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Background: Although kidney injury has been reported as a serious adverse effect in patients treated with ibuprofen or acetaminophen (APAP), there are still few real-world studies to compare the specific differences in the adverse effects of nephrotoxicity.
Methods: Disproportionality analysis and Bayesian analysis were devoted to data-mining of the suspected kidney injury after using ibuprofen and APAP based on the FDA’s Adverse Event Reporting System (FAERS) from January 2004 to March 2021. The times to onset, fatality, and hospitalization rates of ibuprofen-associated kidney injury and APAP-associated kidney injury were also investigated.
Results: 2,453 reports of ibuprofen-associated kidney injury and 1,288 reports of APAP-associated kidney injury were identified. Ibuprofen appeared to affected more middle-aged patients than elderly ones (27.76 vs 16.53%) while APAP appeared to affected more young patients than middle-aged patients (45.24 vs 29.10%) and elderly patients were fewer (13.99%). Compared to ibuprofen, APAP had the higher association with renal injury based on the higher reporting odds ratio (ROR = 2.45, 95% two-sided CI = 2.36–2.56), proportional reporting ratio (PRR = 2.39, χ2 = 2002.94) and empirical Bayes geometric mean (EBGM = 2.38, 95% one-sided CI = 2.3). In addition, APAP-associated kidney injury had earlier onset (32.74 vs 115.82 days, p < 0.0001) and a higher fatality rate (44.43 vs 7.36%, p < 0.001) than those of ibuprofen-associated kidney injury.
Conclusion: The analysis of FAERS data provides a more accurate profile on the incidence and prognosis of kidney injury after ibuprofen and acetaminophen treatment, enabling continued surveillance and timely intervention in patients at risk of kidney injury using these drugs.
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INTRODUCTION
Ibuprofen, a propionic acid derivative, and acetaminophen, an aniline derivative, are nonsteroidal anti-inflammatory drugs (NSAIDs). NSAIDs inhibit cyclooxygenase (COX) to reduce prostaglandin (PG) production, so that the PG-mediated inflammatory response can be weakened (Giménez-Bastida et al., 2019). As first-line antipyretic and analgesic drugs, they have been widely used for a long time, not only as prescription drugs but also as over-the-counter (OTC).
In the past, misconceptions about their safety led to the randomness of drug use. Long-term drug use or overdose has produced a series of adverse reactions, severe cases can be life-threatening. Analysis showed that 56,000 emergency department visits, 26,000 hospitalizations and 458 deaths were attributed to acetaminophen-associated overdoses in the United States from 1991 to 1998 (Nourjah et al., 2006). As people’s understanding of drugs has improved in the last decades, the number of adverse outcomes caused by ibuprofen and acetaminophen has decreased significantly (Tan et al., 2020). Among these serious adverse reactions, renal function damage cannot be ignored.
Since 1946, there have been studies of analgesic nephropathy (KOLFF, 1946), which refers to chronic renal tubulointerstitial nephropathy and renal papillary necrosis caused by the long-term and large amount of NASIDs and their compound preparations (Liu and Shen, 2009). However, most of the evidence for acetaminophen- or ibuprofen-associated kidney injury came from case reports and clinical trials, so it is significant to update our understanding and outline the risks and characteristics of adverse events after ibuprofen and acetaminophen treatment for further prevention and management. Therefore, we attempted to evaluate and compare the association between ibuprofen, acetaminophen, and kidney injury in a large population by investigating the FDA’s Adverse Event Reporting System (FAERS). Meanwhile, the differences in onset time and mortality between ibuprofen-associated kidney injury and APAP-associated kidney injury were further investigated.
MATERIALS AND METHODS
Data Source
A retrospective pharmacovigilance study was conducted using data retrieved from the FAERS database from January 2004 and March 2021. 3,673 reports of ibuprofen-associated kidney injury and 2,296 reports of APAP-associated kidney injury were retrieved from the FAERS database in total and deduplicated records were removed according to the FDA’s recommendations. Finally, 2,453 reports of ibuprofen-associated kidney injury and 1,288 reports of APAP-associated kidney injury were identified.
