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Abstract

Background: There are still some points of controversy regarding the adverse events
associated with celecoxib use, particularly in terms of thrombosis.

Objectives: To explore the relationship between celecoxib and thrombosis in the real world
and to investigate the causality that exists.

Design: We conducted pharmacovigilance analysis on spontaneously reported adverse events
to evaluate the association between celecoxib and thrombotic events. In addition, Mendelian
randomization studies of drug targets were used to explore the causal relationship between
them.

Methods: This study used the data from the United States Food and Drug Administration
Adverse Event Reporting System (FAERS), the Japanese Adverse Drug Event Report database,
and the Canada Vigilance Adverse Reaction (CVAR] for pharmacovigilance analysis. Among
these, the Report Odds Ratio, Proportional Reporting Ratio, Information Component, and
Empirical Bayesian Geometric Mean were used to determine the strength of adverse event
signals. In addition, the Weibull shape parameter test was used in this study to investigate
the trend of adverse events. Mendelian randomization was used to explore the causal link
between celecoxib and deep vein thrombosis.

Results: Pharmacovigilance signals indicated that celecoxib was associated with an increased
risk of thrombosis, with deep vein thrombosis demonstrating positive signals in all three
populations. In addition, Mendelian randomization analyses provided evidence to support a
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Results: Reports from the United States, Japan, and Canada all indicate a certain
correlation between celecoxib and thrombotic events. It is worth noting that there are
more reports of thrombus in women than in men. Furthermore, further analysis suggests
that celecoxib promotes thrombus formation by inhibiting carbonic anhydrase 2, and there

is a causal relationship between them.

Conclusion: Celecoxib increases the risk of thrombosis, which may be achieved by
inhibiting carbonic anhydrase 2. This suggests that patients who take celecoxib for a long
time should pay attention to the risk of thrombosis. In addition, doctors should evaluate
whether patients have high risk factors for thrombosis before medication.

Keywords: carbonic anhydrase 2, celecoxib, non-steroidal anti-inflammatory drugs,

pharmacovigilance, thrombosis

Received: 13 December 2024; revised manuscript accepted: 16 May 2025.

Introduction

Non-steroidal anti-inflammatory drugs (NSAIDs)
are a group of chemically heterogeneous drugs
with anti-inflammatory, analgesic, and antipy-
retic properties, and are one of the most widely
used prescription drugs worldwide.! They are
being considered for short-term treatment of
common pain conditions as well as long-term
improvement of chronic inflammatory diseases
such as osteoarthritis (OA). NSAIDs primarily
act by inhibiting the cyclooxygenase (COX) path-
way to block the synthesis of prostaglandins.?
According to the different subtypes of COX they
block, NSAIDS can be divided into nonselective
COX inhibitors, COX-1 inhibitors, and COX-2
inhibitors. Among these, COX-2 inhibitors are
widely used due to their strong antipyretic and
analgesic effects and fewer gastrointestinal
adverse events (AEs).3 There are currently vari-
ous types of COX-2 inhibitors in the world, such
as celecoxib, meloxicam, and nimesulide.
Celecoxib is the only coxib-class drug commer-
cially available in most countries and regions,
holding a considerable market share.* In addi-
tion, the selectivity of celecoxib for COX-2 is 30
times that of COX-1, far higher than other
COX-2 inhibitors.> Therefore, it is widely used
for anti-inflammatory and analgesic treatment of
various inflammatory diseases.

Although celecoxib is currently the preferred
choice for treating chronic inflammatory diseases
such as OA, its safety has been controversial due
to its ability to cause cardiovascular damage. The
most critical point of controversy is whether the

use of celecoxib leads to thrombosis. Some stud-
ies have shown that celecoxib does not cause the
formation of thrombus. In the Celecoxib Long-
term Arthritis Safety Study (CLASS), no signifi-
cant increase in cardiovascular events was
observed with celecoxib compared to nonselec-
tive NSAIDs such as diclofenac and naproxen.®
Another experimental study demonstrated that
celecoxib 200 mg/day can significantly improve
the diastolic function of vascular endothelial cells,
attenuate chronic inflammation and oxidative
stress, and reduce the formation of thrombus
after atherosclerosis.” In addition, a follow-up
study over 10years related to hip and knee OA
did not find any association between celecoxib
and thrombosis.® However, other studies have
questioned this view, suggesting that patients
treated with celecoxib have an increased risk of
thrombosis. For example, a systemic sclerosis
patient admitted to Carolina Medical University
developed a pulmonary embolism after receiving
treatment with celecoxib for 2 days.? This correla-
tion has also been demonstrated in some experi-
mental studies. For example, Mukherjee et al.
pointed out that the inhibition of COX-2 by
celecoxib may promote thrombosis in the coro-
nary arteries of experimental dogs with vascular
injury by reducing endogenous prostacyclin
production.®

Thrombotic events significantly elevate risks of
disability, mortality, and healthcare costs, pro-
foundly compromising patient prognosis. For
example, joint replacement surgery is recom-
mended for patients with advanced OA, but the

journals.sagepub.com/home/taw


https://journals.sagepub.com/home/taw

JDi, Y Xietal

incidence of postoperative venous thromboembo-
lism (VTE) can reach 42.5%, and severe cases
can develop into pulmonary embolism, leading to
severe disability or even death.1%11 Therefore, it is
very important to prevent the formation of throm-
bosis in perioperative patients.!? Celecoxib, the
most common medication used for pain relief in
these patients, may increase thrombosis risk,
which can greatly affect the success of the
procedure and the quality of life of the patient, yet
current clinical guidelines lack specific recom-
mendations for thromboprophylaxis in this
setting, and its potential risks remain under-rec-
ognized. Therefore, it is necessary to clarify the
occurrence and causal relationship of thrombotic
events in the real world with celecoxib.

