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Abstract 

Background

The combination of linezolid and opioid drugs such as fentanyl may increase the risk 

of serotonin syndrome, but its impact on in-hospital mortality is not yet clear. The aim 

of this study is to investigate the effect of simultaneous use of fentanyl and linezolid 

on in-hospital mortality in mechanically ventilated patients.

Method

Based on the MIMIC-IV database, 3339 patients receiving mechanical ventilation 

were enrolled and divided into three groups: the group receiving linezolid simultane-

ously (n = 43), the group receiving linezolid within 14 days (n = 22) and the group that 

did not use linezolid (n = 3274). Use multivariate Cox regression analysis to analyze 

in-hospital mortality rates and adjust for confounding factors.

Result

The in-hospital mortality rate of the group receiving linezolid simultaneously was 

37.2% (16/43), the group receiving linezolid within 14 days was 40.9% (9/22), and 

the group that did not use linezolid was 22.9% (751/3274). The in-hospital mortal-

ity rate of the group receiving linezolid simultaneously was significantly higher than 

that of the group that did not use linezolid (hazard ratio [HR], 1.56; 95% CI, 1 ~ 2.43; 

P = 0.049). There was no statistically significant difference in in-hospital mortality rate 

among the group receiving linezolid within 14 days and the group that did not use 

linezolid (hazard ratio [HR], 1.01; 95% CI, 0.5 ~ 2.05; P = 0.968). Subgroup analysis 

showed that there was no interaction between different groups at baseline (age, gen-

der, race, BMI, liver disease, and kidney disease) (interaction p-value > 0.05).

http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0337648&domain=pdf&date_stamp=2026-01-28
https://doi.org/10.1371/journal.pone.0337648
http://creativecommons.org/licenses/by/4.0/
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Conclusion

In this post-hoc analysis, we found an association between the combined use of 

fentanyl and linezolid and increased in-hospital mortality among mechanically 

ventilated patients. However, this finding is based on studies with small sample 

sizes and requires further validation through larger, multicenter investigations. 

In clinical practice, the potential risks of this drug interaction should be carefully 

evaluated.

1  Introduction

Mechanical ventilation is a key supportive measure for treating patients with acute 
respiratory failure in the intensive care unit (ICU), and effective pain relief and 
anti-infective treatment are important links to ensure the success of mechanical 
ventilation. Fentanyl, as a potent μ-opioid receptor agonist, is a commonly used 
analgesic in the ICU [1,2]and is also widely used for analgesia and sedation in 
mechanically ventilated patients [3,4]. Linezolid has been approved for the treat-
ment of multiple infections, including infections caused by vancomycin-resistant 
Enterococcus faecalis; hospital-acquired pneumonia caused by Staphylococcus 
aureus; complex skin and skin structure infections (cSSSIs); uncomplicated cSSSIs 
caused by methicillin-sensitive Staphylococcus aureus or Streptococcus pyogenes; 
and community-acquired pneumonia caused by Streptococcus pneumoniae. Case 
reports indicate linezolid exhibits susceptibility against bacilli. For ICU patients, 
methicillin-resistant Staphylococcus aureus (MRSA) and vancomycin-resistant 
Enterococcus (VRE) represent the two most prevalent Gram-positive pathogens. 
Consequently, linezolid is frequently employed to treat infected ICU patients [5–7]. 
Linezolid, as a weak monoamine oxidase inhibitor (MAOI), can increase the concen-
tration of serotonin (5-HT) in the central nervous system by inhibiting its metabolism 
[8–10]. Fentanyl and its analogues have been shown to directly inhibit 5-HT trans-
porters and norepinephrine transporters, thereby enhancing 5-HTergic neurotrans-
mission [11–13]. This synergistic effect of pharmacodynamics may induce serotonin 
syndrome, characterized by autonomic nervous system dysfunction, neuromuscular 
abnormalities, and changes in mental state [14,15]. Although SS has a low recogni-
tion rate in clinical practice, its severe manifestations, such as hypertensive crisis, 
pulmonary edema, and multiple organ failure, may significantly increase the risk of 
mortality in patients [16–18].

