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Abstract
AIM: To inform clinicians on the level of hepatotoxic risk among antimycotics in the post-marketing setting, following the marketing suspension of oral ketoconazole for drug-induced liver injury (DILI).

METHODS: The publicly available international FAERS database (2004-2011) was used to extract DILI cases (including acute liver failure events), where antimycotics with systemic use or potential systemic absorption were reported as suspect or interacting agents. The reporting pattern was analyzed by calculating the reporting odds ratio (ROR) and corresponding 95%CI, a measure of disproportionality, with time-trend analysis where appropriate.

RESULTS: From 1687284 reports submitted over the 8-year period, 68115 regarded liver injury. Of these, 2.9% are related to antimycotics (1964 cases, of which 112 of acute liver failure). Eleven systemic antimycotics (including ketoconazole and the newer triazole derivatives voriconazole and posaconazole) and terbinafine (used systemically to treat onychomicosis) generated a significant disproportionality, indicating a post-marketing signal of risk.

CONCLUSION: Virtually all antimycotics with systemic action or absorption are commonly reported in clinically significant cases of DILI. Clinicians must be aware of this aspect and monitor patients in case switch is considered, especially in critical poly-treated patients under chronic treatment.

[bookmark: OLE_LINK475]© 2014 Baishideng Publishing Group Inc. All rights reserved. 
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Core tip: The recent regulatory interventions (US restriction and EU suspension) concerning ketoconazole for drug-induced liver injury (DILI) poses a prescribing challenge to clinicians, who should now carefully consider safer therapeutic alternatives. Data mining of FAERS database (2004-2011) highlighted that: (1) antimycotics are involved in approximately 3% of DILI cases (including acute liver failure events); (2) virtually all systemic antimycotics (e.g., azole derivatives), are associated with disproportionality signals; careful monitoring is therefore recommended, especially in critical poly-treated patients with multiple comorbidities; and (3) topical antimycotics, as expected, do not generate a post-marketing signal of DILI, thus indicating the accuracy of our approach.
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INTRODUCTION
Following the recent interest and regulatory measures on ketoconazole-related liver injury, the present manuscript provides: (1) a concise overview of the literature on drug-induced liver injury (DILI), namely a practical guide for clinicians to realize the need for active post-marketing vigilance; and (2) a case study on antimycotics, based on key results obtained from our original analysis of the international publicly available FDA database, to advance the reporting pattern of DILI in the real-world practice. This approach can provide physicians with practical clues to assign the level of DILI risk among antimycotics.

Overview of DILI
Definition of DILI: Hepatotoxicity and DILI are interchangeable terms adopted by clinicians, researchers as well as drug developers to describe a broad spectrum of liver manifestations. Indeed, DILI can be defined as a liver injury induced by a drug or herbal medicinal products leading to liver test abnormalities or liver dysfunction with reasonable exclusion of other competing etiologies. More than 1100 medicines, natural products, vitamins, dietary supplements, recreational and illicit compounds have been reported to cause DILI, and the list is constantly growing. Antibiotics, anticonvulsants, and antidepressant therapy remain the commonest causes of DILI in the Western Hemisphere [1]. Among others, tumor necrosis factor-alpha antagonists, fluoroquinolones, tyrosine kinase inhibitors, statins and food supplements are gaining appreciation[2]. 

Issues in clinical practice: A number of classifications have been proposed to facilitate diagnoses and research in the field. From a pharmacological standpoint, DILI can be divided into “intrinsic” (i.e., dose-related) and “idiosyncratic” (i.e., dose-independent)[3]; however, the validity of this classification remains controversial and debated[4]. The term idiosyncratic was first used to identify a reaction occurring in susceptible individuals, usually associated with variable or prolonged latency (several weeks to 1 year) and generally unexpected on the basis of the pharmacological action of the drug. Idiosyncratic DILI is linked to the vast majority of compounds, although a common misconception of idiosyncratic DILI regards its non relation with the dose. As a matter of fact, recent data suggested that a daily dose > 50 mg (and especially when the dose exceeds 100 mg daily) for drugs with high lipophilicity undergoing extensive hepatic metabolism is associated with a higher risk of idiosyncratic DILI[5-7]. The latest evidence revealed that (1) drugs which are substrates of CYP enzymes would have the higher likelihood of causing DILI (which is dose-independent); (2) drugs which are CYP inhibitors would have the higher likelihood of generating DILI only when they are administered at a high daily dose; and (3) drugs which are CYP inducers are not observed to be associated with DILI[8].
[bookmark: OLE_LINK50][bookmark: OLE_LINK51]From a clinical standpoint, DILI can be classified into acute and chronic persistent (i.e., evidence of continue liver injury after discontinuation of causative agent beyond 12 mo of follow-up). Paracetamol (acetaminophen in the US) represents the leading cause of acute dose-dependent DILI. More precisely, an international DILI working group of clinicians and scientists developed a uniform consensus criteria to standardize the phenotypes of DILI[9]. Although liver enzymes such as transaminases lack specificity, liver injury in the context of DILI has been defined decades ago as an elevation in the serum concentration of alanine aminotransferase (ALT), conjugated bilirubin or alkaline phosphatase exceeding 2 × the upper limit of normal (ULN)[10]. The expert working group proposed a cut-off level of 5 × ULN for ALT as better threshold to exclude clinically unimportant and self-limited drug-related hepatic events as well as nonalcoholic steatohepatitis not related to DILI.
The most common clinical presentations of DILI are hepatocellular, cholestatic and mixed, which should be defined on the basis of biochemical criteria. The R value is use for this purpose [R = (ALT/ULN)/(ALP/ULN)]; when R ≥ 5 the pattern is considered hepatocellular, whereas if R < 2 is cholestatic. Usually, the damage induced by amoxicillin-clavulanate is considered to be cholestatic, as compared to the hepatocellular pattern caused by methotrexate.
Diagnosis is a major challenge for clinicians and is based on a combination of factors, which are influenced by the expertise: (1) exclusion of other causes that may elevate hepatic biochemical tests (in primis hepatitis viruses); and (2) causality assessment methods, which may be based on expert opinion or on standardized liver-specific scoring instruments such as the Roussel Uclaf Causality Assessment Method (RUCAM), endorsed by the Council of International Organization of Medical Sciences[11]; the presence of a signature pattern indicative of a specific causative agent (e.g., typical features of DILI by telithromycin include short latency and abrupt onset of fever, abdominal pain, and jaundice, sometimes with the presence of ascites even in cases that resolved)[12]. In this context, a clinical research workshop took place to review and attempt to standardize the current nomenclature and terminology used in DILI research. Because DILI is a diagnosis of exclusion, selected elements of the medical history, laboratory tests, and previous reports were proposed to improve causality assessment[13]. The role of liver biopsy is still controversial, especially histological features and their relationship with biochemical parameters, although a systematic approach has been recently proposed as a foundation to correlate DILI pathology with its causality and outcome[14]. Efforts have been also directed to identify a list of essential elements (minimum requirements) when submitting case reports for publication[15]. Recently, a dedicated website was finally created as an aid for clinicians and researchers to quickly extract updated information on DILI (http://livertox.nih.gov/).

