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Background: Temozolomide, which is the standard drug for glioma treatment, has several Adverse events (AEs) in the treatment of gliomas and other tumors that are not yet fully understood. This is due to the pharmacological nature of the alkylating agent. A significant proportion of these effects have not been systematically documented or reported.Methods: We selected data from the United States FDA Adverse Event Reporting System (FAERS) database from the first quarter of 2004 to the fourth quarter of 2023. Four algorithms were used for disproportionate analysis, with the objective of assessing the association between temozolomide and related adverse events.Results: In this study, 20,079,906 case reports were collected from the FAERS database, of which 15,152 adverse events related to temozolomide were reported. A total of 352 preferred terms (PTs) and 24 system organ classes (SOCs) that were significantly disproportionally related to the four algorithms were included. The SOCs included blood and lymphatic system disorders (χ2 = 18,220.09, n = 4,325); skin and subcutaneous tissue disorders (χ2 = 408.06, n = 1,347); investigations (χ2 = 639.44, n = 3,925); musculoskeletal and connective tissue disorders (χ2 = 1,317.29, n = 588); and psychiatric disorders (χ2 = 1,098.47, n = 877). PT levels were screened for adverse drug reaction signals consistent with drug inserts, such as anemia, thrombocytopenia, liver function abnormalities, nausea and vomiting, as well as rarely reported adverse drug reactions, such as aplastic anemia, myelodysplastic syndromes, electrolyte disorders, cerebral edema, and high-frequency mutations.Conclusion: The results of our investigation demonstrated both adverse effects that had been reported and a multitude of unreported adverse effects that were serious in nature and lacked a clear cause. These novel findings suggest that more attention should be given to the clinical conditions of patients after treatment to provide a more comprehensive perspective and understanding for further clarifying the safety of temozolomide.Keywords: temozolomide, FAERS, pharmacovigilance, real-world data analysis, adverse effects, glioma
1 INTRODUCTION
Temozolomide (TMZ) is an alkylate from the imidazotetrazine family and is the standard treatment for glioblastoma multiforme (Lee, 2016). TMZ was originally developed to treat primary brain tumors and was approved by the FDA and EMEA in 1999 for the treatment of glioblastoma multiforme and anaplastic astrocytoma. The benefit of TMZ in the treatment of high-grade glioma is clear. According to the European Organization for Research and Treatment of Cancer (EORTC) and National Cancer Institute of Canada Clinical Trials Group (NCIC) study, postoperative radiotherapy combined with TMZ is associated with a better prognosis than adjuvant radiotherapy alone, and patients with 1p/19q noncodeletion and O6-methylguanine-DNA methyltransferase (MGMT) methylation status are most likely to benefit from the addition of TMZ (Stupp et al., 2009; van den Bent et al., 2017). In addition, TMZ has shown considerable value in low-grade gliomas because of its significant radiostability and ability to delay the demand for radiotherapy (Wahl et al., 2017). With extensive research on the mechanism and effect of TMZ, the role of TMZ in the treatment of other tumors has also been confirmed. TMZ is a derivative of the imidazotetrazine derivative dacarbazine, which is the most commonly used chemotherapy agent in metastatic melanoma. TMZ has been proven to have an equal efficacy to dacarbazine in a randomized phase III trial conducted in patients with melanoma (Middleton et al., 2000). Furthermore, TMZ was established as being a first-line chemotherapy for pituitary tumors and pituitary carcinomas in the 2018 ESE guidelines (McCormack, 2022). The role of TMZ in neuroendocrine tumors, non-small cell lung cancer, pancreatic tumors, Ewing’s sarcoma and other diseases has also been mentioned in some studies (Tatar et al., 2013). In the treatment of ovarian cancer, the combination of temozolomide and a PARP inhibitor exploits the specific DNA damage repair status of ARID1A-inactivated ovarian cancers to suppress tumor growth (Yu et al., 2023).
