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Abstract

Background and AIMS: Terbinafine is an antifungal agent that has been associated with rare 

instances of hepatotoxicity. Study aims include a description of the presenting features and 

outcomes of patients with terbinafine hepatotoxicity as well as investigation of the role of HLA- A 

*33:01.

Methods: Consecutive high causality cases of terbinafine hepatotoxicity enrolled into the Drug 

Induced Liver Injury Network were reviewed. DNA samples underwent high resolution 

confirmatory HLA sequencing using the Ilumina MiSeq platform.

Results: All 15 patients with terbinafine hepatotoxicity were more than 40 years old (median = 

57 years), 53% female and the median latency to onset was 38 days (range: 24 to 114 days). At 

DILI onset, 80% were jaundiced, median serum alanine aminotransferase was 448 U/L and 
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alkaline phosphatase was 333 U/L. During follow-up, one subject required liver transplantation for 

acute liver failure, and 7 of the 13 (54%) remaining subjects had ongoing liver injury at 6 months 

with 4 demonstrating persistently abnormal liver biochemistries at month 24. High resolution HLA 

genotyping confirmed that 10 of the 11 (91%) European ancestry participants were carriers of the 

HLA- A* 33:01, B*14:02, C* 08:02 haplotype which has a carrier frequency of 1.6% in European 

Ancestry population controls. One African American patient was also a HLA- A * 33:01 carrier 

while 2 East Asian patients were carriers of a similar HLA type: A* 33:03. Molecular docking 

studies indicated that terbinafine may interact with HLA- A*33:01 and A*33:03.

CONCLUSIONS: Patients with terbinafine hepatotoxicity most commonly present with a mixed 

or cholestatic liver injury profile and frequently have residual evidence of chronic cholestatic 

injury. A strong genetic association of HLA- A * 33:01 with terbinafine DILI was confirmed 

amongst Caucasians.

Graphical Abstract

Example: A ribbon diagram demonstrating docking of a terbinafine molecule in the protein 

binding cleft of HLA-A * 33:01 (blue), HLA-B * 14:02 (green), and HLA-C * 08:02 locus.

Lay summary:

A locus in the human leukocyte antigen gene (HLA-A *33:01, B*14:02, C * 08:02) was 

significantly overrepresented in Caucasian and African American patients with liver injury 

attributed to terbinafine compared to population controls. These data along with the molecular 

docking studies demonstrate that this genetic polymorphism is a plausible risk factor for 

developing terbinafine hepatotoxicity and could be used in the future to help doctors make a 

diagnosis more rapidly and confidently.
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Introduction

Terbinafine is an orally administered antifungal agent that is commonly used to treat 

superficial fungal infections of the skin and nails. It was approved for use in the United 

States in 1998 and is typically given in an oral dose of 250 mg daily for 6 to 12 weeks. 

Terbinafine use is associated with mild liver biochemistry abnormalities in < 1% of treated 

patients. However, the incidence of clinically significant liver injury attributed to terbinafine 

is not known due to lack of a sensitive and reliable means to detect hepatotoxicity in a 

prospective, population based cohort. The liver injury may be hepatocellular at initial 

presentation but usually evolves into a cholestatic profile over time (1). Hypersensitivity and 

autoimmune features are uncommon and some studies suggest that a reactive metabolite 

may be involved that can accumulate in the bile (2). In addition, rare instances of severe 

hepatitis, acute liver failure and fatalities have been described with terbinafine use (3,4).

The Drug Induced Liver Injury Network (DILIN) has been conducting studies of the 

presenting features, risk factors, and outcomes of patients with drug induced liver injury 

(DILI) (5,6). In addition, mechanistic studies exploring the potential genetic susceptibility in 

DILI patients have been undertaken using genome wide association (GWA) studies. A recent 

genetic analysis of 862 European ancestry DILI patients demonstrated a significant 

association between imputed HLA-A*33:01 and terbinafine liver injury in 14 European 

ancestry patients compared to population controls with an odds ratio (OR) of 40.5 (95% 

CI=12.5–288.9, p=6.7 × 10−10) (7). The replication stage of this same study included 8 

additional terbinafine patients, 6 of whom were carriers of the single nucleotide 

polymorphism (SNP) rs114577328, the proxy marker of the HLA-A*33:01 allele. The 

overall carrier frequency of imputed HLA-A*33:01 positive alleles in the 22 European 

ethnicity terbinafine cases was 54% compared to an expected carrier frequency of 2.2% in 

European controls. Of note, 14 of these 22 terbinafine cases had a cholestatic or mixed liver 

injury pattern at presentation and 11 were enrolled into DILIN. The DILIN has now enrolled 

over 2,000 patients into the ongoing prospective registry study wherein patients undergo 

extensive phenotyping including assessment of laboratory, clinical and histological features 

through 6 months of follow-up (5 ,8, 9). The aim of the current study was to describe the 

clinical, laboratory, and histological features of 15 patients with liver injury attributed to 

terbinafine that were enrolled into DILIN. In addition, we set out to identify the HLA alleles 

associated with terbinafine hepatotoxicity in populations other than those of European 

ancestry and carry out molecular docking studies to define potential HLA terbinafine 

interactions.

