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Abstract

Background and Objectives: Drug-induced liver injury (DILI) can present as a chronic phenotype or acute course. However,
there is a lack of research on the underlying mechanisms of chronic DILI as well as the definition of cut-off point. We aimed
to profile holistic metabolic characteristics of chronic DILI and provide evidence for the cut-off point by serum metabolomics.

Methods: The sera of DILI patients were divided into Group I (0-6 months), Group II (6-12 months), and Group III (>12
months) based on the duration of liver injury. In total, 2,105 metabolites associated with the DILI duration were screened out
as the holistic metabolomic signature (HMS). By unsupervised principal component analysis on the HMS dataset, the samples
spontaneously represented a two-cluster pattern of the three groups, i.e., Group I as the first cluster and Group II/1II as the sec-
ond cluster, which suggested six months as the potential metabolomic cut-off point of DILI chronicity. Then, the differentiation
ability of the metabolomic signature was validated in an independent cohort. We further screened out 23 most-associated me-
tabolites as the metabolic fingerprint (MFP) for the DILI duration and constructed an eigenmetabolite by dimension reduction.

Results: The eigenmetabolite was significantly different in chronic versus acute DILI and was not related to the severity grade
of liver injury. Pathway enrichment analysis underlined the enhanced metabolic pathways of lipids in chronic DILI, which are
associated with energy metabolism remodeling and immune regulation balance.

Conclusions: MFP was different between chronic and acute DILI. Six months might be the potential metabolomic cut-off point
in defining chronicity of DILL
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onset and short recovery period after withdrawal of culprit drug,
it is reported that 3.4-18.9% of DILI patients might progress into
chronicity."* Research efforts have been made to cope with this
disease on worldwide scale. However, there are obvious discrep-
ancies in the definition (cut-off point) of chronicity in different
international research communities and guidelines of DILI. Typi-
cally, the first DILI clinical guidelines issued by the American
College of Gastroenterology (ACG) in 2014 defined chronic DILI
as the failure of return of liver enzymes or bilirubin to pre-DILI
baseline, and/or other signs or symptoms of ongoing liver disease
(e.g., ascites, encephalopathy, portal hypertension, coagulopathy)
6 months after DILI onset.5 The cut-off point of 6 months was also
quoted by the Chinese Society of Hepatology DILI guideline in
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Fig. 1. The study flowchart. DILI, drug-induced liver injury; TCP, tentative cut-off point.

2015.9 In contrast, the European Association for the Study of the
Liver (EASL) DILI Guideline issued in 20197 reported the cut-off
point for chronic DILI as 12 months based on the Spanish DILI
Registry study published in 2016.8 Most recently, the 2021 ACG
DILI Guideline changed the cut-off point of chronicity to 6-9
months.? These conditions cause significant bewilderment and un-
certainty in research on chronic DILI. Notably, those cut-off points
for chronicity of DILI are derived from clinical observation but
have not been supported by any experimental evidence. Therefore,
we believe that experimental evidence might help provide a more
reliable and forceful definition for chronicity in DILI.

As the liver plays an important role in the body’s metabolism,
progress of chronic liver injury usually involves persistent abnor-
malities in metabolic function.!® Significant variations have been
found in the metabolomic profile in different phases of hepatic
diseases.!""1? In the chronic disease phase, the metabolic function
of the liver may represent specific adaptive shifts and reprogram-
ming due to persistent hepatocyte injury, inflammation responses,
and immune abnormality.'® Therefore, the systemic and non-tar-
geted metabolomic profiling study on chronic DILI patients can
provide a landscape to represent the holistic differences between
acute and chronic DILI and, thus, help determine the cut-off point
for chronicity and evaluate the underlying mechanisms of DILI
chronicity.