Although TMZ exhibits significant therapeutic value, its inherent toxicity as an alkylating agent should not be underestimated. The metabolic response of TMZ is pH dependent, and TMZ is hydrolyzed in vivo to 5-(3-methyltriazen-1-yl) imidazole-4-carboxamide (MTIC), which is subsequently broken down to 5-aminoimidazole-4-carboxamide (AIC) and methyl diazide cation, which methylates DNA and consequently causes apoptosis to achieve tumor therapy (Friedman et al., 2000). However, the short half-life of MTIC and its weak ability to cross the blood‒brain barrier often makes it necessary for patients to take high doses of TMZ to ensure efficacy, which has potential for eliciting severe nonspecific toxicity (Fang et al., 2015). Adverse events (AEs) from TMZ have the potential to negatively impact patient quality of life. According to one report, among the hematologic AEs, thrombocytopenia, anemia, and increased AST/ALT were commonly reported due to this treatment. Among the nonhematologic AEs, nausea, vomiting, and anorexia were the three most common AEs (Bae et al., 2014). A systematic review reported of several uncommon AEs of TMZ, such as cholestatic hepatitis, pneumonia, and other opportunistic infections (Dixit et al., 2012). These AEs have attracted the attention of researchers. Therefore, a comprehensive collection and analysis of AEs to TMZ is necessary to evaluate the balance of treatment benefits and damage. As researchers have focused on the limitations of TMZ, such as poor hydrolysis and solubility, tumor heterogeneity, and therapeutic resistance, alterations in drug encapsulation has become a new treatment option. The use of nanomaterials to encapsulate TMZ to improve its stability, especially using polymeric and lipid-based nanosystems, can improve TMZ resistance and increase its solubility, blood circulation and biodistribution, in addition to enhancing blood‒brain barrier penetration (Tian et al., 2011; Iturrioz-Rodríguez et al., 2023). Therefore, the comprehensive collection and analysis of the AEs of TMZ are beneficial for providing current researchers with a comprehensive reference for promoting improvements in TMZ development and improving its efficacy.
Current research on the AEs of TMZ is primarily based on clinical trials, which lack a global, real-world-based understanding of the adverse effects of the drug due to the stringent access conditions of clinical trials. The FDA Adverse Event Reporting System (FAERS) is a database that contains information on AEs associated with the use of drugs. It can be used to identify potential drug safety signals and to assess the safety of drugs. Numerous studies have demonstrated the feasibility and usefulness of FAERS for monitoring AEs associated with the use of drugs in real-world settings. For example, in Du’s investigation, the application of data mining methodologies to the FAERS database demonstrated unreported AEs, including acute pancreatitis, associated with metformin (Du et al., 2024). Therefore, this study aimed to statistically and analytically evaluate the real-world AEs of TMZ after its launch through data mining methods on the FAERS database, thus aiming to increase patient safety during the course of TMZ therapy by promoting more comprehensive and effective AE monitoring and management frameworks and providing a more comprehensive basis for subsequent clinical treatments and drug studies.
2 METHODS
2.1 Data sources and preprocessing
In this study, a retrospective pharmacovigilance analysis was performed on the data on AEs related to TMZ in the FAERS database from 2004 to 2023. Due to the uniqueness of the data structure of the FAERS database, all of the data are presented in a quarterly summary format, which includes AEs, medication error reports, and product quality complaints. The extracted data from the official website (https://fis.fda.gov/extensions/FPD-QDE-FAERS/FPD-QDE-FAERS.html) were organized and analyzed by using Excel (office 2020) and R STUDIO software (2023.03. 0 + 386.pro1). The data were thoroughly cleaned and standardized; moreover, duplicates were removed. Adverse drug reactions (ADRs) were determined by using statistical methods. This study collected ADRs associated with TMZ over the last 20 years and summarized and categorized them according to the different preferred term levels (PTs) and system organ class levels (SOCs) in the Medical Dictionary for Regulatory Activities (MedDRA). The general flowchart of this study is shown in Figure 1.
[image: Figure 1]FIGURE 1 | The flow diagram of selecting TMZ-related AEs from the FAERS database. DEMO: demographic; REAC, reaction; PS, primary suspect.
TMZ was used in this study as our primary suspected (PS) drug for identifying ADRs in the FAERS database. Baseline factors, such as sex, age, reporter, reporting country or region, ADR outcome, duration of drug administration, and time of disease onset, were summarized in the search results for a more complete understanding of the data; additionally, serious ADR outcomes included hospitalization, death, incapacitation, and other life-threatening serious ADR outcomes. For each year of ADR, we used line graphs for presentation to observe the time trend of ADRs. For indications of TMZ, pie graph was used to present the application of TMZ.
2.2 Statistical analysis
To further explore the association between AEs and TMZ, we used the frequency method of disproportionality analysis (DPA) based on 2 × 2 columnar tables, which includes reporting of dominance ratios (RORs) and proportional reporting ratios (PRRs), in order to evaluate the frequency of observations in the drug-using population in relation to the non-using population. Higher values of the RORs and the PRRs indicated stronger signals of the AEs, which suggests a stronger association between the target drug and the AEs. In addition, we used the Bayesian confidence propagation neural network (BCPNN) and empirical Bayesian geometric mean (EBGM) methods for complementary analysis to reduce the generation of false-positive AE signals. The criteria for positive safety signal detection were an ROR ≥3, a PRR ≥2, and an EBGM05 >2 (EBGM05: lower limit of the 95% confidence interval).