METHODS

DILIN Prospective study-

All subjects were enrolled into the ongoing DILIN prospective study (5). Injury onset was 

defined as the first date after a subject taking terbinafine met the predefined laboratory 

criteria of either a serum aspartate aminotransferase (AST) or alanine aminotransferase 

(ALT) level that exceeded 5 times the upper limit of normal (ULN) (or 5 times pretreatment 

baseline if baseline abnormal), a serum alkaline phosphatase (ALP) that exceeded 2 times 

the ULN (or 2 times pretreatment baseline if baseline abnormal), a total bilirubin of 2.5 
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mg/dl or above, or an international normalized ratio (INR) greater than 1.5 on two 

consecutive blood draws. All study participants provided written informed consent and were 

enrolled within 6 months of DILI onset.

A detailed medical history was obtained at the baseline study visit and additional laboratory 

and radiological testing were performed to more fully characterize the DILI event and 

exclude competing etiologies. Specifically, testing for hepatitis A, B, C, E, HIV, anti-nuclear 

antibody (ANA) and smooth muscle antibody (SMA) titers, CMV, and EBV infection were 

obtained at the local laboratory. Cases without available hepatitis E virus testing or without 

HCV RNA results were tested centrally using stored serum samples. Enrolled patients were 

seen for a follow-up study visit at 6 months after initial enrollment and those with evidence 

of chronic injury were asked to return for additional 12 and 24 month study visits (5). 

Chronic DILI in the DILIN Prospective study was defined as any patient having a 

persistently elevated serum AST, ALT, or ALP level, histological evidence of liver injury, or 

clinical evidence of portal hypertension at 6 months after DILI onset (6).

The severity of the DILI episode was categorized on a 5-point scale from mild (1), moderate 

(2), moderate-hospitalized (3), severe (4), and fatal (5), where a fatal score was assigned 

only if the patient died or had liver transplant due to DILI within six months of onset (6). Of 

note, clinical case reports and serial laboratory results from all 15 cases are available on the 

LiverTox website (see http://livertox.nlm.nih.gov/terbinafine).

Liver histopathology-

Available liver biopsies were reviewed by a single expert liver histopathologist (DEK). All 

samples were scored for multiple histological features as well as an overall pattern of liver 

injury (10).

Causality assessment-

The causal relationship between the liver injury episode and terbinafine use was evaluated in 

a standardized fashion by the DILIN causality committee (5,8). A DILIN expert opinion 

causality score varying from 1 (Definite > 95% likelihood), 2 (Highly Likely 75%−95% 

likelihood), 3 (Probable 50%−74% likelihood), 4 (Possible 25%−49% likelihood) to 5 

(unlikely < 25% likelihood) was assigned by consensus agreement of committee members 

for all of the retrospective and prospective DILIN cases. In subjects with 2 or more 

implicated drugs, an overall causality score was assigned to the case and then an individual 

causality score for each drug was given. For the current analysis, only cases with DILIN 

causality scores for terbinafine of definite, highly likely or probable were included.

Genome-wide genotyping and HLA sequencing

Genome-wide SNP genotypes were used to confirm the self-reported ethnicities of 14 of the 

cases. Genome-wide genotyping of DILI cases was performed by the Broad Institute in 

Boston by Illumina Infinium HumanCoreExome BeadChip (n=2), at the Duke Center for 

Human Genome Variation on the Illumina 1Mduo array (n=8), or at the Duke Molecular 

Genomics Shared Resource on the Illumina Multi-Ethnic Genotyping Array (MEGA; n=4) 

(11). Genetic ancestry was determined using EIGENSTRAT axes.
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A proxy for HLA-A * 33:01, rs148631562, was typed with a TaqMan® SNP genotyping 

assay (ThermoFisher Scientific, Waltham, MA) in accordance with the manufacturer’s 

recommendations in 7 additional European ethnicity cases. The top associated HLA type 

was further validated by high resolution Class I HLA A B C and Class II DR DQ DP 

genotyping at Vanderbilt University and Institute for Immunology & Infectious Diseases, 

Western Australia. A 2.5 μg aliquot of DNA in EDTA buffer was PCR amplified using 

sample specific Multiplex Identified (MID) tagged primers that amplify polymorphic exons 

from class I (A, B, C exons 2 and 3) and Class II (DQ, Exons 2 and 3, DRB and DPB1, 

Exon 1) major histocompatibility genes. Amplified DNA products from unique MID-tagged 

products were then pooled and subjected to library preparation. Normalized libraries were 

sequenced on the Ilumina MiSeq platform using the MiSeq V3 600 cycle kit. Sequences 

were then separated by MID tags and alleles called using an in house accredited HLA allele 

software pipeline IIID HLA Analysis Suite (version 3.11), the reporting tool was used to 

perform all quality checks on the allele calls, condense and assign putative calls and 

ambiguous results and prepare the formatted report for release. Alleles were called using the 

latest IMGT HLA allele database (version 3270).