The drug spontaneous reporting system is
derived from spontaneously reported adverse
drug reactions in the real world, used to clarify
and alert potential associations between drugs
and AEs that occur in clinical practice. These
spontaneous reports contain data from patients
who were excluded from clinical trials, making
them more likely to reflect clinical practice.
Based on these data, it can be determined
whether the drug is related to AEs. As the data-
base is constantly updated, it can more accu-
rately capture the dynamics of real-world
research. At present, large-scale spontaneous
reporting systems mainly include the United
States Food and Drug Administration Adverse
Event Reporting System (FAERS), the Japanese
Adverse Drug Event Report database (JADER),
and the Canada Vigilance Adverse Reaction
(CVAR). This study used four pharmacovigi-
lance analysis methods, Report Odds Ratio
(ROR), Proportional Reporting Ratio (PRR),
Information Component (IC), and Empirical
Bayesian Geometric Mean (EBGM) for signal
detection from three databases.

Meanwhile, Mendelian randomization (MR) is
a genetic epidemiological approach that can
infer causal relationships between exposure and
outcomes by using genetic variations closely
related to exposure as instrumental variables
(IVs). Genetic variations associated with drug
target gene expression, also known as expres-
sion quantitative trait loci (eQTLs), can serve
as IVs for MR to provide robust causal evidence
for the relationship between drugs and adverse
outcomes.

Therefore, we conducted a multinational phar-
macovigilance study integrating databases from
the United States, Japan, and Canada to investi-
gate the correlation between celecoxib and throm-
bosis in the real world. In addition, MR of drug
targets has been used to clarify the causal rela-
tionship between celecoxib and thrombosis, as
well as potential mechanisms. This study aims to
enhance understanding of the safety of NSAIDs
in clinical practice.

Materials and methods

Pharmacovigilance data analysis
Thromboembolism adverse event data source. We
identified the generic and brand names of cele-
coxib using a Medical Subject Headings (MeSH)
terminology browser and extracted data from
FAERS, JADER, and CVAR, respectively. AEs
were submitted to these databases, and data
were updated by healthcare professionals, con-
sumers, manufacturers, and others in the form
of spontaneous reporting systems. In the data
preprocessing stage, case reports with the same
gender, age, country, event date, adverse reac-
tions, medication, and indications are identified
as duplicate reports and removed.!?> Subse-
quently, we standardized the collected adverse
event reports related to celecoxib using preferred
terms (PTs) and systemic organ categories
(SOCs) from the Medical Dictionary of Regula-
tory Activities (MedDRA) 26.1 edition Interna-
tional Council for Harmonisation of Technical
Requirements for Pharmaceuticals for Human
Use (ICH). To improve the accuracy of the
research, we limited the scope of the examina-
tion in the DRUG file to drugs whose role_cod
was designated as “primary suspect (PS).”!4 In
addition, we restricted PTs to “thrombosis”-
related AEs in the REAC document.

In this study, we extracted only United States
population-related data from the FAERS data-
base from the first quarter of 2004 through the
second quarter of 2024. The extracted data
consisted primarily of patient demographics
(DEMO), drug detail information (DRUG),
description of adverse events (REAC), and out-
comes received by the reporting source (OUTC).
A relationship was established in the FAERS
database that allows for the linking of each data
file by a unique identification number.!> After
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data preprocessing, we obtained a total of
12,103,489 DEMO data, 37,894,197 DRUG
data, and 31,971,140 REAC data. Next, by limit-
ing drug role codes and PTs, we obtained a total
of 30,025 AEs related to celecoxib and 740 AEs
related to thrombosis.

In the JADER database, we extracted AE data
recorded from the first quarter of April 2004
through May 2024, available on the
Pharmaceutical and Medical Devices Agency
website (http://www.pmda.go.jp/). It comprises
four datasets: DEMO, DRUG, REAC, and pri-
mary disease (HIST). We linked the DEMO
tables to these tables according to the identified
conditions.!® After deduplication, we obtained
909,122 DEMO records, 4,575,592 DRUG
entries, and 1,505,095 REAC entries. We
obtained a total of 4571 AEs and 48 thrombotic
events related to celecoxib by limiting the AEs
those associated with the drug named “PS.”

AEs data recorded from January 1, 2004 to May
31, 2024 in the CVAR database were also
included in this study. These data can be accessed
from the official Government of Canada website
(http://www.canada.ca/). Data included patient
characteristics (e.g., age and sex), drug informa-
tion, disease indication, AEs, and outcomes. We
used “Report_ID” as a unique identifier to com-
bine different data files.!” We obtained a total of
940,097 DEMO data, 4,290,474 DRUG data,
and 3,892,095 REAC data. Consistent with the
previous process, by qualifying the drug role code
and PT fields, we ended up with 1184 reports of
AEs associated with celecoxib and 26 associated
thrombotic events.

Time-to-onset analysis. Time-to-onset (TTO)
was calculated as the time from when a patient
first received a prescription to the occurrence of
an AE associated with anthropometric changes.
Evaluation of the TTO data was based on the
median, mean, and the Weibull shape parameter
(WSP) test, which is characterized by the scale
parameter a and the shape parameter 3, describ-
ing the risk of an increase or decrease in AEs over
time. Depending on the value of the shape param-
eter B, the upper limit of the 95% confidence
interval (CI) for <1 is considered to decrease
the initial increase (early failure type) over time.
In contrast, the lower limit of the 95% CI for
B> 1 indicates an increase in risk over time (wear-
and-tear failure type), whereas a 95% CI

including 3 of 1 indicates a constant risk of AEs
occurring throughout the exposure period (ran-
dom failure type).

Statistical analyses. Our study used ROR, PRR,
IC, and EBGM to detect safety signals. Among
these, ROR is a crucial analytical method used to
identify and discover potential associations
between reported drugs and AEs. PRR focuses
more on the combination of drugs and AEs.!8
Compared to ROR and PRR, IC reflects the
strength of the correlation between drugs and
AEs, with lower requirements for the quality of
drug adverse event reporting data, while the cor-
relation between detected AEs signals is relatively
strong, and the EBGM method has been proven
to be the most conservative among the four meth-
ods, indicating its suitability for epidemiological
studies.!®20 The potential association between
medication population characteristics, such as
gender, and adverse drug reactions is often
explored.?® To comprehensively screen for poten-
tial drug safety risks, according to established
pharmacovigilance information guidelines, any
report that meets any of the above four criteria
and reaches the positive signal threshold is con-
sidered a positive adverse event report.2! Specific
formulas can be found inTable S1. Data were col-
lated and statistically analyzed using R (version
4.4.1) and the corresponding RStudio version.
The R package ggplot2 was used to plot the statis-
tical tables. The R package “TwoSample MR” was
created by Ross Thaka and Robert Gentleman
using R (version 4.4.1) and is maintained by the
R core team. RStudio was developed by Posit
PBC, and the R package ggplot2 was developed
by Hadley Wickham and others and is maintained
by Thomas Lin Pedersen.