3 RESULTS
3.1 Basic information about adverse events associated with temozolomide
The total number of ADRs extracted from the FAERS from 2004 to 2023 was 20,079,906; after eliminating 3,279,771 duplicate reports, 15,152 ADRs associated with TMZ were screened, of which 40,928 ADRs associated with TMZ combined with PS were identified. As shown in Figure 2, the number of ADRs showed an overall increasing trend over time. Table 1 shows the relevant baseline characteristics in detail, with a greater proportion of males (53.65%) than females (46.35%) reporting of AEs. In terms of age, the incidence of AEs was greater in the 60 years and above age group (34.55%) than in the other age groups; notably, the incidence of AEs in the 40–60 years age group was also 28.3%, which suggests that there is an association between the incidence of AEs related to TMZ and sex, age, and possibly glioma. Regionally, the United States (50.46%) had the most reports, followed by Japan (3.73%) and Canada (3.4%). Despite the predominance of the United States as the reporting country, all of the top-ranking countries were developed countries. The study demonstrated that the incidence of tumors increased with the Human Development Index (HDI), with populations in countries with high HDI levels having significantly greater incidence rates than those in countries with low HDI levels (Sung et al., 2021). The reporters were mainly physicians (30.45%) and pharmacists (27.64%); moreover, according to the database analysis, the most serious AEs of TMZ were hospitalization, death, life-threatening disease and disability, and other unknown serious outcomes. In addition to unknown serious ADRs (34.24%), hospitalization (35.78%) was the most common serious adverse outcome, with 4,841 cases being reported, followed by death and life-threatening events, with 3,082 (22.78%) and 706 (5.22%) cases, respectively.
[image: Figure 2]FIGURE 2 | Number of AEs reported annually since TMZ launch.
TABLE 1 | Clinical characteristics of TMZ reported as a primary suspected drug in the FAERS database (2004Q1–2023Q4).
[image: Table 1]3.2 Signal detection based on system organ class levels
The signal strength and reporting frequency of TMZ at the SOC level are presented in Table 2. AEs related to TMZ occurred in all 24 target SOCs, as shown in Table 2. Among the four analyzed algorithms, at least one significant SOC was identified as meeting the criteria, including blood and lymphatic system disorders (χ2 = 18,220.09, n = 4,325); skin and subcutaneous tissue disorders (χ2 = 408.06, n = 1,347); investigations (χ2 = 639.44, n = 3,925); musculoskeletal and connective tissue disorders (χ2 = 1,317.29, n = 588); and psychiatric disorders (χ2 = 1,098.47, n = 877). In terms of volume, the top ten SOCs included general disorders and administration site conditions; blood and lymphatic system disorders; investigations; nervous system disorders; gastrointestinal disorders; injury, poisoning and procedural complications; infections and infestations; benign, malignant and unspecified neoplasms; respiratory, thoracic and mediastinal disorders; and skin and subcutaneous tissue disorders.
TABLE 2 | The signal strength of the AEs of TMZ at the SOC level in the FAERS database.
[image: Table 2]3.3 Signal detection based on preferred term levels
After establishing the four methods, we retrieved 352 cases of AE signaling associated with TMZ. Table 3 shows that 50 patients had the highest number of cases (Table 3). Of these, the PT with the highest number of reported cases was disease progression (n = 1,265), followed by thrombocytopenia (n = 1,078). Among the hematologic and lymphatic disorders, the PT results for anemia, febrile neutropenia, leukopenia, and thrombocytopenia were consistent with the specification, and we also detected signals for pancytopenia (n = 501), bone marrow failure (n = 279), myelosuppression (n = 60), and lymphocytopenia (n = 242) in PTs. In tumors, the signal intensity of tumor progression (n = 808), tumor recurrence (n = 74), and myelodysplastic syndrome (n = 58) was also significant, which was similar to what was documented in the manual. Among neurological disorders, epileptic seizures (n = 412), cerebral edema (n = 198), unilateral hemiplegia (n = 119), aphasia (n = 105), cerebral hemorrhage (n = 92), hydrocephalus (n = 71), and epilepsy (n = 63) were identified; moreover, except for hemiplegia, the other PT signals were not well documented in the manual. On examination, we detected decreased platelet count (n = 605), decreased white blood cell count (n = 335), decreased lymphocyte count (n = 194), decreased neutrophil count (n = 173), increased Alt (n = 172), increased Ast (n = 121), and increased GGT (n = 69) AE signals. The first four AE signaling results were consistent with those of the blood system; moreover, it has been observed that TMZ-associated AEs potentially affected liver function, such as by causing elevated Alt, Ast, and GGT. In metabolic and nutritional disorders, in addition to hyperglycemia mentioned in the specification, we demonstrated dehydration, hyponatremia, and hypokalemia, which were not documented in the specification, although AEs mentioning loss of appetite in the specification were not retrieved. Therefore, we hypothesized that loss of appetite may be associated with severe dehydration and that hyponatremia is often observed in hypotonic dehydration, which can contribute to the development of other AEs, such as loss of appetite. In infectious diseases, the signal of sepsis (n = 256) was particularly significant, in addition to the AE signal of infectious shock (n = 73), whereas severe sepsis is highly likely to lead to infectious shock. For respiratory diseases, we retrieved AE signals for pulmonary embolism, which was not mentioned in the specification. We also identified PTs such as deep vein thrombosis (n = 209), petechiae (n = 68), and high-frequency mutations (n = 88) that were not registered in the manual and were significantly different from those described in the manual.