At present, there is limited research on the impact of fentanyl combined with linezolid 
on the prognosis of mechanically ventilated patients, especially in terms of in-hospital 
mortality. Although case reports and systematic reviews suggest that the combination 
of the two may increase the risk of SS [19–21], large-scale clinical data is still lacking. 
Therefore, based on the MIMIC-IV database, this study aims to explore the impact 
of fentanyl combined with linezolid on in-hospital mortality in mechanically ventilated 
patients and analyze potential risk factors to provide a basis for rational drug use in 
clinical practice.

Competing interests: The authors have 
declared that no competing interests exist.
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2  Methods

2.1  Data source

We conducted a retrospective cohort study using publicly available clinical data MIMIC-IV [22]. MIMIC-IV version 2.2 is 
an electronic health record database that includes > 50,000 patients admitted to ICU at the Beth Israel Deaconess Med-
ical Center (Boston, MA, USA) from 2008 to 2019. The Institutional Review Board at the Beth Israel Deaconess Medical 
Center granted a waiver of informed consent and approved the sharing of the research resource, and Author Xiao-Qing Yi 
passed the online training courses and exams (certification number: 59888607).

2.2  Study population

There were 63,916 patients receiving mechanical ventilation in the MIMIC-IV 2.2 database. We excluded those 
who did not use fentanyl, had used other opioid drugs, had used antidepressants, and had been in the ICU for less 
than 24 hours. If a patient is admitted to the ICU multiple times, only the first patient admitted to the ICU will be 
analyzed.

2.3  Exposure and outcomes

The population we studied was patients who used fentanyl during mechanical ventilation, divided into three groups: 
patients who were not exposed to linezolid, patients who were simultaneously exposed to linezolid, and patients who were 
exposed to linezolid within 14 days. The use of fentanyl and linezolid was extracted from the “inputevents” table in the 
ICU. The outcome is a hospital all-cause mortality rate.

2.4  Data extraction

Extract data from the MIMIC IV database using structured query language. Collected data included age, sex, eth-
nicity, and BMI. We extracted laboratory test results 24 hours prior to ICU admission, including WBC, lymphocytes, 
eosinophils, neutrophils, ALT, AST, creatinine, and glucose. We extracted the patient’s comorbidities, including 
chronic pulmonary disease, rheumatic disease, liver disease, peptic ulcer disease, malignant cancer, myocardial 
infarct, peripheral vascular disease, cerebrovascular disease, diabetes, and renal disease. Extract infection-related 
indicators, including suspected infection, positive culture, and use of antibiotics. We also extracted GCS, body tem-
perature, and SIRS.

2.5  Statistical analysis

The study cohort was divided into three groups: the group receiving linezolid simultaneously (Simultaneously Lzd), the 
group receiving linezolid within 14 days (Within 14 Days Lzd), and the group that did not use linezolid (NO-Lzd). The 
values of BMI greater than 100 or less than 10 were regarded as abnormal values, and the variables with missing val-
ues >50% were not included in the study. Multiple imputation was used to estimate the missing value of each variable 
[23,24]. The mean (standard deviation [SD]) and median (interquartile range [IQR]) should be used to describe normal 
and non-normal distribution data, respectively [25]. Cox proportional hazards models were created to generate the hazard 
ratio (HR) with 95% confidence interval (CI) for the in-hospital all-cause mortality. For all analyses, a two-tailed P < 0.05 
was considered statistically significant. Finally, according to age, gender, race, BMI, liver disease, and kidney disease 
were analyzed by the Cox regression model. In addition, likelihood ratio tests were performed to explore potential interac-
tions between subgroups.

All statistical analyses were performed using Free Statistics software version 1.9 and the R software packages (http://
www.R-project.org, The R Foundation).

http://www.R-project.org
http://www.R-project.org
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3  Results

3.1  Patient selection

We retrieved 63,916 patients receiving mechanical ventilation and 21,993 patients receiving fentanyl from the MIMIC-IV 
database. After excluding patients who were not included in the study, the final study population consisted of 3,339 
patients, including 3,274 who did not use linezolid, 43 who also used linezolid, and 22 who used linezolid within 14 days 
(Fig 1).

