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Summary
Background The liver maintains bile acid (BA) homoeostasis; circulating BA levels are used as a biomarker in certain 
cholestatic conditions. BAs can initiate processes in the pathogenesis of drug-induced liver injury (DILI), an 
unpredictable occurrence which can lead to liver failure. As such, this study aimed to explore whether changes 
in plasma BA profiles can serve as useful biomarkers for diagnostic and prognostic purposes in patients 
presenting with suspected DILI.

Methods In a prospective, nested case–control observational study, patients presenting with acute liver injury 
potentially due to DILI were sampled and followed through standard clinical care with severity and outcomes 
monitored. After review, cases were adjudicated as DILI or nonDILI (alternate causes). Plasma BA levels and 
profile were quantified and compared to those in healthy volunteers (n = 25).
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Findings Total plasma BA levels in patients with DILI (n = 120) were significantly elevated compared to healthy 
volunteers; the nonDILI group (n = 49) also displayed marked hypercholanemia. Higher values of total, primary, and 
conjugated BAs at presentation, were associated with liver injury that was likely to progress in severity. The ratios of 
primary-to-secondary BAs and (cholic acid + deoxycholic acid) to (chenodeoxycholic acid + lithocholic acid) improved 
the prognostic value of the model for end-stage liver disease (MELD) score.

Interpretation BA profiling could be useful for the early detection of patients where DILI is likely to become more 
severe and those with outcomes of death or liver transplantation. Further investigation in another independent 
longitudinal study is needed to validate this biomarker.

Funding IMI2 821283; IS-BRC-1215-20003.
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Introduction
Bile acids (BAs), the main organic constituent of bile, 
play a crucial role, not only in the intestinal digestion 
and absorption of lipids and fat-soluble vitamins, but 
also as signalling molecules involved in regulating 
many physiological functions through interaction with 
their specific nuclear and membrane receptors. 1 BAs, 
synthesised from cholesterol in the liver, are conjugated 
to form primary BAs or metabolised by gut microbes to 
form secondary BAs. Two primary BAs in humans, 
cholic acid (CA) and chenodeoxycholic acid (CDCA), are 
produced in approximately equal amounts. The conju-
gation of the side-chain terminal carboxylic acid 
with the amino acids glycine or taurine generates the 
four primary human BAs, i.e., glycocholic acid (GCA), 
taurocholic acid (TCA), glycochenodeoxycholic acid 
(GCDCA), and taurochenodeoxycholic acid (TCDCA). 
The bile salt export pump (BSEP), an ATP-binding 
cassette (ABC) protein (encoded by ABCB11) 
expressed at the canalicular membrane of hepatocytes, 
is the major transporter responsible for BA biliary 
secretion. 2 Once their role in digestion is fulfilled, most 
BA molecules are efficiently recovered from the intes-
tine; only 5% of the BA pool is lost daily in the faeces. 3 

Anaerobes generate the secondary BAs deoxycholic acid 
(DCA) and lithocholic acid (LCA) from CA and CDCA, 
respectively, by 7α-dehydroxylation through a multistep 
enzymatic pathway.
Besides the predominant role of the Na + /taurocholate 

cotransporting polypeptide (NTCP) in BA uptake by the 
liver, organic anion transporting polypeptides (OATPs) 
are also involved in BA recovery from the hepatic sinu-
soidal blood. These transporters play a more critical role 
in the uptake of other endogenous compounds, such as 
steroid sulfates and numerous drugs. 4 Subsequently, the 
biotransformation of a wide spectrum of drugs by phase 
I and phase II metabolism occurs within hepatocytes. 
Several members of the ABC superfamily of transporters 
also mediate the efflux of xenobiotics and their

metabolites into bile or back to the sinusoidal blood for 
subsequent renal excretion. 5 The liver thus has a central 
role in the biotransformation and clearance of a large 
number of drugs.
Drug-induced liver injury (DILI) is an unexpected 