Issues in drug development: The regulatory impact of DILI is appreciably expanding, as demonstrated by the fact that specific Consortia have been established, especially in the US, where the DILI Network was created in 2003 to prospectively identify a large number of patients with bona fide DILI that will allow for collection of epidemiological data and biological samples for future mechanistic studies[16].
DILI has been a major cause of drug withdrawals, non approval and variegate regulatory actions in the past 50 years. In one study of 38 drugs withdrawn from the market between 1990 and 2006, 14 (37%) were related to hepatotoxicity[17]. A more recent review highlighted that of the 25 safety-based withdrawals in EU and US, ten (40%) were for cardiovascular events and seven (28%) for gastrointestinal, primarily hepatic, adverse events. It is clear that the majority of these regulatory measures concerned rare events with delayed onset and were not predicted based on known pharmacological action[18]. It is also remarkable that spontaneous reporting systems have been a primary source of information that mainly contributed to regulatory actions, especially for newly marketed drugs and events that are likely to be drug- induced.
From a historical perspective, in several circumstances, hepatotoxic agents were identified after being approved by regulators and marketed for some time; this was the case, for instance, of bromfenac (withdrawn 11 mo after its approval) and more recently troglitazone, which was marketed in 1997 and withdrawn worldwide in March 2000. In other cases, DILI led to non approval or interruption of late phases of drug development (e.g., in 2006, the manufacturer of the oral anticoagulant ximelagatran withdrew a pending application to the FDA).
In this context, potential safety issues on DILI should be recognized as early as possible during drug development in order to accurately predict the actual risk in the post-marketing phase[19]. There are currently a number of challenges and controversies in exploiting predictive pre-clinical studies, especially for animal models, where ethical issues pose important limitations[20].
In line with the clinical situation, there are no specific biomarkers that may be used for optimal prediction of the risk. In fact, the frequency of asymptomatic rise in serum ALT in the pre-approval phase does not correlate per se with the frequency of symptomatic liver injury in the post-marketing period. The quest for highly predictive biomarkers has been underway for years and remains an ongoing challenge[21]. Although some genetic associations (e.g., flucloxacillin and HLA-B15701) have been identified, the clinical utility of genetic polymorphisms associated with drug-specific DILI appears still limited[1]. In addition, there are at least 3 groups of individuals showing different pattern of hepatic response: tolerators (the vast majority of patients without significant changes in liver biochemical tests), susceptibles (showing progressive increase in ALT level that continues to increase and evolves into clinically significant liver damage with signs and symptoms) and adaptors (showing transient increase in enzyme levels, which eventually return to baseline despite continuation of the drug)[19].
So far, regulatory authorities and drug developers have mainly relied on the so-called Hy’s law or rule[22], coined following Zimmerman’s observations, to predict post-marketing risk of serious hepatic events and for making recommendations on  whether treatment should be continued, stopped or its dose reduced, following biochemical abnormalities with the suspect drug. To define a clinical trial subject as a Hy’s law case, the following components must be present: (1) ALT increase to a level ≥ 3 times ULN; (2) total bilirubin increase ≥ 2 times ULN; (3) no significant increase in ALP (initial Alp values does not reach 2 times ULN); and (4) no other cause is found to explain liver injury.
When the above criteria are met, Hy’s rule predicts a mortality rate that can exceed 10%. In the last decade, two population-based studies further support the validity of this rule by demonstrating a mortality rate of 9%-12%[23,24]. Based on the 2009 FDA guidance, finding two cases is considered highly predictive that the drug has the potential to cause severe DILI when given to a larger population[25]. Thus, Hy’s law calls for enhanced vigilance on the patient so that the drug is discontinued before the patient crosses the threshold of hepatotoxic irreversibility. The correct timing of discontinuation and the exact level of ALT elevation is still a matter of debate; an eight-fold increase from baseline is generally considered a standard cut-off, although even levels greater that 3 time the ULN may be sufficient if accompanied by additional symptoms. Given the importance of monitoring thousands of laboratory parameters during clinical phases, the eDISH method was developed to visualize, assess and summarize hepatic safety data during clinical trials[26]. As regards causality assessment, pharmaceutical companies prefer to rely on a 3-category scale instead of using the 5-category scale adopted by the DLIN consortium or the RUCAM score[19].