MR analysis

Data sources. Our study used STROBE-MR
guidance to assess the integrity of the entire pro-
cess (Table S2). We used the DrugBank database
(https://go.drugbank.com/) to obtain the active
ingredient of celecoxib and identify its target
gene. To identify common single nucleotide poly-
morphisms (SNPs) associated with the expres-
sion of celecoxib drug target genes in whole blood,
eQTL analyses were performed to identify loci
capable of regulating blood gene expression.
eQTLs data were obtained from the eQTLGen
Consortium (https://eqtlgen.org/). The eQTL-
Gen dataset contains 16,987 genes and 31,684
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cis-eQTLs in blood samples from mostly healthy
European individuals.?!

Deep vein thrombosis (DVT) is the most common
form of thrombosis. For example, DVT occurs in
up to 600,000 people per year in the United States
alone. Its annual incidence is close to 1.6/1000
inhabitants.?2 Therefore, we used DVT as an
outcome indicator. Data on DVT were obtained
from the UK Biobank, an outcome data set com-
prising 462,933 European-ancestry individuals
(cases=9241; controls=453,692). In addition, to
ensure the robustness of the data, we used data
from DVT in the GWAS Catalog and FinnGen
Release 12 databases as outcomes for validation.
The DVT dataset in the GWAS Catalog database
(ebi-a-GCST90038607), including the dataset
containing 484,598 samples (case=12,240; con-
trol=472,358), was used as statistical associations
for outcomes.??> The FinnGen study, an extensive
genomics program analyzing more than 500,000
Finnish Biobank samples, combines genetic varia-
tion with health data to elucidate disease mecha-
nisms and susceptibility.2* The DVT data from the
FinnGen R12 database (finngen_R12_I9_VTE)
consisted of 500,348 samples (case=26,333; con-
trol=474,015). We used data from the three data-
sets to validate each other, ensuring the
generalizability and robustness of the findings.

Selection of IVs. To ensure the accuracy and
robustness of the causal relationship between the
celecoxib drug target and thrombus, the follow-
ing steps were used to select IVs. In principle,
genetic instruments used in MR analyses must
satisfy three assumptions: (1) IVs are directly
related to exposure; (2) IVs are independent of
any confounding variables; (3) IVs only affect the
results via exposure. First, we use the required p
values <5 X 1078 and 2 <0.3 to screen for IVs
that are strongly correlated with exposure. The
strength of IVs was further quantified by calcu-
lating the individual and cumulative F-statistic
for each SNP by F=R:(N-k-1)/k(1-R?),
including only SNPs with F-statistics >10 and
excluding SNPs that could lead to unwanted bias
and multiple significance. Second, IVs that are
not directly related to the outcome will be
screened through p>1 X 107>, Finally, consider-
ing the potential impact of genetic instruments
on potential confounding factors, we excluded
pleiotropy SNPs associated with other potential
confounding factors using PhenoScanner (http:/
www.phenosanner.medschl/).

MR analysis. To initially assess the causal rela-
tionship between exposure (celecoxib drug tar-
get) and outcome (DVT), this study performed a
two-sample MR analysis with genetic variation as
IVs. We used a range of MR methods for the
study. The primary analytical method was ran-
dome-effects inverse variance weighted (IVW),
and the secondary analytical methods were
weighted median and MR-Egger regression. The
central tenet of IVW is that all genetic variants are
legitimate IVs with strong causality detection,
making IVW the most important method for
assessing causality between exposure and out-
come. In addition, the weighted median consis-
tently estimates causal effects when up to 50% of
the genetic variation in the SNPs is from null IVs.

Sensitivity analyses. We conducted sensitivity
analyses to verify the reliability of the analyses.
First, we used Cochran’s Q test, MR-Egger
regression, and IVW methods to assess IVs het-
erogeneity. In addition, we used the MR-Egger
intercept test to assess the horizontal multicol-
linearity between IVW and the results, where the
closer the intercept value is to 0, the closer the
MR regression model aspect is to IVW. Finally,
the leave-one-out analysis was used to exclude
single SNPs that had a large impact on the results,
to avoid single SNPs that had a large impact on
the results. SNPs to avoid level collapse caused by
a single SNP. We used funnel plots to assess het-
erogeneity among SNPs and considered asymme-
try as an indicator of horizontal pleiotropy.

Statistical analysis. All data were analyzed using
the R software package “TwoSampleMR” (ver-
sion 4.4.1) MRCIEU. InTwoSampleMR, p < 0.05
indicated that the difference between results was
statistically significant. In the multivariate test, IV
was considered to be horizontally multivariate
with horizontal diversity when the MR-Egger
regression intercept was nonzero and statistically
significant (p<0.05). In the heterogeneity test,
p>0.1 indicated that there was no heterogeneity
between groups.

Results

Descriptive characteristics

Figure 1 shows the research process of this study.
During the period of testing from the first quarter
of 2004 and the second quarter of 2024, a total of
30,025 reports of AEs related to celecoxib were
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Figure 1. Flowchart of pharmacovigilance analysis and drug targets Mendelian randomization.

recorded in the FAERS database, of which 740
reports were related to thrombotic events. Among
the cases related to celecoxib, the number of
females (2=18,390, 61.2%) is twice that of males
(n=9294, 31.0%). Specifically, when it comes to
thrombotic events, the number of female patients
(n=439, 59.3%) is also higher than that of male
patients (=276, 37.3%). In addition, Other
Serious (Important Medical Events; n=7969,
26.5%) accounted for a significant proportion of
AE outcomes in celecoxib. Patients were reported
to have a higher proportion of hospitalization-
initial or prolonged (456, 61.6%) and Death (86,
11.6%) among all outcomes.