adverse effect occurring occasionally in response to 
recommended-dose drug or dietary supplement intake. 
Outcomes can be severe (liver failure, death), necessi-
tating the development of suitable biomarkers for 
identification and stratification of cases. A recent study 
demonstrated that shared genetic risk factors (polygenic 
risk score) underpinned DILI due to new (fasiglifam), 
and currently-used (amoxicillin-clavulanate and flu-
cloxacillin) medications as well as hepatotoxicity in 
primary hepatocytes and stem cell-derived organoids 
from multiple donors treated with over ten different 
drugs. 6 Pathway analysis highlighted intrahepatic BAs 
to be an important initiator of processes previously 
implicated in DILI. 6 Earlier studies reported elevation of 
total serum BAs and prognostic utility of serum GCA 
(for liver injury related to solvents and acetaminophen 
(APAP), respectively). 7,8 Additional studies have found 
elevation of specific serum BA species in patients with 
APAP overdose, 9 DILI due mostly to herbals/unknown 
agents in traditional medicines 10,11 or medications and 
supplements, 12 and have described associations with 
liver injury severity 10,11 or outcomes. 8,12 However, a 
recent systematic review concluded BAs were only 
suitable biomarkers for intrahepatic cholestasis of 
pregnancy. 13 Further, a systematic review highlighted 
the current lack of non-genetic biomarkers for DILI 
clinical outcomes. 14 Since DILI is also the most com-
mon adverse reaction that leads to the termination of 
clinical trials during drug development, 15 the search for 
new and reliable prognostic biomarkers is crucial. 16 

This current study aims to explore whether changes 
in serum BA concentrations and profiles can serve as 
useful biomarkers for diagnostic and prognostic pur-
poses in DILI. Although BA profiles were unable to
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distinguish DILI from acute nonDILI group, we have 
focussed on evaluating BA profile as a prognostic 
biomarker to identify those patients with acute DILI 
who progress, following first presentation, and develop 
acute liver failure requiring transplantation or death, to 
inform clinical decision-making on hospital admission 
and listing for transplantation.

Methods
Ethics
Ethical approvals were obtained from local Ethical 
Review Authorities (Supplemental Table S1). Studies 
were conducted according to the Declaration of Hel-
sinki (Hong Kong Amendment) and Good Clinical 
Practice (European guidelines) with all participants 
providing written informed consent or with written 
informed consent from a personal consultee in

specified circumstances when participants lack capacity 
to give informed consent.

Study design and population
A nested case–control observational study design was 
devised to prospectively identify and enrol a cohort of 
patients with acute liver injury at presentation at sec-
ondary care centres in six European countries through 
attendance for standard clinical care pathways. 17 

Patients aged 18 or over where there is suspicion of 
DILI and meeting the criteria for DILI, as defined by 
Aithal et al. 18 and endorsed by the EASL DILI guide-
lines, 19 were prospectively recruited. Patients were 
assessed clinically and through investigations (labora-
tory tests and imaging) and sub-grouped as DILI 
(‘cases’) or acute nonDILI (‘controls’), due to alternate 
causes. Both cases and controls were followed up to 
recovery or death or transplantation, when possible. Sex

Research in context

Evidence before this study
Within the liver, transporting polypeptides are involved in 
mediating bile acid (BA) uptake, (i.e. BA recovery from 

sinusoidal blood), and uptake of a variety of compounds and 
drugs. During drug-induced liver injury (DILI), hepatotoxicity 
disrupts normal functioning in BA homoeostasis. Further 
pathway analysis has revealed intrahepatic BAs contribute to 
pathways connected to disease mechanisms driving DILI. 
Disruption of BA homoeostasis reflecting perturbations in 
metabolism and liver function can indicate cholestatic 
disorders. Although available in many hospitals, 
measurement of total BA concentrations is currently usually 
only used for pregnancy-induced intrahepatic cholestasis and 
genetic cholestasis.
A recent systematic review including 1630 patients and 836 
controls published between 1990 and 2017 concluded that 
there was a lack of solid evidence to support the use of 
individual BAs or BA ratios as biomarkers of liver injury with 
the exception of intrahepatic cholestasis of pregnancy. We 
also carried out a systematic review for 14 studies which 
highlighted a case of need for non-genetic biomarkers with 
the potential to identify serious adverse outcomes from 

acute DILI.
A search for relevant studies in PubMed published up to 1st 
Jan 2019 (when this study was initiated) using “bile acid” 
AND (“drug-induced liver injury” OR “DILI”) AND 
“biomarker”, without language restrictions, found 8 studies 
reporting observational studies assessing BAs as a biomarker 
of liver function relating to DILI. In 5 animal studies and an 
in vitro investigation, the potential utility of BAs as a non-
invasive marker of impaired hepatobiliary transport or injury 
due to specific drugs (methapyrilene, troglitazone) is 
described. In human studies, glycodeoxycholic acid levels are

reported as prognostic biomarker in acetaminophen-induced 
acute liver failure and total serum BAs were shown to be 
elevated in workers exposed to compounds in organic 
solvents. Previous studies have not compared bile acid 
profiles in DILI with those in other types of acute liver injury 
meeting the same diagnostic criteria.

