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Abstract: Background and Objective: Drug-induced liver injury (DILI) is increasingly becoming
a cause of acute hepatitis. The study evaluated the role of liver-specific microRNAs (miRNAs)
and keratin-18 (K-18) markers M30 (apoptosis) and M65 (necrosis) as biomarkers of acute hepatitis.
Methods: Sixty-eight patients were sub-grouped as DILI, HBV- and alcohol-related acute hepati-
tis. Five healthy controls were included. The expression of plasma miR-21-5p, miR-34a-5p and
miR-122-5p was evaluated by RT-qPCR analysis using healthy volunteers as reference. M30 and M65
were determined with ELISA kits. Results: All markers were significantly higher in the acute liver
disease patients compared to controls. In DILI, miRNA levels positively correlated with M30, M65
and ALT. miR-122-5p had the highest AUC of 0.73, sensitivity of 76.2 and specificity of 72.2 in identi-
fying DILI from other groups. Patients with hepatocellular-pattern DILI showed higher miR-122-5p
and miR-21-5p compared to patients with cholestatic or mixed pattern. A new score to discriminate
DILI versus other causes of acute hepatitis was developed using the identified risk factors as follows:
0.012 x miR-34a-5p + 0.012 x miR-122-5p — 0.001 x M30 + 2.642 x 1 (if mixed pattern) + 0.014 x 1
(if hepatocellular pattern) + 1.887. The AUC of the score was 0.86, with a sensitivity and specificity
of 81%, better than the values of the single markers. Conclusions: Liver-specific miRNAs and K-18
could be promising serum biomarkers of DILI, especially when used in combination.

Keywords: drug-induced liver injury; microRNA; keratin-18; acute liver injury

1. Introduction

Drug-induced liver injury (DILI) is an increasing cause of acute liver injury. According
to the 2011 consensus criteria, DILI should be suspected in patients with a significant
elevation of liver function tests occurring after drug exposure, alanine aminotransferase
(ALT) > 5 times the upper limit of normal (ULN), alkaline phosphatase (ALP) > 2 x ULN
or ALT > 3 x ULN and total bilirubin (TBIL) > 2 x ULN [1]. However, ALT and aspartate
aminotransferase (AST) elevation can also be induced by other conditions apart from
liver damage, such as muscle injury [2]; alkaline phosphatase (ALP) elevation also occurs
due to unrelated liver pathologies, such as bone pathologies, renal dysfunction, acute
inflammatory diseases or malignancies. Moreover, none of the liver parameters mentioned
above are specific to a certain type of liver injury [3].

Several other candidate biomarkers have been described in research studies, including
glutamate dehydrogenase that has been shown to correlate well with ALT in DILI, alpha-
fetoprotein, arginase-1, osteopontin, sorbitol dehydrogenase, fatty acid binding protein
and cadherin-5 [4].
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Another DILI candidate biomarker is keratin-18 (K-18), an epithelial cytoskeleton
protein, both in its complete and caspase-cleaved form. The latter is associated with cellular
apoptosis, while the former is released from the cell during necrosis. K-18 is the principal
cytoskeletal protein of the hepatocytes and is very important in the maintenance of cellular
integrity. The cleavage of K-18 at two distinct sites during cell death results in the release of
two different peptides in the systemic circulation: M30 and M65. The advantage of utilizing
these markers in DILI is that they can diagnose early stage DILI. Identifying the type and
mechanism of hepatic injury allows the severity of DILI to be evaluated. Numerous studies
utilized these markers to identify DILI and the severity of injury. In DILI patients, their
levels have been found to be elevated earlier and to a higher degree compared to ALT [5,6].

Recently, it has been shown that changes in circulating microRNAs (miRNAs) may
occur earlier than changes seen with traditional liver tests, arousing progressive interest in
circulating miRNAs as promising diagnostic and prognostic biomarkers.

Changes in miRNAs expression can occur following stress conditions, such as toxicity
or infection, and both acute and chronic damage lead to miRNAs alterations.

One particular miRNA, miR-122-5p, the most abundant liver-specific miRNA present
in hepatocytes and released into circulation during hepatocyte damage, has been exten-
sively studied and associated with DILI [7]. Nevertheless, not all authors agree on recog-
nizing the role of this particular miRNA in DILI, especially when single-miRNA expression
is determined to differentiate acute liver injury types.