Antifungals and DILI: clinical and regulatory aspects: The true incidence of DILI associated with antifungals in the post-marketing phase challenges precise estimation, especially as compared to other antimicrobials[27]. Previous studies, mostly based on data derived from clinical trials, reported a 2%-23% range, depending on the drug of interest and especially the severity of the disease[28]. Clinical evidence on ketoconazole emerged in early 80’, when 54 reports of alleged ketoconazole-induced liver injury submitted to the FDA from the time of initial marketing in 1980, of which 33 were labeled as likely. The incidence of symptomatic, potentially serious hepatic injury appeared to be very low, perhaps 1 in 15000 exposed individuals, whereas the incidence of mild, asymptomatic, reversible elevations in serum transaminases has been estimated to be 5-10% [29]. Also Garcia-Rodriguez and colleagues[30] found that ketoconazole was associated with significant risk. Very recently, a systematic review and meta-analysis documented an overall incidence of 3.6%-4.2%, which may be considered as common[31]. Data on other antifungals such as terbinafine are more scant and mostly based on individual case reports[32-34]. The latest population-based study in Taiwanese concluded that oral antifungal agents are associated with a low incidence if DILI, which may be fatal (especially in the elderly) and increased for longer treatment[35].
On July 26th, 2013, the European Medicines Agency (EMA) and the Food and Drug Administration (FDA) issued important safety announcements: the EMA’s Committee on Medicinal Products for Human Use (CHMP) has recommended that the marketing authorisations of oral ketoconazole-containing medicines should be suspended throughout the European Union (the CHMP concluded that the risk of liver injury is greater than the benefits in treating fungal infections), whereas the FDA limits usage of Nizoral® (ketoconazole) oral tablets due to potentially fatal liver injury and risk of drug interactions and adrenal gland problems. The FDA has revised the Boxed Warning, added a strong recommendation against its use (contraindication) in patients with liver disease, and included new recommendations for assessing and monitoring patients for liver toxicity. The FDA has also approved a new patient Medication Guide containing information on the potential risks associated with Nizoral® tablets, which must be dispensed with every prescription for the drug. In the revised US drug label, indications for dermatophyte and Candida infections have been removed and the indications for treatment of blastomycosis, coccidioidomycosis, histoplasmosis, chromomycosis, and paracoccidioidomycosis have been retained only for patients in whom other antifungal treatments have failed or are not tolerated.
These regulatory measures were driven by the following reasons: (1) suspension of the drug in France (June 2011), which asked the EMA to carry out a full assessment of the benefit-risk balance of oral ketoconazole-containing medicines; (2) the incidence and severity of liver injury with oral ketoconazole were higher than with other antifungals; (3) reports of liver injury occurred early after starting treatment with recommended doses, and it was not possible to identify measures to adequately reduce this risk; and (4) the widespread off-label use of oral ketoconazole for treating patients with Cushing’s syndrome; (e) currently available alternative treatments are deemed to be safer. 

Possible contribution of pharmacovigilance in DILI research: Pharmacovigilance, namely post-marketing phase of drug development, represents the mainstay to evaluate the safety of recently marketed drugs or to monitor high-priority adverse events[36]. On one hand, spontaneous reports and data mining of large spontaneous reporting systems still represent the traditional source for safety surveillance; on the other hand, exploiting electronic healthcare records. Both approaches are important and can be viewed to complement each other. However, it is a common opinion (corroborated by original research) that spontaneous reporting systems are more suited for newly approved drugs (as they aim at early signal detection) and rare events with suggestive drug-related component[18]. It is noteworthy that the diagnostic potential of signal-detection algorithms commonly applied in FAERS is reasonably efficient and accurate to discriminate true drug-event associations from those that are likely to be spurious[37].
In this context, the aim of this study is to show that spontaneous reporting systems can contribute in characterizing the hepatotoxic potential of systemic antifungals. As a matter of fact, a recent systematic review highlighted that regulatory measures on drug risk (e.g., dear doctor letters, safety warnings) may differently but substantially impact prescribers’ attitudes, thus causing a switch towards therapeutic alternatives, perceived as safe[38]. This could be the case for some systemic antifungals, especially following marketing suspension of oral ketoconazole, both in US and Europe, for risk of DILI.