Adverse Event and Drug Identification
We investigated adverse events by using the MedDRA (Version 24.0) Preferred Terms as follows: acute kidney injury [10069339], subacute kidney injury [10081980], acute prerenal failure [10001017], renal failure acute ischemic [10038439], blood creatinine increased [10005483], blood urea abnormal [10005846], glomerular filtration rate decreased [10018358], renal impairment [10062237], oliguria [10030302], anuria [10002847], dialysis [10061105], proteinuria [10037032], nephrotic osmotic [10029163], renal tubular injury [10078933], nephropathy toxic [10029155], nephritis allergic [10029120], tubulointerstitial nephritis [10048302]. Thus, the MICROMEDEX® (Index Nominum) was used like a dictionary. Ibuprofen and acetaminophen were defined as both brand and generic names in the DRUG file, and the role of the drug was identified as primary suspected.
Data Mining
Based on the basic principles of Bayesian analysis and non-proportional analysis, we applied the reporting odds ratio (ROR), the proportional reporting ratio (PRR), the Bayesian confidence propagation neural network (BCPNN) and the multi-item gamma Poisson shrinker (MGPS) algorithms to investigate the association between ibuprofen or APAP and the adverse reactions. The equations and criteria for the four algorithms (DuMouchel, 1999; Evans et al., 2001; Szarfman et al., 2002; van Puijenbroek et al., 2002; Hauben, 2003; Hauben et al., 2005; Norén et al., 2006; Ooba and Kubota, 2010; Szumilas, 2010) are shown in Table 1. These algorithms were extracted to measure the strength of the association between drugs and adverse events, and if one of the four algorithms met the criteria, it should be considered a positive signal for kidney injury.
TABLE 1 | Summary of major algorithms used for signal detection.
[image: Table 1]We calculated the onset time of kidney injury following ibuprofen and acetaminophen respectively, which was defined as the interval between EVENT_DT (adverse event onset date) and START_DT (start date of ibuprofen or APAP administration). Reports with incorrect input (EVENT_DT before START_DT) or incorrect data input were also excluded. In addition, mortality would be defined as the number of fatal events divided by the total number of ibuprofen- or acetaminophen-related kidney injuries.
Statistical Analysis
Descriptive analysis was applied to summarize the clinical characteristics of kidney injury patients resulted in ibuprofen and APAP from the FAERS database. The Mann-Whitney test was used to compare the time to onset of ibuprofen-associated kidney injury and APAP-associated kidney injury. Pearson’s chi-square test or Fisher’s exact test was utilized to compare the mortality and hospitalization rates between ibuprofen and APAP. The statistical significance was set at p < 0.001 with 95% confidence intervals. All statistical analyses were performed using GraphPad Prism 8 (GraphPad Software, CA, United States).
RESULTS
Disproportionality Analysis and Bayesian Analysis
From January 2004 to March 2021, a total of 7,411 cases of kidney injury-related reports were recorded in the FAERS database. A total of 2,453 cases of kidney injury induced by ibuprofen as a suspicious drug and 1,288 cases of kidney injury induced by APAP as a suspicious drug were identified. According to the standards of the four algorithms, the renal injury signals were detected for ibuprofen and acetaminophen. As shown in Table 2, both ibuprofen and acetaminophen have statistically significant ROR, PRR and information component (IC), while only acetaminophen has statistically significant empirical Bayesian geometric mean (EBGM).
TABLE 2 | Signal detection for ibuprofen-associated kidney injury and APAP-associated kidney injury.
