma Poisson shrinker (MGPS), were applied to detect adverse drug
reaction signals. Drugs positive in all four methods were classified as high-
signal. A time-to-onset analysis was conducted. Rivaroxaban was chosen
as a representative drug for further investigation of its impact on aortic
rupture risk in an AAD mouse model. Results: FAERS analysis identified
1,313 drug-associated AAD rupture reports involving 333 medications.
Antithrombotic agents were most frequently implicated (247 cases, 18.8%),
followed by Immunosuppressants (218 cases, 16.6%) and Antineoplastic
agents (176 cases, 13.4%). Disproportionality analysis identified 40 drugs
with high reporting signals for AAD rupture. Affected individuals were
predominantly male (63.8%) and aged =65 years (74.0%). Reports and
associated fatalities have increased in recent years, although overall
mortality has declined. JADER provided 104 reports (17 drugs), consistent
with FAERS findings except for the inclusion of SARS-CoV-2 mRNA
vaccines. Animal experiments demonstrated that rivaroxaban did not
increase AAD incidence but significantly elevated the aortic rupture risk.
Conclusion: This study identified 40 high-signal drugs associated with AAD
rupture, offering clinical references for safer drug usage. Further studies are
necessary to clarify these risks.

INTRODUCTION

Aortic aneurysm and dissection (AAD), major life-threatening cardiovascu-
lar conditions in adults, cause approximately 167,400 deaths worldwide each
year, with numbers steadily increasing annually." Aortic rupture is the most
severe and fatal complication of AAD. Upon rupture, blood progressively
penetrates all arterial wall layers, flowing into the thoracic cavity, abdominal
cavity, or pericardium, resulting in mortality rates ranging from 60% to 90%.**
Therefore, reducing AAD rupture rates is critically important. Previously,
researchers primarily focused on elucidating novel pathogenesis and thera-
peutic targets for AAD. Although numerous promising results have been
reported recently, there remain no clinically available drugs clearly effective in
slowing AAD progression.*” However, identifying and avoiding drugs associ-
ated with increased aortic rupture risk can immediately benefit patients with
AAD.

In recent years, due to the increasing diversity of clinical medications,
associations between drugs and cardiovascular toxicity have attracted grow-
ing attention.”” Nevertheless, systematic studies on drug-induced AAD
rupture remain limited, and identification, reporting characteristics, and

potential mechanisms of high-signal drugs in real-world settings have yet to
be clarified. Pharmacovigilance databases, such as the Food and Drug
Administration Adverse Event Reporting System (FAERS) and the Japanese
Adverse Drug Event Report (JADER), represent valuable resources for real-
world drug safety evaluations. These databases provide extensive data
support for detecting signals of drug-related AEs.*”

This study analyzed reports of drug-related AAD rupture from the FAERS
database. It systematically investigated reporting characteristics and annual
trends associated with drug-related AAD rupture. Additionally, key influenc-
ing factors, including patient demographics and drug classifications, were
identified. Disproportionality methods were employed to screen drugs signifi-
cantly associated with AAD rupture. Moreover, representative drugs were
selected for animal experiments to explore underlying mechanisms involved
in inducing or exacerbating AAD rupture. This study aims to clarify high-
signal drug categories, reporting trends, and influencing factors. The findings
will provide scientific evidence for rational clinical drug use and contribute to
reducing AAD rupture risks, offering important clinical insights for optimizing
treatment strategies in high-signal AAD populations.

MATERIALS AND METHODS
FAERS data source and selection

Data for this study were obtained from the FDA Adverse Event Reporting
System (FAERS) database, covering 2004 Q1 to 2025 Q2. To identify cases of
aortic rupture, the Preferred Terms (PTs) “aortic rupture”, “ruptured aortic
dissection”, and “ruptured aortic aneurysm" were selected. These PTs were
chosen based on their direct relevance to the target condition, ensuring

comprehensive inclusion of aortic rupture-related AE reports.

FAERS data cleaning and standardization

Extracted raw data underwent a strict two-step deduplication procedure
following FDA data-cleaning guidelines. Initially, all records marked as
“primaryid = 0" were excluded as invalid. Next, among records with identical
“caseid”, the entry with the latest “fda_dt" was retained. If both “caseid" and
"fda_dt" were identical, the entry with the highest “primaryid" was selected,
adhering to FDA recommendations.

PTs were standardized using the Medical Dictionary for Regulatory Activi-
ties (MedDRA), version 27.7 (September 2024 release). PTs were mapped to
corresponding MedDRA hierarchical levels (SOC, HLT). Deprecated terms
were harmonized to current equivalents using official mapping files, ensuring
data consistency throughout the study period.

FAERS statistical methods

Statistical analyses were performed using R 4.4.2. To identify associations
between drugs and AEs, disproportionality analysis was employed. Dispro-
portionally reported signals in this study were defined as a significantly higher
frequency of AAD rupture reports linked to a specific drug compared with the
baseline reporting frequency of all other adverse events associated with other
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drugs in the FAERS database. It should be emphasized that all disproportion-
ality signals only represent statistical reporting imbalance in the sponta-
neous reporting database, not absolute risk, incidence rate, or causal rela-
tionship in the general population. These signals reflect unusual reporting
frequency rather than definitive evidence of drug-induced AAD rupture. The
same baseline definition was applied to the JADER database analysis.

Four metrics were applied to quantify disproportionality: ROR, PRR, BCPNN,
and EBGM. Formulas and criteria for signal positivity are provided in Tables
S1-S2. In this study, high-signal drugs for AAD rupture reporting were defined
as those with positive signals identified concurrently by four disproportional-
ity methods. This strict intersection approach prioritizes high specificity over
sensitivity, reducing false positives and ensuring only the most robust signals
are classified as high-signal drugs. This enhances the clinical credibility of the
findings.

JADER database

Data were retrieved from the Japanese Adverse Drug Event Report
(JADER) database for the period 2004 Q1 to 2025 Q2. Analytical methods
were identical to those described in sections 2.1-2.3.