The JADER database recorded a total of 4571
case reports of celecoxib from the first quarter of
April 2004 to May 2024, of which only 48 were
related to thrombosis. The proportion of female
patients (n=2,824, 61.8%) is higher than that of
males. Similarly, the number of thrombotic events
in female patients (=37, 77.1%) was higher
than that in male patients (=10, 20.8%). In this
population, patients who experienced AEs after
treatment with celecoxib had a higher proportion
of final recovery (n=2,567, 38.2%) and fewer

outcomes leading to death (=273, 4.1%).
However, the mortality rate of patients with con-
current thrombosis is relatively higher, account-
ing for 14.6% of all outcomes.

From January 2004 to May 2024, the CVAR
database recorded a total of 1184 case reports of
celecoxib, of which only 26 thrombotic events
were reported. Similar to the previous two data-
bases, the number of female patients (=831,
70.2%) is much higher than that of male patients
(n=339, 28.6%). It is worth noting that all 26
reported thrombotic events were in female
patients. From the age distribution perspective,
AE is mainly more common in the population
aged 18-64.9 (n=684, 57.8%). Furthermore, the
outcomes of death and disability caused by
thrombotic events accounted for 11.5%. Patient
information is shown in Table 1.

Signal mining of thrombotic AEs of celecoxib in
three populations

At the SOC level, AEs in the three populations
were divided into 27 organ systems (Figure S1).
A total of six positive SOCs were detected in the
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Table 1. Basic information on thrombus and celecoxib.
Characteristics FAERS JADER CVAR
Celecoxib- Celecoxib- Celecoxib- Celecoxib- Celecoxib- Celecoxib-
total thrombus total thrombus total thrombus
Number of events 30,025 740 4571 48 1184 26
Sex, n (%)
Female 18,390 (61.2) 439 (59.3) 2824 (61.8) 37(77.1) 831(70.2) 26 (100.0])
Male 9294 (31.0) 276 (37.3) 1577 (34.5) 10 (20.8) 339 (28.4) 0(0.0)
Missing/unknown 2341 (7.8) 25 (3.4) 170 (3.7) 1(2.1) 14(1.2) 0(0.0)
Age, n (%)
<18 47(0.2) 2(0.3) 19 (0.4) 0(0.0) 53 (4.5) 0(0.0)
>85 491 (1.6) 5(0.7) 197 (4.3) 3(6.3) 20(1.7) 0(0.0)
18-64.9 8455 (28.2) 174 (23.5) 1797 (39.3) 20 (42.0) 684 (57.8) 20 (76.9)
65-85 6309 (21.0) 99 (13.4) 2322 (50.7) 24 (50.0) 288 (24.3) 1(3.8)
Missing/unknown 14,723 (49.0) 460 (62.2) 236 (5.2) 1(2.1) 139 (11.7) 5(19.2)
Outcome, n (%)
CA 6 (0.0 0(0.0) 0(0.0] 0(0.0)
DE 1990 (6.6) 86 (11.6) 273 (4.1) 7 (14.6) 12 (1.0) 2(7.7)
DS 317 (1.1) 6(0.8) — - 19 (1.6) 1(3.8])
HO 6358 (21.2) 456 (61.6) — — 81 (6.8) 0(0.0)
LT 281 (0.9) 15 (2.0) — — 4(0.3) 0(0.0)
oT 7969 (26.5) 171 (23.1) = = 599 (50.6) 23 (88.5)
RIPPI 20 (0.1) 0(0.0) — — 0(0.0) 0(0.0)
Not serious — - - - 469 (39.6) 0(0.0]
Recovery — — 2567 (38.2) 14.(29.2) - —
Unrecovered — — 407 (6.1) 3(6.3) — —
Mild rehabilitation ~ — — 1511 (22.5) 6 (12.5) - -
Missing/unknown 13,084 (43.6) 6(0.8) 1909 (28.4) 18 (37.5) 0(0.0) 0(0.0]

CA, congenital anomaly; CVAR, The Canada Vigilance Adverse Reaction; DE, death; DS, disability; FAERS, The Food and Drug Administration
Adverse Event Reporting System; HO, hospitalization-initial or prolonged; JADER, The Japanese Adverse Drug Event Report database; LT,
life-threatening; OT, Other Serious (Important Medical Event); RIPPI, required intervention to prevent permanent impairment/damage.
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Population ~ PT n ROR(95% Cl)
American THROMBOSIS 394 3.69(3.34-4.08) 1]

DEEP VEIN THROMBOSIS 331 4.03(3.62-4.5) : | |

CORONARY ARTERY THROMBOSIS 21 10.89(7.07-16.79) 1 +E—

CEREBRAL THROMBOSIS 15 6.15(3.7-10.24) : HiH

CEREBRAL ARTERY THROMBOSIS 4 13.58(5.03-36.71) | +————

ARTERIAL THROMBOSIS 4 3.03(1.13-8.1) I[I—l

VENOUS THROMBOSIS LIMB 3 3.14(1.01-9.76) II—<

RETINAL VASCULAR THROMBOSIS 2 4.95(1.23-19.93) i

DEEP VEIN THROMBOSIS POSTOPERATIVE 1 6.55(0.91-47.16) *—I—i

RETINAL VEIN THROMBOSIS 1 4.56(0.64-32.69) H—

ARTERIOVENOUS GRAFT THROMBOSIS 1 27.36(3.64-205.61) : i

THROMBOSIS-TOTAL 777 3.97(3.7-4.27) 'm
Japanese DEEP VEIN THROMBOSIS 23 1.55(1.03-2.34) Il

CEREBRAL THROMBOSIS 3 5.62(1.79-17.68) :'-I—(
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Figure 2. Signal mining of three groups at the PT level and the forest plots were used to show the ROR and

corresponding 95% Cls.
PT, preferred term; ROR, report odds ratio.