[image: Table 2]Descriptive Analysis
The clinical features were summarized in Table 3. Except for the unspecified age, the renal injury was more likely to occur in middle-aged patients treated with ibuprofen than the elderly patients (27.76 vs 16.53%), and young patients (18–44 years old) accounted for 22.31% reported cases. However, young patients treated with APAP were more affected than middle-aged patients (45.24 vs 29.10%), and patients elder than 65-year-old only accounted for 13.99% reported cases. Except for the unspecified data, in the case of APAP, females made up more reports than males (55.90 vs 44.10%) while in the case of ibuprofen, the proportion of females and males were almost equal (50.02 vs 49.98%). In terms of ibuprofen, about two-thirds of the reports were from Europe (61.15%), and about one-third of the reports were from North America (32.37%). In terms of APAP, nearly half of the reports were from North America (47.44%), followed by 36.80% of reports from Europe. For both ibuprofen and acetaminophen, health-professional submitted most of the reported cases (ibuprofen: 75.54%, APAP: 75.47%), and among them, other health-professional who were not the pharmacist or the physician accounted for the majority (ibuprofen: 32.57%, APAP: 39.52%).
TABLE 3 | Clinical characteristics of patients with ibuprofen-related kidney injury and APAP-related kidney injury collected from the FAERS database (December 2003 to March 2021).
[image: Table 3]Meanwhile, considering that the suicide rate of OTC analgesics increased significantly by 33.5% from 2000 to 2018 (Hopkins et al., 2020), we eliminated all reports that used suicidal attempt as the purpose of medication (Figure 1). We believed it was the suicidal population that the indication of the report meant that people who were suicidal or whose daily dose exceeded 12 g (Tallarida, 1982; Pourarian et al., 2015; Fox et al., 2012). The results before and after the suicide data were removed did not change. In addition, we further screened out reports that indicated the dosage of the drug. A total of 20 ibuprofen-related suicide reports (Table 4) and 33 acetaminophen-related suicide reports were obtained (Table 5). For ibuprofen, all reported doses were no less than 1.2 g, among which 11 cases were no less than 12 g, and even three cases used a dose of about 100 g. The median dose used was 12 g, which was 10 times the upper limit of normal dose (1.2 g). Among the 20 cases reported, there were 13 females, far more than males. People under the age of 18 were most susceptible (eight cases). A total of 13 patients had an adverse outcome (hospitalization or death), of which seven patients received doses exceeding 12 g. For acetaminophen, all reported doses were no less than 2 g, among which 23 cases were no less than 16 g. The median dose used was 28 g, which was about seven times the upper limit of normal dose (3.9 g). Among the 33 cases reported, there were 21 females. Middle-aged people (45–64 years old) were most likely to be suicidal using acetaminophen (16 cases). Life-threatening was the most common outcome (11 cases). A total of 12 patients had adverse outcomes, of which eight cases received a dose of 16 g or more.
[image: Figure 1]FIGURE 1 | Process of the selection of different groups of ibuprofen- and acetaminophen-related kidney injury.
TABLE 4 | The relationship between suicide with ibuprofen and dose (December 2003 to March 2021).
[image: Table 4]TABLE 5 | The relationship between suicide with acetaminophen and dose (December 2003 to March 2021).
[image: Table 5]Time to Onset of Ibuprofen- and APAP-Associated Renal Injury
We described the time to onsets of renal events for ibuprofen and APAP in Figure 2. According to the data, the median onset time of acetaminophen-related kidney injury was 2 days [interquartile range (IQR) 0–7], and the median onset time of ibuprofen-related kidney injury was 5 days (IQR 2–20). Besides, there was a significant difference in average time to onset of renal events among ibuprofen and APAP (Mann-Whitney test, p < 0.0001). The average onset time of APAP-related kidney injury was 32.74 days, which was about a quarter of that of ibuprofen-related kidney injury (115.82 days).
[image: Figure 2]FIGURE 2 | The onset time of ibuprofen- and acetaminophen-associated renal injury (December 2003 to March 2021).
Similarly, we studied the onset time of kidney injury in all patients who used these two drugs to commit suicide, and found that they were all concentrated within 120 days. The median time to onset of ibuprofen-related kidney injury did not change, and the median time to onset of acetaminophen-related kidney injury was extended back by 1 day (3 days, IQR 0–8). There was also a significant difference in average time to onset of renal events among ibuprofen (118.71 days) and APAP (38.86 days) (Mann-Whitney test, p < 0.0001).