Animals and mouse model

This study was approved by the Animal Ethics Committee of Beijing
Anzhen Hospital, Capital Medical University (approval No. KS2024114). Three-
week-old male C57BL/6J mice were obtained from Beijing Weishang Lide
Biotechnology Co. Ltd. To establish the aortic dissection model, mice
received drinking water containing 0.3% B-aminopropionitrile (BAPN) for 28
consecutive days. Successful model formation was confirmed by aortic dila-
tion and dissection formation. Specifically, after two weeks of BAPN adminis-
tration, rivaroxaban (15 mg/kg/day) was administered intragastrically during
the subsequent intervention period. The control group received an equal
volume of PBS throughout the experiment.

Coagulation function and D-dimer in mouse model

Serum coagulation parameters, including prothrombin time-sensitive (PT-
S), fibrinogen (FIB), activated partial thromboplastin time (APTT), thrombin
time (TT), and D-dimer, were measured. Blood samples were collected from
the heart after deep anesthesia with isoflurane. Whole blood was immedi-
ately mixed with 3.2% sodium citrate anticoagulant at a 9:1 ratio, followed by
centrifugation at 3000 rpm for 10 minutes at room temperature (25°C).
Supernatants were analyzed using a Toshiba 120FR automated coagulation
analyzer (Toshiba Corporation, Japan) following the manufacturer's instruc-
tions.

Hematoxylin & eosin staining and elastic fiber staining

At the end of the experiment, abdominal aortic segments were promptly
excised. The segments with the maximum aneurysm diameter were
collected, fixed in 4% paraformaldehyde, embedded in paraffin, and sectioned
(3 um thickness) for histological analysis. Hematoxylin & eosin (HE) staining
and elastic-Van Gieson (EVG) staining were performed strictly following
reagent suppliers' protocols.

Statistical analysis

Statistical analyses were performed using GraphPad Prism 9.0, and results
were presented as mean + standard deviation (SD). The Student's t-test was
used for comparisons between two groups. Comparisons among three or
more groups were performed using one-way analysis of variance (ANOVA).
Statistical significance was set at P < 0.05.

RESULTS
Clinical characteristics of drug-related AAD rupture reports

A total of 1,313 reports of drug-related AAD rupture were identified from
the FAERS database (2004 Q1-2025 Q2) after screening and excluding dupli-
cates, aberrant data, and reports lacking suspected drug information (Figure
1). The annual number of reports and mortality rates exhibited dynamic
changes over time (Figure 2). Reports gradually increased from 2004, peaked
in 2018, then stabilized at approximately 75 cases annually. Conversely, the
overall mortality rate declined from nearly 100% to approximately 50%. This
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Figure 1. Study flow chart Reports associated with AAD ruptures were screened in
the database and subsequently analyzed further by drug type FAERS, FDA Adverse
Event Reporting System. AAD, Aortic aneurysm and dissection; DEMO, Demographics;
REAC, Adverse Drug Reaction Information; DRUG, Drug information; ATC, Anatomical
Therapeutic Chemical Classification System; ROR, Reporting Odds Ratio; PRR, Propor-
tional Reporting Ratio; MGPS, multi-item gamma Poisson shrinker; BCPNN, Bayesian
Confidence Propagation Neural Network.
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Figure 2. Annual report distribution of drug-related AAD rupture and line chart of
mortality rate from 2004Q1 to 2025Q2.

downward trend in mortality is closely associated with the continuous
advancement of clinical diagnosis and treatment, as well as the improved risk
stratification and standardized management of underlying diseases in high-
risk populations for AAD.

Demographic and reporting characteristics are summarized in Table 1. The
median age of patients was 73.0 years (range, 0.8—95.0 years); 74.04% of
patients were aged =65 years, while only 0.64% were younger than 18 years.
Reports involved 63.8% male patients, surpassing females (36.2%). Physi-
cians submitted 43.4% of reports, consumers 27.6%, and the leading report-
ing countries were the United States (31.47%), Japan (21.06%), and the
United Kingdom (8.96%). The median interval from drug exposure to AAD
rupture was 135 days (range, 1-5,114 days). Common indications included
rheumatoid arthritis (8.1%), atrial fibrillation (5.9%), and cerebrovascular acci-
dent prophylaxis (2.7%). None of these drugs had approved indications for
aortic dissection or aneurysm.

Distribution of drug classes and individual drugs linked to AAD rupture
Analysis of the 1,313 reports using the Anatomical Therapeutic Chemical

(ATC) Classification System (Level 2) identified the top 10 drug classes

ranked by report frequency (Figure 3A): antithrombotic agents (BO1, n=247),
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immunosuppressants (L04, n=218), antineoplastic agents (LO1, n=176),
systemic antibacterials (JO1, n=85), Immunostimulants (L03, n=33), anal-
gesics (N02, n=32), systemic corticosteroids (L03, n=31), psycholeptics (N0O5,
n=24), calcium homeostasis (H05, n=24), bone metabolism drugs (MO5,
n=23), drugs for obstructive airway diseases (R03, n=22) and antiinflamma-
tory (MO1, n=22).

At the individual drug level, the highest reported cases (Figure 3B) involved
rivaroxaban (n=68), adalimumab (n=64), dabigatran (n=53), levofloxacin
(n=40), apixaban (n=35), ciprofloxacin (n=33), bevacizumab (n=23), infliximab
(n=21), tocilizumab (n=20), alteplase (n=18), etanercept (n=18) and acetylsali-
cylic acid (n=17).

A volcano plot was generated to identify drugs potentially linked to AAD
rupture (Figure 3C). Notable examples included antithrombotic agents
(rivaroxaban, dabigatran), thrombolytic agents (apixaban, alteplase), antibac-
terials (levofloxacin, ciprofloxacin), biological agents (adalimumab, infliximab,
tocilizumab), antineoplastic agents (bevacizumab), and hormonal drugs
(prednisolone). These drugs showed high log ROR and -log10 (adjusted p-
value) values and substantial case numbers. Additionally, ferumoxytol,
despite fewer cases, displayed a very high log ROR, indicating a potential
safety signal. All drugs in the baseline reference group are listed in Table S3.