HLA type frequency data from population controls were obtained from allelefrequencies.net 

(12). In particular, the European ancestry population frequencies are taken from the USA 

NMDP European Caucasian population, with a sample size of 1,242,890 (13) ; the African 

ancestry frequencies are taken from the USA NMDP African American population, with a 

sample size of 416,581; the Hispanic ancestry population frequencies are taken from the 

USA NMDP Mexican or Chicano, Caribbean Hispanic, and Hispanic South or Central 

American populations, with respective sample sizes of 261,235, 115,374, and 146,714; the 

East Asian population frequencies are taken from the USA NMDP Chinese, Japanese, and 

Korean populations, with ample sizes of 99,672, 24,582, and 77,584, respectively; the 

Northern European population frequencies are taken from the Ireland Northern, Ireland 

South, England North West, Germany DKMS - United Kingdom minority, and Germany 

DKMS - France minority, and Germany pop 6 populations, with respective sample sizes of 

1,000, 250, 298, 1,043, 1,406, and 8,862; and the Jewish ancestry population frequencies are 

taken from the Israel USA Jewish population, with a sample size of 6,058 (14–17).

Molecular Docking

Sequences of HLA-A*33:01, HLA-A * 33:03, HLA-B*14:02, and HLA-C*08:02 were 

obtained from the HLA/IGMT database (http://www.ebi.ac.uk/ipd/imgt/hla/allele.html). 

Atomic homology models for each were generated with SWISS-MODELLER (18). A model 

of HLA-C*08:02 was generated based on the most closely related crystal structure, PDB 

code 4NT6 (PMC4178881). For HLA-A*33:01, the model was based on 3RL1 (19) and for 

HLA-B*14:02 it was based on 3BVN (20). To generate peptide/HLA complex models, we 

used a polyglycine peptide extracted from the crystal structure of a peptide HLA complex 

(3UPR). The peptide was positioned into the antigen binding clefts of HLA-A*33:01, HLA-

A * 33:03, HLA-B*14:02, and HLA-C*08:02 models using SSM in the COOT program 

package (21).
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Terbinafine was docked on models of HLA-A*33:01, HLA-A * 33:03, HLA-B*14:02, and 

HLA-C*08:02 using AutoDock Vina (22). The structure of terbinafine was translated from 

SMILES string (23) to PDB file using the NCI/CADD translator (https://cactus.nci.nih.gov/

translate/). The resulting PDB file was prepared for molecular docking using AutoDock 

tools (e.g., add H, generate charges for each atom to be used in scoring). Scoring grids were 

20 × 20 × 20 Å, and centered on 3 sites within the antigen binding clefts of HLA-A*33:01, 

HLA-A * 33:03, HLA-B*14:02, and HLA-C*08:02: 1) a site corresponding to the Cα of the 

first peptide position (P1), 2) a site corresponding to the Cα of the fifth peptide position 

(P5), the middle of the antigen binding cleft, and 3) a site corresponding to Cα of the 

terminal peptide position (P9). Terbinafine was docked with exhaustiveness set to 10. The 

top 8 scoring orientations were output and compared. PyMol was used to generate molecular 

graphics (The PyMOL Molecular Graphics System, Version 1.8 Schrödinger, LLC.).

Results

Patient population-

Between January 2004 and February 2017, 1786 cases were enrolled into the ongoing 

DILIN prospective study. Amongst the 1549 adjudicated cases, there were 19 with 

terbinafine listed as an implicated agent but an alternative cause of liver injury was identified 

as more likely in the 4 cases with low causality scores of only possible or unlikely (Figure 

1). The presenting clinical features and demographics of the 15 terbinafine cases with a 

causality score of definite (10), very likely (4), or probable (1) are shown in Table 1. The 

median age was 56.6 years (range: 40 to 74.8), 53% were female, and 73% of European 

ancestry. All patients were prescribed terbinafine at a dose of 250 mg/day for a fungal nail 

infection and the median duration of terbinafine use before DILI onset was 37 days (range: 

20 to 105 days). Of note, none of the patients reported ever having taken terbinafine in the 

past.

At presentation, only 6% of patients reported fever, 7% had eosinophilia and 20% reported 

having a rash. However, 73% reported symptoms of pruritus and 80% were visibly 

jaundiced. The median serum ALT at DILI onset was 448 U/L (range: 131 to 1071), ALP 

333 U/L (range: 143 to 451), and bilirubin 6.6 mg/dL (range: 0.7 to 23.7). The median R 

ratio (ALT/ALP both expressed as multiple of ULN) at onset was 3.3 and ranged from 0.9 to 

19 with 20% in the cholestatic (R <2), 47% in the mixed (R 2–5) and 33% in the 

hepatocellular (R>5) range. Detectable ANA and SMA were noted in only 21% and 8% of 

patients, respectively.

Two patients were hospitalized and one had a severe and progressive course. A 41-year-old 

Hispanic woman (Case #12) with a history of a Roux-en-Y gastric bypass for morbid 

obesity and a BMI of 38. 6 kg/m2 presented with a severe acute hepatocellular liver injury 

pattern with an initial R ratio of 10.5, a bilirubin of 23.7 mg/dL and INR of 2.68. Further 

testing revealed an ANA of 1: 1280, SMA 1: 126, elevated IgG of 2690 mg/dL, and a liver 

biopsy demonstrating severely active hepatitis with collapse and regenerative changes. She 

was treated with high doses of corticosteroids, but had progressive liver injury and required 

an urgent liver transplant 18 days after DILI onset. Of note, she did not possess any of the 
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HLA-DRB1 alleles associated with autoimmune hepatitis and did not have HLA-A* 33:01 

nor A* 33:03 (Patient # 12 in Supplementary Table 4). (24)

The median peak serum ALT in the cohort was 619 U/L (range 131 to 1133), median peak 

ALP was 375 U/L (range: 143 to 677), and median peak total bilirubin was 12.9 mg/dL 

(range: 3.8 to 29.5). The median R ratio at the time of peak bilirubin values was 2.4 and 

ranged from 0.4 to 5.1 with 47% in the cholestatic, 40% mixed and 13% hepatocellular 

range. The median time to bilirubin normalization was 34 days. During follow-up, 6 subjects 

were treated with corticosteroids while 4 subjects were treated with ursodeoxycholic acid.