Fatality and Hospitalization due to Ibuprofen-and APAP-Associated Kidney Impairment
The rate of fatality and hospitalization due to renal injury following ibuprofen and acetaminophen were assessed to analyze the prognosis of ibuprofen- and APAP-associated kidney injury. The hospitalization rate of ibuprofen-associated renal injury was 73.50%, and that of acetaminophen-associated renal injury was 65.32%, yet the mortality rate of kidney injury caused by ibuprofen is much lower than that caused by acetaminophen (7.36 vs 44.43%) and significant differences in both hospitalization rate and mortality rate were found between ibuprofen and acetaminophen (Fisher’s exact test, p < 0.0001). After removing patients with suicidal tendencies, the data only slightly changed (Hospitalization: 73.98 vs 68.18%; Fatality: 7.09 vs 44.67%), and the results were not inconsistent (Fisher’s exact test, p < 0.0001).
Complications of Ibuprofen- and Acetaminophen-Related Renal Injury
We searched for the complications of ibuprofen- and acetaminophen-related kidney injury, and selected the top ten complications (Figure 3). In terms of ibuprofen-related kidney injury, vomiting ranked first with the number of 174, which exceeded metabolic acidosis 15 cases. Hypotension ranked third with 127 reports. In terms of acetaminophen-related kidney injury, the number of hepatotoxicity cases is about 1.7 times the number of cases of metabolic acidosis, ranking first. Hypotension also ranks third.
[image: Figure 3]FIGURE 3 | Top 10 complications of ibuprofen- and acetaminophen-related renal injury (December 2003 to March 2021). (A) Top 10 complications of ibuprofen-related renal injury; (B) Top 10 complications of acetaminophen-related renal injury.
DISCUSSION
To the best of our knowledge, this study is the first and largest collection to describe differences in the vulnerable population, onset time and adverse outcomes of kidney injury following ibuprofen and acetaminophen in real-world practice based on the FAERS pharmacovigilance database from January 2004 to March 2021. All previous related studies have a small sample size (<16 cases) (Dixit et al., 2010; Waring et al., 2010), or only focus on groups with a certain disease background or a certain surgical operation (Kandler et al., 2014; Van Driest et al., 2018). Thus, they did not discuss the characteristics of kidney injury induced by the two drugs from a more comprehensive perspective, nor have they compared the kidney injury induced by the two drugs, especially the onset time.
Multiple studies have demonstrated the relationship between acute kidney injury (AKI) and ibuprofen monotherapies and combination therapies in patients with different geographical, age, and underlying conditions (Balestracci et al., 2015; Salerno et al., 2021; Su et al., 2021). Meanwhile, acetaminophen overuse is associated with AKI in approximately 12% of patients (Akakpo et al., 2020a), and a study found that ibuprofen was more likely than acetaminophen to increase the risk of AKI when used for preoperative PDA closure (Balachander et al., 2020). It is worth noting that the current definition of AKI is mainly based on the risk, injury, failure, loss, end-stage kidney disease (RIFLE) criteria, the acute kidney injury network (AKIN) criteria and the kidney disease improving global outcome (KDIGO) criteria (Koza, 2016). Although the criteria selected in the various studies mentioned above are different, these criteria all have similar ability to predict in-hospital mortality (Er et al., 2020). Therefore, this may have a slight impact on the data on the incidence of ibuprofen- and acetaminophen-associated AKI.
Although the association between ibuprofen or acetaminophen and AKI has been reported in many literatures, little has been reported in chronic kidney disease. Real world analyses of post-market surveillance are even less. Based on the network of the Berlin Case-Control Surveillance Study, 143 patients with drug-induced kidney injury from April 2010 to December 2011 were included and it was concluded that NSAIDs seemed to exhibit nephrotoxicity even when baseline renal function of patients was normal (Douros et al., 2018). In the case of acetaminophen, the relationship between long-term analgesic nephropathy and APAP remains unexplored (McCrae et al., 2018).