Added value of this study
We designed a study to include all suspected DILI cases 
presenting in a clinical setting to establish a large 
prospective, multi-national cohort with robust causality 
assessment and panel adjudication so that BA profiling could 
be evaluated as a diagnostic and prognostic biomarker. 
Total plasma BA levels in patients with DILI were significantly 
elevated compared to levels in healthy volunteers. Higher 
values of total, primary, and conjugated BAs at presentation, 
were associated with liver injury that was likely to progress in 
severity. BA ratios at the time of acute liver injury were found 
to improve the performance of MELD score in identifying 
patients who may require liver transplantation or at 
increased risk of death. Levels of total BAs were also 
increased in patients who presented with raised liver 
enzymes and suspicion of DILI who were later diagnosed with 
alternate disorders after investigation (nonDILI). BA profiles 
were not able to distinguish DILI from nonDILI cases.

Implications of all the available evidence
Determination of plasma concentrations of total, individual 
BAs and their ratios can be used for identification of patients 
with DILI who are likely to progress, require transplantation 
or die. As methods for measuring plasma BAs are widely 
accessible, this could be used for the evaluation of patients 
with DILI.
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and ethnicity were self-reported. Outcomes at 6 months 
were recorded. Blood samples were obtained from both 
groups at time of acute liver injury when DILI criteria 
(alanine aminotransferase (ALT) ≥5x upper limit of 
normal (ULN) or alkaline phosphatase (ALP) ≥2x ULN, 
or ALT ≥3x ULN + serum total bilirubin (TBIL) >2x 
ULN) are met. In addition, samples from healthy vol-
unteers (HV) were collected. The inclusion and exclu-
sion criteria for each study cohort are detailed in 
Suppemental Table S2. Initially-suspected patients 
with acute DILI were classified after adjudication by an 
expert panel, as confirmed DILI or with a nonDILI 
aetiology explaining the clinical manifestation, 19 DILI 
was phenotyped and severity graded as recommended 
by the DILI phenotype standardisation project. 18 The 
clinical definitions applied were: i) ‘Severe’, when the 
case met the defined DILI acute injury criteria and TBIL 
was ≥2x ULN; there were symptoms of either enceph-
alopathy, ascites or elevation of International Normal-
ised Ratio (INR) ≥1.5 (in patients where INR was not 
reported, a value calculated as prothrombin time (PT)/ 
(PT ULN) was used); or other clinical assignment of 
acute liver failure; ii) ‘Moderate’, where TBIL ≥2x ULN 
but there were no symptoms associated with severe 
injury/acute liver failure; and iii) ‘Mild’, when patients 
meet the defined DILI acute injury criteria but TBIL<2x 
ULN. Increases in the severity scale after the initial 
sampling visit were termed ‘progression’. The pattern 
of injury was classified based on R value ((ALT/ULN)/ 
(ALP/ULN)) at first testing, as cholestatic (R ≤ 2), 
hepatocellular (R ≥ 5) and mixed (R > 2 and < 5). 18 

Patients who received ursodeoxycholic acid medica-
tions were excluded (6 cases).

Biomarker analysis
Plasma concentrations of 22 molecular BA species were 
determined by liquid chromatography tandem mass 
spectrometry (6420 Triple Quad LC/MS, Agilent Tech-
nologies, Santa Clara, CA) using an adaptation 20 of a 
previously described method 21 (see Supplemental 
Methods). For patients, standard clinical biomarkers 
were determined at time of research visit as part of 
clinical care. For HV, these biomarkers were quantified 
in serum samples using standard clinical biochemistry 
assays (Cobas 6000 system, Roche) at MLM Medical 
Labs (Mönchengladbach, Germany). All analysis was 
done by researchers blinded to the study group.