Clinical outcomes 6 months after DILI onset-

Laboratory tests from a 6 month follow up visit were available in 13 patients, of whom 7 

still had liver test abnormalities. The presenting clinical and laboratory features of the 

patients who met criteria for our protocol determined definition of chronic liver injury were 

similar to those with self-limited injury (Supplemental Table 1). At the month 12 study visit, 

the 6 evaluable patients with abnormalities at 6 months all had a persistent cholestatic liver 

injury profile with a median serum ALT of 101 U/L (range: 50 to 199), ALP of 245 U/L 

(range: 111 to 378) but normal total bilirubin levels. At 24 months, 7 patients were still 

being followed and 3 continued to have mild elevations in serum ALP (range: 76 to 244 

U/L) but all were asymptomatic and total bilirubin levels were normal (Supplemental Table 

2).

Liver histology-

Nine subjects underwent a liver biopsy as part of their diagnostic evaluation of which 5 were 

available for central review. The median time from DILI onset to the biopsy (among all 

cases) was 27 days (range: 9 to 57) (Table 2). Four of the five cases reviewed showed a 

consistent pattern of injury with moderate to marked zone 3 canalicular and hepatocellular 

cholestasis combined with generally mild, predominantly portal inflammation (Figure 2) 

with little to no interface hepatitis. Neither plasma cells nor eosinophils were seen in 

significant numbers and no case had significant fibrosis. There was no ductal paucity in any 

of the cases and only two of the four showed duct injury. The remaining patient (Case #12) 

differed in that no canalicular cholestasis was identified, but the biopsy was small. This case 

showed moderate chronic inflammation without plasma cells or eosinophils, mainly in the 

portal areas, with at least bridging fibrosis. The hepatocytes showed a diffuse microvacuolar 

change consistent with microvesicular steatosis. None of the biopsies showed histological 

features suggestive of autoimmune hepatitis.

Genetic analyses:

Previous studies using GWA with HLA imputation identified a highly significant association 

between terbinafine hepatotoxicity and HLA-A *33:01 (8). In the current study, the patients 

imputed as HLA-A*33:01 carriers were confirmed as having this rare HLA allele using high 

resolution HLA genotyping. In addition, one African American patient was genotyped for 

the first time and found to a carrier of HLA-A * 33:01. Furthermore, all 11 carriers were 

shown to have the extended haplotype: HLA A*33:01, HLA-B*14:02 and HLA-C*08:02. In 

addition, testing of further cases of terbinafine hepatotoxicity in patients from different racial 
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groups showed that this association was present in the European ancestry subjects as well as 

an African American patient (Table 3, Supplementary Table 4). Ten of the 11 Caucasian but 

none of the Asian or mixed race subjects were HLA-A *33:01 carriers and none had HLA-

B*14:02 or HLA-C*08:02. None of the 11 HLA A*33:01 positive patients were 

homozygous for this allele. Comparison of subjects with and without this allele showed no 

demographic, clinical or biochemical differences other than ancestral background (Table 1).

The carrier frequency of the HLA-A *33:01 allele in the 11 European ancestry terbinafine 

patients is strikingly higher than that seen in population controls of European ancestry (91% 

vs 1.6%). The genome-wide SNP data available from participants was used to define 

ancestry more precisely to ensure that this was not a population-specific effect. Six of the 11 

European ancestry cases were of Jewish ancestry: all 6 were HLA-A*33:01 carriers, though 

the carrier frequency of this HLA type is just 6.8% in Jewish population controls. Among 3 

cases identified as having Northern European ancestry, 2 were HLA-A*33:01 carriers, 

despite a carrier frequency of just 1.6% in Northern European population controls (1.2% in 

England and Ireland). The single European ancestry case who was not heterozygous for 

HLA-A*33:01 was of Northern European ancestry and had the genotype HLA-A*24:02/

HLA-A*32:01, which have carrier frequencies of 17% and 7% in European ancestry 

population controls, respectively.

The carrier frequency of HLA-A*33:01 is much lower in East Asian populations (0.08%) 

and was not found in either of the 2 East Asian cases. Although HLA-A*33:01 is more 

common in Hispanic ancestry population controls (carrier frequency 4.4%), it was still not 

seen in the single Hispanic case. Instead, the Hispanic case was homozygous for HLA-

A*24:02, which has a carrier frequency of 24.4% in Hispanic population controls, and the 

two East Asian cases were of the type HLA-A*24:02/HLA-A*33:03, which have carrier 

frequencies of 40.6% and 23.4%, respectively, in East Asian population controls. HLA-

A*33:03 shows sequence homology and shared peptide binding specificities with HLA-

A*33:01 with differing amino acids at residues 131, 171 and 186 (Supplemental Table 3). 

We also had one case of African American ancestry and this patient was found to have HLA-

A * 33:01. The carrier frequency of this allele in African Americans is 4.6%.