High-signal drugs associated with AAD rupture identified via four dispro-
portionality analyses

Drugs positive across all four disproportionality metrics were classified as
high-signal (Figure 4). Among these, the top five drugs by report count were
rivaroxaban (ROR = 8.47; 95% Cl: 6.63—10.81), dabigatran (ROR = 13.02; 95%
Cl: 9.89-17.14), levofloxacin (ROR = 18.25; 95% Cl: 13.32—25.01), apixaban
(ROR = 3.66; 95% Cl: 2.62-5.12), and ciprofloxacin (ROR = 15.2; 95% ClI:
10.75—-21.47). Conversely, the drugs with the highest ROR values were ticlo-
pidine (ROR = 28.34; 95% ClI: 41.13—-400.45), dacarbazine (ROR = 88.1; 95%
Cl: 32.92-235.79), cilostazol (ROR = 17.99; 95% Cl: 21.49-107.15),
tenecteplase (ROR = 9.01; 95% CI: 15.76—152.46), and rofecoxib (ROR = 4.47;
95% Cl: 2.47-8.09).

Notably, discrepancies between report frequency and ROR rankings indi-
cated that some drugs (e.g., rivaroxaban, levofloxacin) had high reporting
rates, whereas others (e.g., ticlopidine, dacarbazine) demonstrated stronger
statistical risk signals despite lower report numbers. This highlights the
necessity of integrating multiple metrics in pharmacovigilance assessments.
Additionally, the onset time after drug discontinuation varied: for example,
rivaroxaban had a median onset of 0.5 days, tocilizumab 17.5 days,
levofloxacin 19 days, and cinacalcet 285.5 days. These variations may reflect
differences in pharmacological mechanisms or physiological responses post-
discontinuation, warranting further exploration of AE timing among these high-
signal drugs.

Identification of suspected drugs linked to AAD rupture in the JADER
database

In addition to FAERS analysis, the JADER database was screened to iden-
tify drugs associated with AAD rupture (Figure 5). In the JADER database, the
SARS-CoV-2 mRNA vaccine had the highest report count (a = 28), with an
ROR of 5.83 (95% Cl: 3.89-8.73). Other high-signal drugs included pred-
nisolone (a = 13, ROR = 2.67; 95% Cl: 1.52—4.69), edoxaban silate hydrate (a =
12, ROR = 17.35; 95% Cl: 9.65-31.2), dabigatran etexilate methanesulfonate
(@a=8,ROR =12.59;95% Cl: 6.19-25.61), and levofloxacin hydrate (a = 8, ROR
=7.39; 95% Cl: 3.64—15.03). Drugs such as edoxaban silate hydrate, dabiga-
tran etexilate methanesulfonate, and cilostazol exhibited notably high ROR
values, indicating strong statistical signals of risk.

Comparisons between JADER and FAERS revealed both consistencies and
discrepancies. Consistent high-signal signals appeared for antithrombotic
agents (edoxaban, rivaroxaban, dabigatran), fluoroquinolone antibiotics
(levofloxacin hydrate), glucocorticoids (prednisolone), and immunosuppres-
sants (tocilizumab, etanercept) in both databases, highlighting robust associ-
ations across different pharmacovigilance systems. However, JADER
uniquely flagged the SARS-CoV-2 mRNA vaccine, suggesting possible
regional differences in patient demographics, reporting practices, or drug
utilization patterns between FAERS and JADER.

Table 1. General information on drug-related AAD rupture in real-world reports from
FAERS database.

Characteristics Available Drug-related AAD
number Rupture (N=1,313)

Age (years) 936

Median (range) 73.0(0.8,95.0)
Age_group, n % 936

<18 6 (0.64%)

18-45 55 (5.88%)

45-65 185 (19.76%)

265 693 (74.04%)
Gender 1,217

Female 441 (36.2%)

Male 776 (63.8%)
Weight (Kg) 358

Median (range) 71.0 (34.0, 204.0)
Time-to-onset (day) 514

Median (range) 135 (1-5,114)
Occupation of the reporter 1,289

Physician 560 (43.4%)

Pharmacist 67 (5.2%)

Health Professional 76 (5.9%)

Other Health Professional 223 (17.3%)

Lawyer 7 (0.5%)

Consumer 356 (27.6%)
Country of the reporter (top three) 1,306

UNITED STATES 411 (31.47%)

JAPAN 275 (21.06%)

UNITED KINGDOM 117 (8.96%)
Indications (top three) 1,269

Rheumatoid arthritis 103(8.1%)
75(5.9%)

34(2.7%)

Atrial fibrillation
Cerebrovascular

accident prophylaxis

Available number denotes the number of reports used for analysis after
excluding missing values. All analyses were performed on data without
missing values. Abbreviation: AAD, aortic aneurysm and dissection.

Rivaroxaban increases the risk of AAD rupture

Findings from FAERS and JADER required preliminary validation through
animal experiments. Considering that rivaroxaban prominently ranked by
report frequency and ROR value, and given limited existing evidence regard-
ing its effect on AAD rupture risk and underlying mechanisms, it was chosen
for further verification. A mouse model susceptible to AAD was established
using 0.3% BAPN in drinking water, with interventions involving oral adminis-
tration of rivaroxaban or PBS control (Figure 6A). Representative aortic
photographs revealed that mice treated with rivaroxaban exhibited wider
areas of aortic intimal tear, involving both thoracic and suprarenal abdominal
aorta (Figure 6B).