Statistics
Analysis of variance (ANOVA) was performed with 
demographic factors age, sex and BMI as covariates. 
The BA and model for end-stage liver disease (MELD) 
values were transformed on the logarithmic scale. Post-
hoc Tukey’s HSD method was used for multiple com-
parison adjustment. Fisher’s exact test was employed to 
determine whether there were statistically significant 
associations between sex and cohort of patients (HV/

DILI/NonDILI), different severity levels, being pro-
gression/severe outcome patients. The significance 
level (α) was set to 5%. Prognostic performance was 
determined by receiver operator characteristic (ROC) 
curve analyses (see Supplemental Methods). Area un-
der the curve (AUC) of 0.75 or higher was considered 
an acceptable discrimination. The optimal threshold of 
each biomarker was determined using Youden’s 
method and back transformed from the logarithmic 
scale to its initial unit. Bivariate regression and inte-
grated discrimination improvements (IDI), and Deci-
sion Curves were also analysed considering the synergy 
of two biomarkers. 22 Additional details are provided in 
the Supplemental Methods. Since DILI is rare and 
there are no established biomarkers, the cohort size of 
this study was informed by previous studies, 7,8,12 and 
followed the international guidelines of the Clinical and 
Laboratory Standards Institute (CLSI) CLSI 28-A3c 
recommendations.

Role of funders
In the process of developing the TransBioline Project 
Proposal, the funders, IMI2, were consulted. The 
funders did not specify the study design for this 
investigation and had no role in recruitment, data 
collection, data analyses, interpretation, writing of the 
manuscript or decision to submit for publication.

Results
The derivation of the participant groups analysed is 
illustrated in Fig. 1. Demographic information is shown 
in Table 1 (Supplemental Table S3 shows inter-centre

Suspected DILI 
cases 

at presentation 
n=394

Healthy 
Volunteers (HV)

n=42

Suspected DILI 
cases eligible for 

panel review 
n=374

Cases not 
meeting 

acute injury 
criteria

n=20

Confirmed 
DILI cases 

n=217

Cases excluded: 
unclear diagnosis 

n=66
on ursodeoxycholic 

acid medication 
n=6

Confirmed 
nonDILI 

cases
n=85

HV
n=25

nonDILI
n=49

DILI
n=120

Selected 
for 

analysis 

Fig. 1: Flow diagram illustrating derivation of nested cohorts. 
The inclusion criteria are specified in Supplemental Table S1 and 
selection of cases for analysis in batches is described in 
Supplemental Methods (all cases with outcomes/progression were 
selected). DILI, drug-induced liver injury; HV, healthy volunteers.
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analysis); there are differences in age, BMI and aspar-
tate aminotransferase (AST) between the patient 
cohorts reflecting the variations in patients recruited in 
this study design. Levels of BA types for the participant 
groups and sub-groups are shown in Tables 2 and 3. 
Individual BA levels are reported in Supplemental 
Tables S4 and S5. Total plasma BA levels in patients 
with DILI were significantly elevated, with mean values 
approaching 100 μM, which were approximately 75 
times higher than those observed in the HV group 
(Fig. 2, Table 2). This occurrence was not exclusive to 
DILI, as patients in the nonDILI group also displayed 
marked hypercholanemia. The increased total BA con-
centrations were primarily due to a rise in primary BAs 
(Fig. 2B). Although secondary BAs were also signifi-
cantly higher in patients with DILI, they only reached 
mean values of approximately 5 times those found in 
HV (Fig. 2C; Table 2). Regarding BA conjugation, both 
glyco- (Fig. 2D) and tauroconjugated forms (Fig. 2E) 
were elevated in the plasma of patients with liver 
damage, affecting both DILI and nonDILI groups. In 
contrast, patients with DILI did not display an increase 
in unconjugated BAs (Fig. 2F).
The degree of hypercholanemia was associated with 

the severity of liver injury. Thus, when patients with 
DILI were classified according to the presence of mild, 
moderate, or severe liver damage, plasma concentra-
tions of total BAs, as well as primary BAs and both 
glycine- and taurine-conjugated species, were signifi-
cantly higher in moderate and severe DILI compared to 
mild DILI (Fig. 3). Although there was a trend showing 
a further increase in these parameters when comparing 
severe to moderate DILI, this increase did not reach 
statistical significance. No severity-dependent differ-
ences were noted for secondary (Fig. 3C) and uncon-
jugated BA species (Fig. 3F). Similar results were 
observed when examining severity in patients with 
acute nonDILI (Supplemental Fig. S1). Further, com-
parison of BAs between cholestatic and hepatocellular 
injury type cases showed no significant differences in 
levels of total BAs, primary BAs, unconjugated BAs, 
tauroconjugated BAs and glycoconjugated BAs. Sec-
ondary BAs were significantly decreased in DILI 
cholestatic cases, consistent with impaired function of 
BSEP (Supplemental Figs. S2 and S3).
To investigate the potential prognostic value of 

