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Abstract

Background and Aims Amoxicillin—clavulanate (AC) is
the most frequent cause of idiosyncratic drug-induced
injury (DILI) in the US DILI Network (DILIN) registry.
Here, we examined a large cohort of AC-DILI cases and
compared features of AC-DILI to those of other drugs.
Methods Subjects with suspected DILI were enrolled
prospectively, and cases were adjudicated as previously
described. Clinical variables and outcomes of patients with
AC-DILI were compared to the overall DILIN cohort and
to DILI caused by other antimicrobials.

Electronic supplementary material The online version of this
article (doi:10.1007/s10620-016-4121-6) contains supplementary
material, which is available to authorized users.

<1 Andrew S. deLemos
Andrew.deLemos@carolinashealthcare.org

Department of Medicine, Carolinas Medical Center, 1025
Morehead Medical Drive, Suite 600, Charlotte, NC 28204,
USA

Department of Medicine, Indiana University School of
Medicine, Indianapolis, IN, USA

Department of Medicine, Medical University of South
Carolina, Charleston, SC, USA

Duke Clinical Research Institute, Duke University Medical
Center, Durham, NC, USA

Department of Medicine, University of Michigan School of

Medicine, Ann Arbor, MI, USA

6 Laboratory of Pathology, National Cancer Institute,

Bethesda, MD, USA

Department of Medicine, Wake Forest Baptist Medical
Center, Winston Salem, NC, USA

@ Springer

Results One hundred and seventeen subjects with AC-
DILI were identified from the cohort (n = 1038) repre-
senting 11 % of all cases and 24 % of those due to
antimicrobial agents (n = 479). Those with AC-DILI were
older (60 vs. 48 years, P < 0.001). AC-DILI was more
frequent in men than women (62 vs. 39 %) compared to the
overall cohort (40 vs. 60 %, P < 0.001). The mean time to
symptom onset was 31 days. The Tb, ALT, and ALP were
7 mg/dL, 478, and 325 U/L at onset. Nearly all liver
biopsies showed prominent cholestatic features. Resolution
of AC-DILI, defined by return of Tb to <2.5 mg/dL,
occurred on average 55 days after the peak value. Three
female subjects required liver transplantation, and none
died due to DILI.

Conclusion AC-DILI causes a moderately severe, mixed
hepatocellular—cholestatic injury, particularly in older men,
unlike DILI in general, which predominates in women.
Although often protracted, eventual apparent recovery is
typical, particularly for men and usually in women, but
three women required liver transplantation.

Keywords Allergy - Amoxicillin - Augmentin -
Clavulanic acid - Drug-induced liver injury - Liver toxicity

Introduction

Idiosyncratic drug-induced liver injury (DILI) due to
exposure to amoxicillin—lavulanate (AC) is observed rel-
atively frequently. The US Drug Induced Liver Injury
Network (DILIN) [1] and the Spanish DILI Registry [2]
have identified AC as the most common cause of non-
acetaminophen DILI. The incidence of AC-DILI was
recently determined in a 2-year prospective study in Ice-
land where medication prescriptions for the entire
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population (approximately 250,000) are tracked [3]. Of the
35,000 patients who were treated, 15 cases of AC-DILI
were identified, corresponding to 1 in 2350 patients (43
cases per 100,000). If one assumes generalizability to the
USA where more than 70 million Americans are treated
each year with AC, this would suggest that there may be
nearly 30,000 cases of DILI due to AC annually in the USA
[4].

The clinicopathologic presentation and natural history of
AC-DILI are variable, but, as with other penicillins, the
illness is most often a cholestatic liver injury. Symptoms of
cholestatic hepatitis (e.g., fatigue, loss of appetite, itching)
predominate [2, 5, 6]. Histologically, a spectrum of cho-
lestatic liver injury can occur that includes pure intrahep-
atic cholestasis, and mixed hepatitic/cholestatic injury,
which, occasionally, may evolve into vanishing bile duct
syndrome [7, 8]. Jaundice is typical of patients with AC-
DILI reported in the literature; most recover fully, although
death or need for liver transplant may occur [9, 10]. The
US DILIN cohort, established in 2004, now consists of
over 1450 cases of DILI, of which 11 % are due to AC.
The chief aim of this work is to describe the clinical,
laboratory, and histopathological features associated with
AC-DILI in the USA. We have focused particularly on
characterizing AC-DILI compared to DILI due to other
antibiotics. Moreover, as the largest prospective series of
AC-DILI to date, we also describe the three cases from our
cohort that required liver transplantation and the twelve
cases that evolved features of chronic DILI. We contrast
features of AC-DILI between men and women, amoxicillin
alone, and also discuss histopathological features of the 30
subjects who had liver biopsies. These data advance our
current understanding of the clinical phenotype and further
highlight unique features of AC-DILI.