3.2  Cohort characteristics

Table 1 shows the baseline characteristics of the Simultaneously Lzd group, Within 14 Days Lzd group, and NO Lzd 
group. Overall, the bacterial culture rates of patients in the Simultaniously Lzd group 7 (16.7%) and Within 14 Days Lzd 
group 9 (40.9%) were higher than those in the NO Lzd group 307 (12.2%) [p < 0.001]. The Simultaneously Lzd group 24 

Fig 1.  Flow chart of patient selection. MIMIC IV, Multiparameter Intelligent Monitoring in Intensive Care Database IV; ICU, intensive care unit.

https://doi.org/10.1371/journal.pone.0337648.g001

https://doi.org/10.1371/journal.pone.0337648.g001
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Table 1.  Baseline characteristics of entire cohort.

Variables Overall (n = 3339) NO-Lzd (n = 3274) Simultaneously Lzd (n = 43) Within 14 Days Lzd (n = 22) P value

Demographics

  Age, year 64.6 ± 17.3 64.6 ± 17.3 64.1 ± 13.8 66.8 ± 17.0 0.825

  Gender, Male, n (%) 2054 (61.5) 2012 (61.5) 27 (62.8) 15 (68.2) 0.799

  Race white, n (%) 1825 (54.7) 1791 (54.7) 23 (53.5) 11 (50) 0.896

  BMI, kg/m2 29.1 ± 8.3 29.1 ± 8.3 32.9 ± 12.1 28.7 ± 8.3 0.011

State of illness

  Temperature 36.9 ± 0.7 36.9 ± 0.7 36.9 ± 0.9 37.0 ± 0.8 0.674

  First-day gcs 11.1 ± 4.2 11.1 ± 4.2 9.2 ± 4.8 9.1 ± 3.8 0.002

  SIRS, n (%) 0.001

    0 26 (0.8) 26 (0.8) 0 (0) 0 (0)

    1 272 (8.1) 271 (8.3) 1 (2.3) 0 (0)

    2 857 (25.7) 851 (26) 4 (9.3) 2 (9.1)

    3 1341 (40.2) 1315 (40.2) 14 (32.6) 12 (54.5)

    4 843 (25.2) 811 (24.8) 24 (55.8) 8 (36.4)

  Suspected infection, n (%) 1

    NO 79 (3.0) 78 (3) 1 (2.3) 0 (0)

    YES 2578 (97.0) 2514 (97) 42 (97.7) 22 (100)

  Positive culture, n (%) 0.002

    NO 2255 (87.5) 2207 (87.8) 35 (83.3) 13 (59.1)

    YES 323 (12.5) 307 (12.2) 7 (16.7) 9 (40.9)

  Antibiotic, n (%) < 0.001

    NO 682 (20.4) 682 (20.8) 0 (0) 0 (0)

    YES 2657 (79.6) 2592 (79.2) 43 (100) 22 (100)

Laboratory Examination

  WBC 11.4 (8.3, 15.7) 11.3 (8.3, 15.7) 13.3 (8.1, 20.1) 13.4 (10.8, 16.7) 0.085

  lymphocytes 16.1 (1.1, 109.2) 14.0 (1.1, 109.2) 8.2 (0.7, 84.6) 78.7 (1.5, 138.4) 0.139

  eosinophils 0.2 (0.0, 5.3) 0.2 (0.0, 5.3) 0.1 (0.0, 4.5) 1.7 (0.0, 9.3) 0.507

  neutrophils 129.6 (9.8, 926.9) 117.2 (9.8, 917.7) 54.6 (9.1, 1201.4) 833.4 (50.4, 1168.9) 0.027

  ALT 30.5 (17.0, 71.0) 30.5 (17.0, 71.0) 38.0 (19.6, 107.0) 38.5 (18.4, 64.8) 0.69

  AST 45.0 (26.0, 110.5) 45.0 (26.0, 109.4) 63.0 (29.5, 185.1) 41.9 (32.7, 108.2) 0.374

  creatinine 1.1 (0.8, 1.9) 1.1 (0.8, 1.9) 1.9 (1.2, 4.1) 1.3 (0.8, 2.0) < 0.001

  Glucose 134.0 (109.4, 173.8) 134.0 (109.4, 173.6) 142.4 (108.8, 188.2) 129.5 (113.7, 168.8) 0.551