Conversely, it was demonstrated that a combined model that comprises K-18, miR-
122-5p and glutamate dehydrogenase or high-mobility group box 1 was able to detect
paracetamol-induced liver injury better than ALT alone and differentiate DILI from healthy
subjects and patients with other acute disease [8,9].

To explore the clinical applicability of miRNAs as non-invasive circulating biomarkers
of acute hepatitis, we evaluated two other miRNAs (miR-21-5p, miR-34a-5p), previously
demonstrated to be involved in the pathogenesis of liver disease [10], beyond the miR-122.
These biomarkers were also evaluated in relation to K-18 epitope M30 as a marker for
apoptosis and M65 as a marker for necrosis and apoptosis.

For this purpose, the results obtained in patients with DILI were compared to those
obtained in two groups of patients with acute hepatitis of different etiology: HBV and
alcoholic, respectively.

2. Materials and Methods
2.1. Patients

In this study, 68 consecutive patients, prospectively evaluated between June 2019 and
December 2023 from the Multivisceral Transplant Unit and Gastroenterology Unit of Padua
University Hospital (Italy), were enrolled and sub-grouped as DILI, HBV-related acute
hepatitis (HBV) and acute alcohol-related hepatitis (AAH). Five healthy controls (controls)
with no known history of liver disease, normal levels of ALT, AST, ALP and TBIL and no
serologic evidence of active hepatitis were also included.

Each subject provided written informed consent to participate in the study, which
was conducted in accordance with the Declaration of Helsinki and approved by the Ethics
Committee of the Padova University Hospital (Protocol n° 46093).

For each patient, demographic, clinical and bioumoral data were collected at the time
of diagnosis. Data collection was carried out by consulting the hospital computer system
and medical records. The demographic variables considered were gender (male/female),
age at diagnosis, the presence of comorbidities (cardiovascular, autoimmune, renal, gas-
trointestinal, oncological, dyslipidemia, diabetes mellitus) and the presence of underlying
liver disease.

Regarding bioumoral data, they included parameters for the assessment of liver
damage such as AST, ALT, gamma-glutamyl transferase (GGT), ALP, TBIL, and parameters
for the evaluation of hepatic synthesis, such as albumin levels and international normalized
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ratio (INR). The severity of liver disease was assessed by calculating the Model for End-
stage Liver Disease (MELD) score.

Diagnosis of DILI was reached by a thorough examination of the medical history and
after exclusion of other causes of acute hepatitis (i.e., viral, alcohol-related, autoimmune,
metabolic, etc.). Radiological investigations were also performed to evaluate the liver
morphology, the possible presence of focal lesions, and in order to exclude mechanical
causes of cholestasis. Liver biopsy was performed in the case of uncertain diagnosis or
overlapping liver disease. Drug classes responsible for the liver damage were evaluated
and the pattern of liver damage was determined using the “R” value, defined as the ratio
between ALT/ULN (upper limit of normal) and ALP/ULN. By convention, liver damage
is defined as hepatocellular if “R” is greater than 5, cholestatic if “R” is less than 2, and
mixed if “R” is between 2 and 5 [11]. It has been demonstrated that a higher R value,
associated with hepatocellular injury, often suggests a more severe form of liver damage.
In these cases, the prognosis can vary depending on the extent of liver dysfunction and the
drug involved, but high R values are generally seen in cases where the liver injury is more
acute and severe, with a higher risk of progression to acute liver failure if not identified
and managed promptly. Conversely, a lower R value, which is indicative of cholestatic
injury, tends to have a more favorable prognosis in most cases of DILI. Cholestatic injury
usually presents with milder liver enzyme elevations, and while it can be associated with
chronic liver damage in some instances, the risk of acute liver failure is lower compared to
hepatocellular injury [12].

Patients with HBV-related liver failure were screened and enrolled in this study accord-
ing to the following criteria: serum hepatitis B surface antigen and/or HBV-DNA positivity
for a least 6 months; pre-existing chronic liver disease, compensated and decompensated
cirrhosis and total bilirubin levels >85.5 Umol/L and INR > 1.5. The exclusion criteria were
as follows: aged younger than 18 or older than 80 years old; pregnancy and hepatocellular
carcinoma or extrahepatic malignancy [13].

Acute alcohol-related hepatitis was clinically diagnosed according to previously pub-
lished criteria [14].