Methods
Study Design

The DILIN protocol has been previously described in detail
[11]. Each participating center maintains active IRB
approval, and all subjects enrolled provide written
informed consent. Study subjects must have had exposure
to a drug or herbal agent raising suspicion for DILI and
must meet pre-specified criteria for severity of liver injury
based upon biochemical testing. The onset of DILI is taken
to be the date on which subjects had laboratory abnor-
malities that qualified them for enrollment, as previously
described [11]. The pattern of liver injury is assessed by the
ratio (R) of the serum ALT to alkaline phosphatase (both
expressed as multiples of the ULN): By convention, an
R <2 indicates cholestatic-type injury, an R >5

hepatocellular, and R = 2-5 as mixed cholestatic-hepato-
cellular injury. Chronic DILI is defined as laboratory,
imaging, or physical examination evidence of continuing
liver injury and disease >6 months after onset [12]. Liver
biopsies, when performed, were initially reviewed in a
blinded fashion by a single experienced hepatopathologist
[DEK]. A second, unblinded review of biopsies was per-
formed after cases were identified for this series.

Causality

The cases described here were adjudicated between Octo-
ber 2004 and July 2014. The causal relationship between
AC and the liver injury event was evaluated in a formal and
standardized fashion by the DILIN Causality Committee as
described [11, 13]. The likelihood of DILI in individual
cases is assessed as definite (=95 % likelihood), highly
likely (75-94 % likelihood), probable (50-74 % likeli-
hood), possible (2549 % likelihood), or unlikely (<25 %
likelihood). In this analysis, we included only the 117 cases
adjudicated as being definitely, highly likely, or probably
due to AC. The cases adjudicated as possibly (n = 5) and
unlikely (n = 3) due to AC were excluded.

Statistics

Descriptive statistics of demographic and clinical data of
AC cases in comparison with other agents were generated
and analyzed. The data are expressed as mean £ SD,
range, frequencies, and percentages. Statistical significance
among groups was determined by Wilcoxon rank-sum test
for continuous variables, Fisher’s exact for binary vari-
ables, and Chi square for categorical variables. The LOESS
regression model was used to fit smooth curves (and 95 %
confidence intervals of the curves) of the R value at DILIN
onset through 275 days of follow-up for men and women
>50 and <50 years. Differences with a P value <0.05 were
considered statistically significantly different. SAS 9.4
[SAS Institute, Cary, NC] was used for all statistical
analyses.

Results

Clinical Features of Amoxicillin-Clavulanate (AC)
DILI (AC-DILI)

In the DILIN cohort, 117/1038 patients with DILI were
determined to be definitely (n = 57), highly likely
(n = 51), or probably (n = 9) due to AC (Table 1; Fig. 1).
AC constituted the most common implicated medication in
DILIN; the 117 patients with AC-DILI represented 24 % of
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Table 1 Selected demographic and clinical features of subjects with DILI caused by AC in comparison with DILIN due to other antimicrobial