Materials and methods

Study design

This observational study included two clinical centers with a to-
tal of 156 subjects. The study design is shown in Figure 1. Center
1 was the screening center, namely the Fifth Medical Center of
PLA General Hospital (Beijing, China); and Center 2 was the
external validation center, namely the Liver Diseases Center of
General Hospital of Eastern Theater Command (Nanjing, China).
DILI diagnosis was based on the ACG DILI Guidelines issued in
2021.% All of the enrolled DILI patients must meet the causality
criteria, specifically a RUCAM score > 6 points. Patients with
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persistent elevations of liver enzymes or bilirubin, and/or imag-
ing or histological data of liver injury in the 12-month follow-up
visits from DILI diagnosis were considered as unrecovered DILI
patients. The duration of DILI was defined as the period between
DILI diagnosis and the last visit timepoint with unrecovered data.
Patients with autoimmune, alcoholic, non-alcoholic, or viral liver
diseases and other competitive etiologies were excluded. Please
see the Supplementary File 1 for detailed enrollment information
as well as inclusion and exclusion criteria. The study protocol
was approved by the medical ethics committees of both research
centers. Consent was obtained from all participants, and the pro-
tocols conformed to the ethical guidelines of the Declaration of
Helsinki.

In Center 1, we enrolled 121 DILI cases with follow-up visits
over 12 months as the retrospective cohort (Table S1). Based on
the duration of abnormal biochemical levels after drug withdrawal,
these DILI cases were then divided into Group I (0—6 months),
Group II (6-12 months), and Group III (>12 months). Serum sam-
ples were collected at the first examination for patients after ad-
mission to the hospital. In Center 2, we prospectively collected
the serum samples of 14 healthy subjects and 21 diagnosed DILI
patients, and follow-up visited the patients after 12 months (Table
S2). These DILI cases were divided into two groups according to
the tentative cut-off point (TCP), i.e. 6 months, as concluded from
the Center 1 cohort.

Non-targeted metabolome profiling

With comprehensive and unbiased analysis, non-targeted metabo-
lomic profiling was performed for all the serum samples to iden-
tify as many metabolites and cover as comprehensive metabolic
pathways as possible. Non-targeted metabolome analysis was con-
ducted based on the previous established methods.'* See details in
the Supplementary File 1.

Unsupervised multivariate analysis and linear discrimination
analysis in the retrospective cohort

We investigated the clustering pattern of the three groups using
unsupervised multivariate statistical analysis, typically principal
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component analysis (PCA), which concentrates the dispersed vari-
able information to the principal components. If Group II is locat-
ed near Group III rather than Group I on the PCA plot, this would
indicate that DILI cases with a duration of 612 months are similar
to those with a duration of >12 months and that a cut-off point at
6 months would be reasonable to differentiate chronic DILI from
acute DILI patients. Otherwise, the duration cut-off point would be
12 months. PCA was conducted with a combination of positive and
negative ions using SIMCA -P 13.0 software.

Linear discriminant analysis (LDA) is a classical method for
dimensionality reduction of supervised data. To find the potential
metabolomic cut-off point, LDA models for 6 and 12 months were
then compared for accuracy. The cut-off point was first assumed
to be 6 months. A mathematical model grouped by 6 months was
constructed by the LDA model using the MatLab 2018 software
and applying 0-6 months DILI and >6 months DILI samples.
The model was then used to re-predict the grouping of the 612
months DILI samples (there is discrepancy in European and US
DILI guidelines with respect to these cases). If the prediction was
>6 months, then the prediction was considered to be correct, and
vice versa. Subsequently, the predictive accuracy of the model was
calculated with 6 months as the cut-off point, then same procedure
was performed with the cut-off point model of 12 months. Finally,
the LDA model with higher predictive accuracy was selected, so as
to further justify the spontaneous grouping results of the aforemen-
tioned PCA analysis and to comprehensively determine the TCP of
chronic DILIL

Validation of cut-off point in the external prospective cohort

The TCP was then validated in the Center 2 cohort. DILI cases
in Center 2 were diagnosed and followed up (over 12 months);
patients that recovered within TCP (i.e., 6 months) were diagnosed
with acute DILI, and patients that recovered after TCP were diag-
nosed with chronic DILI. Furthermore, the same method was used
for metabolome analysis of all samples in Center 2. We investi-
gated the clustering pattern of the two groups by PCA to observe if
there is an acceptable separation of the two groups and to validate
the reliability of the cut-off point.