American population. Among them, Cardiac dis-
orders are the system with the highest number of
reports and the strongest signals (n=9578,
ROR=7.34, 95% CI: 7.18-7.5). There are a total
of four positive signals in the Japanese population
(n=11,532), among which skin and subcutane-
ous tissue disorders have the highest number of
SOC and the highest signal value (n=1866,
ROR=6.02, 95% CI: 5.70-6.35). In addition,
there were five positive SOC signals in the
Canadian population. Systemic diseases and vari-
ous reactions at the administration site are the
most common SOC (n=2,794).

From the perspective of the PT level, there are 11
thrombosis events in the American population
(Figure 2). Among these, thrombosis (7=394)
and DVT (z=331) are the most common adverse
reactions, with a number even ten times that of
the total of other thrombotic events. When evalu-
ating signal strength, arteriovenous graft throm-
bosis is the strongest PT signal (ROR=27.36,
95% CI: 3.64-205.61). It is worth noting that the
AE of arteriovenous graft thrombosis only
occurred in the American population and was not
found in other populations. In the Japanese popu-
lation, only three positive PT cases are associated
with thrombosis. Among these, the number
of DVT is the highest among Japanese people,
accounting for 85% of all thrombotic events

(n=23). However, its signal strength (ROR=1.55,
95% CI: 1.03-2.34) is 1/2 of that of the American
population (ROR=4.03, 95% CI: 3.62-4.50).
Cerebral thrombosis is the strongest thrombotic
event in the Japanese population (ROR=5.62,
95% CI: 1.79-17.68), which is also higher than
its signal intensity in the American population
(ROR=3.85, 95% CI: 2.45-6.04). Interestingly,
the event of shunt thrombosis has only been
detected with positive signals in the Japanese
population, ranking second in signal value among
the Japanese population (ROR=4.74, 95%
CI: 0.65-34.38, PRR=4.74). Canadian popula-
tion only reported postoperative DVT (n=25,
ROR=74.94, 95% CI. 48.39-116.05). The
results of four algorithms for positive PT's in three
populations are shown in Table S3.

We further analyzed the overall signaling patterns
of adverse thrombotic events caused by celecoxib
in three populations. The results showed that
when considering the overall drug adverse reac-
tion signals for thrombosis, it was positive in all
three populations, providing a broader link
between celecoxib and thrombosis. Specifically,
the strongest positive signal among the three
groups is the American population (ROR=3.97).
The Canadian population ranks second in signal
value (ROR=2.02), higher than the Japanese
population (ROR =1.48). Coagulation has always
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been considered a key pathway affecting throm-
bus formation, which is mediated by tissue factors
(TFs). Research has shown that the proliferation
of fibrin in blood clots is dominated by hematog-
enous TFs.25 Therefore, we detected coagulation-
related PT signals in three populations.
Interestingly, it was found that the relevant sig-
nals were negative.

In addition, to further investigate individual
characteristics, we conducted a subgroup analy-
sis based on gender (Table 2). The results
showed that there were 12 positive PT's associ-
ated with thrombosis in the American female
population and 6 PTs in males. The number of
thrombosis and DVT is the highest in both popu-
lations. In terms of signal strength, the strongest
signal in the female population is the adverse
event of postoperative DVT (ROR=10.46, 95%
CI: 1.44-76.12). The highest signal value in the
male population is arterial and venous graft
thrombosis, with much higher signal intensity
than other thrombotic events (ROR=72.55,
95% CI: 8.93-589.72). Except for this adverse
event, the other five PTs detected in males were
present in the female population. It is worth not-
ing that there is no common thrombotic event
between male and female groups in Japan. Three
types of thrombotic events were identified in the
female population, among which shunt thrombo-
sis had the highest signal value (ROR=10.76,
95% CI: 1.43-81.17). In addition, no throm-
botic events with positive signals were detected
in Japanese males. In the Canadian population,
all thrombotic events are present in the female
population.

TTO analysis

In the evaluation of the occurrence time of DVT
events after treatment with celecoxib, the average
induction time in the American population was
about 688days, and the median induction time
was 426 days. In Japan, the average time to induc-
tion was 129 days, and the median time to induc-
tion was 12days. Unfortunately, the CVAR
database did not record the duration of any AEs.
In addition, a significant statistical difference was
found in the induction time of DVT between the
two populations (p<0.005). The time of AE
induction in the American population was signifi-
cantly later than that in the Japanese population.
In addition, according to the survival curve of

AEs, the incidence of DVT increases with time,
and there is a statistically significant difference
between the two populations (p<<0.0001;
Figure 3). WSP test can be used to describe the
treatment effect through the relative increase or
decrease of survival time and risk ratio. The shape
parameter 3 of the American population is less
than 1, and the upper limit of the 95% CI is less
than 1, indicating that the incidence of DVT in
the American population is considered to decline
over time. The beta value of the Japanese popula-
tion is close to 1, with a 95% CI, including 1,
which is considered a random failure curve. Its
incidence 1is constantly occurring over time
(Table 3).

Causality between celecoxib and DVT

Our research found that DVT is the most com-
mon thrombotic event among three populations.
Therefore, we identified four drug targets of
celecoxib through the DrugBank database and
eQTLGen dataset, namely carbonic anhydrase 2
(CAII), signal transducer and activator of tran-
scription 3 (STAT?3), neuraminidase 1 (NEU1),
and prostaglandin-endoperoxide synthase 2
(PTGS2). Among these, PTGS2 is a common
target of NSAIDs. Subsequently, MR analysis
was used to analyze the causal relationship
between drug targets and DVT (Table 4). The
IVW results showed that only CAII was positive
and was a protective factor for thrombus forma-
tion (IVW OR=0.9995, p=0.0469). This sug-
gests that celecoxib increases the risk of DVT.
The other three are sites, all negative. In addition,
as a supplement to IVW, weighted median and
MR-Egger are also used to evaluate the correla-
tion between the two (Figure 4). In addition, we
further validated the positive results using data
from the GWAS Catalog and FinnGen database.
The results all showed that CAII is a protective
factor for DVT (ebi-a-GCST90038607: IVW
OR=0.9995, p=0.0256; finngen_R12_I9_VTE:
IVW OR=0.9866, p=0.338; Table 5 and
Figure S2).