agents and to all other DILIN cases

Clinical features AC Other antimicrobial P value* Non-antimicrobials P value**
(n=117) agents (n = 362) (n = 559)
Age (mean—years) 60 48 <0.001 47 <0.001
Male—n (%) 72 (62) 130 (36) <0.001 235 (42) <0.001
Self-reported race 0.003 0.002
White or Caucasian—n (%) 107 (92) 279 (78) 435 (78)
Black or African American—n (%) 54) 46 (13) 70 (13)
Other/multiracial—n (%) 54) 34 (10) 53 (10)
Latino—n (%) 3(3) 40 (11) 0.007 68 (12) <0.001
Time from drug exposure to symptom onset 29 (17-37) 29 (15-65) 0.19 51 (26-115) <0.001
[median—days (IQR)]
Symptom onset range by week(s) from drug <0.001 <0.001
exposure
<1 week n (%) 2 (2) 30 (9) 14 (3)
2-4 weeks n (%) 53 (47) 129 (40) 109 (24)
5-12 weeks n (%) 56 (50) 98 (30) 177 (40)
13-24 weeks n (%) 2(2) 25 (8) 70 (16)
>24 weeks n (%) 0 (0) 43 (13) 78 (17)
Sign/symptoms at onset
Jaundice n (%) 102 (87) 240 (66) <0.001 385 (69) <0.001
Nausea n (%) 70 (60) 223 (62) 0.74 336 (60) 1.0
Fever n (%) 23 (20) 126 (35) 0.002 125 (22) 0.62
Abdominal pain n (%) 38 (33) 160 (44) 0.03 243 (43) 0.03
Rash n (%) 26 (22) 105 (29) 0.19 131 (23) 0.81
Itching n (%) 96 (82) 190 (53) <0.001 270 (48) <0.001
Causality <0.001 <0.001
Definite n (%) 57 (49) 83 (23) 114 (20)
Very likely n (%) 51 (44) 187 (52) 298 (53)
Probable n (%) 9 (8) 92 (25) 147 (26)

* P AC-DILI versus other antibiotics, and ** P AC-DILI versus all other agents

all antimicrobial agents (n = 479) and 11 % of all drugs
adjudicated within the entire registry (n = 1038).

In comparison with other antimicrobial causes of DILI,
the mean age of subjects developing AC-DILI was sig-
nificantly greater (60 vs. 48 years, P < 0.001) (Table 1).
Men (72/117, 62 %) more frequently developed AC-DILI
than women (45/117, 39 % P < 0.001). This gender dis-
tribution was also significantly different than DILI ascri-
bed to other antimicrobials (men = 36 %, P < 0.001).
Among men and women, 82 % of cases occurred in per-
sons aged 50 years of age or older (Supplemental
Table 1). All other drugs in DILIN had an age and gender
distribution similar to other antibiotics and significantly
different than the AC-DILI cases (Table 1). Over 90 % of
AC-DILI events occurred in study subjects who self-re-
ported their race as Caucasian, whereas the corresponding
frequency for the overall study population was 78 %
(P = 0.002).

@ Springer

The median number of days to symptom onset after drug
initiation was 29, with all but two cases occurring within
12 weeks after initial drug exposure. For other antimicro-
bials, the corresponding latency was 29 days as well
(P = 0.19). For the remaining agents in the DILIN cohort,
the latency was 51 days (P < 0.001), (Table 1). Jaundice
and pruritus were each reported in over 80 % of patients
with AC-DILL In fact, 23 % of subjects (27/117) under-
went baseline evaluation for biliary obstruction with ERCP
and/or MRCP. Cholestatic features were significantly less
common in all other cases of DILI (jaundice—68 %,
P < 0.001; pruritus—50 %, P < 0.001).

Pattern of Laboratory Testing and Evolution Over
Time

The results of laboratory tests at the date of onset revealed
a cholestatic or mixed cholestatic-hepatocellular liver
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Fig. 1 Flow diagram of
amoxicillin—clavulanate DILI
patients. Patients with DILI
from the US DILIN, October
2004—July 2014, with complete
adjudication (n = 1038) are
shown. The number of patients
with DILI due to amoxicillin—
clavulanate and the severity of
injury with ultimate outcomes
are shown

DILIN cases adjudicated
as definitely, highly
likely, and probably

related to drug
N=1038

7O\

Anti-microbial agents
N=479

Other Drugs
N=559

G G
GG

injury pattern in the majority of patients. The median
R value at the time of DILIN onset was 2.7 (Table 2). Only
29/114 (25 %) AC cases had a hepatocellular injury pattern
at onset (R value >5). The R value at symptom onset date
corresponds to a median serum ALT of 362 U/L, AST of
171 U/L, ALP of 288 U/L, and TB of 6 mg/dL (Table 2).
Eighteen percent of subjects with AC-DILI had a positive
antinuclear antibody, and 15 % had a positive anti-smooth

Liver Transplant N=3 ‘

\ Death* N=1

*Due to lung cancer

Moderate
N=103 \

Chronic DILI N=12

women (1/42, 2.4 %) among the AC-DILI cohort tested
positive for ASMA (P < 0.001). Of a total of 32 patients
with either a positive ANA or ASMA, 7 subjects received
corticosteroids. Of the remaining 85 subjects with AC-
DILI, an additional 14 received treatment with corticos-
teroids in spite of negative serologies.