Comorbidities

  Chronic pulmonary disease, n (%) 871 (26.1) 853 (26.1) 13 (30.2) 5 (22.7) 0.773

  Rheumatic disease, n (%) 85 (2.5) 83 (2.5) 1 (2.3) 1 (4.5) 0.607

  Liver disease, n (%) 637 (19.1) 618 (18.9) 15 (34.9) 4 (18.2) 0.034

  Peptic ulcer disease, n (%) 192 (5.8) 188 (5.7) 2 (4.7) 2 (9.1) 0.673

  Malignant cancer, n (%) 319 (9.6) 313 (9.6) 4 (9.3) 2 (9.1) 1

  Myocardial infarct, n (%) 702 (21.0) 688 (21) 7 (16.3) 7 (31.8) 0.338

  Peripheral vascular disease, n (%) 319 (9.6) 313 (9.6) 4 (9.3) 2 (9.1) 1

  Cerebrovascular disease, n (%) 509 (15.2) 501 (15.3) 3 (7) 5 (22.7) 0.193

  Diabetes, n (%) 1003 (30.0) 970 (29.6) 18 (41.9) 15 (68.2) < 0.001

  Renal disease, n (%) 776 (23.2) 751 (22.9) 16 (37.2) 9 (40.9) 0.013

Events

  In-hospital mortality, n (%) 776 (23.2) 751 (22.9) 16 (37.2) 9 (40.9) 0.013

  LOS hospital, days (IQR) 7.6 (4.1, 13.0) 7.6 (4.1, 13.0) 9.4 (3.2, 20.2) 13.5 (8.3, 19.7) 0.007

gcs, glasgow coma scale; SIRS, systemic inflammatory response syndrome; LOS, length of stay.

https://doi.org/10.1371/journal.pone.0337648.t001

https://doi.org/10.1371/journal.pone.0337648.t001
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(55.8%) and the Within 14 Days Lzd group 8 (36.4%) had more patients with SIRS = 4 than the NO Lzd group 811 (24.8%) 
[p < 0.001]. In laboratory indicators, the Simultaneously Lzd group (1.9) and Within 14 Days Lzd group (1.3) had higher 
creatinine levels than the NO Lzd group (1.1) [p < 0.001]. There was a statistical difference among the three groups in the 
three complications of liver disease, kidney disease, and diabetes [p < 0.05].

3.3  In-hospital mortality rate results

The overall in-hospital mortality rate was 23.2% (776/3339). Table 1 shows that the in-hospital mortality rate in the Simul-
taniously Lzd group was 37.2% (16/43), 40.9% (9/22) in the Within 14 Days Lzd group, and 22.9% (751/3274) in the 
NO Lzd group (Table 1). In the multivariate Cox regression analysis, we adjusted five models, including covariates that 
showed significant differences (P < 0.05) in the univariate analysis (Table 2). Compared with the NO Lzd group, in the 

Table 2.  Univariate Cox regression analysis of in-hospital mortality rate.

Variable HR(95%CI) P(Wald’s test)