Experimental outcomes indicated that rivaroxaban significantly aggra-
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Antithrombotic agents[B01]
Immunosuppressants[L04]
Antineoplastic agents[L01]

Systemic antibacterials[J01]
Immunostimulants[L03]

Analgesics[N02]

Systemic corticosteroids[H02]

Calcium homeostasis[H05]
Psycholeptics[N05]

Bone metabolism drugs[M05]

Drugs for obstructive airway diseases[R03]
Antiinflammatory[MO01]
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Figure 3. Drugs associated with AAD rupture from FAERS were classified by ATC Level 2, with the top 10 drug classes (A) and individual drugs (B) ranked by report number.
Volcano plot (C) showing drug signals for AAD rupture, with the display of drugs with positive ROR signals X-axis: log-transformed reporting odds ratio (log ROR); Y-axis: -
log10(p-adjust). Color indicates log(number of cases). Dashed lines mark thresholds for significant association (log ROR > 1, -log10(p-adjust) > 2).

vated AAD pathology. Compared with controls, although the incidence of AAD
was not significantly altered in the rivaroxaban group, the rupture rate notably
increased (Figure 6C), and survival rates markedly decreased (Figure 6E, n=20
per group, log-rank test p=0.02). These findings suggest rivaroxaban elevates

AAD rupture risk by promoting progression of aortic lesions.

Coagulation function tests showed that in the rivaroxaban-treated group,
plasma prothrombin time (PT) (11.74 vs. 23.08, p=0.01) and activated partial
thromboplastin time (APTT) (36.56 vs. 63.28, p=0.01) were significantly
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ATC_L2 Drug a PRR(x'2) (EE?;EA"S 5 IC(IC025)  ROR(95%CI) Median Median
BO1 Rivaroxaban 68 8.46(424.41)  8.08(6.58) 3.01(1.35) 8.47(6.63-10.81) 148 05 W
BO1 Dabigatran 53 13.01(563.96) 12.53(9.95) 3.65(1.98) 13.02(9.89-17.14) 947 2 e
Jo1 Levofloxacin 40 18.23(631.65) 17.71(13.6) 4.15(2.48) 18.25(13.32-25.01) 23 19 , e
BO1 Apixaban 35 3.66(65.85) 3.59(2.71) 1.84(0.18) 3.66(2.62-5.12) 514.5 0.5 E.
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NO2 Acetylsalicylic acid 17 9.93(134.72) 9.81(6.57) 3.29(1.63) 9.93(6.15-16.03) 0.5 0.5 E o
HO2 Prednisolone 17 8.73(11494)  863(579) 3.11(1.44) 874(5.42-14.1) 22 13 ) e
S01 Ranibizumab 15 10.12(121.91) 10.02(6.54) 3.32(1.66) 10.13(6.09-16.85) 1065 0.5 E =i
BO1 Clopidogrel 14 535(48.93) 5.3(3.41) 2.41(0.74) 5.35(3.16-9.05) 211 0.5 E."
Lo4 Tacrolimus 14 404(3171)  401(258)  2(034)  4.04(2.39-6.85) 344 05 e
BO1 Warfarin 14 532(48.54) 527(339) 24(073)  532(3.14-9.01) 58 0.5 e
MO5 Zoledronic acid 12 398(26.51)  3.95(246) 1.98(031) 3.98(2.25-7.03) - - -
BO1 Edoxaban 11 39.15(405.55) 38.83(23.62) 5.28(3.61) 39.25(21.67-71.12) 198.5 0.5 5 ]
Mo1 Rofecoxib 11 4.47(29.35) 444(27) 215(048) 447 (247-8.09) 326 76 e
LO1 Carboplatin 10 3.55(18.2) 353(21) 1.82(0.15) 3.55(1.91-6.62) M 1B er
L04 Ciclosporin 10 5.76(39.07) 5.73(3.4) 2.52(0.85) 5.77 (3.09-10.74) 0.5 -20 E....
Lo1 Sunitinib 10 4.26(2438) 424(2.52) 2.08(042) 4.27(2.29-7.95) 52 1 e
B03 MPG-Epo 9 1478(114.87) 14.69(8.48) 3.88(2.21) 14.8(7.68-28.51) 345 96 1 —e—
LO7 Lenvatinib 7 436(18.04)  434(233) 212(045) 4.36(2.08-9.17) 7 9 e
BO1 Cilostazol 6 47.83(273.87) 47.62(2431) 557(3.9) 47.99(21.49-107.15) 12 1 H 4
LO1 Nintedanib 6 4.24(14.79) 4.22(2.16) 2.08(0.41) 424(1.9-9.46) 349.5 -14.75 El.-l
NO1 Fentanyl 5 7.93(30.16) 7.9(379) 298(1.31) 7.93(3.3-19.09) 4 05  lre—
Vo3 Sevelamer 5 39.72(188.01) 39.57(18.96) 5.31(3.64) 39.83(16.53-9596) 1131 73 .
RO6 Cetirizine 4 591(16.26) 589(2.59) 2.56(0.89) 591(2.21-15.78) - - —
HO5 Cinacalcet 4 30.95(115.59) 30.86(13.56) 4.95(3.28) 31.02(11.61-82.85) 413.5 285.5 E | L
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A03 Metoclopramide 4 537(142) 536(2.36) 242(0.75) 5.38(2.01-1435) - - e
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Jo1 Daptomycin 3 829(19.2) 828(321) 3.05(1.38) 8.3(267-2577) - - e
NO6 Galantamine 3 20.94(56.82) 20.89(8.09) 4.38(2.72) 20.96 (6.75-65.14) - - E e ]
BO1 Prasugrel 3 7.8(17.74) 7.78(3.02) 2.96(1.29) 7.8(251-2423) . . S—
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Figure 4. Disproportionality analysis in FAERS database High-signal drugs were defined as those with positive signals in all four disproportionality analyses. The forest plot
shows reporting odds ratio (ROR) with 95% confidence intervals (Cls) for high-signal drugs associated with drug-related AAD rupture. Abbreviation: AAD, aortic aneurysm and
dissection; ATC_L2, Anatomical Therapeutic Chemical Classification System Level 2; a, Number of reports; PRR (x%), Proportional Reporting Ratio (Chi-square value); EBGM
(EBGMO5), Empirical Bayes Geometric Mean (EBGM 5% quantile) ; IC (IC025): Information Component (IC 2.5% quantile); Median TTR (d): Median time to AAD rupture; Median
Onset Time (d): Median Onset Time Post Drug Discontinuation(positive values indicate adverse events (AEs) occurring post drug discontinuation, negative values indicate AEs
occurring pre drug discontinuation, and absolute values < 1 mean AEs developed during drug use with immediate discontinuation); MPG-EPO: methoxy-polyethylene glycol-

epoetin beta.

prolonged. Fibrinogen (FIB) levels slightly decreased (2.08 vs. 1.61, p=0.28),
whereas D-dimer levels slightly increased (0.08 vs. 0.10, p=0.34) (Figure 6E,
n=>5 per group). These results suggest rivaroxaban interferes with coagulation-
dependent vascular repair mechanisms after injury, exacerbating AAD
progression and increasing rupture likelihood.