Serum ALT and AST levels peaked quickly after onset
(4 and 5 days), while ALP and TB values peaked at 17 and

muscle antibody [ASMA]. More men (15/67, 22 %) than 12 days, respectively (Fig. 2). Aminotransferase levels
Table 2 Selected laboratory features of AC-DILI

Laboratory feature At onset date Range Peak value from onset to 6 month visit Range
ALT (U/L), [median (IQR)] 362 (201-528) 52-3890 405 (211-648) 52-3890
AST (U/L), [median (IQR)] 171 (102-308) 33-5990 201 (125-371) 47-7525
Alkaline phosphatase (U/L), [median (IQR)] 288 (210-380) 123-1005 361 (252-551) 144-1472
Total bilirubin (mg/dL), [median (IQR)] 6 (4-9) 0.5-26 13 (7-23) 0.5-45
INR [median (IQR)] 0.9 (0.9-1.1) 0.8-4 1.1 (1.1-1.2) 0.8-9

R value at onset [median (IQR)] 2.7 (1.7-5) 0.5-44

R value <2 n (%) 37 (33)

R value >2 and <5 n (%) 48 (42)

R value >5 n (%) 29 (25)

Positive HCV RNA n (%) 23 %)

Positive ANA n (%) 20 (18 %)

Positive ASMA n (%) 16 (15 %)

Serum IgG (mg/dL) [median (IQR)] 995 (793-1166) 478-2840

Absolute eosinophil count (/uL) [median (IQR)] 228 (99-357) 0-1253
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improved on average more quickly than ALP and TB, with
a 50 % reduction from peak value occurring within
30 days for both ALT and AST and normalizing on aver-
age by day 90. The mean number of days until the total
bilirubin improved by 50 % from its peak value was 18,
with biochemical resolution, defined as TB <2.5 mg/dL,
occurring on average at 55 days. ALP levels were the
slowest to resolve with a 50 % improvement by 43 days
and normalization on average not until 114 days after
onset. LOESS curves of the R value from onset until day
275 for men and women (<50 and >50 years) showed that
women on average had a higher R value at onset and that
the R value decreased in all groups as disease evolved
(Supplemental Figure 1).

Severity and Outcome of Amoxicillin—Clavulanate
(AC)-Induced DILI

The majority (88 %) of AC-DILI cases fell into the DILIN
severity category of “moderate” liver injury, defined by
enzyme elevations and jaundice with (46/117, 39 %) or
without (57/117, 49 %) hospitalization (Table 1). Three
men, all of whom were >50 years old, developed
severe DILI, defined by evidence of coagulopathy or
encephalopathy. Two fully recovered, while the other
evolved features of chronic cholestasis. Three women (3/
45, 6.6 %), ranging in age from 49 to 67 years, required
liver transplantation, which was nearly statistically

different compared to men (0/72, 0 %, P < 0.0545). There
were several features that appeared to differentiate these
patients from the others in the cohort (Supplemental
Table 2). The most important is that patients with severe
AC-DILI had evidence of severe hepatocellular injury with
markedly elevated aminotransferases and markedly ele-
vated total bilirubin levels at presentation. One patient with
AC-DILI died, but this was not ascribed to DILI and rather
to metastatic lung cancer after resolution of liver injury. In
contrast to all other drugs adjudicated in the DILIN cohort,
severe and fatal cases of AC-DILI were less common 6 %
(7/117) versus 28 % (262/921), P < 0.001).