TABLE 3 | The top 50 corresponding PTs for case reports in the FAERS database were selected based on 352 PTs that met the four algorithmic criteria.
[image: Table 3]3.4 Time to onset of TMZ-associated AEs
A total of 9,349 AE case reports were included, of which 4,262 had inaccurate or missing time of onset reports, and 5,087 had complete time of onset reports. The median and quartiles were 45.00 (20.00, 140.00). The grouping and trend of the time of onset are shown in Figure 3. Most of the adverse reactions occurred within 30 days (2053 patients, 21.96%), up to 2 months (1,119 patients, 11.97%), and up to 3 months (493 patients, 5.27%) of treatment, whereas more than half a year (447 patients, 4.78%) and more than 2 years (111 patients, 1.19%).
[image: Figure 3]FIGURE 3 | Time to onset of TMZ-associated AEs.
3.5 Relevant indications for the utilization of temozolomide in FAERS database
The total number of indications for TMZ extracted from the FAERS from 2004 to 2023 was 416. A part of indications exhibited similarities despite their differing nomenclature. The top 40 indications were categorized and tallied (Figure 4). For example, we categorized all the different types of gliomas as gliomas. The five most numerous reported indications were glioma (n = 5,660), other brain neoplasm (n = 2,318), melanoma (n = 422), other neoplasm (n = 272) and neuroendocrine tumor (n = 236).
[image: Figure 4]FIGURE 4 | Relevant indications for the utilization of temozolomide in FAERS database.
4 DISCUSSION
TMZ is an antitumor drug approved by the FDA and is the most widely used agent for the treatment of glioma. As a drug precursor drug, it is gradually metabolized and completely absorbed in an acidic environment; however, it can be rapidly decomposed to form MTIC at pH > 7. It reacts with water to form AIC and methyl diazo cations. Subsequently, the methyl diazo cation is methylated at the N7 and O6 positions of guanine and the O3 position of adenine (Denny et al., 1994). During DNA replication, the methylation of O6 allows for the mismatch of guanine and thymine; additionally, after the mismatch is recognized by mismatch repair (MMR) proteins of DNA, futile attempts to repair these adducts lead to DNA double-strand breaks, which consequently trigger apoptosis (Newlands et al., 1997; Roos et al., 2007). Among these methylated DNA adducts, methylation of the O6 position of guanine is the most important mechanism of TMZ antitumor activity (Friedman et al., 2000). MGMT is a base excision repair protein that removes methyl from the O6 position of methylated guanine and inactivates it. Cells lacking the MGMT protein are more susceptible to TMZ due to methylation of the promoter region of the MGMT gene. Therefore, patients with a methylated MGMT gene promoter region in glioma cells respond better to TMZ. A previous study showed that MGMT methylation is associated with longer survival in patients treated with TMZ (Hegi et al., 2005). However, the MGMT methylation status may be associated with potential adverse effects of TMZ. Methylation of MGMT has been reported to be associated with an increased risk of hematologic adverse events (HAEs) because bone marrow precursor cells have low levels of MGMT, and the use of TMZ leads to a decrease in MGMT activity, which further contributes to HAEs (Gerson et al., 1996; Sabharwal et al., 2011). This indicate low MGMT expression in peripheral blood mononuclear cells has been associated with increased hematotoxicity following TMZ treatment. Alternatively, certain polymorphisms in MGMT may also be associated with an increased risk of HAEs (Gerson et al., 1996; Briegert et al., 2007; Drabløs et al., 2004). In a clinical trial involving 347 patients with malignant glioma treated with TMZ, the safety of TMZ was clearly evaluated, and the most common adverse effects included thrombocytopenia, anemia, nausea, vomiting, and anorexia (Bae et al., 2014). By analyzing the FAERS database from the first quarter of 2004 to the fourth quarter of 2023, this study systematically evaluated the adverse reactions associated with TMZ. Through this process, this study not only confirmed some existing safety information but also identified new potential risks. The findings presented in this study offer valuable and precise insights into the safety profile of TMZ in real-world clinical settings. The following is an in-depth discussion of the study results.