circulating BA levels and profile in patients with DILI, 
patients were classified into progressors (n = 28) and 
non-progressors (n = 90), based on whether their con-
dition worsened on the severity scale 18 following the 
serum sampling. Progressors exhibited higher levels of 
total BAs (Fig. 4, Table 3). This was also notable when 
comparing patients who experienced worse outcomes 
(death or need for liver transplantation, n = 19) with 
those who did not experience such progression 
(n = 101) (Fig. 4, Table 3). Regarding individual BA 
molecular species, plasma concentrations of GCA,
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GCDCA, TCDCA, and CDCA were significantly higher 
in patients who progressed to death or transplantation 
(Supplemental Table S5). When calculating the ratio of 
primary to secondary BAs, this was also increased in 
progressors and in those with death/transplantation 
outcomes (Fig. 4, Table 3). Finally, we found that the 
ratio between CA plus its secondary derivative, deoxy-
cholic acid (DCA), to CDCA plus its secondary deriva-
tive lithocholic acid (LCA), which reflects the balance 
between the two major BA families synthesised by he-
patocytes, was significantly reduced in DILI progressors 
(Fig. 4, Table 3) and in those with death/transplantation 
outcome (Fig. 4, Table 3, Supplemental Table S6).
The performance of BAs as a prognostic biomarker 

for death/transplantation was compared to the MELD 
score (Supplemental Table S7). Although MELD had a 
sensitivity of 0.99 the specificity was only 0.67. Taur-
oursodeoxycholic (TUDCA) and sulfolithocholic acid 
(SLCA) had the best specificity (0.84). MELD also had 
the highest AUC for DILI progression (Supplemental 
Table S8). These findings prompted us to investigate 
whether BA species and/or ratios could improve the 
prognostic value of the MELD score in DILI. The results 
of bivariate analysis are shown in Supplemental 
Tables S7 and S8 and in Fig. 5.
The best results were obtained when combining the 

MELD score with the (CA + DCA) to (CDCA + LCA) 
ratio, considering both all DILI progressors and pa-
tients with the worst outcomes (Fig. 5). The combina-
tion of the MELD score with the ratio of primary to 
secondary BAs, as well as with particular BA species 
like TCA, also enhanced the AUC compared to the 
MELD score alone suggesting incremental value on IDI 
analysis (Supplemental Tables S9 and S10). Further, 
Decision Curve Analysis supports the potential for 
improvement in clinical application in identifying 
patients for immediate hospital admission (‘decision to 
admit’; Supplemental Figs. S4 and S5).

Discussion
This prospective, multicenter, longitudinal cohort study 
with a nested case–control design has demonstrated that 
in patients presenting with clinical or biochemical 
manifestations of acute liver injury (due to DILI or 
nonDILI), higher values of total, primary, and conju-
gated BAs at presentation, are associated with liver injury 
that is likely to progress in severity. Although DILI pri-
marily affects the liver, recent reports indicate that pa-
tients with DILI experience a disrupted gut–liver axis 
characterised by dysbiosis, increased intestinal perme-
ability, and impaired BA homoeostasis. 23 This may be 
mediated by decreased conversion of deconjugated pri-
mary BAs to deconjugated secondary BAs as a conse-
quence of altered gut microbiota composition (Fig. 6). 26 

Additionally, patients with DILI who died or 
required liver transplantation had lower ratio ofBi
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CA + DCA to CDCA + LCA compared to the rest of the 
DILI group, indicating a relatively higher proportion of 
CDCA and its secondary LCA compared to CA and its 
secondary DCA. The higher proportion of combined 
CDCA + LCA is more hydrophobic, thus, a stronger 
detergent and more toxic than CA + DCA, which could 
explain the association with poor outcomes in DILI. 
The ratio of CA + DCA to CDCA + LCA may decrease 
due to reduced activity of the enzyme CYP8B1, which is 
responsible for the 12α hydroxylation of the steroid ring 
necessary for CA synthesis, but is not necessary for 
CDCA synthesis. 30 CYP8B1 activity, which is exclusive 
to the liver, is compromised in liver injury. 24 Moreover, 
inflammatory cytokines inhibit CYP8B1 transcription, 25 