Twelve subjects (11 %) developed chronic DILI, and
their clinical characteristics are summarized in Table 3. All
subjects presented with jaundice, 11 with itching, 5 with
nausea, and 3 each with abdominal pain, fever and rash.
Ten subjects (83 %) with chronic AC-DILI were male as
compared with 62 (59 %) of 105 subjects without chronic
DILI, P = 0.13. All other patient characteristics, such as
age, race and weight, and liver injury characteristics,
including latency, aminotransferases at onset and peak of
injury, injury pattern and symptoms, were similar in sub-
jects with and without chronic AC-DILI, with no evident
predictors of chronic AC-DILI. Aminotransferases nor-
malized within 2-3 years in 5 subjects with chronic DILI,
and 4 subjects had asymptomatic but persistent mild
abnormalities in aminotransferases (Table 3). Three sub-
jects did not follow up after the initial study visit, including

Fig. 2 Time course of AC- 120
DILI presented as box and
whisker plot: ALT peak must be
>x5 ULN or x5 baseline, AST
peak must be >x5 ULN or x5
baseline, ALP must be >x2
ULN or x2 baseline, TB peak
must be >2.5 mg/dL.
Biochemical resolution defined 1
as ALT, AST, or ALP below 80
ULN; TB <1.2 mg/dL ]

100

60

Days of Recovering

40

20

STB (110/117)
ALT (53/117)
AST (38/117)
AKP (60/117)

X
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2 subjects with asymptomatic mild elevations in amino-
transferases 8 months post-DILI onset, and 1 subject who
was evaluated for liver transplantation due to DILI who
was alive 2 years post-DILI onset with improved but per-
sistently abnormal aminotransferases (no other clinical
information was available).

Concomitant Medications and AC-DILI Versus
Amoxicillin-DILI

In the 2 months prior to AC-DILI onset, the percentage of
subjects taking concomitant medications was 23 % (0-2
meds.), 35 % (3-5 meds.), and 42 % (>5 meds.). Of note,
42 % (49/117) of subjects reported a history of any prior
drug allergy. Only one patient reported prior exposure to
AC, 2 years prior to the implicated DILI event. An analysis
of subjects with AC-DILI with prior AC, PCN, or cepha-
losporin exposure (n = 5) to cases without documented
prior PCN/cephalosporin class exposure (n = 112) did not
find any significant differences between the two groups
(data not shown). In our DILIN registry, there were 8 cases
of DILI attributed to amoxicillin only (Supplemental
Table 3). The 8 cases were younger than the corresponding
AC-DILI cases (51 vs. 60 years, P = 0.03) and were more
likely to present with a rash (63 vs. 22 %, P = 0.02). DILI
onset with amoxicillin tended to be abrupt compared to AC
(median 17 vs. 29 days, P = 0.07) and resolution of DILI
defined by improvement in TB from peak to 50 % reduc-
tion from peak was also more rapid (median 5 vs. 8 days,
P = 0.02). Three of the eight amoxicillin cases received a
severe DILIN Severity score, but none were fatal or
required liver transplantation.

Histopathological Findings

Thirty liver biopsies and one explanted liver obtained
during the period of acute injury were available for histo-
logical review. The biopsies were obtained a median
9 days after protocol-defined onset (range —35 to 35) and a
median 38 days after the first dose of AC (range
17-82 days). The one explant was obtained 4 days after
onset, but 132 days after the first dose of AC. Supplemental
Table 4 shows the distribution of histopathological patterns
of injury compared with the biochemical injury at onset.
Most of the biopsies showed cholestatic patterns of injury,
with 20 showing cholestatic hepatitis (Fig. 3), 3 showing
acute cholestasis and 5 chronic cholestasis. Three patients
had atypical histopathological patterns; 2 with acute hep-
atitis and the explant with fulminant hepatitis and extensive
necrosis. Visible canalicular and hepatocellular bile accu-
mulation in zone 3 was a common feature, present in 28
cases (90 %) and was sufficiently severe that it was
observed at low magnification in 13 cases. Duct injury,
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often severe, was seen in 25 (83 %) cases. Three cases
showed some evidence of duct paucity during this acute
injury period, but they did not develop chronic DILI. The
inflammation (portal and lobular) was generally mild
except in the cases of acute and fulminant hepatitis.
Immuno-allergic features (eosinophils and granulomas)
were noted in 21 and 28 cases, respectively, and although
no cases were classified as granulomatous hepatitis, 4 cases
did show large epithelioid granulomas. Although 12 cases
showed some degree of periportal fibrosis, none had
bridging fibrosis or cirrhosis. Three patients had one or two
follow-up biopsies after the acute injury period. Two were
taken at 2 months after the first dose of AC revealed
cholestatic hepatitis with findings similar to those descri-
bed above. The remaining two follow-up specimens were
from the same patient, taken 108 and 289 days after the
first dose of AC. Both revealed chronic cholestasis, with
strong staining for copper and pseudoxanthomatous chan-
ges in hepatocytes, but normal numbers of bile ducts.