Molecular Docking Studies

To determine if terbinafine has the potential to interact with HLA-A*33:01, HLA-A * 33:03, 

HLA-B*14:02 and HLA-C*08:02, models of each antigen binding cleft (residues 1–180) 

were generated based on the most closely related crystal structures. Since class I HLA 

molecules are unstable in the absence of peptide, the models of terbinafine-associated HLA 

molecules were complexed with peptide. As sequences of peptides complexed with 

terbinafine and HLA-A*33:01, HLA-B*14:02 and HLA-C*08:02 are not known, potential 

bias that the peptide sequence may impose was reduced by removing each side chain in the 

peptide used for docking by altering each position to glycine. Molecular docking, using 

AutoDock Vina, suggested that terbinafine has the potential to interact with HLA-A*33:01, 

HLA-A * 33:03, HLA-B*14:02 and HLA-C*08:02 with moderate affinities (>−6.5 kcal per 

mole, low affinity, −6.5 to −9.0 moderate affinity, <−10 high affinity): molecular docking 

scores were estimated to be ΔG values of −7.2, −7.6, −7.1 and −7.3 kcal per mole, 
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respectively (Figure 3). By comparison, abacavir, shown to bind a structural pocket of HLA-

B*57:01 accommodating the side chain of the terminal peptide position, P9, and is predicted 

to bind the HLA-B*57:01 with a score of −7.2 in the absence of peptide and −9.1 in 

presence of peptide. These data indicated that the drug abacavir was predicted (and 

validated), to bind with higher affinity in the presence of a specific peptide. To determine if 

the peptide may alter the binding of terbinafine to HLA-A*33:01, HLA-A * 33:03, HLA-

B*14:02 and HLA-C*08:02, terbinafine was docked in the absence of peptide, resulting in 

AutoDock Vina scores of −7.1, − 5.0, −7.7, and −7.4 kcal per mole, respectively. These data 

suggest peptides have the potential to influence terbinafine binding to HLA.

The predicted site of interaction between terbinafine and HLA-A*33:01 and HLA-B*14:02 

was similar to the abacavir/HLA-B*57:01 interaction in which the drug was bound to the P9 

pocket forming contact with peptide and HLA (Figure 3, top panels). Terbinafine was 

predicted to bind a distinct site on HLA-C*08:02 in which the drug was solvent accessible, 

potentially serving as an antigenic structure. Terbinafine was predicted to interact with the 

central portion of the antigen binding cleft (Figure 3, bottom panel). These molecular 

docking studies suggest terbinafine may interact with complexes comprised of peptides 

bound to HLA-A*33:01, HLA- A * 33:03, HLA-B*14:02 and HLA-C*08:02.

Discussion

Fifteen well characterized patients with liver injury attributed to terbinafine who were 

enrolled into the ongoing DILIN Prospective registry study are presented. Although the 

majority of patients were symptomatic with pruritus and jaundice, only 2 were hospitalized 

and 1 required eventual liver transplantation. Consistent with prior reports, hypersensitivity 

and autoimmune features were uncommon and most patients had either a cholestatic or 

mixed liver injury pattern at onset and a generally favorable prognosis (8, 25–29). The only 

potential fatal case in this series had a distinctly severe hepatocellular injury at onset and 

underwent liver transplantation within 3 weeks of presentation. During follow-up, 6 patients 

were treated with corticosteroids in an effort to hasten the resolution of liver injury. 

Nevertheless, the majority of patients (54%) followed had evidence of protocol determined 

chronic liver injury at a rate far higher than that observed in the overall DILIN cohort (18%) 

(7). In comparison to prior studies, the age and serum ALP levels at onset of those who did 

versus did not go on to develop chronic injury were not substantially higher but the total 

number of patients included was limited (Supplemental Table 1) (30). Of note, none of the 

patients with chronic injury had known underlying chronic liver disease. In addition, the 

median BMI of the terbinafine patients was substantially lower than that seen in overall 

DILIN cohort (24.2 vs 27 kg/m2) (8).

A recent review of the literature of 15 published cases of terbinafine hepatotoxicity noted 

that the majority of afflicted patients were over the age of 40 as observed in the current 

series but none of those cases developed chronic liver injury (31). However, the duration of 

follow-up was variable and many of the cases were identified retrospectively. A review of 

the available liver biopsies in our 5 patients obtained at a median of 27 days after DILI onset 

demonstrated a consistent pattern of cholestasis with or without mild hepatitis in 4 of 5 cases 

available for central review (Table 2). In these four cases the inflammation was mainly in the 
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portal areas and lacked features of autoimmune hepatitis. The absence of bile duct loss in the 

presence of prominent zone 3 cholestasis suggests functional inhibition of bile transport at 

the level of the canalicular membrane. Interestingly, none of the patients who underwent an 

early biopsy for diagnostic purposes had neocholangiogenesis or other findings suggestive of 

early ductopenia despite prior case reports of progressive ductopenia in some patients with 

terbinafine hepatotoxicity (3,32). Although one patient (case #12) had detectable 

autoantibodies, the HLA alleles associated with autoimmune hepatitis were not present and 

her liver explant did not show histological features suggestive of autoimmune hepatitis. 