Mechanisms of Ibuprofen- and APAP-Related Kidney Injury
The mechanisms by which ibuprofen and acetaminophen cause kidney injury are different. Ibuprofen produces nephrotoxicity in three ways. One is the direct toxicity to the kidney. The second is secondary renal damage caused by the deposition of antigen-antibody complexes (Ag-Ab complexes) formed by ibuprofen on the glomeruli. The third is determined by its pharmacological effects. Ibuprofen inhibits COX enzyme to reduce PG production so that the renal tubules contract, resulting in a decrease in renal blood flow (RBF), a decrease in glomerular filtration rate (GFR), and finally renal tubular toxicity (Li, 2001). The mechanism of acetaminophen-associated kidney injury is still controversial. Possible reasons include the local production of N-acetyl-p-benzoquinonimine (NAPQI) or other toxic metabolites such as p-aminophenol by CYP or COX enzymes (Carpenter and Mudge, 1981; Bessems and Vermeulen, 2001). Studies have found that the conjugate of glutathione or cysteine and NAPQI can act as a γ-glutamyl receptor substrate and specifically depletes glutathione in the kidney, so that more free NAPQI binds to cellular proteins, and further aggravates nephrotoxicity (Stern et al., 2005a; Stern et al., 2005b). However, the consumption of glutathione is not the only cause of nephrotoxicity (Eguia and Materson, 1997). In addition, cell apoptosis involved in APAP-related nephrotoxicity is mainly regulated by the endoplasmic reticulum (ER) pathway (Lorz et al., 2004).
Descriptive Analysis
According to epidemiological results, 56.74% of ibuprofen-related kidney injury was detected in middle-aged and elderly people, and 74.34% of APAP-related kidney injury was detected in middle-aged and young people. This may be related to the different mechanisms of nephrotoxicity between the two. The renal parenchyma of middle-aged and elderly people may have atrophied to a certain extent, and then the RBF and GFR have decreased (Lucas et al., 2019), coupled with the deposition of the Ag-Ab complexes of ibuprofen, may lead to further deterioration of renal function, and ultimately lead to kidney injury. The age bias of APAP has also been found in other studies (Chen et al., 2015), which attributed the difference to a larger number of younger patients than older patients in their sample. This explanation may be also possible in our study. In addition, from the perspective of the mechanism of renal toxicity caused by acetaminophen, endoplasmic reticulum stress leading to apoptosis may be one of the reasons. In the nervous system, endoplasmic reticulum stress decreases with age (Frakes et al., 2020), meaning that the stress response is stronger in younger people than in older people. Perhaps this trend also exists in the kidneys, where ER stress in young adults is more sensitive or more intense than that in the elderly, and signal transmission is faster and stronger, leading to more severe apoptosis, and ultimately more kidney injury in this age group. Moreover, in the state of chronic overnutrition, the unfolded protein response of the endoplasmic reticulum (UPRER) mechanism of metabolically active cells may be overwhelmed, leading to unresolved ER stress and the deterioration of metabolic tissue (Frakes and Dillin, 2017). Meanwhile, with the development of time, especially in the past decade, the age of obesity gradually decreases (Mohammed et al., 2018). Therefore, the susceptible population of acetaminophen-induced kidney injury is mainly young and middle-aged people, which may be related to uncontrolled ER stress caused by obesity or overnutrition. Besides, young women are indeed more likely to commit suicide using OTC drugs (Hopkins et al., 2020), which may indeed be a contributing factor. However, after we excluded the data of suicide population, we found that the incidence of kidney injury between different genders was still very similar, so in this study, the contribution of suicide might not be very large.