This study demonstrated that reports of AEs involving TMZ were more prevalent in male patients than in female patients. This may be related to the incidence of gliomas in males and females. According to the Surveillance Epidemiology and End Results report, the incidence of glioblastoma is 1.5 times greater in male patients than in female patients, with a male to female ratio of 3.99/100,000:2.53/100,000 (1.57) (http://www.cbtrus.org/2011-NPCR-SEER/WEB-0407-Report-3-3-2011.pdf). We also observed a greater proportion of adverse reactions to TMZ in patients aged >60 years (34.55%). This may be partly attributable to the greater risk of disease in this age group and partly to the greater resistance to ADRs in relatively younger individuals. It is worth mentioning that the majority of the AE reports were from medical professionals, including physicians (30.45%), pharmacists (27.64%), and other health professionals (13.96%), which reflects the importance that medical professionals attribute to ADR reports of TMZ. The number of AEs in the United States was significantly greater than that in other countries. This underlying trend may be attributed to factors such as stronger reporting willingness, earlier market entry, and earlier expansion of indications, which have collectively facilitated its broader usage. In terms of TMZ indications, current clinical practice primarily focuses on treating nervous system tumors such as gliomas. However, it has been noted that TMZ is also utilized to a limited extent in certain other malignant tumors, although this usage is not widely reported.
In our study, the most common and significant SOC-related AEs, such as blood and lymphatic system disorders; benign neoplasms; malignant and unspecified neoplasms; hepatobiliary disorders; congenital, familial and genetic disorders; infections and infestations; metabolic and nutritional disorders; endocrine disorders; nervous system disorders; and gastrointestinal disorders, were consistent with the safety data from labeling and clinical trials. Blood and lymphatic system disorders are by far the most reported TMZ-related ADRs. Among the PTs corresponding to blood and lymphatic system disorders, the four most commonly reported PTs were those with thrombocytopenia, neutropenia, pancytopenia and anemia. This finding is consistent with the conclusions reported in multiple clinical trials (Bae et al., 2014; Garcia et al., 2022; Kesari et al., 2009). The most common AEs of TMZ also included gastrointestinal disorders and hepatobiliary disorders. In terms of gastrointestinal disorders and hepatobiliary disorders at the PT level, nausea, vomiting, constipation, and elevations in the Alt, Ast, and GGP were the most commonly reported. Our results were further validated in clinical trials and drug packages (Bae et al., 2014). Such common AEs tend to be tolerable and of low grade. In a study by Bae et al. (2014), 84.8% of the 618 toxicities were Common Terminology Criteria for Adverse Events (CTCAE) grade 1 or 2, while a total of 15.2% of the patients were grade 3 or 4, and there were no deaths. Among the HAEs, thrombocytopenia (13.7%), anemia (11.0%), and increased AST/ALT (7.0%) were commonly observed. Among the nonhematologic toxicities, nausea (44.3%), vomiting (37.0%), and anorexia (14.3%) were the three most common side effects. In the study by Garcia et al., which included 1,454 patients treated with temozolomide, the median survival times were 18.6 months for patients who presented with anemia, 20.7 months for those with leukopenia, 18.5 months for those with lymphopenia, 19.5 months for those with neutropenia, and 16.5 months for those with thrombocytopenia (Garcia et al., 2022). It can be concluded that such common TMZ-related HAEs have no significant effect on the prognosis of patients. Myelosuppression, aplastic anemia, and myelodysplastic syndromes were also reported in our study. Among alkylating agents, aplastic anemia appears to be unique to TMZ, and the first report of aplastic anemia associated with TMZ was published in 2006 (Villano et al., 2006). Multiple reports of aplasticanemia, myelodysplastic syndrome, and leukemia, as well as severe myelosuppression, have subsequently appeared (Chamberlain and Raizer, 2009; De Vita et al., 2005; George et al., 2009; Jalali et al., 2007; Singhal et al., 2007; Noronha et al., 2006). Dixit et al. referred to these AEs as being hematological idiosyncratic drug reactions (IDRs), and TMZ-related hematological IDRs, although rare, are associated with significant mortality. This study analyzed 21 IDRs, including aplastic anemia (n = 11), severe myelosuppression (n = 4), and bone marrow insufficiency (n = 6). All of the patients received TMZ in combination with radiotherapy, and after 4 weeks, 60% (13/21) of the patients died of septicemia or internal hemorrhage (Dixit et al., 2012). The occurrence of IDRs is often associated with cytogenetic abnormalities. Acquired aplastic anemia may be linked to frequent loss of HLA alleles associated with copy number-neutral 6p arms loss of heterozygosity (Katagiri et al., 2011). TMZ-related myelodysplastic syndrome and acute myeloid leukemia frequently