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Abstract 

Objective: This study aimed to analyze drug adverse events, identify high-risk 

medications associated with cardiovascular disease (CVD), and provide evidence 

for clinical medication safety. Methods: We conducted a retrospective analysis 

of the FAERS database (2004Q1–2024Q4) using nine CVD-related terms from 

MedDRA 27.0. Four signal detection methods—PRR, ROR, BCPNN, and MGPS—

were employed to identify significant drug—event associations. Results: A total of 

1,560,242 CVD-related reports were included. Rofecoxib, phenylpropanolamine and 

rosiglitazone were strongly associated with CVD, with ROR values of 73.4 (95% 

CI: 71.16–75.7), 66.8 (95% CI: 23.25–191.94), and 58.69 (95% CI: 57.68–59.76), 

respectively. These drugs have since been withdrawn or restricted. Subgroup anal-

ysis revealed gender and age differences in CVD risk: testosterone related drugs 

may be associated with cardiovascular disease risk in elderly and male patients, 

while alendronic acid may be associated with increased cardiovascular risk in female 

patients. These preliminary associations may stem from mixed indications rather 

than direct effects of the drugs. Validate and quantify in the real world doxorubicin 

and other anticancer agents are correlated with cardiotoxicity in children known 

risks. Additionally, potential associations with previously unreported CVD risks were 

suggested for paricalcitol, busulfan, gemtuzumab ozogamicin, clofarabine, and 

clofazimine, which warrant further attention. Conclusion: This study showed that 

some drugs were significantly associated with CVD, and some of them were newly 

discovered signals. These findings provide a basis for the generation of new hypoth-

eses about the cardiovascular risk of drugs, but the causal relationship needs to be 

confirmed by further research.
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Introduction

Cardiovascular disease (CVD) remains the leading cause of mortality and morbidity 
worldwide and poses a substantial threat to society because of its high prevalence 
and mortality rates [1]. According to the 2025 American Heart Association report and 
global data, CVD accounted for 39.5% of total deaths in the United States in 2022, 
with coronary artery disease being the predominant contributor. The age-adjusted 
CVD mortality rate has reached 224.3 per 100,000 people [2]. Furthermore, 2020 
data from the U.S. Centers for Disease Control and Prevention (CDC) indicated that 
CVD incurred over 216 billion total healthcare expenditures, along with 147 billion 
economic losses due to work absenteeism and a decline in productivity [3]. Given this 
significant disease burden, identifying modifiable drug-related risk factors is critically 
important.

CVD encompasses a spectrum of disorders affecting the heart and vascular 
system, with its most severe manifestations including atherosclerotic cardiovascular 
events such as myocardial infarction, stroke, and peripheral artery disease [4]. The 
pathophysiology of CVD fundamentally involves the interplay of vascular endothe-
lial dysfunction, inflammatory responses, and thrombogenesis, with oxidative stress 
also leading to disease pathogenesis [5]. Of particular concern in pharmacotherapy 
is drug-induced CVD, where anticancer drug-related cardiotoxicity has emerged as 
a critical issue. With the increasing use of tumor drugs that prolong patient survival, 
the cardiotoxic effects of anticancer drugs are becoming more prominent [6]. Anth-
racyclines and related antineoplastic agents exert their toxic effects through mito-
chondrial ROS generation, altered Ca2+ signaling, and subsequent DNA damage in 
cardiomyocytes, ultimately leading to heart failure and cellular apoptosis [7]. Among 
classic cardiovascular risk medications, COX-2-selective inhibitors (coxibs) represent 
a well-documented class associated with serious adverse cardiovascular events, 
including atherosclerosis, hypertension, myocardial infarction, stroke, heart failure, 
arrhythmias, and sudden cardiac death. Clinical studies have demonstrated that 
high-dose NSAID therapy in ankylosing spondylitis patients significantly increases 
CVD risk, particularly for ischemic heart disease, stroke, and congestive heart failure 
[8]. These safety concerns have led to voluntary market withdrawal of certain cox-
ibs (e.g., rofecoxib and valdecoxib), whereas celecoxib remains available with an 
FDA-mandated black box warning for cardiovascular risks. This paradigmatic case 
revealed deficiencies in pharmacovigilance systems, prompting the scientific commu-
nity to adopt more comprehensive approaches for data collection and interpretation, 
thereby advancing evidence-based risk mitigation strategies [9,10]. While the heart 
is not a common target organ for adverse drug reactions, drug-induced cardiotoxicity 
remains a significant challenge in pharmaceutical development and clinical practice, 
with certain medications capable of precipitating severe cardiac events [11].

The FDA Adverse Event Reporting System (FAERS), which is maintained by the 
U.S. Food and Drug Administration, serves as a comprehensive repository of drug-
related adverse events, providing valuable real-world data for investigating drug‒
CVD associations [12]. As a critical pharmacovigilance tool, FAERS offers distinct 
advantages in detecting rare or long-term adverse drug reactions because of its 
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extensive data volume and broad coverage, thereby addressing current research gaps. However, limitations inherent to 
this spontaneous reporting system, including reporting bias and confounding factors, must be carefully considered. The 
manuscript uses standard abbreviations throughout and a complete list of abbreviations is provided in S1 Table.

Materials and methods

Data sources

FAERS is a publicly available global database maintained by the FDA. The adverse event data in the FAERS are collected 
primarily through voluntary reports from healthcare professionals, pharmaceutical companies, and the general public. The 
database is characterized by its large scale and high reliability, with quarterly updates. FAERS includes relevant files such 
as patient information (DEMO), adverse events (REAC), drug information (DRUG) and event outcomes (OUTC). All the 
FAERS data can be freely downloaded from https://fis.fda.gov/extensions/FPD-QDE-FAERS/FPD-QDE-FAERS.html. All 
patient data in this study were obtained from FAERS database, which contains fully de-identified information.

Study design

In the FAERS database, adverse events (AEs) were coded via Preferred Terms (PTs) on the basis of the Medical Dic-
tionary for Regulatory Activities (MedDRA, version 27.0). All PTs representing symptoms, signs, and potentially related 
examinations could be categorized into narrative clinically relevant groups via Standardized MedDRA Queries (SMQ). 
In this study, referring to previous literature [13], CVD can be classified into nine narrow SMQ: embolic and thrombotic 
events, hypertension, pulmonary hypertension, heart failure, cardiomyopathy, arrhythmias, ischemic heart disease, tor-
sade de pointes/QT prolongation, and noninfectious myocarditis/pericarditis. Additionally, only cases where the drug was 
listed as the “primary suspect” (PS) for CVD were included.

Data cleaning

This study extracted American Standard Code for Information Interchange (ASCII) data packages from FAERS(last 
accessed on March 12, 2025), covering the period from the first quarter of 2004 to the fourth quarter of 2024. All 
downloaded data were imported into R (Version 4.4.2) for subsequent analysis. To address potential duplicate 
reports of the same case in the FAERS system, this study employed the FDA-recommended standard deduplica-
tion method to increase the reliability of the results. Specifically, if CASEID was identical, the record with the most 
recent FDA_DT was retained. If both CASEID and FDA_DT were identical, the entry with the higher PRIMARYID was 
selected [14].