Discussion

Here, we have demonstrated that AC is the most common
cause of idiosyncratic liver injury in the DILIN data set and
that, like other penicillins and cephalosporins, it causes
predominantly a cholestatic-type liver injury [5, 14]. In
addition, DILI due to AC, unlike DILI due to other drugs,
appears to preferentially afflict older men. In the Spanish
DILI Registry [15], the gender distribution was found to be
nearly equal (52 % men and 48 % women). In contrast,
earlier published case series from the USA [16], Belgium
[17], and France [18] reported men to have predominated
(Table 4). In the Spanish cohort, patients >55 years old
were significantly more likely to develop a cholestatic
(R value <2) or mixed (R value >2 but <5) liver injury.
Our findings corroborate the Spanish experience since the
R value at onset among those 50 years of age or older was
3.3 for men and 4.9 for women in contrast to 7.6 and 6.3,
among men and women less than 50 years of age (Sup-
plemental Table 1). We found similar results if we used the
age cutoff of 55 years, but chose 50 because this is the
average age of menopause for women in the USA. Inter-
estingly, among the 6 severe cases, all three who required
liver transplantation were women. On the other hand, 83 %
(10/12) of all chronic DILI cases were in men. These dif-
ferences highlight the possibility that epigenetic changes
due to age and gender could play a role in the outcome
from AC-DILI. Importantly though, we found that the
majority of patients eventually recover fully.

The vast majority of our cases showed prominent zone 3
cholestasis and bile duct injury with mild inflammation, as
described by others [18]. Granulomas and/or eosinophils,
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Fig. 3 Representative
histopathologic findings of
cholestatic hepatitis due to
amoxicillin—clavulanate.

a Portal inflammation with
cholestasis (arrowhead).

b Portal inflammation with
injured duct. ¢ Lobular
inflammation and apoptotic
hepatocyte (arrow).

d Canalicular cholestasis
(arrowheads). ALP serum
alkaline phosphatase, ALT
serum alanine aminotransferase,
AST serum aspartate
aminotransferase, SD standard
deviation, 7B serum total
bilirubin, ULN upper limit of
normal

which are often associated with and thought to be consis-
tent with immuno-allergic injury, were relatively common.
Three cases, all women, had atypical histological findings,
with two cases showing acute hepatitis (without cholesta-
sis) and one explanted liver showing fulminant hepatitis
with extensive necrosis.

In assessing the cause of acute liver injury, it is
important to consider drugs and chemicals as potential
causative agents, but also to exclude other more common
causes, such as viral hepatitis, alcohol, hypoxemia/is-
chemia, or gallstones or other biliary tract disorders.
Another confounding factor in causality assessment is the
high frequency of polypharmacy, with many subjects
receiving multiple drugs and botanical, herbal, and dietary
supplements. In the US DILIN, we have developed and
refined an approach to causality assessment over several
years that takes advantage of expert opinion and of the
collective wisdom and accumulated data of the Network.
Because of the typical “signature” and high frequency of
liver injury due to AC, we likely ascribe relatively high
likelihood scores to such cases.