exhibit chromosomal deletions and translocations (Su et al., 2005; Kim et al., 2009; Pedersen-Bjergaard, 2005). Armstrong et al. identified clinical factors for TMZ-related HAEs and proposed a model to predict the occurrence of HAEs (Armstrong et al., 2009). The incidence of HAEs is higher in women than in men. This is consistent with our analysis (Supplementary Table S4). For males, BSA > 2 m2, not being on steroids, and taking bowel medication were associated with an increased risk of HAE. For females, the following were associated with an increased risk of HAE: no prior chemotherapy, baseline creatinine >1 mg/dL, baseline platelet count <270,000/mm3, BSA <2 m2, being on analgesics, and not being on medication for gastroesophageal reflux disease (Armstrong et al., 2009). Common TMZ-related HAEs are usually mild and reversed after discontinuation or decreased TMZ dose without the need for further intervention, and even the occurrence of HAEs during chemotherapy is associated with a better prognosis (Garcia et al., 2022). The research conducted by Ingham et al. (2023) also confirmed that myelosuppression was manageable with dose alteration and did not result in clinically significant AEs. However, hematological IDRs have a fatal effect on patients. Therefore, a cyclical assessment of hematopoietic function should be implemented during treatment of TMZ. Monitoring hematological indicators should not be limited, and timely intervention to avoid the occurrence of hematological IDRs is essential for optimizing the application of TMZ, thus improving the safety of TMZ and reducing patient mortality.
Among the PTs corresponding to nervous system disorders, we identified signs such as seizures, cerebral edema, unilateral paresis, aphasia, cerebral hemorrhage and hydrocephalus. Except for unilateral paresis, the other AEs have never been described on the drug label and have rarely been reported in standardized trials. ACT IV was a large, randomized, double-blind, international phase III trial that included 745 patients with glioblastoma receiving adjuvant therapy with TMZ, with neurological-related AEs reported in the study, including cerebral edema (38/745, 5.1%), epilepsy (57/745, 7.7%) and headache (16/745, 2.1%) (Weller et al., 2017). The mechanism underlying TMZ-related seizures remains unclear. However, it is worth conducting further investigations to elucidate the potential association, considering the common occurrence of tumor-related seizures in glioblastoma patients. Notably, current study demonstrates a significant reduction in seizure incidence with increased utilization of TMZ (Koekkoek et al., 2015). In terms of metabolism and nutritional disorders at the PT level, we observed off-label ADRs such as dehydration, hyponatremia, hyperglycemia, and hypokalemia. The results of a phase 2 clinical trial in children showed that 6 of the 35 children enrolled in the study who received TMZ-assisted therapy developed hypokalemia (Mody et al., 2017). Two other studies of TMZ in children also reported of AEs of hyperkalemia (Robison et al., 2018; Wagner et al., 2010). This may suggest that TMZ-associated hypokalemia often occurs in younger individuals. Hyponatremia is often accompanied by hypotonic dehydration, and two studies on the diagnosis and management of melanoma reported of TMZ-associated hyponatremia, which may indicate that hyponatremia is relevant to the use of TMZ in melanoma (Ott et al., 2013; Bilir et al., 2016). The most common AEs that we observed in infections and infestations included sepsis, Aspergillus infection, infectious shock, and infectious aspiration pneumonia. Infectious shock is a serious complication of sepsis, and the development of sepsis is often associated with severe HAEs caused by TMZ. When infection occurs in patients with aplastic anemia, severe granulocytopenia, or severe myelosuppression, the body’s immune function is low, and its ability to clear pathogens is weakened, thus leading to massive multiplication of pathogens in the body, which consequently makes the body more prone to progression to sepsis. Two studies reported of two cases of sepsis triggered after TMZ-associated neutropenia with concomitant infection (Gutiérrez Pérez et al., 2023; Özdirik et al., 2021). Aspergillus infection is associated with a risk of TMZ-induced opportunistic infections. This may be attributed to T lymphocyte immune dysfunction resulting from TMZ-induced immunosuppression. Moreover, the concurrent administration of corticosteroids for glioma treatment to alleviate brain edema further augments the susceptibility to infection. Despite the absence of substantial evidence from large-scale clinical trials, a number of case reports have indicated a potential correlation between TMZ and opportunistic infections (Brault et al., 2021; Damek et al., 2008). Clinicians should be cognizant of the potent immunosuppressive effects of TMZ in combination with corticosteroids. Vigilance towards infection symptoms, timely utilization of NGS or microbiome biomarkers for early detection, and prompt treatment of the underlying cause can prevent the occurrence of severe infectious complications (Liu et al., 2019).