Statistical analysis

This study employed four methods—ROR, PRR, BCPNN, and MGPS—to jointly detect drug safety signals. Drugs with 
CVD as their primary indication were excluded to eliminate interference from underlying conditions in adverse reaction 
assessment, ensuring that the identified signals truly originated from drug effects rather than preexisting diseases. Addi-
tionally, the Benjamini-Hochberg procedure was applied to control the false-positive rate. Signal detection was performed 
via the following pharmacovigilance methods: ① Reporting odds ratio (ROR): A signal was considered positive if the 
number of reports was ≥ 3 and the 95% confidence interval (CI) lower limit was > 1. A higher ROR value indicates a stron-
ger association.② Proportional reporting ratio (PRR): A signal was deemed positive if PRR ≥ 2 and Chi-square (X²) ≥4. 
Similarly, larger PRR values suggest stronger associations.③ Bayesian confidence propagation neural network (BCPNN): 
This method evaluates signals on the basis of the information component (IC). A positive signal was defined as an IC025 
(lower 95% CI of the IC) >0, with higher IC values indicating stronger associations. ④ Multi-item Gamma Poisson Shrinker 
(MGPS): This approach uses the empirical Bayesian geometric mean (EBGM) to assess associations. A signal was 

https://fis.fda.gov/extensions/FPD-QDE-FAERS/FPD-QDE-FAERS.html
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considered positive if EBGM05 (lower 95% CI of EBGM) was > 2. These Bayesian methods enhance robustness, particu-
larly in handling data sparsity and reporting heterogeneity. To improve reliability, we selected only CVD-associated drugs 
that met the signal criteria of all four methods simultaneously. Additionally, the Benjamini-Hochberg procedure was applied 
to raw p values (denoted as p_adjust) to control the false discovery rate (FDR) [15].

Statistical visualization was performed via GraphPad Prism 9.5.1 (GraphPad Software, Inc.) and R 4.4.2 (R Core Team) 
with the ggplot2 package to generate baseline characteristic plots and forest plots. The overall study flowchart (Fig 1) was 
created via draw.io (version 26.2.2).

Results

Baseline characteristics

After data cleaning and organization of the ADE reports from the first quarter of 2004 to the fourth quarter of 2024, a total 
of 1,560,242 reports involving CVD were screened. The baseline characteristics of CVD patients are presented in Table 
1. Among these reports, females accounted for 771,770 cases (49.5%), males accounted for 630,995 cases (40.4%), 
and 157,477 cases (10.1%) had missing sex information. The age distribution revealed that patients aged 18–64.9 years 
accounted for the highest proportion, with 542,307 cases (34.8%), followed by those aged 65–85 years, with 423,836 
cases (27.2%).

Among the reporting countries, the United States reported the highest number of CVD cases (790,857), followed by 
Canada, Japan, France, and Germany (99,876; 74,927; 62,083; and 61,636 cases, respectively). Since the database was 
established in 2004, there have been annual reports of adverse events related to CVD. The number of reported cases 
showed a fluctuating upward trend, peaking in 2015 and then entered a renewed phase of annual increase. (Fig 2A). The 
most common adverse outcome was prolonged hospitalization (574,360 patients) (Fig 2B).

Fig 1.  Overall study flowchart. This flowchart illustrates the steps for identifying and evaluating potential drug safety signals related to CVD from the 
FAERS database.

https://doi.org/10.1371/journal.pone.0349218.g001
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This table summarizes the demographic distribution of 1,560,242 patients in the study cohort, including Gender, 
Weight, Age, Occupation, and Reporter Country. The data are presented in the form of case numbers and percentages 
(%).

Signal detection analysis

A total of 89 drugs had positive signal values, the top five drugs ranked according to ROR are as follows (Table 2) ROR: 
rofecoxib (n = 31,196; ROR = 73.4; PRR = 10.36; X2 = 282,842.83; IC = 3.35; EBGM = 10.18; p_adjust = 0), rosiglitazone 
(n = 74,478; ROR = 58.69; PRR = 10.25; X2 = 647,840.78; IC = 3.29; EBGM = 9.81; p_adjust = 0), testosterone (n = 12,431; 
ROR = 5.2; PRR = 3.83; X2 = 28,232.26; IC = 1.93; EBGM = 3.81; p_adjust = 0), rivaroxaban (n = 29,900; ROR = 3.54; 
PRR = 10.36; X2 = 282,842.83; IC = 3.35; EBGM = 10.18; p_adjust = 0), apixaban (n = 29,751; ROR = 3.01; PRR = 2. Here, we 
list several high signal drugs of known high-risk drugs. The analysis strongly shows that there is a significant correlation 

Table 1.  Baseline characteristics of patients with CVD.

Characteristics Drug-related CVD (N = 1,560,242)

Gender

Female 771,770 (49.5%)

Male 630,995 (40.4%)

Missing 157,477 (10.1%)

Weight

<50 kg 36,404 (2.3%)

>100 kg 69,554 (4.5%)

50~100 kg 348,924 (22.4%)

Missing 1,105,360 (70.8%)

Age

<18 age 32,121 (2.1%)

>85 age 40,872 (2.6%)

18~64.9 age 542,307 (34.8%)

65~85 age 423,836 (27.2%)

Missing 521,106 (33.4%)

Occupation

Consumer 558,031 (35.8%)

Healthcare Professional 138,263(8.9%)

Lawyer 47,346 (3.0%)

Doctor of Medicine 445,053 (28.5%)

Missing 82,792 (5.3%)

Other health professionals 199,123 (12.8%)

Pharmacist 88,723 (5.7%)

Registered Nurse 910 (0.1%)

Reporter Country

United States 790,857(50.7%)

Canada 99,876(6.4%)

Japan 74,927(4.8%)

France 62,083(4.0%)

Germany 61,636(4.0%)

Others 470,863(30.2%)

https://doi.org/10.1371/journal.pone.0349218.t001
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between rofecoxib (ROR:73.4), rosiglitazone (ROR:58.69) and cardiovascular risk, which is highly consistent with the 
known fact of global delisting due to cardiovascular toxicity, indirectly verifying the reliability of the data mining method 
used in this study. A complete list of all detected signals is provided in S2 Table.

Fig 2.  Number of adverse event reports and patient outcomes included in the analysis. A: The number of adverse event reports submitted to 
FAERS annually from 2004 to 2024. The data shows a fluctuating trend, reaching its peak in 2015; B: This is a distribution figure of patient outcomes. 
This figure shows that long-term hospitalization is the most common reported outcome.

https://doi.org/10.1371/journal.pone.0349218.g002

Table 2.  Signal strength of CVD at the preferred term level in the FAERS database.