Further sensitivity analysis results showed het-
erogeneity in the MR analysis of CAIl and DVT
(MR Egger Q_pval=0.000000867, IVW Q_
pval=0.00000115). PTGS2, STAT3, and
NEU1 show no heterogeneity (Figure S3). In
addition, the intercept test of MR-Egger regres-
sion analysis was used to evaluate the horizontal
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Table 2. Subgroup analysis based on gender of populations in American and Japan.
Population  Sex PT-name n ROR (95% Cl) PRR (XX) EBGM (EBGM05)  IC (IC025)
American Female  Thrombosis 245 3.72(3.28-4.22) 3.71(481.07) 3.68(3.32) 1.88(1.70)
Deep vein thrombosis 192 3.48 (3.02-4.01) 3.47 (334.84) 3.45 (3.06) 1.79 (1.58)
Pulmonary 18 1.80(1.13-2.86) 1.80 (6.39) 1.80(1.22) 0.85(0.18]
thrombosis
Coronary artery 6 7.36 (3.29-16.51) 7.36 (32.43) 7.25 (3.69) 2.86 (1.76)
thrombosis
Cerebral thrombosis 6 3.55 (1.59-7.93) 3.55(10.91) 3.53(1.80] 1.82(0.72)
Arterial thrombosis 4 6.18 (2.3-16.58) 6.18 (17.11) 6.10(2.67) 2.61(1.31)
Cerebral artery 3 14.60 (4.62-46.17) 14.60 (36.72) 14.14 (5.40) 3.82(2.35)
thrombosis
Retinal vascular 2 6.81(1.68-27.52) 6.81(9.75) 6.71(2.09) 2.75 (1.06)
thrombosis
Deep vein thrombosis 1 10.46 (1.44-76.12)  10.46 (8.35) 10.23 (1.94) 3.36 (1.27)
postoperative
Carotid artery 1 5.17 (0.72-37.13) 5.17 (3.32) 5.12 (0.98) 2.36 (0.29)
thrombosis
Retinal vein 1 6.44 (0.89-46.41) 6.44 (4.52) 6.36 (1.22) 2.67 (0.60)
thrombosis
Pulmonary artery 1 5.44(0.76-39.08) 5.44 (3.57) 5.38 (1.03) 2.43(0.36)
thrombosis
Male Thrombosis 139 3.70(3.13-4.38) 3.68 (270.25) 3.66 (3.18]) 1.87 (1.63)
Deep vein thrombosis 125  5.12 (4.29-6.11) 5.09 (407.77) 5.05 (4.36) 2.34(2.08)
Coronary artery 15 15.15(9.07-25.33)  15.14(192.42)  14.73 (9.59) 3.88(3.15)
thrombosis
Cerebral thrombosis 8 10.98 (5.45-22.13) 10.98 (71.04) 10.77 (5.99) 3.43 (2.46)
Cerebral artery 1 12.09 (1.66-87.86)  12.09 (9.94) 11.83 (2.25) 3.56 (1.48)
thrombosis
Arteriovenous graft 1 72.55(8.93-589.72)  72.55(61.74) 63.6(11.02) 5.99 (3.74)
thrombosis
Japanese Female  Cerebral thrombosis 3 7.60 (2.39-24.16) 7.59 (16.45) 7.32 (2.30) 2.87 (1.17)
Shunt thrombosis 1 10.76 (1.43-81.17) 10.76 (8.33) 10.18 (1.35) 3.35(1.55)
Coronary artery 1 6.15(0.84-45.2) 6.15 (4.16) 5.97(0.81) 2.58 (0.83)
thrombosis
Male — - - — — —
Canadian Female — — — — — —

Only the PT values of positive signals detailed in both male and female populations.
EBGM, empirical Bayesian geometric mean; IC, information component; PRR, proportional reporting ratio; PT, preferred term; ROR, report odds

ratio.
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Figure 3. Survival curves of adverse events induced by celecoxib in the United States and Japan.
Table 3. Weibull shape parameter test for celecoxib.
Population Scale parameter: a. Shape parameter: Type
OR (95% ClI) OR (95% ClI)
American 518.40 (433.05-603.83) 0.83(0.75-0.92) Early failure
Japanese 21.92 (6.53-37.31) 0.79 (0.47-1.11) Random failure
Table 4. MR estimates for the association between celecoxib and thrombus.
Exposure Outcome SNPs IVW Weighted median MR-Egger
(n)
p OR (95% Cl) p OR (95% Cl) p OR (95% CI)
Carbonic anhydrase 2 DVT 88 0.047  0.9995(0.9990-1.0000) 0.028 0.9994(0.9988-0.9999) 0.224  0.9993 (0.9983-1.0004)
Signal transducer DVT 35 0.199  0.9994(0.9986-1.0003) 0.346 0.9994(0.9982-1.0006) 0.946  1.0001 (0.9976-1.0026)
and activator of
transcription 3
Neuraminidase 1 DVT 29 0.875 0.9999(0.9987-1.0011)  0.194 0.9989 (0.9973-1.0005)  0.087  0.9964 (0.9923-1.0004)
Prostaglandin- DVT 26 0.937  1.0000 (0.9990-1.0011)  0.462 0.9995(0.9981-1.0001) 0.753  1.0005 (0.9976-1.0033)

endoperoxide
synthase 2

DVT, deep vein thrombosis; IVW, inverse variance weighting; MR, Mendelian randomization; MR-Egger, MR-Egger regression; SNP, single
nucleotide polymorphism; Weighted median, weighted median method.

pleiotropy between IV and the results, and the
results showed insufficient evidence of horizon-
tal pleiotropy (p=0.2244). The leave-one-out
indicates that after removing individual SNP
analysis, there is no strong causal relationship
between drug targets and DVT that is strongly
influenced by a single SNP, indicating that
the current MR analysis results are robust

(Figure S4). There is also heterogeneity existed
between CAII and DVT in the GWAS Catalog
and FinnGen data (ebi-a-GCST90038607: MR
Egger Q_pval=0.000000838, IVW Q_
pval=0.000000417; finngen_R12_I9_VTE:
MR Egger Q_pval=0.00000458, IVW Q_
pval=0.00000272; Figure S5). In addition,
horizontal pleiotropy was not detected in either
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Figure 4. Scatter plot of MR analysis of celecoxib targets and deep vein thrombosis. (a) The results of
carbonic anhydrase 2; (b) the results of the Signal transducer and activator of transcription 3; (c) the results of
neuraminidase 1; and (d] the results of prostaglandin-endoperoxide synthase 2.