Metabolic pathway enrichment analysis on duration-related me-
tabolites

The screened metabolites were subjected to pathway enrichment
analysis. See details in the Supplementary File 1.

Statistical analysis

Continuous data that conform to the normal distribution were rep-
resented as mean =+ standard deviation, and the t-test was used for
comparison between groups. Otherwise, data was shown by me-
dian and quartiles, and the non-parametric test was adopted for
comparison between groups.

Results

Clinical characteristics of different duration groups

In Center 1, the median age of enrolled DILI patients was 49 years
with an age distribution range of 19-79 years and a male-female
ratio of 1:3.5 with an obvious female predominance in general. No
difference in age distribution or sex ratio was observed within the
three groups. Some biochemical indices changed significantly be-
tween Group I and Group I1I, including alanine aminotransferase,
aspartate aminotransferase, alkaline phosphatase, total bilirubin,
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direct bilirubin, cholinesterase, and international normalized ratio.
However, there was no difference between Group II and Group I1I
with respect to all the biochemical indices (Table 1). The creati-
nine (Cr), immunoglobulins (IgA, IgM and IgG), and positive rate
of autoantibodies level were not significantly different within the
three groups. The clinical characteristics in Center 2 were the same
as those in Center 1 (Table S3).

Unsupervised clustering of the duration groups by PCA

The PCA of serum samples of Center 1 showed that the three dura-
tion groups were roughly divided into two clusters on the PCA plot
in both ESI (Electron Spray lonization) + and ESI- mode (Fig. 2a).
In the ESI+ mode, Group II was mainly distributed in the lower left
region accompanied with Group III, while Group I was mainly dis-
tributed in the upper right region. Compared with Group I, Group
1T was closer to Group I1I in the ESI- mode as well (Fig. S1). Then,
the significant differential metabolites were screened, which re-
vealed more differential metabolites between Group II and Group
I than between Group II and Group III (Fig. 2b).

Metabolomic features related to the duration of DILI

As shown in Figure 2c, a total of 2,105 differentially expressed
metabolites were screened when making pairwise comparisons of
the three groups, as the holistic metabolomic signature (HMS) as-
sociated with the duration of DILI. Among them, 580, 261 and
1,881 significantly different serum metabolites were screened
when comparing Group I versus Group 11, Group II versus Group
111, and Group I versus Group 111, respectively. A cluster heatmap
was prepared to visualize the serum metabolism level of HMS in
three groups (Fig. 2d). The result showed that the metabolism level
of HMS in the 612 months group was more similar to that in the
>12 months group than the 0—6 months group.

LDA test on cut-off point for chronicity in DILI

We used HMS as liver injury duration-related metabolic features and
performed unsupervised multivariate analysis. Per the results in Fig.
3a, if we divide the patients into the 0—6 months group and the >6
months group according to the 6-month cut-off point of the 2014
ACG DILI Guidelines,’ we can see that the two groups can be basi-
cally separated. However, if the cases are divided into two groups
(0—12 months and >12 months) according to the 12-month cut-off
point of the 2019 EASL DILI Guidelines,” a considerable number
of samples in the 0—12 months group overlaps with those in the >12
months group. Intuitively, the 6-month cut-off point seems more
suitable to distinguish between acute and chronic DILIL

The Center 1 cases were then mathematically modeled using the
LDA method, which can estimate a mathematical cut-off value as
the differentiating point to predict acute or chronic DILI. When us-
ing 6 months as the cut-off point (Fig. 3b, left column), it revealed
a relatively good internal prediction for those DILI patients with
liver injury duration of 6-12 months. The accuracy for such pre-
diction was 77.8% (Fig. 3c, left column). By contrast, when using
12 months as the cut-off point, the prediction was not good at all
(Fig. 3b and c, right columns). Collectively, these results suggest
that using 6 months as a cut-off point for chronicity of DILI might
be more reasonable than 12 months. Thus, we considered 6 months
as the TCP of chronic DILI.