In recent work from DILIN, we have shown that AC and
other agents associated with immuno-allergic injury cause
hepatitis with infiltration of portal triads by many T cells,
most of which are CD8+ cytotoxic T cells [19]. These and
other findings suggest that the pathogenesis of the liver
injury is primarily an immune-mediated attack on cholan-
giocytes or perhaps on the apical pole of hepatocytes. The
specific antigens against which a cellular immune response
is mounted currently remain unknown, but it seems likely

that they represent neo-antigens produced by the beta-lac-
tam structures of amoxicillin or clavulanic acid, perhaps,
reacting with proteins of the susceptible hosts. While neo-
antigens may form in many people who take AC, DILI may
occur in only a small subset with specific genetic suscep-
tibilities. Genetic variation at human leukocyte antigen
(HLA) class I & 1I loci has been shown to be associated
with AC-DILI [17, 20]. The strongest association thus far
identified is at a single nucleotide polymorphism in the
gene encoding the class I HLA-DRB1* 1501-DQB1*
0602 allele. A more recent analysis of genotype—phenotype
interaction in AC-DILI cases found that the class I alleles
A*3002 and B*1801 were more frequently associated with
hepatocellular injury compared to controls, while the
presence of the DRB1*1501-DQB1*0602 allele was sig-
nificantly increased in cholestatic/mixed cases [21]. Thus,
clinical, histopathological, and genetic data point to the
importance of the adaptive immune response in the
pathogenesis and course of DILI due to AC. The genetic
associations, although striking, are not of sufficient power
to provide a priori prediction of who is at high risk to
develop DILI due to AC, based solely upon HLA typing.
Even in the case of DILI due to another penicillin, flu-
cloxacillin, in which an 80-fold risk has been established
for persons with HLA-B*5701, prior screening before
administration of the drug is not considered clinically
warranted [22]. While the association between genetic
variation at HLA loci in AC-DILI has been reproduced,
other investigations into the contribution of genetic varia-
tion and the risk of DILI have been negative [23].

@ Springer
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An uncertainty is whether the DILI due to AC is actually
due to amoxicillin or to clavulanate or to both together. The
eight cases of DILI due only to amoxicillin showed similar
clinical, biochemical, and other features as those of the AC
cohort, suggesting that amoxicillin alone, like virtually all
penicillins or cephalosporins, is capable of causing chole-
static or mixed-type DILI (Supplemental Table 3). Then,
too, clavulanic acid itself also has a beta-lactam ring, and it
may give rise to neo-antigen[s] that can call forth a
pathological adaptive immune response in susceptible
hosts. In others it may act chiefly to slow the clearance and
to increase the levels of amoxicillin, thus helping to give
rise to a neo-antigen derived from amoxicillin.

Strengths of our study include its prospective nature
with good follow-up; most surviving subjects agreed to
return at 6 months and beyond if there was evidence of
chronic DILI. The assessment of both severity and
causality were done systematically using a Delphic pro-
cess. In addition, all liver biopsies were reviewed by a
single expert hepatopathologist [DEK] without prior ref-
erence to the clinical or laboratory features. We also rec-
ognize some limitations. One was that as per the DILIN
protocol, liver biopsies are not required (but are performed
as part of routine clinical care), and thus we do not have
liver histology on all subjects. Despite this potential limi-
tation, we doubt that the absence of histology on all sub-
jects would change our conclusions. While not a limitation,
a potential criticism is that our study was not a population-
based study. Thus, subjects were identified at or referred to
only a limited number of clinical sites (variably 5-8 in
number over the years of the study). This may have led to
recall or reporting bias since it is likely that not all patients
with AC-DILI were referred to a DILIN site. Notwith-
standing, given the large sample size, again it is unlikely
that such a bias would change our conclusions.

In summary, AC is the most frequent cause of
idiosyncratic DILI in the USA, and, indeed, probably
throughout the world. Unlike most DILI, AC causes DILI
more often in older men, with Caucasian men seeming to
be at greatest risk. The clinical presentation is that of
immuno-allergic type injury with prominent cholestatic
features and chemistries. The initial levels of serum ALT
and the R values tend to be higher both in women and men
<50 years old versus those >50 years old, although these
differences are not statistically significant. The prognosis
is generally good. Nevertheless, a small proportion of
patients develop acute liver failure and die or require
liver transplantation. Ten percent of subjects continue to
have ongoing evidence of liver injury 6 months after
onset. The higher risk especially in older Caucasian men
is worthwhile noting as is the finding that only three
subjects, all of whom were women, required liver
transplantation.
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