which might decrease enzyme activity, leading to 
apparent preferential CDCA synthesis in DILI (Fig. 6).
Circulating BA concentrations have been used 

effectively in assessing severity and predicting out-
comes in patients with intrahepatic cholestasis of 
pregnancy 31 as well as used as a biomarker assessing 
response to treatment with ileal bile acid transporter 
inhibitors in progressive familial intrahepatic chole-
stasis. 32 Elevation of serum BAs (mainly TCA, TCDCA, 
GCA and GCDCA) has been reported in a large cohort 
of patients with various liver impairments and distinct 
profiles associated with different conditions; only slight 
differences in BA signatures were found in patients 
with APAP overdose compared to other liver disorders. 9 

Luo et al. used clinical chemistry based criteria to define 
acute liver injury and then reported the performance of 
BAs to identify liver injury involving 10 different etiol-
ogies; by design, clinical application of BAs could not be 
evaluated in this study. Mireault et al. also described 
changes in BA profiles associated with APAP related 
acute liver failure. 33 Analysis of 1589 serum metabolites

in patients with DILI and healthy volunteers and partial 
least squares discriminant analysis suggested that CA 
and DCA had potential as biomarkers for progression to 
chronic disease. 12 Moreover, in a cross-sectional cohort 
study, the elevation of serum concentrations of 
GCDCA, NorCA and TCDCA was shown to correlate 
with the severity of idiosyncratic DILI. 11 This study 
included patients in which 64%–87% had traditional 
Chinese medicine or herbal and dietary supplements as 
the underlying aetiology. Although their study 
described BA profile according to the severity, there 
were none who died or had transplantation, which 
suggests that full spectrum of severity was not repre-
sented. Increased serum levels of CDCA and DCA have 
also been recently reported in patients with DILI (15 
mild and 23 severe cases, none with death or trans-
plantation) when compared to levels in healthy 
volunteers. 10

In the present study, we also found elevations in 
circulating BA levels to be associated with the severity 
of DILI at presentation. Primary conjugated BAs were 
responsible for this increase, while secondary uncon-
jugated BAs, produced by the intestinal microbiota’s 
biotransformation of the former, were only moderately 
increased or even unchanged in patients with DILI. 
Consistent with our findings, a study analysing the BA 
serum profile of 38 patients with DILI and 30 healthy 
controls found several conjugated molecular species 
(TCDCA, GCA, TCA, TDCA, and TUDCA) to be 
elevated, while levels of unconjugated CDCA, DCA, and 
LCA were lower in patients with DILI compared to 
healthy controls and higher levels were associated with 
more severe injury. 10 These findings likely indicate a 
hepatic retention of BAs and their spillover into the 
systemic circulation and suggest the implication of an

Bile acids μM
mean ± SD (Min–Max)