Although she would meet clinical criteria for a diagnosis of probable autoimmune hepatitis, 

other patients with suspected DILI and autoimmune features also score high on this scale. 

For example, the majority of patients with hepatotoxicity associated with nitrofurantoin and 

minocycline have prominent autoimmune features at presentation (33).

In a recent analysis of the International FDA Adverse Event Reporting System (FAERS) 

database there were 1964 total DILI cases associated with anti-mycotic agents (25). 

Interestingly, the oral antimycotics accounted for nearly 3% of the total liver injury events 

reported despite the fact that there are many other drugs more commonly used in the general 

population. Terbinafine was implicated in the largest number of cases (422) compared to the 

other orally administered antifungal agents. These data may reflect the fact that terbinafine 

prescriptions represented > 50% of the total systemic antifungal use in many European 

countries in 2007 (26). However, causality assessment was not possible in these cases due to 

incomplete reporting of clinical data and lack of systematic follow-up. In contrast, a 

population based study from Taiwan conducted between 2002 and 2008 demonstrated that 

terbinafine only accounted for 2 of 51 cases of antimycotic hepatotoxicity reported and was 

associated with the lowest incidence of hepatotoxicity amongst the agents studied (27). 

Similarly, in a United Kingdom study of over 69,000 patients treated with an oral antifungal 

agent, terbinafine was associated with the lowest overall rate of hepatotoxicity (28,29). In 

both of these studies, a longer duration of antifungal agent use was associated with a greater 

risk of hepatotoxicity. Of note, the FDA removed the need for liver biochemistry monitoring 

in patients treated with terbinafine in 2001 due to its favorable safety profile in post-

marketing surveillance.

Polymorphisms in human drug metabolizing enzymes, drug transporters, and immune 

response genes have been implicated in the pathogenesis of idiosyncratic DILI. In a prior 

study that used an unbiased GWA approach in 862 well phenotyped DILI cases of European 

ancestry, the imputed HLA-A *33:01 allele was associated with hepatotoxicity due to 

several drugs and particularly mixed or cholestatic DILI (7). The strongest associations were 

seen for individual drugs including terbinafine (OR = 40.5 (12.5, 131.14), p = 6.7 × 10−10), 

fenofibrate (OR: 58.7 (12.3, 279.8), p=3.2 × 10−7), ticlodipine (OR: 163.1 (16.2 1642), 

p=0.00002), and sertraline (OR = 29 (4, 207), p=0.0008). However, the number of cases of 

hepatotoxicity with each agent was small and limited to those of European ancestry only. 

This prior study also suggested that the haplotype of HLA-A*33:01, B*14:02 and C*08:02 

may confer risk for DILI as opposed to HLA-A*33:01 alone. In the current study, HLA 

genotyping confirmed that 10 of the 11 European ancestry terbinafine cases were carriers of 

HLA-A*33:01. The HLA genotypes in 3 newly enrolled high causality cases of terbinafine 

hepatotoxicity in non-European patients were also identified. Two of these patients were 
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East Asian, and both were carriers of HLA-A*33:03, which has a high prevalence in East 

Asian control populations (carrier frequency 23.4%) and is very similar to HLA-A*33:01 in 

sequence, 99.5 %, identical (Supplemental Table 3). In the previous publication a single East 

Asian terbinafine DILI case was investigated and also found to be a carrier of HLA-

A*33:03. Given the relatively high prevalence of this allele in East Asian populations, we 

would expect a higher rate of DILI due to terbinafine in East Asians compared to the rate in 

other groups. However, the small total sample size of terbinafine cases here precludes us 

from assessing the risk of toxicity based upon patient ethnicity. The other new terbinafine 

case in the current series was of Hispanic ancestry and homozygous for HLA-A*24:02, 

which has a carrier frequency of 24.6% in Hispanic populations and is not overtly similar to 

HLA-A*33:01 in structure and function. HLA-A*24:02 is 89.3 % identical to HLA-A*33:01 

with differences in the antigen binding cleft. Of note, no significant differences in the 

clinical presentation or outcome based upon HLA-A *33:01 genotype was observed in our 

series (Table 1). A larger number of terbinafine DILI cases could help determine if the HLA- 

A *33:01 carriers have any unique clinical or laboratory features compared to non-carriers 

with hepatotoxicity.

The increased frequency of the HLA-A*33:03 risk allele in those of East Asian ancestry 

appears to correspond to a higher incidence of terbinafine DILI than occurs in those of 

European ancestry. We found that 0.5% of our European ancestry DILI cases had terbinafine 

as their causal drug, compared to 7.7% of those of East Asian ancestry. Likewise, the risk 

allele HLA-A*33:01 is at a higher frequency in those of Jewish ancestry than in other 

populations, again appearing to correspond to a higher incidence of terbinafine DILI, with 

6.7% of the Jewish or Middle Eastern ancestry DILI cases having terbinafine as the causal 

drug. Although those of Jewish or Middle Eastern ancestry only made up 5.1% of our cohort 

overall, and 6.9% of those with European ancestry, they made up 33% of our terbinafine 

DILI cases. Those of Jewish ancestry make up approximately 2.2% of the American 

population, and HLA-A*33:01 has a carrier frequency of 6.8% in this group; likewise, those 

of East Asian ancestry make up approximately 2.6% of the American population, and HLA-

A*33:03 has a carrier frequency of 22% in this group (34, 35). More studies are required to 

quantify baseline terbinafine use in different populations, but our results imply that those of 

East Asian or Jewish ancestry might benefit from screening for these highly penetrant HLA 

risk alleles before terbinafine use. Furthermore, testing for HLA-A*33:01 and 33:03 might 

be helpful in diagnosis of terbinafine induced liver injury in patients exposed to several 

potential injurious agents at least among persons of European or East Asian ancestory. In 

support of this, none of our 4 cases with a low causality score for terbinafine DILI (3 

Caucasians and 1 Asian) were HLA-A * 33:01 or 33:03 carriers.