DRUG Case Reports ROR(95% CI) PRR(X2) IC(IC025) EBGM(EBGM05) p_adjust

rofecoxib 31,196 73.4 (71.16 - 75.7) 10.36 (282,842.83) 3.35 (3.32) 10.18 (9.92) 0

rosiglitazone 74,478 58.69 (57.64 - 59.76) 10.25 (647,840.78) 3.29 (3.28) 9.81 (9.67) 0

testosterone 12,431 5.2 (5.09 - 5.31) 3.83 (28,232.26) 1.93 (1.9) 3.81 (3.74) 0

rivaroxaban 29,900 3.54 (3.49 - 3.58) 2.91 (40,281.25) 1.52 (1.51) 2.88 (2.84) 0

apixaban 29,751 3.01 (2.97 - 3.05) 2.57 (30,708.46) 1.35 (1.33) 2.54 (2.52) 0

https://doi.org/10.1371/journal.pone.0349218.t002
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This table provides ROR value ranking, because in pharmacovigilance, the lower limit of the 95% confidence interval of 
ROR is usually more important, which provides a conservative estimate of the correlation strength. If the lower limit of the 
confidence interval is still greater than 1, the signal is more robust. The common purpose of using four algorithms (ROR, 
PRR, BCPNN, EBGM) is to quantify the deviation between the reporting proportion of target drug adverse event combina-
tion and the background reporting proportion. The p_adjust value is the p value corrected by the Benjamin-Hochberg FDR 
error detection rate, which is used to control the false positive rate in the multiple hypothesis test. A value of 0 indicates 
that the association is statistically significant.

Subgroup analysis

In the sex subgroup analysis, female patients most frequently reported receiving rosiglitazone (n = 23,713; ROR = 47.47, 
95% CI: 46.14–48.85), rofecoxib (n = 15,682; ROR = 70.97, 95% CI: 67.15–72.96), celecoxib (n = 6,185; ROR = 3.92, 95% 
CI: 3.81–4.04), alendronic acid (n = 4,873; ROR = 2.36, 95% CI: 2.29–2.43), and lenvatinib (n = 3,561; ROR = 5.61, 95% 
CI: 5.39–5.84), with rosiglitazone and rofecoxib demonstrating significantly greater signal strengths than other drugs. 
Among male patients, the top reported drugs were rosiglitazone (n = 33,526; ROR = 53.11, 95% CI:51.67–54.60), rofecoxib 
(n = 15,002; ROR = 78.72, 95% CI:74.93–82.70), testosterone (n = 11,929; ROR = 5.13, 95% CI:5.01–5.25), celecoxib 
(n = 5,008; ROR = 5.92, 95% CI:5.71–6.13), and nilotinib (n = 2,977; ROR = 2.85, 95% CI:2.74–2.97), whereas rosiglitazone 
and rofecoxib again presented the highest ROR values, suggesting potential gender-specific adverse event risks requiring 
clinical attention (Fig 3A).

In the age subgroup analyses, minors (<18) most commonly reported ciclosporin (544 cases), doxorubicin (503 cases), 
busulfan (478 cases), carboplatin (347 cases), and cyclophosphamide (344 cases), with cisapride exhibiting a notably 
high signal value (n = 73; ROR = 17.48, 95% CI: 12.58–24.30). Adults (18–64 years) predominantly reported the use of 
rosiglitazone (32,186 cases), rofecoxib (13,277 cases), testosterone (4,465 cases), celecoxib (3,460 cases), lenvatinib 
(2,011 cases), and octreotide (1,756 cases), whereas elderly patients (≥65) most frequently reported the use of rosiglita-
zone (15,695 cases), rofecoxib (7,670 cases), lenvatinib (3,136 cases), octreotide (1,994 cases), nilotinib (1,572 cases), 
and testosterone (1,182 cases), with rosiglitazone and rofecoxib consistently showing the highest ROR values across all 
age groups (Fig 3B).

Discussion

CVD, as one of the leading causes of mortality and disability worldwide, has drawn significant attention because of its 
association with drug safety [16]. Our study conducted a 20-year analysis of the FAERS database, representing, to our 
knowledge, the most comprehensive investigation to date in terms of both scope and depth for identifying drug-associated 
CVD risks via this database, thereby providing scientific evidence for CVD risk reduction and rational drug use. We sys-
tematically identified 89 drugs significantly associated with CVD risk, among which rosiglitazone, rofecoxib, and testos-
terone exhibited particularly prominent reporting frequencies and signal strengths (ROR/PRR). The results revealed a 
greater proportion of female patients (49.5%) than male patients, with the 18–65 age group being the most frequently 
affected (35.0%), which is consistent with previous studies indicating a higher CVD incidence in middle-aged popula-
tions [17]. Subgroup analyses revealed critical population-specific patterns: rosiglitazone (ROR = 53.11) and rofecoxib 
(ROR = 78.72) showed stronger risk signals in males than in females, potentially attributable to their distinct pharmacolog-
ical mechanisms and metabolic profiles, which aligns with existing research [18]. Notably, the prokinetic agent cisapride 
demonstrated an exceptionally high ROR (17.48) in minors, corroborating earlier reports of its association with cardiovas-
cular risks, particularly arrhythmogenic cardiotoxicity [19]. Compared with existing evidence, our study not only validated 
safety signals of known high-risk drugs (e.g., rofecoxib [ROR = 73.4], which is consistent with the findings of the VIGOR 
trial [20], but also identified emerging signals requiring vigilance, such as testosterone’s significant cardiovascular risk 
(ROR = 5.2). However, the sex-specific mechanisms underlying these associations warrant further investigation.
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Fig 3.  Top-ranked drugs associated with CVD in subgroup analyses. A: Top 30 drugs by reported CVD case numbers in sex subgroups; This figure 
lists the top 30 drugs with reported cases in both male and female patients. By comparing the drug lists on both sides, it can be visually observed which 
drugs have significantly higher reported rates in specific gender groups. B: Top 25 drugs by reported CVD case numbers in age subgroups. This figure 
displays the top 25 drugs in terms of reported cases among patients of different age groups (e.g., < 18 years, 18-64 years, > 64 years). This helps to 
reveal the age-related medication patterns associated with CVD risk.

https://doi.org/10.1371/journal.pone.0349218.g003
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From a pharmacological classification perspective, drugs from different therapeutic categories exhibited distinct risk 
patterns: antineoplastic agents, including nilotinib, fluorouracil, mitoxantrone, and ponatinib, demonstrated positive 
associations with CVD. These findings align with established adverse effects such as coronary artery spasm, thrombo-
sis, myocardial ischemia, heart failure, cardiomyopathy, and QTc prolongation [21–24]. Notably, lenvatinib and sorafenib 
predominantly induce hypertension as their most common grade-level adverse events, which are particularly prominent in 
both younger and older patients, warranting enhanced cardiac monitoring during treatment [25]. As the first-line therapy 
for radioactive iodine-refractory differentiated thyroid carcinoma, lenvatinib has received limited attention to its cardio-
vascular effects. Its antitumor mechanism involves the inhibition of vascular endothelial growth factor receptor (VEGFR) 
and other targets. However, VEGFR suppression reduces vasodilatory factors, activates the renin‒angiotensin system, 
and induces endothelial dysfunction, collectively contributing to hypertension, with an incidence rate reaching 68% [26]. A 
Bayesian network meta-analysis of randomized controlled trials evaluating nine VEGFR tyrosine kinase inhibitors identi-
fied lenvatinib and vandetanib as having the most severe cardiotoxic profiles [27]. Our study further suggests their poten-
tial association with CVD risk, emphasizing the necessity for cardiovascular health surveillance during clinical use.