2.2. RNA Isolation and miRNAs Analysis

Blood samples (10 mL) from healthy donors and patients were collected and used for
serum and plasma separation within two hours of blood withdrawal. Blood was first cen-
trifuged at 3000 rpm for 15 min to obtain the serum, followed by a second centrifugation of
the supernatant of plasma at 2700 rpm for 10 min to remove any cellular debris. The plasma
supernatant was stored at —80 °C until the assays of biochemical markers were performed.

MiRNAs analysis was performed on the plasma of patients and controls. Total RNA
was extracted from 200 pL of plasma samples using the commercially available miRNeasy
Serum/Plasma Advanced Kit (Qiagen-GmbH, Hilden, Germany), following the manufac-
turer’s protocol, and finally dissolved in 20 uL of RNase-free water. Extraction efficiency
was checked by adding synthetic oligonucleotides (UniSp2, UniSp4, UniSp5) at recom-
mended concentrations.

According to the manufacturer’s instructions, reverse transcription for cONA synthesis
was performed using the miRCURY LNA RT kit (Qiagen, Hilden, Germany).

The reverse transcription reaction system contained 4 pL of template RNA, 4 uL of
miRCURY RT Reaction Buffer, 2 pL miRCURY RT Enzyme Mix and 9 pL RNase-free water;
samples were incubated for 60 min at 42 °C, successively for 5 min at 95 °C to inactivate
the reverse transcriptase enzyme and, finally, were stored at —20 °C.

Reverse transcription efficiency was checked by adding synthetic oligonucleotides
(UniSp6).

A miRCURY LNA miRNA PCR Assays and PCR Panels (Qiagen, Hilden, Germany)
were used for relative quantification of miRNAs by RT-PCR analysis. RT-PCR was per-
formed on a PRISM 7900HT system (Applied Biosystems—Foster City, CA, USA).
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The reaction system contained 5 uL of SYBER Green Master Mix, 1 uL of PCR primer
mix, 3 uL of cDNA template (60 x diluted) and 1 uL of RNase-free water.

The cycling conditions for RT-PCR were as follows: 95 °C for 2 min, followed by
40 cycles of 95 °C for 10 s and 56 °C for 60 s and melting curve analysis from 60 to 95 °C.

The relative expression of each miRNA was calculated using the comparative cycle
threshold (CT) method and 2~22€t (fold change-fc) method, with miR93-5p, miR103a-3p,
miR425-5p as internal controls for normalization. The expression levels of miRNAs were
calibrated using the healthy volunteers (controls) as a reference control group.

2.3. Enzyme-Linked Immunosorbent Assay

The M30 Apoptosense ELISA (Peviva, Bromma, Sweden) measures the concentration
of caspase-cleaved K-18 in plasma. The assay is based on the unique M30 antibody, which
recognizes a neo-epitope of K-18 formed after caspase cleavage. The assay can be combined
with the M65 ELISA (Peviva, Bromma, Sweden) which measures soluble K-18 released
from dying cells due to apoptosis and necrosis.

All assays were conducted according to the manufacturer’s instructions. Both assays
were calibrated against the identical reference and the absorbance was determined at
450 nm. The concentration of the antigen was expressed as units per liter (U/L).

2.4. Statistical Analysis

Descriptive statistics, including means and SD, were calculated. For interval data,
Student’s f-test or analysis of variance (ANOVA) was used to compare groups. If the
data were not normally distributed, the Wilcoxon rank sum test or the Kruskal-Wallis test
was employed. Descriptive statistics for liver injury markers were expressed as median
and interquartile ranges. Spearman’s correlations were calculated to assess monotonic
relationships between variables measured on an interval scale. All tests were conducted
as two tailed and p = 0.05 was considered statistically significant. IBM SPSS Statistics
(Version 25.0. Armonk, NY, USA: IBM Corp.) and GraphPad Prism version 8.3.1 (GraphPad
Software, La Jolla, CA, USA) were used for all the calculations in this study.

2.5. Biomarkers of DILI Diagnosis and Prognosis

Receiver operating characteristic (ROC) analysis was used to evaluate the performance
of candidate biomarkers for diagnosis of DILI patients, taking as threshold the value
with maximal sensitivity and specificity (Youden ] test), followed by multivariate logistic
regression analysis.

Accurate outcome assessments were available for all patients. ROC curve analysis
was used to evaluate which biomarkers determined in DILI, HBV and AHH patients could
significantly predict death or the requirement for liver transplantation (LT).