Validation of the tentative cut-off point

Based on the TCP of 6 months for DILI chronicity, we further in-
cluded prospective cohort samples from Center 2 and divided them
into acute and chronic DILI groups with TCP. The unsupervised
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PCA results showed that the 0—6 months DILI group could be well
discriminated from the >6 months DILI group in Center 2 (Fig.
3d). The discriminating accuracy and performance of the 6-month
cut-off point was further investigated by the LDA model. The area
under the Receiver Operating Characteristic curve was 1 (Fig. 3e),
with a sensitivity = 1 and specificity = 0.67. The discrimination be-
tween 0—6 months DILI and >6 months DILI was desirable, which
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validates the study’s conclusion of Center 1 and setting 6 months
as the TCP.

Differential expression profiles associated with duration of liver
injury

We screened the most significantly differential metabolites accord-
ing to 6 months as the cut-off point for DILI chronicity. A total
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of 89 metabolites were annotated. The AUC (Area Under Curve)
value of each metabolite was calculated to assess their discrimi-
nating performance in differentiating chronic DILI from acute
DILI. The AUC values and corresponding p-values were used for
hierarchical cluster analysis, which identified two clusters (Fig.
4a). The first cluster included 23 metabolites having a highly sig-
nificant association with chronic DILI (AUC values ranging from
0.72 to 0.82, and significant p-values were smaller). The second
cluster consisted of 66 metabolites with relatively low association
to chronic DILI. Thus, the 23 most-associated metabolites were
considered as the metabolic fingerprint (MFP) for the liver inju-
ry duration of DILI. Detailed information of these metabolites is
summarized in Table S4. Furthermore, we computed an eigenme-
tabolite (i.e., a value that is representative of the MFP) and corre-
lated the eigenmetabolite from healthy status to different DILI du-
ration. Compared with healthy volunteers, the eigenmetabolite of
acute DILI was lower, but those of chronic DILI were higher with
no significant differences between 612 months and >12 months
DILI (Fig. 4b).

We represented the relative expression of all annotated metabo-
lites in different DILI duration groups (Fig. 4c). Not surprisingly,
the metabolites expression profiles of all >6 months DILI groups
showed a separated trend from the acute DILI group. There were
no significant expression differences between 6-9 months, 9—12
months, and >12 months DILI. The enrichment pathway of an-
notated metabolites indicated the alteration of lipids, amino acids,
carbohydrates, cofactors, and nucleotides metabolism (Fig. 4d).

Pathways analysis

MFP was used for further analysis, and the metabolites outlines of
chronic DILI-associated MFP are shown in Fig. Sa. Compared with
acute DILI, many lipids in MFP showed up-regulated alteration, while
some bile acids were reduced. In addition, it highlighted the galactose,
amino acids, and citrate cycle-related metabolites. To fully understand
the alteration during the DILI chronicity, we drew the metabolic path-
ways with the most associated metabolites (Fig. 5b). The result exhib-
its the interaction between different metabolic pathways and indicates
the potential mechanisms of chronic DILI with varieties of lipids me-
tabolism disorders, abnormal bile acids biosynthesis, inhibited amino
acids metabolism, and obstructed citrate cycle.

Discussion

Although many important efforts have been made to characterize
and define chronicity in DILI, the cut-off point for chronicity is
still controversial.!5-23 In the present study, we tried to explore the
spontaneous and natural clustering of serum holistic metabolomic
profiles of DILI patients to find objective evidence for the cut-
off point. Through the unsupervised analysis of the HMS of 2,105
metabolites, the three DILI groups spontaneously displayed a two-
cluster pattern. Moreover, the 6—12 months DILI group tended to
be similar to the >12 months DILI group, which had a chronic
tendency and could be considered as chronic DILI. The follow-
ing modeling results also demonstrated that the cut-off point at
6 months was better than 12 months to define acute and chronic
DILI patients, which was further verified prospectively in an ex-
ternal cohort from another clinical center independently. Our re-
sults provide key experimental evidence to support 6 months as
the potential metabolomic cut-off point for defining chronicity in
DILI, supporting the 2014 ACG DILI Guidelines but not the 2019
EASL Guidelines and 2021 ACG Guidelines.>”? A definition of
12 months is, of course, not incorrect, but it may lead to fewer
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treatment opportunities or delayed treatment for patients with
persistent liver injury of 6-12 months. Since it is challenging to
distinguish self-sustained persistence from potentially progressive
chronic liver injury, it may be necessary to monitor patients with
chronic tendency more frequently (i.e., 6—12 months DILI group).