Endocrine and metabolic drugs such as the thiazolidinedione rosiglitazone demonstrated a prominent positive signal 
for cardiovascular risk (n = 74,478; ROR = 58.69). As an antidiabetic agent for type 2 diabetes mellitus, rosiglitazone may 
increase atherogenic lipoprotein levels in both the fasting and postprandial states. Notably, it increases LDL-C concen-
trations while maintaining HDL-C ratios and has neutral effects on triglycerides, a profile potentially contributing to cardio-
vascular risk [28]. Researchers investigating the cardiovascular effects of rosiglitazone through shared data updates have 
employed multiple statistical sensitivity analyses (e.g., alternate modeling approaches, covariate adjustments, and vary-
ing endpoint definitions). These analyses consistently confirmed the robustness of the association of rosiglitazone with 
increased cardiovascular risk and mortality, with no substantive changes observed across methodological variations [29]. 
Our study further substantiates these findings, demonstrating the significant positive correlation of rosiglitazone with CVD 
events, particularly among male and adult populations.

Anti-inflammatory and analgesic agents the selective inhibition of cyclooxygenase-2 (COX-2) induces thromboxane/
prostacyclin imbalance, leading to adverse cardiovascular effects. Rofecoxib, celecoxib, and valdecoxib—COX-2 inhibi-
tors primarily used for osteoarthritis and rheumatoid arthritis management—demonstrate significant cardiovascular haz-
ards, including atherosclerosis, hypertension, myocardial infarction, stroke, heart failure, arrhythmias, and sudden cardiac 
death. The cardiovascular risks of rofecoxib, a selective COX-2 inhibitor, were conclusively established by the VIGOR 
study [30]. Both rofecoxib and celecoxib were subsequently withdrawn from markets owing to their increased risks of heart 
attack and stroke, with the FDA additionally recommending voluntary discontinuation of valdecoxib [9].

Gender and age differences in adverse drug events remain critical pharmacovigilance focuses, with studies suggest-
ing that sex-specific drug response variations are mediated by pharmacokinetic (e.g., absorption, distribution, metabo-
lism, excretion), pharmacodynamic, and hormonal factors [31]. This is particularly evident in CVD, which, despite being 
the leading cause of female mortality, has racial/ethnic disparities [32]. The preliminary analysis of this study shows that 
patients who use alendronic acid have an increased risk of cardiovascular events (n = 4,873, ROR = 2.36), with a higher 
number of cases, suggesting the possibility of non accidental phenomena that deserve attention. Based on a thorough 
analysis of existing literature, we believe that it is more likely to reflect a higher baseline cardiovascular risk among users 
of alendronate sodium, rather than a direct causal adverse effect of the drug.

In clinical practice, patients prescribed alendronate sodium often suffer from more severe osteoporosis. The multiple 
risk factors for osteoporotic fractures, such as long-term use of glucocorticoids, anticoagulants, anticonvulsants, aro-
matase inhibitors, chemotherapy drugs, and gonadotropin-releasing hormone agonists [33], are themselves independent 
strong risk predictors of cardiovascular disease. Therefore, the observed increased risk is likely due to the inherent high-
risk baseline characteristics of the patient population, with alendronate serving more as a ‘marker of disease severity’. A 
retrospective cohort study by Pittman et al. reported that the use of bisphosphonates is associated with an increased risk 
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of myocardial infarction (hazard ratio 1.38; 95% confidence interval 1.08-1.77; P=0.01) [34]. Similarly, the study by Wang 
et al. found that the incidence of acute ischemic stroke, atrial fibrillation, and congestive heart failure in patients with oste-
oporosis was significantly higher than in patients who did not use nitrogen bisphosphonates [35]. However, these findings 
seem contradictory to some studies reporting that alendronate has cardiovascular neutral or even protective effects [36], 
as well as Sing et al.’s proposal in a large retrospective analysis in Hong Kong that alendronate is associated with signifi-
cantly reduced cardiovascular mortality and 1-year myocardial infarction rates. This phenomenon persists in the long term, 
but at lower levels, and the risk of stroke is slightly lower at 5 and 10 years after hip fracture [37]. More importantly, this 
difference highlights the importance of adequately adjusting for confounding factors in observational studies. Sing et al.’s 
study may effectively balance the baseline characteristics of the treated and untreated groups by applying strict, time-
dependent propensity score matching, thereby minimizing “indication confounding”-that is, patients with more severe con-
ditions are more likely to be biased by prescription drugs. Pittman et al. did not use propensity score matching and mainly 
relied on statistical models for adjustment, which may not fully control for the aforementioned biases. Although Wang et 
al. used a 1:4 age, gender, and comorbidity matching, the number of matching variables was relatively small compared 
to Sing et al., which may result in residual confounding. Although our study has adjusted for multiple known confounding 
factors, the possibility of residual confounding cannot be completely ruled out.

From a biological mechanism perspective, bisphosphonates (especially nitrogen-containing compounds such as alen-
dronic acid) have been shown to inhibit vascular calcification and have anti-inflammatory properties [38], providing a plau-
sible biological basis for their cardiovascular neutrality or even benefit. However, this stands in contrast to our preliminary 
findings. Therefore, we speculate that the preliminary observed association between alendronate sodium and cardiovas-
cular event risk in this study is more likely driven by residual confounding factors that are difficult to fully measure, such as 
the severity of osteoporosis, complexity of concomitant medications, and overall disease burden, rather than representing 
a causal relationship. This possibility suggest that clinicians should be more cautious in assessing the inherent baseline 
cardiovascular risk and strengthening monitoring and management when prescribing alendronate to patients with oste-
oporosis, especially those with multiple cardiovascular risk factors. Ultimately, elucidating the net effects of alendronate 
sodium on the cardiovascular system requires further validation through prospective randomized controlled trials targeting 
specific populations or more precise epidemiological studies that can better control confounding.

Testosterone treatment (n = 11,929; ROR = 5.13) is significantly associated with CVD risk, this finding that is not entirely 
consistent with the meta-analysis conclusions of most large randomized controlled trials between 2013 and 2020, which 
generally indicate that testosterone treatment does not significantly increase cardiovascular risk [39–42]. Loo et al. (2019) 
reported contrary findings: analyzing a cohort of men with no evidence of Hypothalamic pituitary thyroid axis disease via 
the UK Clinical Practice Research Datalink, they associated use of testosterone with higher risk of a composite outcome 
of stroke, transient ischemic attack or MI, with the risk highest in the first six to 24 months of testosterone replacement 
therapy use [43]. As stated in Yeap BB et al.‘s review, considering the limitations of these retrospective, observational, and 
non randomized studies, it is not possible to prove causal relationships [44]. Therefore, the strong risk signals identified 
in this study should be considered as an association rather than a cause and effect, and testosterone prescriptions may 
not be fully targeted at appropriate patients. There may be room for optimization in treatment management, such as dose 
adjustment and level monitoring. Nevertheless, the optimal dosing and long-term effects of testosterone replacement 
therapy require further investigation.