[bookmark: OLE_LINK120][bookmark: OLE_LINK173]MATERIALS AND METHODS
Data source
The publicly available international FDA Adverse Event Reporting System, now termed FAERS database (2004-2011), was used for data mining of DILI associated with antimycotics. FAERS serves as repository of potential adverse events and medication errors associated with chemical and biological agents spontaneously submitted by healthcare professionals, patients and manufacturers. Since 2003, more than 7 million reports have been accumulated into FAERS, with more than 700000 records entered in 2011. In the light of its large catchment area (including also European reports potentially related to serious events) and public availability (since 2004),  FAERS plays a  leading role in signal detection and characterization, especially for rare events with high drug-attributable risk such as torsade de pointes (TdP)[39-41]. DILI shares different clinical, pharmacological and regulatory issues with TdP and, remarkably, the accuracy of FAERS to investigate DILI cases has been very recently demonstrated, especially as an important aid to systematically track emerging signals of DILI for newly marketed drug[42].

Data selection and analysis
Data processing and management (e.g., duplicate detection and removal, handling of missing data) were performed according to previous methodology, extensively described in a dedicated book chapter[43]. In this study, main selection criteria regards the role code assigned to the drug (i.e., only “Primary Suspect”, “Secondary Suspect” or “Interacting”, whereas cases where antimycotics were reported as “Concomitant” were not included) and information on age and gender (records with missing data in these fields were not considered). Drugs of interest were represented by antimycotics with systemic use, including those agents used for topical indications that may have systemic absorption (e.g., terbinafine and griseofulvine). These compounds  were mapped through an ad hoc created archive of drug names and converted into relevant active substances. Events of interest were selected according to a pre-specified search strategy (see below) and based on the standard MedDRA (Medical Dictionary for Regulatory Activities) terminology for codification.

Search strategy
In line with a previous multidisciplinary collaborative work [44], a two-fold approach was carried out to identify any type of liver damage, namely acute and chronic injuries as well as acute liver failure events. To this aim, different MedDRA Preferred Terms (PTs) were identified to define two patterns of liver event with different severity and clinical implication: “liver injury” (LI, including both chronic and acute liver events) and “acute liver failure” (ALF, a severe liver injury potentially reversible in nature and with onset of encephalopathy[45]) (Table 1). In order to assign a certain report to a precise group, at least one pre-specified PT should be present. A mutually exclusive approach was performed; a single case report of interest was classiﬁed only in one group based on the following priority: ALF>LI. Therefore, LI does not include cases with ALF; this allowed us the identification of a so-called “overall liver injury” (OLI).

Statistical analysis 
Description of the overall number of cases was first provided, both in terms of ALF, LI and OLI; demographic information (age and gender) were also analysed. Then, a case/non case disproportionality approach was carried out by calculating the Reporting Odds Ratio (ROR) with relevant Confidential Interval (CI). Statistically significant disproportionality was formally deﬁned when the lower limit of the 95%CI was > 1, with at least 3 cases[46]. Cases were represented by reports of DILI according the aforementioned pre-specified MedDRA PTs, whereas non cases were defined as all other reports (i.e., those without such PTs). The ROR was first calculated by comparing a given antimycotic against all remaining drugs recorded in the entire FAERS database (i.e., comprising all spontaneous reports from all drugs), by considering ALF and LI both separately and cumulatively (i.e., by providing the ROR for OLI). Finally, where appropriate, the ROR was calculated within antimycotics by using a subset of data (i.e., reports associated only with antimycotics). Restricting the analysis among agents belonging to the same pharmaco-therapeutic class may be useful as a sensitivity approach to test whether any potential intraclass differences exist in terms of risk. Cumulative time-trend disproportionality analysis was also performed, when appropriate[47].

RESULTS 
Over the 8-year period, 2612807 reports with at least one mapped active substance were processed; in 3.4% of these, at least one pre-selected PT of interest was recorded. The precise allocation of reports is provided in Figure 1, according to case definition and drugs of interest. Based on our selection criteria, 68,115 DILI cases (OLI) were identified, corresponding to 4% of overall FAERS reports; the majority (91.7%) regarded LI. Antimycotics were reported in 3% of LI and 2% of ALF cases.
In the entire FAERS database, 52% of cases of DILI occurred in females, whereas only in 44% of cases associated with antimycotics female gender was recorded. The analysis on age distribution showed a peak occurring in patients with 50-60 years of age (all FAERS database, no matter the drug under scrutiny), both for ALF and LI; only 26 and 27% of DILI cases occurred in patients aged > 65 years (ALF and LI, respectively). Concerning antimycotics, a peak was found for patients aged 60 (number of OLI cases = 48), with only 30% of OLI cases occurring in subjects aged > 65 years. The analysis on the outcome of the events revealed that: (1) in the entire FAERS database, death was recorded in 37% and 17% of cases, whereas hospitalization or life-threatening conditions were reported in 52% and 49% of cases (ALF and LI, respectively); and (2) as regards antimycotics, death occurred in 51% and 24% of events, hospitalization or life-threatening conditions in 39% and 47% of events (ALF and LI, respectively).
As a first screening to test the sensitivity of the approach in detecting drug-event associations, we generated a list of top-10 drugs based on their reporting frequency for DILI (Table 2). Paracetamol ranked first both for ALF and LI and also generated statistically significant disproportionality; it was followed by a number of drugs with known hepatotoxic potential such as statins, duloxetine, amoxicillin clavulanate, bosentan. Except for interferon, all these agents showed statistically significant ROR. Sorafenib ranked second in terms of ALF.
The analysis on antimycotics revealed a total of 1964 DILI cases; 35% were submitted by European Countries, 21% by Japan and 18% by US. Terbinafine ranked first in terms of number of cases (422), followed by fluconazole and voriconazole (Table 3). Except griseofulvin, and miconazole, all remaining compounds generated a significant disproportion for ALF or LI or OLI. The intraclass analysis on OLI among azole-derivate agents showed the following ranking: ketoconazole (ROR = 1.70; 95%CI: 1.34-2.15) > voriconazole (1.47; 1.29-1.68) > posaconazole (1.36; 1.04-1.77)> fluconazole> itraconazole> miconazole (no statistical significance obtained). The time-trend cumulative analysis of the ROR (performed on the two most recently marketed compounds and ketoconazole, the only antimycotic receiving recent regulatory intervention on DILI) showed that: (1) ketoconazole reached significant ROR in the first quarter of 2005 (i.e., well before the recent safety measure); (2) posaconazole (marketed in October 2005 by EMA and in September 2006 by the FDA) showed significant disproportion in the second quarter of 2005 (i.e., before its actual marketing approval), which persisted throughout the period of analysis, although fluctuations were recorded during the first 2-year period; and (3) voriconazole (marketed in March 2002 by EMA and May 2002 by FDA) showed significant disproportion in the second quarter of 2002, a striking correspondence with its regulatory approval (Figure 2).