age 1.0031 (0.9986,1.0076) 0.18

Male 0.94 (0.81,1.09) 0.392

Withe 0.8 (0.69,0.92) 0.002

BMI (cont. var.) 1.0028 (0.9945,1.0111) 0.51

antibiotic 2.24 (1.7,2.96) < 0.001

firstday.gcs 0.96 (0.94,0.98) < 0.001

temperature_mean 0.65 (0.6,0.7) < 0.001

Suspected infection 0.9986 (0.6397,1.5587) 0.995

Positive culture 1.61 (1.31,1.96) < 0.001

SIRS: ref. = 0

1 1.33 (0.17,10.17) 0.783

2 3.56 (0.5,25.53) 0.206

3 5.85 (0.82,41.65) 0.078

4 10.98 (1.54,78.22) 0.017

Chronic pulmonary disease 1.06 (0.9,1.25) 0.461

Rheumatic disease 1.29 (0.86,1.92) 0.218

Liver disease 1.75 (1.49,2.05) < 0.001

Peptic ulcer disease 0.65 (0.44,0.96) 0.032

Malignant cancer 1.54 (1.25,1.91) < 0.001

Myocardial infarct 1.35 (1.14,1.59) < 0.001

Peripheral vascular disease 1.55 (1.26,1.92) < 0.001

Cerebrovascular disease0 0.81 (0.66,0.99) 0.042

Diabetes 0.94 (0.8,1.1) 0.438

Renal disease 1.17 (0.99,1.38) 0.059

WBC 1.02 (1.02,1.02) < 0.001

Lymphocytes 1.0001 (1,1.0002) < 0.001

Eosinophils 0.98 (0.97,0.99) < 0.001

Neutrophils 0.9999 (0.9998,1.0001) 0.305

ALT 1.0001 (1.0001,1.0002) < 0.001

AST 1.0001 (1.0001,1.0002) < 0.001

Creatinine 1.12 (1.09,1.15) < 0.001

Glucose 1 (1,1) 0.163

Simultaniously Lzd 2.19 (1.43,3.35) < 0.001

Within 14 Days Lzd 1.27 (0.63,2.54) 0.506

https://doi.org/10.1371/journal.pone.0337648.t002

https://doi.org/10.1371/journal.pone.0337648.t002
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unadjusted model, the Simultaniously Lzd group had an increased risk of in-hospital mortality by 119% (HR, 2.19; 95% CI, 
1.43–3.35; P < 0.001) (Table 3). After adjusting for confounding factors such as age, gender, race, BMI, and covariates that 
showed significant differences (P < 0.05) in univariate analysis, the HR of the Simultaneous Lzd group in multivariate anal-
ysis was 1.56 (95% CI, 1–2.43; p = 0.049) (Table 3). There was no statistically significant difference in in-hospital mortality 
rate between the Lzd group within 14 days and the NO Lzd group (p > 0.5).

3.4  Subgroup analyses

Fig 2 shows the subgroup analysis results of in-hospital mortality rate. All subgroup analyses indicate that regardless of 
baseline patient characteristics, the Simultaneiously Lzd group increases in-hospital mortality (HR > 1). Especially in the 
subgroup analysis of age ≥ 65, there was a statistically significant increase in the risk of in-hospital mortality (HR, 1.92; 
95% CI, 1.11–3.33; P = 0.02).

4  Discussion

The study findings indicate that concurrent use of fentanyl and linezolid may be associated with increased in-hospital mor-
tality among mechanically ventilated patients. However, this association (adjusted hazard ratio 1.56) should be interpreted 
with caution, as it is marginally statistically significant (95% CI: 1.00–2.43, P = 0.049) and based on limited analytical data. 
Most critically, the small number of patients (n = 43) and outcome events (16 deaths) in the combination group rendered 
our multivariate model statistically unstable and underpowered. Furthermore, patients receiving this combination had 
more severe baseline conditions, higher creatinine levels, and higher SIRS scores, along with a greater prevalence of 
comorbidities such as hepatic and renal disease. Despite statistical adjustments, substantial residual confounding due to 
indications may persist, suggesting that the observed mortality signal may reflect underlying disease severity as well as 
potential drug interactions. Therefore, we interpret this finding as a hypothesis-generating and preliminary result.

The pharmacological characteristics of these two drugs provide a plausible yet unproven biological rationale for explain-
ing potential risks: fentanyl reduces serotonin reuptake by inhibiting the serotonin transporter, while linezolid, as a weak 
MAOI, decreases serotonin metabolism [10,13]. This dual mechanism may lead to excessive serotonin levels, increasing 
the risk of SS or related complications such as autonomic instability, hyperthermia, or multiple organ failure [9,18]. Further-
more, fentanyl respiratory depressant effects may be exacerbated by linezolid neurotoxicity, particularly in mechanically 
ventilated patients experiencing weaning difficulties or ventilatory failure [21]. However, it must be emphasized that our 

Table 3.  Multivariable Cox regression analysis for in-hospital mortality.