One of the most common AE signals that we have detected in congenital, familial and genetic disorders is hypermutation. Hypermutation in TMZ may account for the growing number of patients with treatment-related AML (tAML) and MDS. tAML is reported in 3%–10% of patients who receive alkylating agents for Hodgkin lymphoma, non-Hodgkin lymphoma, ovarian cancer, breast cancer, or multiple myeloma (Seedhouse and Russell, 2007). The MMR gene is closely related to TMZ-associated hypermutation, and a previous study confirmed that MMR gene deficiency leads to hypermutation and chemoresistance in gliomas (Touat et al., 2020). This scenario may be related to base mismatches induced by TMZ hydrolysis products and DNA double-strand breaks caused by the failure of homologous repair after mismatches, which further altered the genes of the tumor. Moreover, TMZ-associated hypermutation may be associated with malignant transformation of low-grade gliomas. Johnson et al. compared the mutational profiles of 23 IDH-mutant, low-grade astrocytomas at initial diagnosis versus at tumor recurrence to determine the extent to which mutations in the initial tumors differ from their subsequent recurrent tumors and how treatment with TMZ affects the mutational profile (Johnson et al., 2014). Among the 10 TMZ-treated low-grade astrocytomas, 6 exhibited TMZ-induced hypermutation, and all 6 hypermutated tumors underwent malignant transformation to glioblastoma (Johnson et al., 2014). Another study also showed that TMZ-induced hypermutation is associated with distant recurrence and reduced survival after high-grade transformation of low-grade IDH-mutant gliomas (Yu et al., 2021). Therefore, an understanding of the risk of TMZ-induced hypermutation is critical for patients and clinicians to accurately assess the risks and benefits of TMZ therapy. The mechanisms and causes of TMZ-induced malignancies are currently unclear. Although low-grade gliomas are susceptible to TMZ, it is not clear whether this is limited to certain low-grade gliomas, and further studies are needed to clarify the therapeutic impact of TMZ-associated hypermutation. Other unreported AEs, such as petechiae, deep vein thrombosis and pulmonary embolism, may be caused by direct toxicity or allergic reactions to the drug. However, the exact underlying mechanism remains to be further explored. These findings suggest the need for closer monitoring of electrolytes, infection markers, and hematologic markers in patients treated with TMZ, as well as vigilance regarding the risk of carcinogenesis due to hypermutation. Symptom interventions should be performed when needed. These findings emphasize the importance of continuous monitoring of drug-related AEs and provide a valuable reference for informed decision-making in drug selection.
Although AEs, including psychiatric disorders, fatigue, visual abnormalities, hearing impairments, cough, palpitations, alopecia, and nephrotoxicity, have been documented in certain clinical trials and drug descriptions, our comprehensive data analyses did not demonstrate any noteworthy signals of these specific ADRs. We believe that this discrepancy may be attributable to reporting biases between different reporting groups. In clinical trials, AEs are recorded according to uniform and strict criteria, whereas reporting in the FAERS database is voluntary, which may have led to a large number of unnoticed or low-impact AEs being overlooked, thus contributing to the bias in our study. However, the advantages of the large-scale and real-world nature of the FAERS database are significant, thus allowing for a more complete narrative and observation to recognize the AEs and clinical use of TMZ and providing us with more AEs that have not yet been reported. Thus, these findings could add considerable evidence of the practicality of TMZ to the safety data and provide new perspectives for improving the clinical use of this drug. Our study encompasses the broadest set of cases associated with TMZ to date; in addition to consolidating previously cataloged ADRs consistent with drug labels and established clinical trials, we also identified a number of new and unexpected significant AEs. In addition, we analyzed the adverse effects that we observed, including severity, proportion, and impact on clinical prognosis. All of these findings provide comprehensive and valuable insights into the safety of TMZ.
This research had several limitations. First, the FAERS database operates as a self-reporting system and is susceptible to underreporting, duplicate reporting, and inaccurate reporting, all of which have the potential to introduce bias into the study findings. Second, the FAERS database includes only data on AEs reported over a period of time since the drug’s introduction to the market; thus, without an assessment of the severity of these AEs, only qualitative evaluations of these AEs could be made. Third, the specificity of TMZ-induced AEs is limited and may be influenced by concurrent administration. Furthermore, the absence of age-specific details in a significant portion of the data hinders our comprehensive understanding of the occurrence of AEs across different age groups. Future research should prioritize the acquisition of precise age-related information and investigate potential variations in ADRs associated with different age brackets. In conclusion, this study represents a significant exploration within the field of signal mining. Despite its limitations, the findings underscore the necessity for rigorous follow-up monitoring and further investigation through case‒control studies. Additionally, they offer a pharmacovigilance perspective that can contribute to the treatment of gliomas and the utilization of TMZ.