DISCUSSION
This study shows that virtually all antimycotics for systemic use are associated with clinically significant risk of DILI in the post-marketing setting, where comorbidities and poly-pharmacotherapy exist. Although the summary of product characteristics of all highlighted compounds and the livertox database already addressed this safety issue (e.g., by mentioning liver monitoring in the warning section), clinicians should be aware of this aspect, especially following the marketing suspension of oral ketoconazole. This means that switching prescription towards therapeutic alternatives of ketoconazole does not sufficiently protect patients from risk and active vigilance is still needed.
Although actual incidence cannot be inferred from spontaneous reporting systems, the fact that antimycotics are reported in approx 3% of the total cases in FAERS suggests that the risk could be common. Our study also confirmed that miconazole and griseofulvin are not associated with clinically significant risk of DILI, a finding in line with recent data from EU-ADR and OMOP Consortia (EU and US projects, respectively), which labeled these drugs as “negative controls” in drug safety studies investigating DILI, based on the existing scientific literature and expert opinion[48,49]. As a matter of fact, miconazole is mainly used as topical preparation, whereas griseofulvin has specific tropism for keratin tissues with only low plasma concentrations. This kinetic features could explain the lack of a signal of liver injury. On the other hand, one recent population-based study in Taiwanese detected 8 cases of DILI associated with griseofulvin, although the cumulative exposure dose and the concomitant co-prescription of antibiotics and antinflammatory drugs (which have hepatotoxic potential) may have contributed to the occurrence of liver events[35].
Clinicians should interpret our data in the light of limitations affecting pharmacovigilance data. In particular, apart from well-described bias inherent to all spontaneous reporting systems (e.g., underreporting, causality assessment, influence of media attention/safety alerts[50]), it should be kept in mind that these analyses, although formally quantitative, do not allow firm quantification of risk, especially because the role of concomitant drugs as culprit agents in the occurrence of the event cannot be ruled out with certainty. However, they allow early identification of alert signals, which require further confirmation through pharmacoepidemiological approaches. In our case, the evaluation of “old” drugs may be useful to understand the reporting pattern over time and contribute to the general picture of perceived risk in a consolidated clinical setting. In any case, it should be recognized that DILI cases cannot be fully validated and precisely classified because laboratory values and liver biopsy are not available. 
Nonetheless, our analysis has some strengths which can be summarized as follows. First, the validity of FAERS in early detection of DILI risk has been recently shown in a study allowing discrimination of a broad range of hepatotoxic drugs with clinically significant serious DILI, including those with only clinically apparent risk (e.g., amlodipine)[42]. In this context, our top-10 ranking drugs have already known hepatotoxic risk (e.g., paracetamol), a finding in line with similar pharmacovigilance study recently performed on Vigibase[44], and can be considered our positive controls. Second, it should be noticed that: (1) sorafenib (a novel tyrosine kinase inhibitor for which liver toxicity is under scrutiny and requires diligent surveillance [51]) is ranked second in terms of ALF (after paracetamol); and (2) in our analysis, voriconazole and posaconazole are associated with significant disproportion already in their first year of marketing life (Figure 2). Although the indication for unresectable hepatocellular carcinoma complicates the causality assessment for sorafenib, EMA and FDA amended the prescribing information to add the hepatotoxic potential in the label (2010 and 2012, respectively)[52,53].
An incidental observation of this study is that female gender does not seem to be associated with a reporting pattern of DILI for antimycotics, which differs from current data showing that females predominated in liver cases associated with a number of drug class[54]. 
The large number of cases associated with triazole antifungals and terbinafine can be partially explained by the underlying clinical conditions of patients (critically ill patients, usually with systemic infections, cancer and other diseases that may increase the likelihood of adverse drug reactions). Moreover, when discussing and interpreting pharmacovigilance results, drug consumption data should be also taken into account can provide an additional perspective to regulators and clinicians in assessing the possible consequences of side effects of drugs (e.g., by mapping the level of risk in a population standpoint)[55,56]. Notably, the first ESAC survey on 2007 consumption data found that terbinafine, ketoconazole, itraconazole and fluconazole represented >94% of the total outpatient antimycotic and antifungal use in 20 European Countries. Terbinafine use represented > 50% of the total systemic antimycotic and antifungal use in 16 out of 20 Countries[57]. The updated analysis on 2009 data showed an increased outpatient use and confirms terbinafine and fluconazole as the most used compounds[58]. Two point-prevalence ESAC surveys in European hospitals revealed that the most used antifungal was fluconazole (60.5%) followed by caspofungin (10.5%). Notably, antifungal-antibacterial combinations were frequently used (77.5%)[59]. As clearly emerged from these drug utilization studies, widely used antimycotics are also frequently reported in DILI cases extracted from FAERS. Therefore, not only active monitoring is warranted, but also appropriateness of prescriptions should be carefully considered by clinicians.
Another important aspect regards the issue of potential drug interactions. As a matter of fact, several antimycotics are metabolized or even inhibit crucial liver cytocromes for drug metabolism (e.g., CYP3A4) (Table 4). Although the clinical relevance of drug interactions is still a matter of debate, concomitant administration of drugs and/or herb (which are recognized to have hepatotoxic potential) should be assessed for potential interactions or interference with hepatic metabolism. Remarkably, the clinical implications of our data are also influenced by the different therapeutic indications of antimycotics (Table 4). In this context, griseofulvin, terbinafine, fluconazole and itraconazole share onicomycosis as main indication, whereas micafungin, voriconazole, posaconazole, caspofungin and amphotericin are used for systemic invasive infections, implying different baseline patients’ conditions that may contribute to increase their hepatotoxic potential. In particular, voriconazole and posaconazole are the most recently marketed compound and are indicated as second-line treatment for invasive fungal infections (e.g., following treatment failure with fluconazole); therefore, a potential channeling bias should be considered (i.e., the possibility that drugs may be differently prescribed in relation to the severity of disease).
In a conclusion, we have used the recent regulatory case of ketoconazole to provide clues to clinicians needing practical guidance to assign the level of DILI risk among antimycotics.
From our analysis, it clearly emerges that it is not possible to identify a safe systemic antimycotic because all agents show a disproportionality signal for DILI. Although this safety issue was already formally mentioned in the label, it is still possible that clinicians do not fully appreciate this aspect.
The recent marketing restrictions of ketoconazole by regulatory Agencies should not lead physicians to overlook hepatotoxicity due to other systemic antifungals. Careful monitoring is therefore recommended, especially in critical poly-treated patients, keeping in mind that treatment usually requires drug exposure for a significant period of time.
It is clear that drug developers and clinicians face a challenging task in early recognition of DILI, a rare but potentially serious event for which drug discontinuation remains the key aspect of management, provided that diagnosis is correct. Therefore, the creation of novel multidisciplinary projects and the implementation of existing consortia (e.g., the DILI network) is desirable to achieve the best risk prediction in the preclinical phase and make pharmacovigilance a reliable indicator of the post-marketing risk. This is also in line with new European pharmacovigilance legislation (in force since July 2012), which advocates the need for global risk-benefit assessment.
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Figure 1 Flowchart describing data-mining approach to allocate cases of interest according to selection criteria and case definition.
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Figure 2 Cumulative time trend analysis of disproportionality (i.e., lower limit of 95%CI) on OLI for ketoconazole (recently restricted/suspended), voriconazole and posaconazole (the most recent antimycotics receiving marketing authorization in US and Europe). Relevant regulatory milestones (i.e., marketing approvals) are indicated by arrows. The total number of cases is also indicated when disproportionality was calculated for the first time (the first point of the lower limit of the 95%CI is provided when at least 3 cases of interest were recorded).