The age-stratified subgroup analysis revealed distinct drug-induced risk stratification patterns, with immunosup-
pressants such as ciclosporin (n = 544) and antineoplastic agents such as doxorubicin (n = 503) and cyclophosphamide 
demonstrating high reporting frequencies among minors, which is consistent with the literature documenting ciclosporin-
associated hypertension, doxorubicin/cyclophosphamide-induced cardiomyopathy and heart failure [45–47]. This study 
further validated and quantified the association between doxorubicin and other anticancer drugs and the known risk of 
pediatric cardiac toxicity in the real world, and emphasized the necessity of strengthening the monitoring of pediatric 
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cancer drugs. The notably elevated ROR value of cisapride (17.48) warrants particular vigilance, as this prokinetic agent, 
although withdrawn in multiple countries owing to QT prolongation risks, remains utilized in pediatric gastrointestinal 
therapy in some regions [48,49]. We should enhance global regulatory coordination to improve drug safety for children. In 
adult and elderly subgroups, rosiglitazone and rofecoxib consistently dominated adverse event reports, whereas lenva-
tinib demonstrated significantly higher case numbers in elderly patients (n = 3,136 vs adults: n = 2,011), reflecting both its 
therapeutic indications for thyroid/liver cancers in older populations and the cardiovascular vulnerability of elderly patients 
to multitarget tyrosine kinase inhibitors [50].

This study provides three key clinical contributions. First, it recommends reevaluating the risk‒benefit ratios of contro-
versial medications such as rosiglitazone in specific populations (e.g., elderly diabetic patients). Second, it highlights the 
need for targeted monitoring protocols for emerging risk signals such as testosterone replacement therapy. Third, Validate 
and quantify in the real world doxorubicin and other anticancer agents are correlated with cardiotoxicity in children known 
risks, optimized cardioprotective strategies for pediatric anticancer drugs such as doxorubicin are needed. In addition, our 
analysis revealed significant CVD associations across multiple drug classes, including antineoplastic agents, endocrine/
metabolic drugs, and anti-inflammatory/analgesic medications. Notably, testosterone may demonstrate positive correla-
tions in male and elderly patients—a finding that is consistent with the male-specific risks documented in DailyMed drug 
labels (https://dailymed.nlm.nih.gov/dailymed/). Additionally, we uncovered previously unreported drug‒CVD associations 
for paricalcitol, busulfan, gemtuzumab ozogamicin, clofarabine, and clofazimine, which are not currently addressed in 
prescribing information.

The results of this study have important implications for clinical practice and pharmacovigilance. First of all, our anal-
ysis successfully reproduced the powerful ability of the faers database to capture the cardiovascular risk of withdrawn 
drugs (such as rofecoxib), which verified the effectiveness of drug safety monitoring using such real-world data sources. 
Secondly, although the causal relationship of controversial signals (such as testosterone) in the study is not yet clear, 
the study itself provides important warnings for clinicians. It is suggested that patients with specific cardiovascular risk 
factors should be more strictly evaluated and monitored when prescribing. From a broader perspective, this study shows 
that spontaneous reporting systems such as faers are indispensable tools to ensure drug safety and improve the quality 
of medical services. Through continuous data accumulation and analysis, we can provide key evidence for regulatory 
decision-making, so as to continuously optimize clinical practice and ultimately maximize the protection of patients’ inter-
ests. However, this study recognized the inherent limitations of the faers database, such as reporting bias and uncontrolla-
ble confounding factors (such as patient complications and drug combination). Due to the lack of complete patient medical 
record details in the database, we cannot statistically adjust these confounding factors (such as hierarchical analysis or 
multivariate model). Therefore, the signals detected in this study should be regarded as correlation signals rather than 
causal evidence. These signals provide important assumptions for potential drug risks, but need to be further verified by 
actual research or clinical trials.

Conclusion

This study highlights the need for enhanced pharmacovigilance and optimized therapeutic strategies, as multiple pharma-
cological classes may be associated with CVD. Additionally, all findings should be substantiated through additional clinical 
investigations and experimental studies.

Supporting information

S1 Table. List of abbreviations used in the study. This table provides the full terms and corresponding abbreviations for 
key concepts, databases, statistical methods, and medical terms mentioned throughout the manuscript.
(XLSX)

https://dailymed.nlm.nih.gov/dailymed/
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0349218.s001


PLOS One | https://doi.org/10.1371/journal.pone.0349218  June 1, 2026 12 / 14

S2 Table. Complete list of all detected drug-adverse event signals. This table provides the exhaustive results of the 
disproportionality analysis, including all four statistical metrics (ROR, PRR, BCPNN, MGPS) for each drug-event pair.
(XLSX)

Acknowledgments

We gratefully acknowledge all participants and researchers contributing to the FAERS database.

Author contributions

Conceptualization: Naishen Qin, Yumei Gan.

Formal analysis: Jun Ouyang.

Funding acquisition: Jiangnan Huang.

Investigation: Naishen Qin, Yumei Gan.

Methodology: Naishen Qin, Jiahui Qin, Yuming Tang.

Project administration: Jiangnan Huang.

Resources: Hui Wang, Jiangnan Huang.

Supervision: Hui Wang, Jiangnan Huang.

Writing – original draft: Naishen Qin, Haili Wu, Shumin Wei.

Writing – review & editing: Naishen Qin, Yumei Gan, Jun Ouyang, Hui Wang, Jiangnan Huang.

References
	 1.	 Zhu L, Liu Y-P, Huang Y-T, Zhou Z-J, Liu J-F, Yu L-M, et al. Cellular and molecular biology of posttranslational modifications in cardiovascular dis-

ease. Biomed Pharmacother. 2024;179:117374. https://doi.org/10.1016/j.biopha.2024.117374 PMID: 39217836

	 2.	 Martin SS, Aday AW, Allen NB, Almarzooq ZI, Anderson CAM, et al. 2025 heart disease and stroke statistics: a report of US and global data from 
the American Heart Association. Circulation. 2025;151:e41–660.