Pathological staining (Figure 6F) showed more severe structural damage
to thoracic aortic tissue in rivaroxaban-treated mice, characterized by elastic
fiber rupture and smooth muscle layer disruption. Although thoracic aortic
dissection also occurred in the PBS group, extensive blood clotting facilitated
repair processes, including intimal thickening and substantial fibrin  deposi-
tion in adventitial tissue. In contrast, lesions in the rivaroxaban group
extended to the suprarenal abdominal aorta, forming false lumens and further

elevating rupture risk.

In conclusion, following aortic intimal injury, activation of endogenous
coagulation processes normally facilitates repair. However, rivaroxaban inter-
rupts the coagulation cascade by inhibiting factor X activation, impairing
effective thrombus formation at the injury site. This effect exacerbates AAD
progression, ultimately increasing rupture risk (Figure 6G). Thus, coagulation
inhibition represents a crucial mechanism by which rivaroxaban promotes
AAD rupture.

DISCUSSION
Inrecent years, animal studies on AAD have achieved numerous break-
throughs,'”'" successfully uncovering several key pathogenic mechanisms
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ATC_L2 Drug a PRR (x"2) (EBGMO5) IC(1IC025) ROR(95%Cl) p_value
Jo7 SARS-CoV-2 mRNA vaccine 28 5.83(94.28)  506(361) 234(066) 583(3.89-873)  <0.001: &
HO2 Prednisolone 13 2.67(12.53) 2.54(1.59) 1.35(-0.33) 2.67(1.52-4.69) <0.001 E -
BO1 Edoxabant silate hydrate 12 17.3(171.86) 16.2(9.91) 4.02(2.34) 17.35(9.65-31.2) <0.001 E g
BO1  Dabigatran etexilate methanesulfonate 8 12.57(81.34) 12.04(6.65) 3.59(1.91) 12.59(6.19-25.61)  <0.001 E —_——
RO3 Levofloxacin hydrate 8 7.39(42.18) 7.1(3.92) 2.83(1.15) 7.39(3.64-15.03)  <0.001 ——i
L04 Tocilizumab 8 6.31(34.13)  6.07(3.35) 2.6(0.92) 6.31(3.11-12.84)  <0.001 E ——
BO1 Clopidogrel sulfate 8 574(29.92)  553(3.05) 247(0.79) 575(2.83-11.68)  <0.001 ——
BO1 Warfarin potassium 8 8.08(47.41)  7.76(4.29) 2.96(1.28) 8.09(3.98-16.45)  <0.001 —————i
BO1 Aspirin 7 376(13.65)  3.66(1.94) 1.87(0.19) 3.77(1.77-8.02)  <0.001 ——
BO1 Rivaroxaban 6 461(16.37)  4.48(227) 2.16(0.48) 4.61(2.04-10.41)  <0.001 ; ——
BO1 Cilostazol 5 9.91(3895)  9.66(4.59) 3.27(1.59) 9.93(4.08-24.18)  <0.001 : .
L04 Etanercept 4 4.62(11.1) 454(1.98) 2.18(05) 4.62(1.72-1247)  <0.001 ——
L04 Aflibercept 3 11.34(27.81) 11.17(429) 3.48(1.8) 11.36(3.62-35.61) <0.001 *
BO1 Alteplase 3 8.9 (20.67) 8.76(3.37) 3.13(1.45) 8.91(2.84-27.92)  <0.001 .
LO1 Enzalutamide 3 6.67 (14.22) 6.57(2.53) 2.72(1.04) 6.68(2.13-20.92) <0.001 , ———————————
0 10 20 30 40

Figure 5. Disproportionality analysis in JADER database High-signal drugs were defined as those with positive signals in all four disproportionality analyses. The forest plot
shows reporting odds ratio (ROR) with 95% confidence intervals (Cls) for high-signal drugs associated with drug-related AAD rupture. Abbreviation: AAD, aortic aneurysm and
dissection; ATC_L2, Anatomical Therapeutic Chemical Classification System Level 2; a, Number of reports; PRR (x?), Proportional Reporting Ratio (Chi-square value); EBGM
(EBGMQO5), Empirical Bayes Geometric Mean (EBGM 5% quantile) ; IC (IC025): Information Component (IC 2.5% quantile).

and providing potential intervention targets and drug candidates for clinical
use. However, these candidate drugs have yet to undergo successful clinical
translation or application, and effective alternatives to surgical treatment for
AAD remain unavailable. Therefore, accurately identifying drug-related risks
and developing scientific avoidance strategies hold substantial clinical impor-
tance and practical value for reducing AAD mortality and enhancing medica-
tion safety.

Real-world data indicated that drugs such as antithrombotic agents,
immunomodulators, antineoplastic agents, and certain antibacterial drugs are
closely associated with an increased risk of AAD rupture. Disproportionality
analyses confirmed that drugs such as rivaroxaban, dabigatran, and
levofloxacin exhibited prominent reporting frequency and strong risk signals,
categorizing them as high-signal drugs associated with AAD rupture. Statisti-
cal analysis of reported populations demonstrated that elderly men consti-
tuted the primary affected group, with those aged =65 years accounting for
74.04% and males representing 63.8%. Notably, experiments using a BAPN-
induced mouse model of AAD showed that rivaroxaban could inhibit the
coagulation cascade by blocking coagulation factor Xa activation, signifi-
cantly increasing AAD rupture rates and reducing mouse survival rates.