Table 1 MedDRA preferred terms used to retrieve liver events in FAERS
	PT
	Liver injury
	Acute hepatic failure

	Acute hepatic failure
	
	X

	Alanine aminotransferase abnormal
	X
	

	Alanine aminotransferase increased
	X
	

	Ammonia increased
	X
	

	Aspartate aminotransferase abnormal
	X
	

	Aspartate aminotransferase increased
	X
	

	Bilirubin conjugated increased
	X
	

	Bilirubin urine
	X
	

	Blood bilirubin abnormal
	X
	

	Blood bilirubin increased
	X
	

	Blood bilirubin unconjugated increased
	X
	

	Cholestasis
	X
	

	Coma hepatic
	
	X

	Cytolytic hepatitis
	X
	

	Hepatic encephalopathy 
	
	X

	Hepatic enzyme abnormal
	X
	

	Hepatic enzyme increased
	X
	

	Hepatic failure
	
	X

	Hepatic function abnormal
	X
	

	Hepatic necrosis
	X
	

	Hepatitis
	X
	

	Hepatitis acute
	X
	

	Hepatitis cholestatic
	X
	

	Hepatitis fulminant
	
	X

	Hepatitis toxic
	X
	

	Hepatocellular damage
	X
	

	Hepatotoxicity
	X
	

	Hyperammonaemia
	X
	

	Hyperbilirubinaemia
	X
	

	Jaundice
	X
	

	Jaundice cholestatic
	X
	

	Jaundice hepatocellular
	X
	

	Liver function test abnormal
	X
	

	Liver injury
	X
	

	Liver transplant
	
	X

	Mixed hepatocellular-cholestatic injury
	X
	

	Subacute hepatic failure
	X
	

	Transaminases abnormal
	X
	

	Transaminases increased
	X
	

	Urine bilirubin increased
	X
	


PT: Preferred term of the MedDRA terminology. “X” indicates that the PT was used to define the liver event.