DILI: progression group DILI: outcome death/liver transplantation

No progression n = 90 Progressed n = 28 No n = 101 Yes n = 19

Total BAs 85.72 ± 125.11 (0.80–638.23) 112.39 ± 116.57 a (0.96–564.54) 81.57 ± 120.74 (0.70–638.23) 138.52 ± 124.88 a (0.96–564.54)
Primary BAs 82.35 ± 121.91 (0.45–624.80) 109.31 ± 115.44 a (0.90–559.61) 78.21 ± 117.54 (0.45–624.80) 135.90 ± 124.13 a (0.90–559.61)
Secondary BAs 2.65 ± 5.62 (0.02–40.02) 2.57 ± 3.41 (0.03–13.32) 2.69 ± 5.46 (0.01–40.02) 2.08 ± 2.84 (0.03–12.19)
Unconjugated BAs 0.64 ± 0.98 (0.08–5.88) 0.52 ± 0.52 (0.04–2.39) 0.64 ± 0.95 (0.07–5.88) 0.44 ± 0.39 (0.04–1.41)
Conjugated BAs 85.07 ± 125.20 (0.40–638.00) 111.85 ± 116.48 a (0.92–563.08) 80.93 ± 120.83 (0.40–638.00) 138.05 ± 124.63 a (0.92–563.08)
Glycoconjugated BAs 49.71 ± 74.03 (0.31–366.81) 72.04 ± 75.44 a (0.58–346.34) 47.49 ± 71.69 (0.31–366.81) 89.54 ± 80.00 a (0.58–346.34)
Tauroconjugated BAs 35.36 ± 56.63 (0.09–296.15) 39.81 ± 45.48 (0.34–216.74) 33.44 ± 54.49 (0.08–296.15) 48.52 ± 49.21 a (0.34–216.74)
Ratio (CA + DCA)/(CDCA + LCA) 2.00 ± 2.41 (0.32–21.66) 1.26 ± 1.11 a (0.41–5.02) 1.92 ± 2.30 (0.32–21.66) 1.19 ± 1.21 a (0.41–5.02)
Ratio CA/DCA 223.24 ± 491.89 (0.14–2956.34) 229.88 ± 356.48 (0.63–1160.51) 205.46 ± 469.65 (0.14–2956.34) 306.32 ± 396.34 (0.63–1160.51)
Ratio CDCA/LCA 81.63 ± 151.22 (0.58–776.82) 188.22 ± 247.11 (1.69–884.39) 78.11 ± 146.08 (0.58–776.82) 267.21 ± 266.09 a (1.69–884.39)
Ratio glyco/tauroconjugated BAs 2.52 ± 1.98 (0.27–11.60) 2.29 ± 1.28 (0.43–6.68) 2.57 ± 1.99 (0.27–11.60) 2.14 ± 0.84 (0.52–3.61)
Ratio primary/secondary BAs 67.47 ± 107.03 (0.50–555.70) 137.26 ± 205.50 (1.42–813.03) 62.23 ± 102.29 (0.50–555.70) 195.56 ± 228.24 a (1.42–813.03)
Ratio 12αOH/non12αOH BAs 1.94 ± 2.41 (0.32–21.58) 1.24 ± 1.11 a (0.41–4.99) 1.87 ± 2.30 (0.32–21.58) 1.17 ± 1.21 a (0.41–4.99)

BA, bile acids; CA, cholic acid; CDCA, chenodeoxycholic acid; DCA, deoxycholic acid; DILI, drug-induced liver injury; LCA, lithocholic acid; SD, standard deviation; 12αOH, 12alpha-hydroxylated BAs. 
ANOVA T-test p value (bold values indicates significance <0.05): a Progressor group or Death/transplantation group is significantly different from Non-progressor or without death/transplantation 
outcome, respectively.

Table 3: Levels of bile acid types in study groups.
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impaired canalicular BA secretion in the origin of DILI-
associated hypercholanemia. In fact, the inhibition of 
BSEP has been proposed as a contributing cellular 
mechanism to the development of DILI, 27 as BA

accumulation resulting from BSEP inhibition or defi-
ciency can lead to hepatocyte injury through various 
mechanisms, including mitochondrial toxicity and the 
initiation of an inflammatory response. 28,29 Many drugs
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Fig. 2: Levels of selected plasma bile acids in healthy volunteers (HV, n = 25) and patients with acute drug-induced liver injury (DILI, 
n = 120) or alternate causes of acute liver injury (nonDILI, n = 49). Log value of μM concentration is displayed. p values (ANOVA) adjusted 
by Tukey method: ***≤0.001; **≤0.005, *≤0.05; ns, not significant.
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method, ***≤0.001; **≤0.005; *≤0.05; ns, not significant.
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that cause idiosyncratic DILI have been shown to 
inhibit BSEP activity in vitro, 34 and polymorphisms in 
ABCB11 have been associated with increased risk of 
developing DILI. 35 Consistent with this, we found 
cholestatic type injury was associated with lower levels 
of secondary BA compared to hepatocellular cases. A 
study by Quintas et al. (2021), generating discriminant 
models of DILI subtypes from metabolomic data, re-
ported BAs were one of the main discriminating me-
tabolites of cholestatic DILI, although they were also 
increased in hepatocellular DILI, albeit to a lesser 
extent. 36 Although their study included 79 patients, liver 
biochemistry threshold to define DILI, its severity and 
outcomes were not described. In addition, 283 samples 
were taken from these 79 patients with varying number 
(1–9) of samples collected from individuals during DILI 
and the final analysis was enriched with 80 samples 
from cholestatic DILI compared to 34 hepatocellular 
DILI. As pattern of liver injury can change during the 
course of DILI, results from the previous study may not 
be comparable to our study.
Although significant changes in plasma BAs were 