Time to Onset of Ibuprofen- and APAP-Associated Renal Injury
Based on the FAERS database, the time to onsets of renal events for ibuprofen and APAP mainly occurred within 1 month after administration, but the average onset time of APAP-related kidney injury was significantly shorter than that of ibuprofen-related kidney injury (32.74 vs 115.82 days). Therefore, in a very long period, patients are likely to lead to renal injury for the use of ibuprofen so that the observation of patients who have taken ibuprofen need a longer time to prevent the decline in renal function. On the contrary, the use of acetaminophen is more likely to cause kidney damage in the short term, especially the AKI, which need to pay attention to in the pediatric. Acetaminophen and ibuprofen are the most widely used drugs for the treatment of pain and fever in children, so that as many as 95% of children are exposed to APAP when they are 9 months old (Tan et al., 2020). For example, pain is a common symptom in children with chronic kidney disease and acetaminophen is often used to relieve pain (Reis et al., 2018). In this case, we must be alert to the deterioration of the children’s renal function.
Fatality due to Ibuprofen- and APAP-Associated Kidney Impairment
Compared with acetaminophen, ibuprofen is more potent, affects the elderly more, and occurs for a longer onset time on average, but the mortality rate is only one-sixth of that of ibuprofen (7.36 vs 44.43%). Maybe this anomaly is also related to their mechanisms. Acetaminophen-associated kidney injury is often accompanied by liver damage (Bessems and Vermeulen, 2001) and AKI correlates with more severe liver injury in patients (Akakpo et al., 2020b). In our research, liver injury as the most reported complication of kidney injury, far exceeds the second-ranked symptom of poisoning. Thus, the dysfunction of two important organs may occur simultaneously in a short period of time, which may overwhelm patients and eventually lead to death. However, ibuprofen-related kidney injury is more likely to occur over a long period of time, giving pharmacists and physicians more time to correct the renal dysfunction. In addition, in our study, the number of suicides using acetaminophen was significantly higher than that of ibuprofen (92 cases vs 48 cases). Based on this, the death rate of APAP-related kidney injury may increase due to the presence of more suicides. However, after excluding the suicide population, the mortality rate of APAP-related kidney injury is still significantly higher than that of ibuprofen, which means that the impact of suicide may not be as large as we thought.
Limitations
Despite the advantages of real-world research and the data mining techniques in this study, inevitably, there are some limitations to this study. First, in the process of data mining, the imperfection of information, such as incorrect inputs and incomplete reports, may lead to bias in the analysis, which is caused by the FAERS database itself. Second, only a limited number of reports were identified as duplication because they may have different CASEID but overlapping data. When we try to delete some duplicating data based on event_dt, age, sex and reporter_country, a large portion of the report was lost, which may be related to the missing event date, age, and sex. Thus, the method of removing duplicate reports deserves further study. Third, confounding factors are difficult to control. Patients may already have underlying chronic conditions such as cardiovascular disease, or baseline renal insufficiency and renal complications, which can affect renal adverse reactions. Fourth, measures of disproportionality are lacking the incidence denominators, are subject to severe reporting bias, and are not adjusted for confounding (Michel et al., 2017; Raschi et al., 2018), so pharmacovigilance (analysis of spontaneous reporting systems) does not allow for the provision of safety comparisons or evaluation associations among drugs. Therefore, the assumptions generated by disproportionality analyses need to be further validated by more reliable methods. Although these drawbacks above do exist, the FAERS database is able to identify signals of ibuprofen or acetaminophen and kidney injury, and further describe the treatment of ibuprofen and acetaminophen. Our study may provide a new basis for further clinical studies of well-organized ibuprofen- and acetaminophen-associated renal injury.
CONCLUSION
In the present study, signals for kidney injury following ibuprofen and acetaminophen in real-world practice were identified based on the FAERS database, and APAP indicated a potential stronger association. There is a significant difference in the time of kidney injury onset after administration, and awareness should be raised for some immediate occurrence following the initial administration. Moreover, APAP-related kidney injury is associated with a higher mortality rate, which may be due to a combination of liver failure and kidney failure. Our study sets the stage for further pharmacovigilance investigation of this matter, and further pharmacoepidemiological studies are needed to test the hypotheses generated by this study.
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