Table 2 Top-10 drugs ranked in FAERS according to their reporting frequency for overall liver injury 
	ATC code
	Active Substance
	Cases LI
	Cases ALF
	Cases OLI
	ROR (95%CI) LI
	ROR (95%CI) ALF
	ROR (95%CI) OLI

	N02BE01
	Paracetamol
	2780
	645
	3,425
	3.69 (3.54-3.84) 1
	9.58 (8.82-10.41) 1
	4.31 (4.16-4.48) 1

	C10AA05
	Atorvastatin
	1763
	131
	1,894
	3.46 (3.29-3.64) 1
	2.62 (2.20-3.12) 1
	3.43 (3.27-3.60) 1

	C10AA01
	Simvastatin
	1516
	80
	1,596
	2.62 (2.49-2.77) 1
	1.44 (1.15-1.80) 1
	2.54 (2.41-2.67) 1

	N06AX21
	Duloxetine
	1456
	59
	1,515
	3.34 (3.15-3.53) 1
	1.42 (1.10-1.83) 1
	3.32 (3.14-3.50) 1

	L03AB07
	Interferon beta-1
	1377
	46
	1,423
	0.73 (0.70-0.78) 
	0.27 (0.20-0.36) 
	0.69 (0.66-0.73) 

	J05AF05
	Lamivudine
	1162
	130
	1,292
	4.68 (4.40-4.98) 1
	5.22 (4.38-6.22) 1
	4.86 (4,57-5.16)1

	L01BA01
	Methotrexate
	1200
	86
	1,286
	2.89 (2.72-3.07) 1
	2.15 (1.74-2.66) 1
	2.85 (2.69-3.02)1

	J01CR02
	Amoxicillin/clavulanic acid
	1164
	94
	1,258
	5.86 (5.49-11.36) 1
	4.50 (3.67-5.53) 1
	5.89 (5.54-6.27) 1

	C02KX01
	Bosentan
	1177
	49
	1,226
	9.53 (8.91-10.19) 1
	3.35 (3.53-4.45) 1
	9.20 (8.61-9.83) 1

	L01XE05
	Sorafenib
	920
	271
	1,191
	4.98 (4.64-5.35) 1
	15.39 (13.58-17.44) 1
	6.22 (5.83-6.63) 1


1Statistically significant disproportionality (Lower Limit 95%CI > 1). ALF: Acute liver failure; LI: Liver injury; OLI: Overall liver injury.


Table 3 Key results of drug-induced liver injury associated with antimycotics: Number of cases with relevant disproportionality analyses
	Pharmacological class
	Active Substance
	Cases LI
	Cases ALF
	Cases OLI
	ROR (95%CI) LI
	ROR (95%CI) ALF
	ROR (95%CI) OLI

	Antibiotics

	
	Amphotericin B
	251
	14
	265
	5.33 (4.65-6.10) 1
	2.86 (1.69-4.84) 1
	5.20 (4.55-5.94) 1

	Imidazole derivatives

	
	Miconazole 2
	16
	-
	16
	0.33 (0.20-0.54)
	-
	0.30 (0.18-0.50)

	
	Ketoconazole 2 
	88
	6
	94
	6.68 (5.28-8.44) 1
	4.22 (1.88-9.45) 1
	6.64 (5.28-8.34) 1

	Triazole derivatives

	
	Fluconazole 
	381
	31
	412
	4.25 (3.81-4.74) 1
	3.46 (2.42-4.93) 1
	4.26 (3.83-4.73) 1

	
	Itraconazole 
	178
	4
	182
	3.73 (3.19-4.37) 1
	0.84 (0.32-2.25)
	3.50 (2.99-4.09) 1

	
	Voriconazole
	342
	19
	361
	5.61 (4.99-6.31) 1
	2.97 (1.89-4.67) 1
	5.48 (4.89-6.14) 1

	
	Posaconazole
	65
	5
	70
	5.39 (4.12-7.04) 1
	4.00 (1.65-9.66) 1
	5.39 (4.16-6.99) 1

	Other antimycotics for systemic use

	
	Flucytosine
	6
	-
	6
	3.06 (1.31-7.13) 1
	-
	2.80 (1.20-6.52) 1

	
	Caspofungin 
	161
	7
	168
	7.03 (5.90-7.37) 1
	2.79 (1.32-5.87) 1
	6.78 (5.71-8.05) 1

	
	Micafungin 
	48
	2
	50
	6.90 (5.02-9.49) 1
	-
	6.64 (4.86-9.09) 1

	
	Anidulafungin 
	13
	1
	14
	4.97 (2.75-9.00) 1
	-
	4.97 (2.79-8.84) 1

	Antimycotics used for topical indications (dermatological use) with systemic absorption