Antithrombotic drugs (including antiplatelet agents, anticoagulants, and
fibrinolytic agents) rank first among high-risk drugs potentially inducing aortic
rupture, warranting particular attention. Antiplatelet agents (e.g., aspirin,
clopidogrel, ticagrelor) inhibit platelet aggregation and activation to reduce
thrombosis, and are widely used in atherosclerotic cardiovascular disease
(ASCVD) prevention and treatment, as well as in post-interventional
antiplatelet therapy.'” However, the role of aspirin in primary cardiovascular
prevention has declined in recent years, as multiple large-scale studies show
that its absolute benefits are largely offset by bleeding risks.'*'® Thus, guide-
lines issued by ACC/AHA, ADA, and ESC no longer recommend aspirin for
primary prevention in low-to-moderate ASCVD-risk populations, particularly
those aged >70 years.'*"? Recent evidence also shows no significant differ-
ence in bleeding risk between clopidogrel and aspirin in patients with coro-
nary heart disease after >5 years of follow-up.'” Although aortic dissection
and aneurysm formation are closely associated with vascular inflammation
and platelet activation,” the role of antiplatelet agents in primary prevention
of aortic dissection remains unclear. Aspirin is contraindicated in the acute
phase of aortic dissection due to bleeding risk from intimal tearing.” Clinical
findings regarding aspirin and aortic diseases remain inconsistent: a Danish
case-control study (n=8,020) reported no association between pre-admis-
sion aspirin use and abdominal aortic aneurysm (AAA) rupture risk, but noted
a potentially worse prognosis after rupture,’’ whereas another cohort study

(n=3,435) suggested aspirin may reduce aneurysm expansion or rupture risk
in specific populations (males and non-smokers).”” In summary, aspirin's
effects in aortic-related diseases remain controversial, varying by population
and disease stage, and require further targeted investigation.

Anticoagulants (e.g., warfarin, dabigatran, rivaroxaban, heparin, argatroban)
inhibit coagulation factors to delay clot formation and prevent thrombosis.”
The pathophysiology of AAD is closely related to coagulation dysfunction:
patients with aortic dissection often show activation and consumption of
coagulation factors due to blood flow through the non-endothelialized false
lumen, which activates the coagulation system.”** Intraluminal thrombus
(ILT), a key feature of aortic aneurysms, has a controversial role. Some stud-
ies suggest that ILT creates an inflammatory microenvironment rich in
neutrophils, cytokines, proteases, and reactive oxygen species, while long-
term hypoxia and parenchymal cell apoptosis weaken aortic wall strength.”
Other studies argue that ILT provides mechanical support, reducing wall
stress and thereby decreasing AAA rupture risk.””* Whether anticoagulants
increase the clinical rupture rate of AAD remains unclear. On one hand,
patients treated with factor Xa inhibitors exhibit a higher risk of perioperative
complications, longer hospital stays, and higher mortality during emergency
cardiovascular surgery.”” On the other hand, in vitro experiments show that
rivaroxaban inhibits vascular smooth muscle cell migration, proliferation, and
the production of inflammatory cytokines (IL-18, TNFa).”” However, our study
found that anticoagulants accounted for the largest number of drug-related
aortic rupture reports. Further animal experiments confirmed that rivaroxa-
ban widened the extent of AAD lesions and increased acute rupture risk, likely
by inhibiting factor Xa activation and blocking the protective effect of the
coagulation cascade against acute aortic rupture. Although our study
provides initial confirmation through real-world data and animal evidence, the
association between anticoagulants and AAD rupture requires validation
through additional randomized clinical trials.

Fibrinolytic agents (e.g.,, t-PA, streptokinase, urokinase, tenecteplase) are
used to lyse thrombi in acute myocardial infarction, pulmonary embolism,
and cerebral infarction.'””' These agents activate plasminogen to dissolve ILT
associated with aortic aneurysms, potentially influencing aneurysm progres-
sion. Guidelines clearly indicate that aortic dissection is a contraindication for
thrombolytic therapy,”* yet evidence regarding the benefits or risks of fibri-
nolytic drugs in patients with aortic aneurysms remains insufficient. A 2025
retrospective study of 16 acute ischemic stroke patients receiving thrombol-
ysis after prior aneurysm repair reported 1 case of aneurysm rupture.* Based
on FAERS data, we observed that fibrinolytic agents may increase the risk of
aortic aneurysm rupture. Alteplase and tenecteplase were identified as high-
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Figure 6. Rivaroxaban aggravates the progression and rupture of aortic dissection by inhibiting the coagulation process (A) Schematic illustration showing the induction
process of AAD mouse model using BAPN and the timing of rivaroxaban administration. (B) Representative aortic photographs from control mice, PBS-treated AAD mice, and
rivaroxaban-treated AAD mice (Scale bar, 1 cm). (C) Incidence and rupture rate of AAD. (D) Representative HE and EVG staining images of thoracic and abdominal aortas from
the three groups (Scale bars: left, 100 um; right, 40 um). (E) Survival probability of AAD mice orally administered with PBS or rivaroxaban was estimated by the Kaplan—Meier
method and compared using the log-rank test (n=20 per group; p=0.02). (F) Showing plasma PT, FIB, APTT, TT and D-Dimer levels in AAD mice 1 hour after oral administration of
PBS or rivaroxaban (n=5 per group). G, Diagram of rivaroxaban aggravating AAD. Tear of the aortic intima activates the coagulation process, and rivaroxaban blocks the subse-
quent coagulation cascade by inhibiting the activation of factor X, which is an important mechanism contributing to the progression of AAD. Studies have shown that avoiding
the use of rivaroxaban in AAD mouse models can alleviate AAD progression, reduce the risk of aortic rupture, and prolong the survival time of the model mice.
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risk drugs for AAD rupture, potentially due to ILT disruption and reduced
aneurysm stability. Some studies suggest that although antithrombotic ther-
apy may reduce proteolytic injury, it could also impair aneurysm stability.** In
summary, thrombolytic therapy in patients with prior aneurysm repair should
be determined individually based on clinical urgency and patient status.
Larger studies are recommended to further evaluate the safety of fibrinolytic
therapy in this context.