Molecular docking studies suggest mechanism(s) by which one or several HLA molecules 

may present immunogenic ligands in terbinafine DILI patients. Although these studies 

demonstrated that terbinafine has the potential to directly interact with HLA-A*33:01, HLA- 

A * 33:03, HLA-B*14:02 and HLA-C*08:02 (Figure 3), metabolites of terbinafine may also 

contribute to the formation of immunogenic peptide/HLA complexes (3). Terbinafine was 

predicted to bind HLA-A*33:01 and HLA-B*14:02 in the same site where abacavir bound 

HLA-B*57:01 (P9 or F pocket) in crystal structures, suggesting possible similarities in terms 

of the mechanism (35). Abacavir binding at this site altered the preference of HLA-B*57:01 
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for specific peptides, resulting in presentation of peptides for which the host was not 

tolerant. Terbinafine may stimulate T cell responses through multiple mechanisms involving 

one or more class I HLA molecules, the drug and/or its metabolites, and peptides that bind 

HLA preferentially in the presence of drug or its metabolites. Additional studies that may 

prove informative include the testing of human hepatocytes and macrophages in an in vitro 
test system from individuals that are HLA-A *33:01 carriers and non-carriers with and 

without terbinafine or its metabolites. Measurement of peptide binding affinities in the 

presence and absence of terbinafine or its metabolites would also help determine if direct 

intermolecular interactions occur with the HLA-A *33:01 antigen binding cleft.

Strengths of the current study include the prospective identification and enrollment of 

terbinafine DILI patients of varying ethnicities from multiple medical centers throughout the 

United States which improves the generalizability of our results. In addition, all patients 

were followed for at least 6 months, a thorough investigation was undertaken to exclude 

competing causes of liver injury, and a standardized causality assessment method was used. 

As has been reported in a recent systematic review, all of the patients in our cohort were 

older than 40 further strengthening the generalizability of our observations (31). Limitations 

of our study include the small total number of cases and lack of an external validation 

cohort. In addition, liver histology and other objective measures of liver disease severity 

such as liver elastography were not available in patients who met our protocol determined 

definition of chronic DILI to better define their long-term outcomes. Lastly, although all of 

the patients had normal total bilirubin levels at month 24 of follow-up, we previously 

showed in a larger cohort of DILIN patients that quality of life was impaired in patients with 

persistent biochemical abnormalities and that some patients may develop advanced fibrosis 

or evidence of portal hypertension during follow-up (30). To address these limitations, the 

DILIN prospective study protocol was recently amended to extend follow-up out to 4 years 

and include non-invasive measures of liver disease severity including liver elastography.

The consistent mixed or cholestatic liver injury profile with jaundice and pruritus suggests 

that terbinafine may be associated with a fairly characteristic and recognizable clinical 

phenotype. The use of a high resolution genotyping platform confirmed our prior imputed 

GWA results implicating the HLA- A * 33:01, B* 14:02, C*08:02 haplotype in terbinafine 

hepatotoxicity. The magnitude of this HLA association is quite strong (i.e. OR =40) having 

only been exceeded by the studies of HLA- B*57:01 and flucoxacillin hepatotoxicity. 

Finally, the molecular docking studies that we completed suggest that terbinafine itself with 

or without a peptide may interact with any of the haplotypic HLA alleles (HLA-A*33:01, 

B*14:02 and C*08:02). Further studies exploring the mechanism of this HLA association 

are planned.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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AST Aspartate aminotransferase

BMI Body mass index

DILI Drug induced liver injury

CI Confidence interval

DILIN Drug induced liver injury network

FAERS FDA Adverse Event Reporting system

GWA Genome wide association

HLA Human leukocyte antigen

iSAEC International Serious Adverse Events Consortium

MAF Minor allele frequency

MID Multiplex Identified OR Odds ratio

RUCAM Rousell- Uclaf Causality Assessment Method

SMA Smooth muscle antibody

SNP Single nucleotide polymorphisms

ULN Upper limit of normal

VBDS Vanishing bile duct syndrome
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Highlights:

• Patients with terbinafine hepatotoxicity most commonly present with a mixed 

or cholestatic liver injury profile and up to 50% have residual evidence of 

chronic cholestasis during follow-up

• High resolution HLA genotyping demonstrated that Caucasian patients were 

significantly more likely to be carriers of HLA-A * 33:01, B *14:02, C* 

08:02 compared to population controls (91% vs 1.6%) and a similar HLA 

haplotype of HLA-A *33:03 was also over-represented in Asian American 

terbinafine hepatotoxicity cases compared to population controls (100% vs 

23%).

• Molecular docking studies suggest that terbinafine may interact with these 

HLA alleles.