5 CONCLUSION
Our study represents the first comprehensive and detailed pharmacovigilance analysis of TMZ utilization utilizing real-world data from the FAERS database. Our findings elucidate the characteristics of hematologic IDRs, such as aplastic anemia, severe myelosuppression and myelodysplastic syndrome, and provide initial insights into the relationship between HAEs and infectious diseases. This study contributes to a deeper understanding of the interplay between AEs in different physiological systems induced by the same drug. Furthermore, our investigation demonstrated potential signals for nervous system-related AEs, including cerebral edema, epilepsy, aphasia, cerebral hemorrhage, and hydrocephalus. Additionally, it underscores the importance for medical practitioners to monitor patients’ hematologic indices, electrolyte levels and nutritional status during TMZ treatment to prevent electrolyte imbalances and hematologic IDRs. The mutagenicity of TMZ is a crucial consideration, as evidenced by numerous studies demonstrating its significant impact on tumor progression and the development of drug resistance. This warrants careful clinical attention and further in-depth basic research to elucidate the underlying mechanisms and relationships, thus ultimately leading to enhanced efficacy of TMZ and a reduced incidence of AEs. Although there are limitations in the reporting of AEs through the FAERS system, it is undeniable that the algorithm-based detection of AEs signals offers a novel perspective for clinical cognition. These new perspectives contribute to a more refined comprehension and facilitate exploration without inducing confusion. In order to establish a clearer understanding of the relationship between these adverse events and drugs, it is imperative to conduct multi-center prospective clinical trials in the future. The future research will primarily focus on investigating the mechanisms of TMZ-related hematotoxicity and neurotoxicity at the cellular and genetic levels, aiming to Improve usage in order to mitigate the risk of these severe adverse effects. In conclusion, the use of TMZ is associated with numerous unforeseen AEs and potential genotoxicity. Through pharmacovigilance research, the AEs of TMZ were comprehensively examined for the first time at both the systemic and individual levels, thus providing new insights and ideas for enhancing the development and clinical application of future drugs.
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malignant and unspecified
Neoplasm progression 290 1133 (10,09, 1125 (10,1265) | 268556 | 348 (331) | 1116 (10.12)
1272)
Neoplasm recurrence 74 317 (25.16,3994) | 31.64 (2501, 21393 | 495(462) | 3085 (2543)
40.03)
Myelodysplastic Syndrome 58 5.54 (4.28, 7.17) 5.53 (4.29, 7.13) 214.42 2.46 (2.09) 5.51 (4.44)
Nervous system disorders | Seizure 412 551 (5, 6.07) 547 (496,603) | 149926 | 245(23) | 545(502)
Brain edema 198 2236 (1942, 22.26 (1941, 3,946.87 4.45 (4.25) 21.87 (19.43)
25.74) 25.53)
Hemiparesis 119 941 (7.85,11.27) | 9.38 (786, 11.19) | 88448 | 322(296) | 932 (801)
Aphasia 105 477 (3.94, 5.78) 4.76 (391, 5.79) 31114 2.25(1.97) 4.75 (4.04)
Cerebral hemorrhage 92 356(29,437) | 3.55(292,432) | 16826 | 183 (153) | 3.54(299)
Hydrocephalus 71 184 (1455, 23.26) | 1837 (1452, 114835 | 418 (384) | 18.1 (14.88)
23.24)
Epilepsy 63 303(236,388) | 3.03(235,391) | 8526 159 (124) | 3.02 (246)
Investigations Platelet count decreased 606 812(7.49,88) | 801 (7.41,866) | 370003 | 299 (288) | 7.96 (744)
‘White blood cell count decreased | 335 438 (3.93,488) | 435(394,48) | 86376 | 212(196) | 434 (397)
Lymphocyte count decreased 194 154(1336, 17.75) | 1534(13.37,17.6) | 2567.39 | 3.92 (3.72) 15.15 (13.46)
Neutrophil count decreased 173 632(544,7.35) | 63(539,7.37) | 76811 | 265(243) | 627 (554)
Alanine aminotransferase 172 383 (33,445 | 382(327,447) | 35694 | 193(171) | 381 (336)
increased
Aspartate aminotransferase 121 311(26,371)  3.1(26,37) 17186 | 163(137) | 3.09 (266)
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