In addition to antithrombotic agents, fluoroquinolone antibiotics were
frequently reported and closely linked to the development of AAD, warranting
particular attention. Multiple longitudinal observational and cohort studies
have confirmed these risks. A Taiwanese study demonstrated that fluoro-
guinolone exposure was associated with a more than twofold increased risk
of AAD within 60 days, and the risk correlated positively with treatment dura-
tion.” A Canadian study involving over 1.74 million elderly individuals aged >
65 years showed a significantly elevated risk of aortic aneurysm within
30 days (HR=2.24; 95% Cl, 2.02—2.49), comparable to hypertension-related
risks and notably higher than with amoxicillin (HR=1.50; 95% CI, 1.32—1.70).”
A nationwide, propensity score-matched cohort study from Sweden similarly
indicated a 66% increased risk of AAD within 60 days among adults aged =50
years taking fluoroquinolones compared with amoxicillin (HR=1.66; 95% Cl,
1.12-2.46). Consequently, the FDA and EMA have issued safety warnings
highlighting the strong association between fluoroquinolones (ciprofloxacin,
levofloxacin, moxifloxacin) and AAD.™ Our analysis also identified levofloxacin
and ciprofloxacin as high-signal drugs associated with AAD rupture based on
four disproportionality signals, consistent with previous studies and verifying
the reliability of our findings. Future research and clinical practice should
closely monitor these drugs' effects on AAD, with long-term safety evalua-
tions required for newly developed fluoroquinolones.

Cardiotoxicity is a common adverse effect of antitumor therapy, including
hypertension, arrhythmia, heart failure, thrombotic microangiopathy, and
venous thrombosis.”” Among antitumor agents, drugs targeting vascular
endothelial growth factor (VEGF) and its receptor (VEGFR) are widely utilized
clinically and have distinct mechanisms of action. Bevacizumab neutralizes
VEGF-A;" sunitinib and lenvatinib, as multitarget tyrosine kinase inhibitors,"***
inhibit multiple angiogenesis-related receptors; nintedanib blocks angiogene-
sis by inhibiting multiple kinases, including VEGFR, platelet-derived growth
factor receptor (PDGFR), and fibroblast growth factor receptor (FGFR).**
Robust evidence links these agents to AAD risk. A large-scale retrospective
cohort study in 2024 revealed a significant increase in aortic dissection risk
associated with VEGF inhibitors.”® Additionally, WHO adverse reaction
database data indicated that bevacizumab had the strongest association
with aortic dissection (222 cases, 44.9%)."° Based on these results, we classi-
fied bevacizumab, sunitinib, lenvatinib, and nintedanib as high-signal drugs
for AAD rupture. The underlying risk mechanism is established: VEGF/VEGFR
inhibitors initially decrease nitric oxide synthase and prostacyclin synthesis in
endothelial cells, causing vasoconstriction and hypertension. Additionally,
they impair endothelial repair functions, both recognized risk factors for AAD
rupture.”” To minimize drug-related risks, screening for aortic aneurysms
before initiating VEGF/VEGFR-targeted antitumor therapy is advisable, and
treatment should only commence after excluding such risks.

Our findings suggest that some glucocorticoids may increase AAD rupture
risk. Notably, glucocorticoids have shown inconsistent clinical effects, some-
times with opposing outcomes. Some studies reported protective effects: by
reducing tumor necrosis factor-a (TNF-a) secretion and elevating free TNF-
sRII, glucocorticoids may inhibit aortic dissection formation and actively facil-
itate vascular remodeling.”® Conversely, more evidence highlights potential
risks: oral steroid usage correlates positively with aneurysm expansion,”’ and
a 2020 study further demonstrated a dose-dependent association between
oral glucocorticoids and increased AAA risk, even at low doses.”” Conse-
quently, our research classifies prednisone as a high-signal drug for AAD
rupture. The dual effects of glucocorticoids may relate closely to dose, dura-
tion, and underlying vascular conditions (e.g., atherosclerosis or pre-existing
lesions). Short-term, low-dose glucocorticoids could beneficially influence
vascular remodeling through anti-inflammatory actions; in contrast,
prolonged or high-dose therapy may elevate AAD occurrence and rupture risk
by inducing hypertension, impairing vascular wall collagen metabolism, and
reducing vascular elasticity.”"* Clinically, glucocorticoid treatment should

Pharmacology [:1(¢R3

balance therapeutic necessity with vascular risks, favor minimal effective
doses, shorten therapy duration, and avoid unnecessary prolonged exposure.
For patients requiring long-term glucocorticoid use, regular aortic screening
(e.g., ultrasound) is recommended, alongside improved management of
underlying conditions (hypertension, dyslipidemia) and vascular risk monitor-
ing to minimize AAD occurrence and rupture probability.

Besides the aforementioned high-signal medications, other identified drugs
contribute directly or indirectly to accelerated aortic lesion progression
through mechanisms including elevated blood pressure, disrupted lipid
metabolism, aortic calcification, or vascular inflammation, each warranting
careful clinical consideration. Drugs increasing blood pressure include
immunosuppressants  (tacrolimus, cyclosporine), erythropoietin - analogs
(methoxy polyethylene glycol epoetin beta), and the bisphosphonate amri-
none. Chronic uncontrolled hypertension raises aortic wall stress, impairing
vascular mechanical stability and accelerating aneurysm expansion or
dissection rupture.” Drugs inducing dyslipidemia include tacrolimus, which
elevates total and low-density lipoprotein cholesterol, and the atypical
antipsychotic olanzapine, which exacerbates aortic atherosclerosis by alter-
ing hepatic lipid metabolism.”*** Dyslipidemia promotes unstable atheroscle-
rotic plague formation, further damaging the aortic wall. Medications poten-
tially increasing aortic calcification include the parathyroid hormone analog
teriparatide (associated with vascular lesions in high-dose rodent studies)
and bisphosphonate zoledronic acid. Although direct clinical evidence is lack-
ing, their regulation of calcium-phosphorus metabolism and frequent co-
occurrence of aortic calcification and aneurysms justify vigilance. Calcifica-
tion reduces vascular elasticity and compliance, increasing rupture risk.