	 3.	 Arbogast JW, Moore-Schiltz L, Jarvis WR, Harpster-Hagen A, Hughes J, Parker A. Impact of a comprehensive workplace hand hygiene program on 
employer health care insurance claims and costs, absenteeism, and employee perceptions and practices. J Occup Environ Med. 2016;58(6):e231-
40. https://doi.org/10.1097/JOM.0000000000000738 PMID: 27281645

	 4.	 Hummelgaard S, Vilstrup JP, Gustafsen C, Glerup S, Weyer K. Targeting PCSK9 to tackle cardiovascular disease. Pharmacol Ther. 
2023;249:108480. https://doi.org/10.1016/j.pharmthera.2023.108480 PMID: 37331523

	 5.	 Shaito A, Aramouni K, Assaf R, Parenti A, Orekhov A, Yazbi AE, et al. Oxidative stress-induced endothelial dysfunction in cardiovascular diseases. 
Front Biosci (Landmark Ed). 2022;27(3):105. https://doi.org/10.31083/j.fbl2703105 PMID: 35345337

	 6.	 Liu X, Li Z. The role and mechanism of epigenetics in anticancer drug-induced cardiotoxicity. Basic Res Cardiol. 2025;120(1):11–24. https://doi.
org/10.1007/s00395-024-01054-0 PMID: 38724618

	 7.	 Kuang Z, Ge Y, Cao L, Wang X, Liu K, Wang J, et al. Precision treatment of anthracycline-induced cardiotoxicity: an updated review. Curr Treat 
Options Oncol. 2024;25(8):1038–54. https://doi.org/10.1007/s11864-024-01238-9 PMID: 39066853

	 8.	 Kim J-W, Yoon JS, Park S, Kim H, Lee JS, Choe J-Y. Risk of cardiovascular disease with high-dose versus low-dose use of non-steroidal anti-
inflammatory drugs in ankylosing spondylitis. Ann Rheum Dis. 2024;83(8):1028–33. https://doi.org/10.1136/ard-2023-225406 PMID: 38594057

	 9.	 Chen W, Zhong Y, Feng N, Guo Z, Wang S, Xing D. New horizons in the roles and associations of COX-2 and novel natural inhibitors in cardiovas-
cular diseases. Mol Med. 2021;27(1):123. https://doi.org/10.1186/s10020-021-00358-4 PMID: 34592918

	10.	 El-Malah AA, Gineinah MM, Deb PK, Khayyat AN, Bansal M, Venugopala KN, et al. Selective COX-2 inhibitors: road from success to controversy 
and the quest for repurposing. Pharmaceuticals (Basel). 2022;15(7):827. https://doi.org/10.3390/ph15070827 PMID: 35890126

	11.	 Destere A, Merino D, Lavrut T, Rocher F, Viard D, Drici M-D, et al. Drug-induced cardiac toxicity and adverse drug reactions, a narrative review. 
Therapie. 2024;79(2):161–72. https://doi.org/10.1016/j.therap.2023.10.008 PMID: 37957054

	12.	 He S, Chen B, Li C. Drug-induced liver injury associated with atypical generation antipsychotics from the FDA Adverse Event Reporting System 
(FAERS). BMC Pharmacol Toxicol. 2024;25(1):59. https://doi.org/10.1186/s40360-024-00782-2 PMID: 39215339

http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0349218.s002
https://doi.org/10.1016/j.biopha.2024.117374
http://www.ncbi.nlm.nih.gov/pubmed/39217836
https://doi.org/10.1097/JOM.0000000000000738
http://www.ncbi.nlm.nih.gov/pubmed/27281645
https://doi.org/10.1016/j.pharmthera.2023.108480
http://www.ncbi.nlm.nih.gov/pubmed/37331523
https://doi.org/10.31083/j.fbl2703105
http://www.ncbi.nlm.nih.gov/pubmed/35345337
https://doi.org/10.1007/s00395-024-01054-0
https://doi.org/10.1007/s00395-024-01054-0
http://www.ncbi.nlm.nih.gov/pubmed/38724618
https://doi.org/10.1007/s11864-024-01238-9
http://www.ncbi.nlm.nih.gov/pubmed/39066853
https://doi.org/10.1136/ard-2023-225406
http://www.ncbi.nlm.nih.gov/pubmed/38594057
https://doi.org/10.1186/s10020-021-00358-4
http://www.ncbi.nlm.nih.gov/pubmed/34592918
https://doi.org/10.3390/ph15070827
http://www.ncbi.nlm.nih.gov/pubmed/35890126
https://doi.org/10.1016/j.therap.2023.10.008
http://www.ncbi.nlm.nih.gov/pubmed/37957054
https://doi.org/10.1186/s40360-024-00782-2
http://www.ncbi.nlm.nih.gov/pubmed/39215339


PLOS One | https://doi.org/10.1371/journal.pone.0349218  June 1, 2026 13 / 14

	13.	 Wang Y, Cui C, Deng L, Wang L, Ren X. Cardiovascular toxicity profiles of immune checkpoint inhibitors with or without angiogenesis inhibi-
tors: a real-world pharmacovigilance analysis based on the FAERS database from 2014 to 2022. Front Immunol. 2023;14:1127128. https://doi.
org/10.3389/fimmu.2023.1127128 PMID: 37292205

	14.	 Zou F, Cui Z, Lou S, Ou Y, Zhu C, Shu C, et al. Adverse drug events associated with linezolid administration: a real-world pharmacovigilance study 
from 2004 to 2023 using the FAERS database. Front Pharmacol. 2024;15:1338902. https://doi.org/10.3389/fphar.2024.1338902 PMID: 38434706

	15.	 Cui Z, Cheng F, Wang L, Zou F, Pan R, Tian Y, et al. A pharmacovigilance study of etoposide in the FDA adverse event reporting system (FAERS) 
database, what does the real world say?. Front Pharmacol. 2023;14:1259908. https://doi.org/10.3389/fphar.2023.1259908 PMID: 37954852

	16.	 Roth GA, Mensah GA, Johnson CO, Addolorato G, Ammirati E. Global burden of cardiovascular diseases and risk factors, 1990-2019: update from 
the GBD 2019 study. J Am Coll Cardiol. 2020;76:2982–3021.

	17.	 He J, Zhu Z, Bundy JD, Dorans KS, Chen J, et al. Trends in cardiovascular risk factors in US adults by race and ethnicity and socioeconomic sta-
tus, 1999-2018. JAMA. 2021;326:1286–98.

	18.	 Hansen S, Rice K. Exact inference for fixed effects meta-analysis of 2 × 2$$ 2\times 2 $$ tables. Stat Med. 2023;42(19):3333–52. https://doi.
org/10.1002/sim.9808 PMID: 37278134

	19.	 Daley MC, Moreau M, Bronk P, Fisher J, Kofron CM, Mende U, et al. In vitro to in vivo extrapolation from 3D hiPSC-derived cardiac microtissues 
and physiologically based pharmacokinetic modeling to inform next-generation arrhythmia risk assessment. Toxicol Sci. 2024;201(1):145–57. 
https://doi.org/10.1093/toxsci/kfae079 PMID: 38897660

	20.	 Bombardier C, Laine L, Reicin A, Shapiro D, Burgos-Vargas R, Davis B, et al. Comparison of upper gastrointestinal toxicity of rofecoxib and 
naproxen in patients with rheumatoid arthritis. VIGOR Study Group. N Engl J Med. 2000;343(21):1520–8, 2 p following 1528. https://doi.
org/10.1056/NEJM200011233432103 PMID: 11087881

	21.	 Velusamy R, Nolan M, Murphy A, Thavendiranathan P, Marwick TH (2023) Screening for Coronary Artery Disease in Cancer Survivors: JACC: 
CardioOncology State-of-the-Art Review. JACC CardioOncol 5: 22–38.