3. Results

From June 2015 to April 2020, 68 patients were included in the study, of whom,
32 (47.1%) patients had suspected DILI, 15 (22.1%) patients had HBV-related acute hepatitis,
and 21 (30.9%) had AAH. Overall, 50% of patients were male and the median (IQR) age
was 45 years (37-65 years). Thirty (44.1%) patients presented an underlying liver disease
and 57.3% reported other comorbidities.

When patients were stratified according to etiology of acute liver disease, no differ-
ences were found between the three groups in terms of gender, median age and presence
of other comorbidities, whereas patients with AAH presented a significantly higher per-
centage of underlying liver disease (Table 1).
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Table 1. Baseline demographics and median values of liver injury markers in the 68 patients included
in the study.

DILI HBV AAH

n =32 (%) n =15 (%) n =21 (%) p-Value
Gender, male 12 (37.5) 10 (66.7) 12 (57.1) 0.1
Age, years, median (IQR) 50 (34.5-58.3) 46 (39-56) 44 (36-56) 0.09
Underlying liver disease, yes 9 (28.1) 3 (20) 18 (85.7) <0.001
Comorbidities, yes 19 (59.4) 6 (40) 14 (70) 0.2
INR, median (IQR) 1.2 (1.1-2.7) 1.4 (1.3-3.2) 2.1(1.7-2.9) <0.001
Creatinine, mg/dL, median (IQR) 0.7 (0.6-1.8) 0.8 (0.7-1.2) 1(0.7-2.7) 0.05
Sodium, median (IQR) 139 (136-142) 136 (135-141) 132 (129-140) <0.001
AST, U/L, median (IQR) 321 (134.8-1765) 1259 (592-2739) 107 (91-167) <0.001
ALT, U/L, median (IQR) 470 (242.8-2449) 2171 (1442-4337) 39 (29-96) <0.001
Bilirubin, mg/dL, median (IQR) 11.7 (1.8-37.6) 15.5 (6.8-23) 23.9 (16.8-36.5) 0.003
GGT, U/L, median (IQR) 85 (58.5-559 99 (67-473) 200 (100-392) 0.004
ALP, U/L, median (IQR) 139 (107.3-665) 144 (110-203) 141 (108-285) 0.8
Albumin, median (IQR) 35.5 (3341) 35 (31-38.8) 26 (24-42) 0.002
MELD score, median (IQR) 19.5 (16-28) 20 (17-30.8) 30 (23-38) <0.001
MELD-Na score, median (IQR) 21 (16.5-24.8) 22 (19-27) 32 (27-35) <0.001

Among the DILI patients, the most frequent therapeutic classes considered responsible
for the liver damage were herbs and supplements (1 = 12, 37.5%), antimicrobials (n = 6,
18.8%), non-steroidal anti-inflammatory drugs (NSAIDs) (n = 4, 12.5%), recreational drugs
(n = 4, 12.5%) and other agents (n = 6, 18.8%). When single agents were analyzed, the
most commonly involved drug was amoxicillin-clavulanic acid (n = 5). As regards the type
of liver damage, calculated using the “R” value, most patients presented hepatocellular
liver damage (1 = 21, 65.6%), while it was cholestatic in six (18.8%) patients and mixed
in five (15.6%). In 3/32 (9.4%) patients, a liver biopsy was performed, the histological
picture of which was concordant with the type of liver damage predicted by calculating the
“R” value.

Only two DILI patients required an urgent liver transplantation and two died after
admission on the waiting list for LT within 6 months (Table 2).

Table 2. Outcome data in the three patient groups.

DILI HBV AAH

n =32 (%) n =15 (%) n =21 (%)
Normalization 28 (87.5) 13 (86.7) 0
Chronicity 0 0 7 (33.3)
Liver transplantation 2 (6.3) 1(6.7) 6 (28.6)
Death 2 (6.3) 1(6.7) 8 (38.1)

In the HBV group, one patient died and one underwent liver transplantation, whereas
in the AAH group, eight patients died, six underwent liver transplantation and seven
developed chronic liver disease.

3.1. Levels of Circulating Biomarkers
3.1.1. Plasma miRNA Expression

All three patient groups had a median level of miR-21-5p significantly higher compared
to controls (DILI 2.670 fc [1.728-4.458]; HBV (2.860 fc [1.890-3.940]; AAH (2.810 fc [1.380—4.110]
vs. controls 1.020 fc [0.8950-1.105]; p = 0.0003, p = 0.0001 and p = 0.003, respectively).