Current literature does not provide a comprehensive understand-
ing of the mechanisms of DILI chronicity. Therefore, this research
provides insights to better comprehend DILI chronicity. Herein,
we observed significantly increased levels of lipid metabolism
(arachidonic acid, glycerophospholipids, fatty acids and sphin-
golipids metabolism pathways) in chronic DILI. Lipid metabolism
plays a crucial role in inflammatory reactions, cellular signal trans-
duction, and other physiological functions.?*2¢ Cytidine diphos-
phate-diacylglycerol (CDP-DG) is a key regulatory molecule in
glycerophospholipids biosynthesis, which could regulate immune
functions, resulting in the prevention of pathogenesis and develop-
ment of liver injury.2’-2° From this view, the lower level of CDP-
DG in chronic DILI indicates less potent but persistent activation
in immunology. The fatty acids in phosphatidylcholines could be
largely used in the arachidonic acid pathway, which is consistent
with the increase of Prostaglandin Fla. The lipid metabolism re-
programming could suggest an adaptive alteration in chronic DILI
to resist persistent or repeated damage and manifested fluctuat-
ing biochemical indicators. In addition, the abnormal amino acids
metabolism and citrate cycle could be responsible for the dysfunc-
tion of energy production and supply to cell repair and immune
regulation. Taken together, the enriched pathways represent the
diverse remodeling patterns of either acute or chronic DILI, which
adapt to the different courses of injury. Considering the vital role
of metabolic reprogramming in liver disease progression, we are
interested to know if interventions of metabolic targets or path-
ways may achieve therapeutic benefit in preventing or avoiding the
progression of chronic DILI in future studies.

One of the limitations of this study is the cross-sectional na-
ture in the collection of DILI samples from the screening center.
We performed independent validation through another prospective
cohort from an external clinical center, but further independent co-
horts with large sample size are needed to validate the metabolomic
cut-off point and gain consensus within international research
communities. Other factors like the microbiome, diet, and changes
induced by DILI agents may contribute to the metabolome, which
warrants further research. In summary, this work offers the first
experimental evidence to elucidate the proper metabolomic cut-off
point in defining chronicity for DILI.

Conclusions

In this study, we report, for the first time, the natural and sponta-
neous clusters of DILI patients by duration based on the holistic
metabolomic profiling of chronic and acute DILI. Notably, the me-
tabolomics data support the definition of 6 months for DILI chro-
nicity by the former ACG DILI Guidelines rather than 12 months
by the latest EASL Guidelines. These results were independently
verified in an external clinical center. To our knowledge, this is
the first paper to discuss the definition of chronicity in DILI using
experimental data of real-world patients with a large number of
samples.
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Table S1. Characteristics of Enrolled Subjects Who Were Finally
Adjudicated to Have DILI in Center 1 (n=121).

Table S2. Characteristics of Enrolled Subjects Who Were Finally
Adjudicated to Have DILI in Center 2 (n = 21).

Table S3. Clinical characteristics of the DILI groups and healthy
subjects in Center 2.

Table S4. The detail information of 23 metabolites in metabolomic
fingerprint associated with chronic DILI.

Fig. S1. Screening of serum metabolites related to the duration of
DILI. (a) Metabolite ions with the fold change (FC) value >2 and P
<0.05 were marked with colored plots in ESI- mode. (b) Metabo-
lite ions with variable importance for the projection (VIP) value >1
and |p(corr)| >0.5 were marked with yellow plots.
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