MR, Mendelian randomization.

Table 5. MR analysis of the relationship between carbonic anhydrase 2 and thrombosis in GWAS Catalog and FinnGen database.

1D Exposure Outcome SNPs IVW Weighted median MR-Egger
tn p OR (95% ClI) P OR (95% CI) P OR (95% CI)
ebi-a- CAll DVT 194 0.0256 0.9995(0.9991-0.9999) 0.3224 0.9997 (0.9991-1.0003) 0.8676 1.000 (0.9993-1.0008)
GCST90038607
I;nr\xlg_reEn_Rn_ CAll DVT 179 0.0338 0.9866 (0.9743-0.9990) 0.0051 0.9769 (0.9610-0.9930) 0.0115 0.9726(0.9520-0.9936)

CAll, carbonic anhydrase 2; DVT, deep vein thrombosis; VW, inverse variance weighting; MR, Mendelian randomization; MR-Egger, MR-Egger
regression; SNP, single nucleotide polymorphism; Weighted median, weighted median method.
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database, (ebi-a-GCST90038607: p=0.0788,
finngen_R12_I9_VTE: p»=0.1082) and the
results of the leave-one-out method supported
the robustness of the causal relationship
(Figure S6).

Discussion

This study aims to clarify the specific risk and
potential causal relationship of celecoxib to
thrombotic events in the real world through phar-
macovigilance analysis and MR of AEs in three
populations. Our research findings indicate that
positive signals can be retrieved both at the over-
all level and at the PT level. In addition, further
MR analysis revealed that CAII has a protective
effect on thrombosis. This suggests that celecoxib
may increase thrombosis risk via CAII inhibition.
This provides new insights into the medication
strategy of celecoxib and the improvement of
patient prognosis in clinical practice.

There is currently controversy over the effect of
celecoxib on thrombosis. Unlike the results of the
CLASS trial mentioned above, other studies sug-
gest that celecoxib may increase the risk of throm-
bosis.® For example, a randomized, double-blind
clinical trial of selective COX-2 inhibitors, which
showed a significantly higher probability of severe
thrombotic events than placebo.2 A meta-analy-
sis further confirms this viewpoint, observing a
significantly increased risk of myocardial infarc-
tion when using celecoxib to treat OA and rheu-
matoid arthritis, suggesting an increased risk of
thrombosis.* Based on the above controversy, we
evaluated the overall signal of thrombotic events
through pharmacovigilance analysis and found
that all three populations included in the study
exhibited positive signals. This result provides
further evidence to support the risk of thrombotic
events associated with celecoxib.

When it comes to specific PT signals, our results
indicate that all three groups in the United States,
Japan, and Canada have specific positive throm-
botic events. Specifically, DVT occurred in the
highest number among these three groups, with
significant positive signal intensity detected. This
may be because DVT is one of the most frequent
thrombotic events in the body. Elche University
General Hospital reported a patient with gout
who had no thrombosis and no relevant family
history of thrombosis developed DVT after

5 days of celecoxib 200 mg/day.2” This diagnosis
ruled out causes other than celecoxib. In another
animal study, COX-2 inhibitors were found to
induce less arterial thrombosis in obese mice and
significantly increase the risk of venous thrombo-
sis in lean mice.?8 This further suggests an impor-
tant role for celecoxib in venous thrombosis. It is
worth noting that Canada places greater empha-
sis on postoperative DVT. This may be due to
the fact that after its launch in Canada, celecoxib
is more commonly used for the management of
acute pain, including postoperative analgesia.2®
In addition, interestingly, we have found unique
thrombotic events in both the American and
Japanese populations. Arteriovenous graft throm-
bosis was only found in the American popula-
tion, and the signal value was the highest among
all PTs. This may be related to the large popula-
tion of end-stage renal disease patients in the
United States, who require long-term dialysis
treatment, resulting in frequent use of arterio-
venous grafts and greatly increasing the risk of
thrombosis.3%31 This may be due to the fact that
shunt thrombotic events frequently occur after
transjugular intrahepatic portosystemic shunt
(TIPS), whereas the Japanese population has a
higher burden of liver disease and a higher num-
ber of patients undergoing TIPS.32:33 Based on
this multicenter study, the geographic distribu-
tion of celecoxib-associated thrombotic events
was shown to be heterogeneous. This heteroge-
neity likely reflects interethnic genetic variations
and lifestyle factors.

Furthermore, to investigate whether there is het-
erogeneity in this risk among different character-
istic populations, we conducted a subgroup
analysis based on gender. The subgroup analysis
results indicate that women reported more AEs of
thrombosis, compared to men. This may be due
to women’s higher estrogen levels, smaller blood
vessel diameters, and the expression of some sex-
specific genes that place women at a higher risk of
thrombosis compared to men.343% When focusing
on specific PT signals, we found that pulmonary
thrombosis was only detected in the female popu-
lation. The reason for this may be related to the
differences in pulmonary vessel diameter between
genders. A study showed that women have smaller
pulmonary vessel diameters and narrower lumens
than men, which can lead to slower blood flow
and increase the risk of pulmonary thrombosis.3”
In addition, it is worth noting that among Japanese
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women, there is a relatively high number of cere-
bral thrombosis and the signal value is also rela-
tively high. Research shows that the cerebral
blood flow of women is significantly higher than
that of men, and the incidence rate of migraine is
higher.38 Migraine has been increasingly shown to
be associated with the onset of ischemic stroke in
more and more studies, and cerebral thrombosis
is a common cause of ischemic stroke.3° Therefore,
this may be the reason for the higher number of
cerebral thrombosis in women.