MiR-34a-5p expression was significantly higher in the three patient groups with
respect to controls with the higher level in DILI (DILI 16.93 fc [3.423-37.65]; HBV (13.61 fc
[8.110-20.61]; EAA (4.090 fc [2.000-12.85] vs. controls 1.040 fc [0.5000-2.015]; p = 0.0002,
p = 0.0001 and p = 0.009, respectively).
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A statistically significant drop in miR-34a-5p was observed from DILI to AAH (p = 0.03).

Lastly, miR-122-5p was significantly higher in DILI and HBV with respect to con-
trols and AAH (DILI 14.84 fc [4.538-41.46]; HBV 12.70 fc [4.560-53.59]; AAH 2.390 fc
[1.065-5.375]; controls 1.300 fc [0.4050-2.280]. DILI vs. controls p = 0.0002; HBV vs. controls
p = 0.0003 and DILI vs. AAH p = 0.0001 (Figure 1).

A B miR-34 C miR-122

R . B 60 we

fold change
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Figure 1. MiRNAs expression levels in plasma of controls, DILI, HBV and AAH patients. (A) MiR 21
level expressed as fold change; (B) MiR-34a-5p level expressed as fold change; (C) MiR-122-5p level
expressed as fold change (** p = 0.01-0.001, *** p = 0.001-0.0001).

Stratifying the DILI patients based on R-value (ratio of ALT/ALP), the patients with a
hepatocellular pattern (H) of liver disease showed higher expression of circulating miRNAs
compared to patients with cholestatic pattern (C) and mixed pattern (M), considered
together. MiR-21-5p: H 3.710 fc [2.320-5.955] vs. M + C 1.930 fc [1.400-2.700] p = 0.007.
MiR-34a-5p: H 23.33 fc [8.435-65.19] vs. M + C 4.780 fc [3.290-15.35] p = 0.04. miR-122-5p:
MiR-122-5p: H 24.84 fc [9.215-64.39] vs. M + C 8.690 fc [2.960-49.21] p = 0.046 (Figure 2).
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Figure 2. Plasma miRNAs levels stratifying DILI patients based on R-value (ratio of ALT/ALP).
Patients with a hepatocellular pattern (H) of liver disease showed higher expression of circulating
miRNAs compared to patients with a cholestatic pattern (C) and mixed pattern (M), considered
together. MiR-21-5p: p = 0.007. MiR-34a-5p: p = 0.04. miR-122-5p: MiR-122-5p: p = 0.046.

3.1.2. K-18 Levels

The K-18 markers M30 and M65 were significantly elevated in the three patient groups
with respect to controls (M30: DILI 1447 U/L [420.5-2383]; HBV (2465 U/L [1817-2934];
AAH 2913 U/L [1636-3322] vs. controls 186 U/L [147.5-202.8]; p = 0.0002; DILI vs. AAH

p =0.003 and DILI vs. HBV p = 0.03.
Me65: DILI 1484 U/L [735.5-1962]; HBV 1890 U/L [1620-2559]; AAH (2592 U/L

[1466-3364] vs. controls 171.5 U/L [165.3-188.3]; p = 0.0003; DILI vs. AAH p = 0.005 and
DILI vs. HBV p = 0.03 (Figure 3).
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Figure 3. Serum levels of liver injury biomarkers: (A) cleaved K-18 (M30) and (B) full-length K-18
(M65). Individual dots represent each patient’s data The K-18 markers M30 and M65 were significantly
elevated in each of the three patient groups with respect to controls (*** p = 0.001-0.0001).

3.1.3. Linear Correlations

No correlations were observed between circulating levels of miR-21-5p, miR-34a-5p
and miR-122-5p and any of the characteristics evaluated (sex, age).

In DILI patients, miR-122-5p and miR-21-5p levels positively correlated with M30
(p = 0.04, p = 0.03, respectively) and M65 (p = 0.007, p = 0.005, respectively). Moreover
miR-122-5p positively correlated with ALT levels (p = 0.04).

3.1.4. ROC Curves of miRNAs

ROC analysis was performed to evaluate which levels of the three miRNAs could
distinguish DILI from other acute hepatitis groups.