Categories Model I Model II Model III Model IV Model V

HR (95%CI) P-value HR (95%CI) P-value HR (95%CI) P-value HR (95%CI) P-value HR (95%CI) P-value

In-hospital 
mortality

NO-Lzd 1(Ref) 1(Ref) 1(Ref) 1(Ref) 1(Ref)

Simultaneously 
Lzd

2.19 
(1.43 ~ 3.35)

<0.001 2.21 
(1.44 ~ 3.39)

<0.001 1.58 
(1.02 ~ 2.46)

0.04 1.59 
(1.02 ~ 2.46)

0.04 1.56  
(1 ~ 2.43)

0.049

Within 14 
Days Lzd

1.27 
(0.63 ~ 2.54)

0.506 1.27 
(0.63 ~ 2.55)

0.504 0.87 
(0.43 ~ 1.75)

0.698 0.97 
(0.48 ~ 1.96)

0.936 1.01 
(0.5 ~ 2.05)

0.968

Model I: did not adjust any variables.

Model II: adjusted for age, gender, race, BMI.

Model Ⅲ: adjusted for II covariates, temperature, firstday gcs, positive culture, Sirs, antibictic.

Model Ⅳ: adjusted for Ⅲ covariates, WBC, lymphocytes, eosinophils, ALT, AST, creatinine.

Model Ⅴ: adjusted for Ⅳ covariates, liver disease, peptic ulcer disease, malignant cancer, myocardial infarct, peripheral vascular disease, cerebrovascu-
lar disease.

https://doi.org/10.1371/journal.pone.0337648.t003

https://doi.org/10.1371/journal.pone.0337648.t003
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Fig 2.  Subgroup analyses for in-hospital mortality. The multivariable Cox proportional hazards model was adjusted for temperature, firstday gcs, 
positive culture, sirs, antibictic, wbc, lymphocytes, eosinophils, alt, ast, creatinine, peptic ulcer disease, malignant cancer, myocardial infarct, peripheral 
vascular disease, cerebrovascular disease.

https://doi.org/10.1371/journal.pone.0337648.g002

https://doi.org/10.1371/journal.pone.0337648.g002
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study lacks direct measurements of serotonin levels and clinical diagnoses of SS, rendering the proposed mechanism 
speculative. Based solely on our data, the observed mortality association cannot be fully attributed to this interaction.

Subgroup analysis revealed that patients aged 65 years or older were particularly vulnerable, exhibiting a statistically 
significant increase in mortality risk (HR = 1.92, 95% CI = 1.11–3.33, P = 0.02). This aligns with case reports describing 
mortality outcomes in elderly patients [26,27]. However, this subgroup analysis is also severely limited by its small sample 
size and should be regarded as an exploratory finding.

In conclusion, this study identifies a preliminary signal that warrants further investigation but fails to provide robust evi-
dence for a causal link between simultaneous fentanyl-linezolid use and increased mortality. The primary contribution of 
this work is to highlight a complex clinical scenario where therapeutic necessity and potential risk must be balanced and to 
underscore the critical need for more definitive research. Future investigations should ideally be large, multi- 
center prospective studies or well-designed target trial emulations that are adequately powered to account for the signif-
icant baseline confounding and the low prevalence of this drug combination. Until such evidence is available, clinicians 
should remain aware of the potential risks discussed in the pharmacological literature and maintain a high level of vigi-
lance when the concurrent use of these medications is unavoidable, particularly in older and more vulnerable patients.

5  Limitations

This study has several limitations. First, its retrospective design precludes causal inferences, and unmeasured con-
founders (e.g., severity of infection or undiagnosed SS) may have influenced outcomes. Second, the small sample 
size of the linezolid-exposed groups (n = 43 and n = 22) limits statistical power, particularly for subgroup analyses. 
Third, the MIMIC-IV database lacks detailed pharmacodynamics data (e.g., serotonin levels or SS diagnoses), which 
would strengthen mechanistic conclusions. Future prospective studies should incorporate these metrics to validate the 
observed association.

6  Conclusion

Studies indicate that concurrent use of fentanyl and linezolid in mechanically ventilated patients is associated with 
increased in-hospital mortality. However, this finding is based on studies with small sample sizes and requires validation 
through larger, multicenter investigations. This association may relate to drug interactions, necessitating further research 
to elucidate the underlying mechanisms and explore risk mitigation strategies. In clinical practice, the potential risks of this 
drug interaction should be assessed, and alternative medications should be prioritized.
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