	
	Griseofulvin3
	3
	-
	3
	2.00 (0.62-6.47) 
	-
	1.83 (0.57-5.92)

	
	Terbinafine3
	395
	27
	422
	5.11 (4.58-5.69) 1
	3.39 (2.32-4.96) 1
	5.06 (4.55-5.62) 1

	Antimycotics for topical use with potential systemic absorption (e.g., gynecological and intestinal use)

	
	Nystatin
	12
	-
	12
	2.01 (1.12-3.62) 1
	-
	1.84 (1.02-3.31) 1

	
	Econazole
	6
	-
	6
	3.25 (1.39-7.60) 1
	-
	2.97 (1.27-6.94) 1

	
	Ciclopirox
	3
	-
	3
	3.39 (1.02-11.30) 1
	-
	3.10 (0.93-10.33)


Only agents with at least three cases for the event of interest are shown (i.e., those for which disproportionality can be calculated). 1Statistically significant disproportionality (Lower Limit 95%CI > 1); 2Frequent topical use; 3Also topical use. ALF: Acute liver failure; LI: Liver injury; OLI: Overall liver injury.
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Table 4 Clinical, pharmacological and regulatory aspects of antimycotics for systemic use currently on the market (ketoconazole not shown) 
	Drug
	Approval (EMA-FDA)
	Indication(s)
	Main hepatic issues
	Drug interactions

	Amphotericin B
	1995 (FDA) 1
	· Empirical therapy for presumed fungal infection in febrile, neutropenic patients
· Cryptococcal Meningitis in HIV infected patients
· Visceral leishmaniasis
	No detailed information provided (general statement in the section on side effects)
	Unclear from the label (metabolic pathway unknown) 

	Miconazole
	No centralized approval
	· Onychomycosis (topical)
· Local candida infections (topical and systemic)
	Not reported
	CYP3A4 and CYP2C9 inhibitor (when administered systemically)

	Fluconazole
	1990 (FDA)
	· Acute vaginal candidiasis when local therapy is not appropriate
· Candidal balanitis when local therapy is not appropriate
· Mucosal and invasive candidiasis, genital candidiasis (trush), crypotococcal meningitis, dermatomycosis, coccidiodomycosis and onychomycosis (EMA revision in 2011)
	Hepatic injury (warning FDA and EMA)
	Potent CYP2C9 inhibitor;
moderate CYP3A4 inhibitor; CYP2C19 inhibitor

	Itraconazole
	1992 (FDA)
	· Onychomycosis of the toenail caused by Trichophyton rubrum or T. mentagrophytes (FDA)
	Hepatic injury (FDA)
	Potent CYP3A4 inhibitor
(drug interactions in warnings)

	Voriconazole
	2002 (EMA and FDA)
	· Invasive aspergillosis
· Candidemia in non-neutropenic patients
· Esophageal candidiasis (FDA)
· Fluconazole-resistant serious invasive Candida infections (including C. krusei) (EMA)
· Serious fungal infections caused by Scedosporium spp. and Fusarium spp.
	Hepatic toxicity and monitoring of hepatic function (EMA and FDA)
	CYP2C9, 2C19 and 3A4 inhibitor (several contraindicated drugs)

	Posaconazole
	2006 (FDA)
2005 (EMA)
	· Refractory IFI/Patients with IFI intolerant to first line therapy
· Oropharyngeal candidiasis
· Prophylaxis of IFI
	Hepatic toxicity and monitoring of hepatic function (EMA and FDA)
	Potent CYP3A4 inhibitor
(drug interactions in contraindications)

	Caspofungin
	2001(EMA and FDA)
	· Empirical therapy for presumed fungal infections in febrile, neutropenic patients
· Invasive candidiasis
· Invasive aspergillosis (patients refractory or intolerant)
	Hepatic effects
	No CYP3A4 inhibition; No P-gp induction and poor substrate

	Micafungin
	2005 (only FDA)
	· Treatment of invasive candidiasis
· Treatment of esophageal candidiasis
· Prophylaxis of Candida infection
	Hepatic effects
	No P-gp induction or substrate

	Anidulafungin
	2006 (FDA)
2007 (EMA)
	· Invasive candidiasis in adult non-neutropenic patients (EMA)
· Esophageal candidiasis (FDA)
	Hepatic effects (warning FDA and EMA)
	No CYP substrate, inhibitor or inducer

	Terbinafine
	19952
	· Fingernail onychomycosis
· Toenail onychomycosis
	Hepatotoxicity 
	CYP2D6 inhibitor

	Griseofulvin
	1975 (FDA)
	· Various forms of tineas (corporis, pedis, cruris, barbae, capitis, unguium)
	Hepatotoxicity
	Unclear from the label


When no information could be obtained from EMA and FDA documents, the Italian label was used. EMA: European Medicines Agency; FDA: Food and Drug Administration; IFI: Invasive fungal infections. 1On 28 August 2006, orphan designation (EU/3/06/391) was granted by the European Commission to Nektar Therapeutics United Kingdom Ltd, United Kingdom, for amphotericin B (for inhalation use) for the prevention of pulmonary fungal infections in patients deemed at risk; 2Pediatric investigation plan agreed with EMA.
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