The cut-off for each miRNA was selected with the highest Youden’s index value.
Among the three miRNAs, miR-122-5p had the highest AUC of 0.73 (95% CI 0.6015-0.8642),
sensitivity of 76.2 and specificity of 72.2 in separating DILI from the other groups (p = 0.0036).
MiR-34a-5p had an AUC of 52.4 (95% CI 0.5486-0.8350), sensitivity of 52.4 and specificity
of 83.3 (p = 0.017) (Figure 4).
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1004 £ 100 100+
20 204 . 804
#
= 9
§ 80+ g e S
& H B
- ‘m_
3 8 ® 3
20 20 204
a T T T T 1 o+4- T T T T 1 0+ T T T 1
0 20 4 60 80 100 0 20 40 80 &0 100 O 20 4 80 =0 100
100% - S pecificityd 100% - Specificity ¥ 100% - Spedicity?

Figure 4. ROC analysis to distinguish DILI from other acute hepatitis groups. (A) ROC curve of
miR-122-5p, (B) ROC curve of miR-34a-5p and (C) ROC curve of miR-21-5p.

The cut-off for each miRNA was selected with the highest Youden’s index value. miR-
122-5p had the highest AUC of 0.73, sensitivity of 76.2 and specificity of 72.2 in separating
DILI from the other groups (p = 0.0036).

In contrast, miR-21-5p had an AUC of 0.62 and there were no statistically significant
differences between the groups.
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From ROC analysis of M30, AUC was 0.6667 (95% CI 0.5222-0.8112), sensitivity 81.0%
and specificity 54.3% (p = 0.038). M65 had an AUC of 0.6408 (95% CI 0.4946-0.7870), sensi-
tivity of 81.0% and specificity of 51.4% without, however, reaching statistical significance.

3.1.5. A Model to Predict the Development of DILI

A new score to discriminate DILI versus other causes of acute hepatitis was developed
using independent risk factors as follows: 0.012 x miR34 + 0.012 x miR-122-5p — 0.001 x
M30 + 2.642 x 1 (if mixed pattern) + 0.014 x 1 (if hepatocellular pattern) + 1887.

ROC analysis was conducted to evaluate the specificity and sensitivity of the score.

The AUC of the score was 0.86 (95% CI 0.7534-0.9578), the sensitivity and specificity
81%, with a better clinical value compared to the single markers (p = 0.0001) (Figure 5).

Sensitivity%
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Figure 5. ROC curve of new score to discriminate DILI versus other causes of acute hepatitis. ROC
analysis was conducted to evaluate specificity and sensitivity of the score: 0.012 x miR34 + 0.012 x
miR-122-5p — 0.001 x M30 + 2.642 x 1 (if mixed pattern) + 0.014 x 1 (if hepatocellular pattern) + 1887.

4. Discussion

The inability to differentiate drug-induced liver injury (DILI) from other liver-related
pathologies or injury patterns presents significant challenges in clinical practice, leading
to delays in diagnosis, inappropriate treatments, and potentially worsening patient out-
comes. DILI often shares clinical features with other liver conditions such as viral hepatitis,
alcoholic liver disease, non-alcoholic fatty liver disease (NAFLD) and autoimmune liver
diseases, which can make it difficult for clinicians to pinpoint the specific cause of liver dys-
function without clear diagnostic tools. One of the primary challenges is that biomarkers
such as elevated liver enzymes (e.g., ALT, AST, ALP) are nonspecific and can be elevated in
many different liver conditions. Without clear markers distinguishing DILI from other eti-
ologies, clinicians may mistakenly attribute liver dysfunction to an underlying chronic liver
disease or non-drug-related causes. This diagnostic uncertainty can lead to inappropriate
management. Moreover, prolonged diagnostic uncertainty can increase the risk of acute
liver failure in severe cases, particularly when the hepatocellular injury is progressive.

In this context, several promising biomarkers of DILI have been identified; how-
ever, they present poor correlation with the histopathological staging of injury; they lack
prognostic capability and struggle to distinguish between liver toxicity mechanisms.

The significant stability in body fluids such as the blood of miRNAs facilitates the
use of these regulators of gene expression as translational clinical biomarkers for early
diagnosis and prognosis in different liver diseases, including DILL

MiRNAs can be actively released from the cell at an early stage of cell damage before
the damage is detected by conventional markers. MiR-122 is the most abundant hepatic
miRNA and for this reason is the best characterized potential circulating liver biomarker in
response to drug-related hepatotoxicity. This has been observed for miR-122 in paracetamol-
induced liver damage, with an increase in this miRNA before the detection of liver damage
symptoms or transaminase elevations [15].