Interestingly, although coagulation function is
often considered a common factor in triggering
thrombosis in the study of thrombosis mecha-
nisms. However, our research results showed that
PT signals related to coagulation were negative,
indicating that celecoxib may affect the occur-
rence of thrombotic events through pathways
other than coagulation. At present, research has
delved into the underlying mechanism, and
celecoxib may promote thrombosis by increasing
fibrinolysis inhibitors, leading to a decrease in
fibrinolysis.#0 In addition, celecoxib may cause
vasoconstriction by affecting endothelial vasodila-
tion, thereby increasing the risk of thrombosis.

In drug safety evaluations, it is critical to assess
the interval between drug administration and the
onset of AEs. This assessment can elucidate the
underlying mechanisms of AEs, identify specific
time windows of risk during treatment, and help
in the early prevention or diagnosis of adverse
events.!* TTO analyses showed that the mean
induction time for DVT in the United States pop-
ulation was approximately 688days, with a
median induction time of 426 days. In Japan, the
mean induction time was 129 days and the median
induction time was 12 days. The possible reason
for the shorter latency period for adverse throm-
botic events in the Japanese population is related
to its relatively poor metabolism of celecoxib.
Celecoxib is primarily metabolized by CYP2C9,
and studies have shown that CYP2C9 activity is
lower in Asians than in Europeans.#1:42 This
increases the risk of drug-related AEs. We
observed two different pathogenic models for the
drugs in the TTO analysis. The US population
showed an early failure type curve and the
Japanese population showed a randomized failure
model. This suggests that no single mechanism
(tolerability  effect/accumulation effect) can
explain the temporal association between the

onset of celecoxib and thrombosis. These find-
ings suggest that physicians need to monitor
patients closely during the early stages of treat-
ment to detect thrombotic tendencies promptly.
In addition, regular assessment of thrombosis-
related markers is crucial during long-term treat-
ment. In conclusion, our findings emphasize the
need for continuous vigilance in clinical practice.

Our study suggests that CAII, a drug target of
celecoxib, is protective against thrombosis. When
celecoxib inhibits CAII, it significantly increases
the risk of DVT. The current study confirms that
the protective effect of CAII on DVT is primarily
achieved by affecting changes in pH. CAII has
been found to maintain intracellular and extracel-
lular pH homeostasis by acidifying the microenvi-
ronment through catalyzing the hydration of
carbon dioxide to bicarbonate and protons.*3
Significantly delays clot formation, prolongs clot-
ting time, and reduces platelet aggregation under
acidic conditions.4%% Meanwhile, a study
addressing the mechanism of endothelial dys-
function generation demonstrated that endothe-
lial cells are able to catalyze the formation of
arachidonic acid to form five COX-driven end-
products, which act as endothelium-derived dias-
tolic and endothelium-derived constrictor factors
to regulate vascular function and further reduce
thrombotic events. CAII has been demonstrated
to maintain endothelial cell viability under acidic
stress, and when it is inhibited, endothelial cell
homeostasis is disrupted, causing vascular dys-
function and an increased risk of DVT.447 In
addition, when endothelial function is impaired,
endothelial NO synthase (eNOS) is inhibited,
resulting in a decrease in NO release and an
increase in blood viscosity, which affects hemody-
namic stability and promotes thrombosis.48

Interestingly, our results found no causal rela-
tionship between PTGS2 and thrombosis. This is
despite previous studies suggesting that PTGS2
plays a role in celecoxib’s promotion of thrombo-
sis. For example, PTGS2 deficiency was found to
alter Annexin A2 distribution in monocytes/mac-
rophages, which led to an increase in TF expres-
sion and activity, and ultimately the formation of
stable thrombi.*® However, our results suggest
that there is no causal link between the two.
Therefore, it is inappropriate to simply view
PTGS2 as a bridge between COX-2 inhibitors
and DVT. Furthermore, our study suggests that
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the key target of celecoxib for the development of
DVT is its unique inhibition of CAII. Therefore,
when patients are treated with COX-2 inhibitors,
they should be evaluated first, and if high-risk fac-
tors for thrombosis are present, celecoxib should
be avoided and replaced with other COX-2
inhibitors.

Our study has several strengths. Firstly, our find-
ings combine real-world data studies with MR
analyses to provide not only real-world evidence
but also strong genetic evidence for a causal rela-
tionship between celecoxib and DVT with high
reliability, bridging pharmacoepidemiologic evi-
dence with genetic causality to inform clinical
guidelines. In addition, this study, which
addresses the controversial point of celecoxib,
clarifies the effect of celecoxib on thrombosis dur-
ing treatment, allowing healthcare professionals
to make the best choice for their patients in clini-
cal decision-making, to take precautions ahead of
time, and to use medication appropriately.

Limitations

It must be acknowledged that this study has some
limitations, first the FAERS, JADER, and CVAR
databases rely heavily on spontaneous reporting,
which leads to some reporting bias, for example,
consumers have different definitions of an AE,
their lack objective public knowledge and their
reporting may not be as reliable and comprehen-
sive as that of healthcare professionals; there may
be sampling bias and not all AEs may be collected
in countries and regions with a high number of
reports. On the other hand, controlling for con-
founding factors such as the dose of medication
used, duration of treatment, drug interactions,
and specific disease types poses a challenge.
Therefore, MR analyses can only provide a pre-
liminary judgment of causality, and their specific
biological mechanisms should be further investi-
gated in depth.

Conclusion

The widespread use of celecoxib in clinical prac-
tice has raised concerns about its safety, and there
is some controversy over whether it can cause
thrombotic events. This study reflects the specific
risk of thrombotic events associated with celecoxib
in the real world by jointly analyzing three
different populations. In addition, a possible

mechanism was proposed through MR analysis.
This promotes its better use in clinical practice.
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