• Testing for HLA-A * 33:01 and HLA * 33:03 in Caucasian and Asian 

Americans with suspected terbinafine hepatotoxicity, respectively, may prove 

worthwhile as a confirmatory diagnostic biomarker
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Figure 1- Overview of study cohort.
Among 1786 cases of suspected drug-induced liver injury enrolled in the DILIN between 

September 2004 and February 2017, 1549 underwent formal causality assessment by the 

time of formal analysis, of which 1260 cases were judged to be definite, highly likely or 

probable; 15 of these (1.2%) were attributed to terbinafine.
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Figure 2- Characteristic histological changes of terbinafine liver injury.
Portal inflammation (A, C, both H & E stains, 200x) and cholestasis (B, D, both H & E 

stains, 400x) from two cases: Case #11 (106–0007) (A, B) and case #2 (109–0102) (C, D). 

Arrows indicate bile plugs in canaliculi
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Figure 3- Potential terbinafine binding to HLA molecules.
Terbinafine has the potential to interact with HLA molecules that have been linked to 

terbinafine induced liver injury. Molecular docking of terbinafine (red) on models of the 

antigen binding clefts of HLA-A*33:01 (violet), HLA-B*14:02 (green), and HLA-C*08:02 

(yellow) predicts binding in sites comprised of peptide (salmon or pink) and HLA.
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Table 1.

Presenting clinical Features of 15 patients with terbinafine hepatotoxicity stratified by HLA-A * 33:01 

genotype.

Overall all Cohort N=15 HLA- A *33:01(+) N= 11
HLA

HLA- A *33:01 (−) N=4 p-value

Median Age (years) 56.6 (40– 74.8) 57.5 (43.7– 4.8) 46 (40– 68) 0.30

% Female 53% 55% 50% >0.99

Race

 % European 73% 91% 25%

0.017
 % African 7% 9 0%

 % East Asian 13% 0 50%

 % Multiracial 7% 0 25%

% Hispanic 13% 0 50% 0.06

Median BMI (kg/m2) 24.2 (19.8– 37.6) 23.8 (19.8– 29.6) 28.0 (20.9– 37.6) 0.30

Medical history

 %Drug allergies 33% 18% 75% 0.08

 % Diabetes 20% 18% 25% >0.99

 % Alcohol use 60% 73% 25% 0.24

Symptoms

 % Jaundice 80% 73% 100% 0.52

 % Pruritus 73% 82% 50% 0.52

 % Rash 20% 18% 25% >0.99

 % Fever 7% 0% 25% 0.27

Duration of use prior to DILI onset (days) 38 (24–114) 38 (28– 114) 39 (24–48) 0.74

Labs at DILI onset

 ALT (U/L) 448 (131–1071) 419 (131–1071) 546 (293–778) 0.79

 ALP (U/L) 333 (143–452) 333 (203– 433) 303 (143–452) 0.79

 Bilirubin (mg/dL) 6.6 (0.7–23.7) 6.6 (0.7–14.9) 7.3 (2.2–23.7) 0.60

 % ANA (+) 21% 20% 25% > 0.99

% SmAb (+) 8% 0% 25% 0.38

% Hepatocellular 33% 27% 50%

0.77% Mixed 47% 55% 25%

% Cholestatic 20% 18% 25%

Peak labs

  ALT (U/L) 709 (131–1133) 709 (131–1133) 613 (372–912) 0.70

 ALP (U/L) 375 (143.0– 677.0) 366 (311– 667) 480 (143–677) 0.43

 Bilirubin (mg/dL) 12.9 (3.8– 29.5) 11.0 (4.0– 20.8) 17.3 (3.8–29.5) 0.43
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Overall all Cohort N=15 HLA- A *33:01(+) N= 11
HLA

HLA- A *33:01 (−) N=4 p-value

Treatment

  % Corticosteroids 40% 36% 50% >0.99

  % Ursodiol 27% 36% 0% 0.52

Chronic injury at 6 months 7/13 (54%) 6/10 (60%) 1/3 (33%) 0.56

Data presented as Median (range).
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Table 2:

Histopathological features of 5 cases of terbinafine hepatotoxicity.

Subject No HLA-A * 
33:01 status

Age/ sex Time from 
onset to 
biopsy (days)

R value at or 
near time of 
biopsy

Histological findings Outcome

Case 2 (+) 75 M 52 2.6 Cholestatic hepatitis Resolved

Case 4 (+) 48 F 57 9.7 Cholestatic hepatitis Corticosteroids-chronic

Case 11 (+) 48 M 27 0.6 Cholestatic hepatitis Resolved

Case 12 (−) 41 F 9 4.2 Chronic hepatitis with 
microvesicular steatosis

Transplant at 18 days

Case 13 (−) 40 M 22 4.2 Acute Cholestasis Corticosteroids-resolved
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Table 3:

Frequency of HLA-A *33:01 and A* 33:03 in Terbinafine Hepatotoxicity Cases vs Population Controls

HLA-A allele HLA-A*33:01/−03 Carrier Frequency

Cases (n=14) Controls (n= see text)

HLA-A *33:01

  European (n=11) 91 % 1.6%

  Northern European (n=3) 66% 1.6%

  Jewish (n=6) 100% 6.8%

  African American (n=1) 100% 4.1%

HLA-A *33:03

  East Asian (n=2) 100% 23.4%
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