Nevertheless, miR-122 alone may not be an ideal DILI biomarker because it still lacks
specificity as it is also altered in other liver pathologies; for example, being elevated in both
metabolic diseases and renal cell carcinoma [16,17].
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It was recently demonstrated that in combination with glutamate dehydrogenase
(GLDH), K-18 and miR-122 were able to accurately detect paracetamol-induced liver dam-
age and differentiate between DILI, healthy controls and patients with non-hepatocellular
organ damage [8].

A novel and alternative approach for distinguishing between drug-induced and non-
drug-induced phenotypes of liver damage or to differentiate the types of liver damage is to
consider different miRNA panels as markers of injury [18].

A combination of different miRNAs or even composite determinations including
other types of biomarkers may be more specific to differentiate pathologies of different
etiologies [19].

An independent validation study of serum miRNAs for metabolic associated steatotic
liver disease (MASLD) found that 5 miRNAs (miR-192, -27b, -22, -197 and 30c) resulted in
being specific for MASLD when compared to DILI patients [20] and the combination of
clinical parameters and miRNAs showed improved predictivity.

Another pilot study evaluating serum-combined miRNAs for the diagnosis of cirrhosis
and hepatocellular carcinoma (HCC) in hepatitis C patients found that miR-122-5p and
miR-409-3p were capable of distinguishing cirrhosis from mild disease, and the prediction
was improved by adding the aminotransferase-to-platelet ratio [21].

The approach of the present study was to combine the evaluation of miRNAs with
tested biomarkers such as K-18 and routine parameters of liver function in order to improve
the specificity and ability to diagnose different etiologies of acute liver injury and to assess
the biomarkers’ performance in DILL

In this preliminary study, in addition to miR-122-5p, which has demonstrated a
superior biomarker performance compared to traditional biomarkers, two other miRNAs,
miR-21-5p and miR-34a-5p, were evaluated since they were previously demonstrated to be
involved in the pathogenesis of liver injury caused by diverse etiologies.

MiR-21 is considered an oncogenic miRNA detectable at high levels in the tissue [22,23]
and serum [24,25] of HCC patients. The miR-21 is reported to induce hepatic inflammation
through the promotion of inflammatory gene expression via the STAT3 signaling pathways,
leading to liver disease [26]. High levels of miR-21 after liver resection are predictive of
disease-progression [23] and poor prognosis [27]. In our previous study, cirrhotic patients
had a median level of miR-21-5p, significantly higher compared to healthy volunteers and
HCC patients. In HCC, a statistically significant drop in miR-21-5p after drug-eluting bead
trans-arterial chemoembolization was observed, returning to levels comparable to those
of healthy individuals. miR-21-5p correlated with hypoxia-inducible factor 1-alpha and
probably had a role in modulating angiogenesis in HCC [10].

The miRNA-34 family regulates a number of different signaling pathways, including
those linked to cancer, the immune system, metabolism and cellular structure [28].

MiR-34a has a significant role in fatty acid oxidation in hepatocytes, leading to altered
lipid metabolism in MASLD [29]. MiR-34a inhibits the gene that regulates catabolism
increasing lipid synthesis and inhibiting mitochondrial in MASLD. miR-34a inhibits the
gene that regulates catabolism [30,31].

Total plasma K-18 can be detected by the epitope M65, present both on the full-length
and cleaved form of K-18 (necrosis and apoptosis), whereas the neoepitope M30 is formed
on the K-18 fragments during apoptotic cleavage.

In accordance with other studies [6,32], the results of the present study demonstrated
that the expression of miR-122-5p, miR-34a-5p, miR-21-5p, M30 and M65 were significantly
higher in patients with liver injury compared to healthy controls. Moreover, in patients
with DILI, miR-122, -192, -34 and -22 demonstrated a significantly greater induction in
those with a hepatocellular pattern [33].

In agreement with previously published data, we found that the expression of the
three candidate miRNAs was more elevated in DILI with a hepatocellular pattern compared
to a cholestatic and mixed pattern considered together; however, the question remains
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whether the altered expression of miRNAs could have a diagnostic value to discriminate
these two types of injuries.

The novel aspect of the present study is the development of a score based on the
combination of miR-122-5p, miR-34a-5p and M30, which showed a sensitivity and speci-
ficity of 81% in diagnosing patients with DILI, higher than miRNA and M30 considered
separately. Since the diagnosis of DILI is often based on medical history and exclusion
of other causes of acute liver disease, this score could represent a capable instrument to
discriminate patients presenting with DILI early in clinical practice.