Additionally, drugs such as calcineurin inhibitors (e.g., tacrolimus) may
elevate vascular inflammation, activating the TLR4 signaling pathway and
downstream MyD88/TRIF-mediated responses. This process triggers NF-kB
activation and ROS production, leading to upregulated inflammatory factors
and adhesion molecules in vascular endothelial and smooth muscle cells.”
Such inflammation disrupts vascular homeostasis and exacerbates remodel-
ing, indirectly raising aneurysm incidence and rupture risks.

Myocarditis and pericarditis have been established as rare but serious
adverse events associated with SARS-CoV-2 mRNA vaccines.”” The inci-
dence is approximately 13 per million doses in individuals aged 6 months to
64 years, with a predilection for young males aged 12 to 39 years.”” Symp-
toms typically manifest within 24 to 72 hours post-vaccination.” It is hypoth-
esized that inflammation from vaccine-associated histiocytic pericarditis can
extend to the adjacent aortic wall. This extension may compromise aortic
wall integrity through elastic fiber disruption and increased wall fragility.
When combined with vaccine-associated transient hypertension,” this
vascular vulnerability may predispose individuals to the development or even
rupture of aortic dissection.”’ Despite the high efficacy of COVID-19 mRNA
vaccines in preventing severe disease and mortality, continued safety surveil-
lance, individualized risk assessment, and the formulation of rapid response
strategies for adverse events remain critically important.

Despite identifying multiple previously underrecognized high-signal drugs
associated with AAD rupture, this study has several unavoidable limitations.
First, the data were obtained from FAERS, a voluntary reporting system in
which adverse drug reaction (ADR) reports may be submitted by healthcare
professionals, patients, or consumers. This contributes to potential underre-
porting and inherent reporting bias. Second, many reports lack key informa-
tion (e.g., drug dosage, treatment duration, administration frequency, and
concurrent medications) and do not include patients' baseline health status
or lifestyle factors (e.g., smoking, alcohol consumption), all of which may
influence ADR risk.

Notably, our disproportionality analysis was based on the adverse event
reporting distribution in FAERS/JADER, rather than real-world drug utilization
or population exposure data. Thus, the FAERS database cannot establish a
direct causal relationship between the identified drugs and AAD rupture.
Furthermore, most drugs with prominent signals are frequently prescribed to
elderly patients and those with cardiovascular comorbidities—groups with an
inherently higher baseline risk of AAD rupture, which inevitably introduces
certain indication confounding.

Furthermore, defining high-signal drugs as the intersection of all four
disproportionality methods may lead to the loss of potential meaningful
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signals for AAD rupture reporting. Valid association signals of sparsely
reported drugs or those with rare AAD rupture events detected by individual
or partial methods were excluded for failing to meet the full overlap criteria.
This conservative strategy enhances signal detection specificity at the cost of
reduced sensitivity, potentially causing underidentification of relevant drug-
related risks. To address this limitation, future studies could adopt a hierar-
chical signal classification strategy (high-signal for four-method overlap,
moderate-signal for 2—3 methods, low-signal for single method) and inte-
grate real-world population exposure data to verify these excluded signals,
enabling more comprehensive screening of drug-related AAD rupture risks.

The rivaroxaban animal experiment is presented here not to confirm the
risk of other high-signal drugs, but to demonstrate a validatable paradigm for
translating real-world pharmacovigilance signals into preclinical investigation.
This study only verifies that our screening framework can identify drugs with
biologically plausible risks (as exemplified by rivaroxaban's effect on AAD
rupture), but these findings cannot be extrapolated to other high-signal
agents. Future research will need to independently validate each drug class
using targeted preclinical models (e.g., bevacizumab for antineoplastics,
levofloxacin for fluoroquinolones) and diverse animal systems (e.g., Ang II-
induced AAD model, LDLR-/- knockout mouse model) to confirm individual
drug risks. Meanwhile, advancements in cardiovascular organoid models
may provide a more humane and scalable approach to implement this
paradigm for broader drug safety assessment.

Accordingly, high-risk drugs identified in this study therefore require further
validation through comprehensive clinical assessments (e.g., evaluation of
temporal associations, drug withdrawal and rechallenge responses),
epidemiological investigations (e.g., case—control studies, cohort studies, or
meta-analyses), and laboratory verification (e.g., biomarker detection, patho-
logical biopsy).

CONCLUSION

In summary, based on data from the FAERS/JADER databases, this study
identified 40 high-signal drugs potentially associated with AAD rupture. For
patients with AAD or those at high risk, the use of these drugs should follow
the principle of “priority risk assessment-stratified medication management-
full-course monitoring and intervention.” Treatment necessity should be
assessed first, and alternative drugs with lower risk should be selected when-
ever possible. If the use of high-risk drugs is unavoidable, clinicians should
perform aortic structural screening (e.g., ultrasound, CTA) and assess rele-
vant indicators such as blood pressure, blood lipids, and calcium—phospho-
rus metabolism before initiating therapy. During treatment, changes in these
indicators should be monitored regularly, underlying diseases (e.g., hyperten-
sion, dyslipidemia) should be actively managed, and drug dosage or treat-
ment duration should be adjusted promptly when necessary to reduce the
risk of drug-related aortic lesion progression and rupture. Further research is
required to clarify the associated risks more comprehensively.
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