	22.	 Zhang Q, Liang D, Zhang C, Ye L, Sun P, Zhu H, et al. Integrated Microbiome and Metabolome Analysis Reveals Correlations Between Gut Micro-
biota Components and Metabolic Profiles in Mice With Mitoxantrone-Induced Cardiotoxicity. Drug Des Devel Ther. 2025;19:439–55. https://doi.
org/10.2147/DDDT.S479682 PMID: 39867867

	23.	 Abu Rmilah AA, Lin G, Begna KH, Friedman PA, Herrmann J. Risk of QTc prolongation among cancer patients treated with tyrosine kinase inhibi-
tors. Int J Cancer. 2020;147(11):3160–7. https://doi.org/10.1002/ijc.33119 PMID: 32449208

	24.	 Balachandran L, Haw TJ, Leong AJW, Croft AJ, Chen D. Cancer therapies and cardiomyocyte viability: which drugs are directly cardiotoxic?. Heart 
Lung Circ. 2024;33:747–52.

	25.	 Kudo M, Finn RS, Qin S, Han K-H, Ikeda K, Piscaglia F, et al. Lenvatinib versus sorafenib in first-line treatment of patients with unresectable hepa-
tocellular carcinoma: a randomised phase 3 non-inferiority trial. Lancet. 2018;391(10126):1163–73. https://doi.org/10.1016/S0140-6736(18)30207-
1 PMID: 29433850

	26.	 Jimenez-Fonseca P. Use of multikinase inhibitors/lenvatinib in patients with high cardiovascular risk/vasculopathy and radioiodine refractory-
differentiated thyroid cancer. Cancer Med. 2022;11(Suppl 1):17–25. https://doi.org/10.1002/cam4.5127 PMID: 36202605

	27.	 Hou W, Ding M, Li X, Zhou X, Zhu Q, Varela-Ramirez A, et al. Comparative evaluation of cardiovascular risks among nine FDA-approved 
VEGFR-TKIs in patients with solid tumors: a Bayesian network analysis of randomized controlled trials. J Cancer Res Clin Oncol. 
2021;147(8):2407–20. https://doi.org/10.1007/s00432-021-03521-w PMID: 33725154

	28.	 Giglio RV, Papanas N, Rizvi AA, Ciaccio M, Patti AM, Ilias I, et al. An update on the current and emerging use of thiazolidinediones for type 2 dia-
betes. Medicina (Kaunas). 2022;58(10):1475. https://doi.org/10.3390/medicina58101475 PMID: 36295635

	29.	 Han Y, Xing K, Zhang J, Tong T, Shi Y, Cao H, et al. Application of sulfoximines in medicinal chemistry from 2013 to 2020. Eur J Med Chem. 
2021;209:112885. https://doi.org/10.1016/j.ejmech.2020.112885 PMID: 33227576

	30.	 Curfman GD, Morrissey S, Drazen JM. Expression of concern: bombardier et al., “Comparison of upper gastrointestinal toxicity of rofecoxib and 
naproxen in patients with rheumatoid arthritis,”. N Engl J Med. 2005;353:2813–4.

	31.	 Soldin OP, Mattison DR. Sex differences in pharmacokinetics and pharmacodynamics. Clin Pharmacokinet. 2009;48(3):143–57. https://doi.
org/10.2165/00003088-200948030-00001 PMID: 19385708

	32.	 Mehta LS, Velarde GP, Lewey J, Sharma G, Bond RM, Navas-Acien A, et al. Cardiovascular disease risk factors in women: the impact of 
race and ethnicity: a scientific statement from the American Heart Association. Circulation. 2023;147(19):1471–87. https://doi.org/10.1161/
CIR.0000000000001139 PMID: 37035919

	33.	 Qaseem A, Forciea MA, McLean RM, Denberg TD, Clinical Guidelines Committee of the American College of Physicians, Barry MJ, et al. Treat-
ment of low bone density or osteoporosis to prevent fractures in men and women: a clinical practice guideline update from the American College of 
Physicians. Ann Intern Med. 2017;166(11):818–39. https://doi.org/10.7326/M15-1361 PMID: 28492856

	34.	 Pittman CB, Davis LA, Zeringue AL, Caplan L, Wehmeier KR, Scherrer JF, et al. Myocardial infarction risk among patients with fractures receiving 
bisphosphonates. Mayo Clin Proc. 2014;89(1):43–51. https://doi.org/10.1016/j.mayocp.2013.08.021 PMID: 24388021

	35.	 Wang J-C, Chien W-C, Chung C-H, Liao W-I, Tsai S-H. Adverse cardiovascular effects of nitrogen-containing bisphosphonates in patients with 
osteoporosis: a nationwide population-based retrospective study. Int J Cardiol. 2016;215:232–7. https://doi.org/10.1016/j.ijcard.2016.04.088 PMID: 
27128537

https://doi.org/10.3389/fimmu.2023.1127128
https://doi.org/10.3389/fimmu.2023.1127128
http://www.ncbi.nlm.nih.gov/pubmed/37292205
https://doi.org/10.3389/fphar.2024.1338902
http://www.ncbi.nlm.nih.gov/pubmed/38434706
https://doi.org/10.3389/fphar.2023.1259908
http://www.ncbi.nlm.nih.gov/pubmed/37954852
https://doi.org/10.1002/sim.9808
https://doi.org/10.1002/sim.9808
http://www.ncbi.nlm.nih.gov/pubmed/37278134
https://doi.org/10.1093/toxsci/kfae079
http://www.ncbi.nlm.nih.gov/pubmed/38897660
https://doi.org/10.1056/NEJM200011233432103
https://doi.org/10.1056/NEJM200011233432103
http://www.ncbi.nlm.nih.gov/pubmed/11087881
https://doi.org/10.2147/DDDT.S479682
https://doi.org/10.2147/DDDT.S479682
http://www.ncbi.nlm.nih.gov/pubmed/39867867
https://doi.org/10.1002/ijc.33119
http://www.ncbi.nlm.nih.gov/pubmed/32449208
https://doi.org/10.1016/S0140-6736(18)30207-1
https://doi.org/10.1016/S0140-6736(18)30207-1
http://www.ncbi.nlm.nih.gov/pubmed/29433850
https://doi.org/10.1002/cam4.5127
http://www.ncbi.nlm.nih.gov/pubmed/36202605
https://doi.org/10.1007/s00432-021-03521-w
http://www.ncbi.nlm.nih.gov/pubmed/33725154
https://doi.org/10.3390/medicina58101475
http://www.ncbi.nlm.nih.gov/pubmed/36295635
https://doi.org/10.1016/j.ejmech.2020.112885
http://www.ncbi.nlm.nih.gov/pubmed/33227576
https://doi.org/10.2165/00003088-200948030-00001
https://doi.org/10.2165/00003088-200948030-00001
http://www.ncbi.nlm.nih.gov/pubmed/19385708
https://doi.org/10.1161/CIR.0000000000001139
https://doi.org/10.1161/CIR.0000000000001139
http://www.ncbi.nlm.nih.gov/pubmed/37035919
https://doi.org/10.7326/M15-1361
http://www.ncbi.nlm.nih.gov/pubmed/28492856
https://doi.org/10.1016/j.mayocp.2013.08.021
http://www.ncbi.nlm.nih.gov/pubmed/24388021
https://doi.org/10.1016/j.ijcard.2016.04.088
http://www.ncbi.nlm.nih.gov/pubmed/27128537