observed in patients with DILI as compared to healthy 
subjects, it was not possible to identify changes spe-
cifically attributable to DILI; moreover, BA profiles did 
not distinguish between DILI and nonDILI cases, 
restricting utility to prognostication. This observation is 
not uncommon and limits the use of several proposed 
new biomarkers as diagnostic tools in DILI. 37,38 Our 
study included 49 cases of nonDILI caused by 4 disor-
der subtypes, limiting the power of our analysis to 
identify BA profiles associated with distinct pathologies; 
varying disruption of the BA pool constituents due to 
differing injury mechanisms associated with different 
aetiologies leading to liver dysfunction altering BA 
metabolism, transport and biosynthesis would be ex-
pected. The prospective and longitudinal design of the 
current study and alignment with the clinical context of 
acute injury presentation are further strengthened by 
robust assessment of causality and adjudication of 
cases. We have assessed BAs at the time of acute injury 
but the period since drug exposure and relation to peak 
liver enzyme elevation is variable. Considering that 
DILI is rare and the majority of cases recover (101/120 
in the cohort) without serious consequences such as
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Fig. 4: Levels of selected bile acids in patients with acute drug-
induced liver injury (DILI). A–C Stratified according to progres-
sion in severity (yes, n = 28) or no progression (no, n = 90). D–F 
stratified according to outcome of death/transplantation (yes, 
n = 19) or not (no, n = 101). Log value of μM concentration or log 
of ratio is displayed. T-test p values (ANOVA) ***≤0.001,**≤0.005, 
*≤ 0.05, ns, not significant. CA, cholic acid; DCA deoxycholic acid; 
CDCA, chenodeoxycholic acid; LCA, lithocholic acid.
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death or liver transplantation, the statistical power to 
confirm the ability of BA profiling to pre-empt these 
endpoints is limited by the small number of events and 
there is a risk of models overfitting the data especially 
when adjusting for multiple covariates. However, this is 
the first prospective cohort study which included 
consecutive patients with DILI with full range of 
severity including 19/120 who required transplantation 
or died. Also since many different drugs, acting via 
different pathways, can result in DILI, there is hetero-
geneity in the study groups - this reflects the patients in

clinical practice. However, the threshold of the 
biochemical manifestation to define DILI and classify 
them into different severity categories is the same for 
all cases. Further, the study lacks external validation in 
an independent cohort to assess whether the observed 
improvement over MELD score is generalisable.
The highly sensitive technique of LC-MS/MS has 

been used to determine serum levels of total BAs and 
the most relevant BA species. On the other hand, the 
complexity and cost of this methodology could restrict 
large-scale implementation and immediate impact on 
clinical practice. We have focused on the prognostic 
implications of serum BAs in DILI involving 120 pa-
tients, of which in 28 cases severity progressed, and 19 
of them died or required transplantation, two of the 
most critical outcomes. Incorporating these BA bio-
markers enhanced the prognostic performance of 
MELD, a tool based on traditional blood biomarkers 
used clinically to indicate prognosis and to prioritise 
patients for liver transplantation. While MELD alone 
demonstrated an AUC ROC of 0.76 for identifying 
progressors and 0.88 for the identification of death or 
transplantation, these were 0.82 and 0.92, respectively

A    DILI Progression

B    DILI Outcomes of Death/Transplantation

Fig. 5: Receiver operator characteristic (ROC) curves for best 
performing bile acid biomarkers combined with Model of End-
stage Liver Disease (MELD) score. A For DILI cases with progres-
sion in severity (n = 118). B DILI cases with outcome of death/ 
transplantation (n = 120). The AUC 95% CI are shown in paren-
theses. AUC, Area under ROC curve; BA, bile acids; CA, cholic acid; 
CI, confidence interval; DCA deoxycholic acid; CDCA, chenodeox-
ycholic acid; LCA, lithocholic acid; TCA, taurocholic acid.
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for MELD in combination with the CA + DCA to 
CDCA + LCA ratio.
In summary, this study has identified two charac-

teristics of the circulating BA profile, i.e., the primary to 
secondary BAs ratio and the CA + DCA to CDCA + LCA 
ratio, that can be helpful to enhance the prognostic 
value of the MELD score and improve early detection of 
patients where DILI is likely to progress and those with 
the worst outcomes. Further studies in another inde-
pendent longitudinal cohort are required to validate this 
conclusion.
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