Moreover, it could help to define patients presenting with a hepatocellular pattern
of DILI early, which is usually the pattern more frequently associated with poor outcome
and with the potential need for liver transplant. This would allow, especially in rapidly
evolving cases, to take decision-making measures in a timely manner. An analysis based
on a larger sample of patients and the validation of this score in an external cohort could
facilitate a better characterization of the results found in this study.

An increasing number of studies have revealed the roles of miRNAs in viral infection,
including HBV infection, and explored their clinical applicability as non-invasive biomark-
ers of circulating HBV infection. In particular, miR-146a-5p, miR-122-3p and miR-328-3p
positively correlate with the severity of liver inflammation in patients with HBV-associated
acute-on-chronic liver failure [34].

In a recent study, the miRNA expression profile in peripheral blood mononuclear cells
was investigated to explore the potential role of miRNA in the pathogenesis of HBV-related
chronic hepatitis. Among thousands of aberrantly expressed miRNAs, 45 upregulated and
62 downregulated miRNAs were found with a fold expression change >1.5 in patients with
HBYV compared with healthy donors [35].

Bioinformatics analysis revealed that the target genes of these miRNAs were
implicated in multiple biological processes and signaling pathways, especially gene
expression regulation.

Similarly, our findings demonstrated that miR-122-5p, miR-21-5p and miR-34a-5p
were significantly higher with respect to controls and with levels similar to those in DILI.

Several studies also provided important insights into the role of miRNAs and K-18 in
alcohol-related disease. The upregulation of miR-155, via NF-kB signaling, might contribute
to alcohol liver injury [36], with K-18-M30 and M65 levels > 10 times higher in cirrhotic
patients who had consumed alcohol compared to levels reported in healthy individuals.

The data show that K-18 fragments constitute attractive non-invasive diagnostic
markers of alcohol disease [37].

The results of our study seem to confirm previously published data, since M30 and
M60 were particularly elevated in the patient groups with alcohol-related acute hepatitis,
and therefore with recent and elevated alcohol intake.

In summary, the principal findings of our study are: 1. The miRNAs evaluated when
considered alone are significantly higher in patients with acute liver diseases compared
to controls; 2. Necrosis and apoptosis indexes were significantly higher than in controls
and correlated with miR122 and miR21; 3. MiR-122 and M30, as apoptosis indexes, had
the highest sensitivity and specificity in separating DILI from other groups; 4. A model
comprising different miRNAs (miR122 and miR34), M30 and the hepatocellular pattern (H)
of liver disease was potentially able to differentiate DILI from other pathologies.

The principal limitation of this study is represented by the small sample size, which
potentially influenced the possibility of performing a statistical analysis in order to identify
a prognostic role of miRNAs and K-18 in patients with acute liver injury.

Despite the approach selected in this study for evaluating circulating miRNAs being
well established, the technical aspects require more general, common and reproducible
standardization in the performance of the assay for miRNA determination across studies,
in particular regarding homogenization in the definition of a standard threshold of miRNA
levels. Moreover, current options for miRNA detection have positive and negative aspects
in terms of range, normalization approach, reproducibility and cost.
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5. Conclusions

We concluded that a subset of miRNAs was altered in the plasma of DILI patients,
showing specific differences depending on the type of liver injury (hepatocellular vs.
cholestatic). Moreover, when a model was created using this subset of miRNAs in associa-
tion with other markers, it was able to differentiate DILI from other pathologies.

Validating the proposed model in larger and more diverse cohorts of patients with
acute liver disease, in particular with DILI, would be crucial for ensuring that it is robust,
accurate, and applicable to a broad range of patient populations. Once validated, it
would be of utmost importance to include the model in clinical guidelines and protocols.
Collaboration with professional societies and medical associations is critical to ensure that
the identified biomarkers become part of standard care.

Lastly, the pathway to commercialization involves securing regulatory approval,
proving clinical utility, obtaining reimbursement, and integrating the biomarker into clinical
practice. Success in these areas depends on strong scientific evidence, collaboration with
regulatory bodies, and a clear value proposition to stakeholders across the healthcare
ecosystem. Through these efforts, biomarkers can ultimately improve patient care, inform
treatment decisions, and support precision medicine approaches.

In conclusion, although the data obtained should be considered still preliminary,
they are intriguing and could represent a starting point for future and promising studies,
especially with regard to miRNAs. Additional studies are needed to further define the role
of miRNAs in each type of acute liver disease and to translate them into clinical settings.
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