PLOS One | https://doi.org/10.1371/journal.pone.0349218  June 1, 2026 14 / 14

	36.	 John Camm A. Review of the cardiovascular safety of zoledronic acid and other bisphosphonates for the treatment of osteoporosis. Clin Ther. 
2010;32(3):426–36. https://doi.org/10.1016/j.clinthera.2010.03.014 PMID: 20399982

	37.	 Sing C-W, Wong AY, Kiel DP, Cheung EY, Lam JK, Cheung TT, et al. Association of alendronate and risk of cardiovascular events in patients with 
hip fracture. J Bone Miner Res. 2018;33(8):1422–34. https://doi.org/10.1002/jbmr.3448 PMID: 29744914

	38.	 Delli Poggi C, Fusaro M, Mereu MC, Brandi ML, Cianferotti L. Cardiovascular safety and effectiveness of bisphosphonates: from intervention trials 
to real-life data. Nutrients. 2022;14(12):2369. https://doi.org/10.3390/nu14122369 PMID: 35745099

	39.	 Ruige JB, Ouwens DM, Kaufman J-M. Beneficial and adverse effects of testosterone on the cardiovascular system in men. J Clin Endocrinol 
Metab. 2013;98(11):4300–10. https://doi.org/10.1210/jc.2013-1970 PMID: 24064693

	40.	 Corona G, Maseroli E, Rastrelli G, Isidori AM, Sforza A, Mannucci E, et al. Cardiovascular risk associated with testosterone-boosting medications: 
a systematic review and meta-analysis. Expert Opin Drug Saf. 2014;13(10):1327–51. https://doi.org/10.1517/14740338.2014.950653 PMID: 
25139126

	41.	 Diem SJ, Greer NL, MacDonald R, McKenzie LG, Dahm P, Ercan-Fang N, et al. Efficacy and safety of testosterone treatment in men: an evidence 
report for a clinical practice guideline by the American College of Physicians. Ann Intern Med. 2020;172(2):105–18. https://doi.org/10.7326/M19-
0830 PMID: 31905375

	42.	 Corona G, Rastrelli G, Di Pasquale G, Sforza A, Mannucci E, Maggi M. Testosterone and cardiovascular risk: meta-analysis of interventional stud-
ies. J Sex Med. 2018;15(6):820–38. https://doi.org/10.1016/j.jsxm.2018.04.641 PMID: 29803351

	43.	 Loo SY, Azoulay L, Nie R, Dell’Aniello S, Yu OHY, Renoux C. Cardiovascular and cerebrovascular safety of testosterone replacement 
therapy among aging men with low testosterone levels: a cohort study. Am J Med. 2019;132(9):1069-1077.e4. https://doi.org/10.1016/j.
amjmed.2019.03.022 PMID: 30953635

	44.	 Yeap BB, Dwivedi G. Androgens and cardiovascular disease in men. In: Feingold KR, Ahmed SF, Anawalt B, Blackman MR, Boyce A et al., editors. 
Endotext. South Dartmouth, MA: © 2000–2025, MDText.com, Inc.; 2000.

	45.	 Campistol JM, Grinyó JM. Exploring treatment options in renal transplantation: the problems of chronic allograft dysfunction and drug-related neph-
rotoxicity. Transplantation. 2001;71(11 Suppl):SS42-51. PMID: 11583488

	46.	 Li N, Jiang W, Wang W, Xiong R, Wu X, Geng Q. Ferroptosis and its emerging roles in cardiovascular diseases. Pharmacol Res. 2021;166:105466. 
https://doi.org/10.1016/j.phrs.2021.105466 PMID: 33548489

	47.	 Avagimyan A, Kakturskiy L, Pogosova N, Ottaviani G, Rizzo M, Sarrafzadegan N. Doxorubicin and cyclophosphamide mode of chemotherapy-
related cardiomyopathy: review of preclinical model. Curr Probl Cardiol. 2025;50(1):102882. https://doi.org/10.1016/j.cpcardiol.2024.102882 PMID: 
39427867

	48.	 Xu X, Yin Y, Li D, Yao B, Zhao L, Wang H, et al. Vicious LQT induced by a combination of factors different from hERG inhibition. Front Pharmacol. 
2022;13:930831. https://doi.org/10.3389/fphar.2022.930831 PMID: 35935820

	49.	 Wysowski DK, Bacsanyi J. Cisapride and fatal arrhythmia. N Engl J Med. 1996;335(4):290–1. https://doi.org/10.1056/NEJM199607253350416 
PMID: 8657260

	50.	 Mawatari S, Tamai T, Kumagai K, Saisyoji A, Muromachi K, Toyodome A, et al. Clinical effect of lenvatinib re-administration after transcatheter arte-
rial chemoembolization in patients with intermediate stage hepatocellular carcinoma. Cancers (Basel). 2022;14(24):6139. https://doi.org/10.3390/
cancers14246139 PMID: 36551623

https://doi.org/10.1016/j.clinthera.2010.03.014
http://www.ncbi.nlm.nih.gov/pubmed/20399982
https://doi.org/10.1002/jbmr.3448
http://www.ncbi.nlm.nih.gov/pubmed/29744914
https://doi.org/10.3390/nu14122369
http://www.ncbi.nlm.nih.gov/pubmed/35745099
https://doi.org/10.1210/jc.2013-1970
http://www.ncbi.nlm.nih.gov/pubmed/24064693
https://doi.org/10.1517/14740338.2014.950653
http://www.ncbi.nlm.nih.gov/pubmed/25139126
https://doi.org/10.7326/M19-0830
https://doi.org/10.7326/M19-0830
http://www.ncbi.nlm.nih.gov/pubmed/31905375
https://doi.org/10.1016/j.jsxm.2018.04.641
http://www.ncbi.nlm.nih.gov/pubmed/29803351
https://doi.org/10.1016/j.amjmed.2019.03.022
https://doi.org/10.1016/j.amjmed.2019.03.022
http://www.ncbi.nlm.nih.gov/pubmed/30953635
http://www.ncbi.nlm.nih.gov/pubmed/11583488
https://doi.org/10.1016/j.phrs.2021.105466
http://www.ncbi.nlm.nih.gov/pubmed/33548489
https://doi.org/10.1016/j.cpcardiol.2024.102882
http://www.ncbi.nlm.nih.gov/pubmed/39427867
https://doi.org/10.3389/fphar.2022.930831
http://www.ncbi.nlm.nih.gov/pubmed/35935820
https://doi.org/10.1056/NEJM199607253350416
http://www.ncbi.nlm.nih.gov/pubmed/8657260
https://doi.org/10.3390/cancers14246139
https://doi.org/10.3390/cancers14246139
http://www.ncbi.nlm.nih.gov/pubmed/36551623

	Identification of drug-related cardiovascular risks: A comprehensive analysis using the FAERS database (2004–2024)
	Introduction
	Materials and methods
	Data sources
	Study design
	Data cleaning
	Statistical analysis

	Results
	Baseline characteristics
	Signal detection analysis
	Subgroup analysis

	Discussion
	Conclusion
	Supporting information
	References


