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Drug-induced liver injury (DILI) is a significant threat to patient health and a major concern during drug development. Recently, multiple 
circulating microRNAs (miRNAs) have been reported to be potential biomarkers for DILI. To adapt and validate miRNAs for clinical use, 
we investigated the time-course changes in miR-122 expression levels in an acetaminophen-induced liver injury model in rats. In addition, 
miR-155 and miR-21 were evaluated as makers of inflammation and regeneration, respectively, to characterize liver status. Our results 
revealed that miR-122 is an early and sensitive biomarker of hepatocellular injury at a stage when alanine transaminase, aspartate transaminase, 
and total bilirubin were not detectable. However, no significant differences in the expression levels of other miRNAs (miR-155 and -21) were 
observed between treatment and vehicle groups. Collectively, these time-course changes in the expression levels of miRNAs may be useful 
as markers for clinical decision-making, in the diagnosis and treatment of DILI.
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Introduction

Drug-induced liver injury (DILI) is a serious clinical problem 
and the leading cause of death from acute liver failure, 
accounting for approximately 13% of all cases of acute liver 
failure in the United States [10]. Furthermore, drug-induced 
hepatotoxicity is a major concern for post-marketing regulatory 
decisions, including drug withdrawal [20]. Although alanine 
transaminase (ALT) is a relatively sensitive biomarker of liver 
injury, it does not always correlate with adverse effects in the 
human liver [4].

MicroRNAs (miRNAs) are small noncoding RNAs that 
regulate gene expression by binding to mRNAs and interfering 
with the process of translation [2]. Two liver-enriched miRNAs 
(miR-122 and miR-192) are promising serum biomarkers of 
acetaminophen (N-acetyl-p-aminophenol; APAP)-induced 
acute liver injury in mice [24]. Furthermore, recent evidence 
suggests that miRNAs are potential biomarkers of acute liver 

injury in humans [3,22,26]. Recently, miR-155, a master 
regulator of inflammation, was shown to be up-regulated in infl
ammation-related diseases in mice [7]. miR-21 also regulates 
various genes involved in the cell cycle and DNA synthesis and 
is a potential biomarker of regeneration in the liver [13]. 
Hepatocellular injury, inflammation, and regeneration can 
differ between liver diseases of various etiologies, and these 
miRNAs must be validated to adapt them for clinical use. 

In acute overdose of APAP, N-acetyl-p-benzoquinone-imine, 
a toxic metabolite and highly reactive electrophile, is generated 
[24]. N-acetylcysteine (NAC) can be quickly converted into 
intracellular GSH in the body [5] and effectively prevent and 
reduce APAP-induced liver injury if administered within 8–10 
h of initial ingestion [11]. However, APAP overdose does not 
usually present immediate symptoms during the first 24 h of 
ingestion [24], and adverse reactions to NAC, such as vomiting, 
nausea, and anaphylactoid reaction, are common. Therefore, 
careful patient selection is essential, and early and sensitive 
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Fig. 1. Study design. Rats were treated with a single dose of 
acetaminophen (APAP; 1,000 mg/kg orally) or vehicle. 
Necropsy of animals in the vehicle group was performed 6 h after
dosing, whereas animals in the treatment group were 
individually sacrificed at 3, 6, 24, 48, or 72 h after dosing.

blood-based biomarkers for APAP overdose are urgently 
required. 

This study was conducted to evaluate changes in the 
time-course of expression levels of miRNAs in acute liver 
injury models. To adapt miRNAs as liver-specific biomarkers in 
humans, it is important to discriminate between transient 
damage/repair and progressive liver injury to determine 
whether serum miR-122 has clinical prognostic value over 
current biomarkers of APAP-induced liver injury. In addition, 
use of specific miRNA biomarkers (miR-122, -155, and -21) 
can enable evaluation of correlations in the expression and 
histopathology of liver cell damage, inflammation, and 
regeneration in the context of acute liver injury. To accomplish 
this, we examined the expression levels of miRNAs at multiple 
time points (0, 3, 6, 24, 48, and 72 h after dosing) in an 
APAP-induced liver injury model in rats. All plasma miRNA 
levels were examined by correlation with histopathology and 
other serum biomarkers (ALT, aspartate transaminase [AST], 
and total bilirubin) to validate the usefulness of miRNAs as 
serum biomarkers.

Materials and Methods

Animals
A total of 36 healthy, approximately 6-week-old, male 

Sprague-Dawley rats were supplied by Orient Bio (Korea) and 
acclimatized for 2 weeks before the start of the experiment. 
Animals were group housed (3–4 rats/cage) in polysulfone 
cages with a wire mesh roof under routine conditions of 
temperature, relative humidity, ventilation, and illumination. 
Rats were fed an autoclaved pellet diet (PMI certified Rodent 
LabDiet No. 5002; Land O’Lakes, USA) ad libitum with free 
and continuous access to drinking water. Prior to blood 
sampling and euthanasia, animals had access to water and were 
not fasted. The study protocol was reviewed and approved by 
the Animal Care and Use Committee of the Asan Medical 
Center (IACUC No. 2014-14-072).

Study design
The study design is depicted in Fig. 1. Prior to the start of 

treatment, rats were randomly allocated to the vehicle (one 
group of six rats) or APAP-dosed groups (five groups of six rats 
each). Rats were treated with a single dose of APAP (1,000 
mg/kg orally; Sigma, USA) or vehicle (0.5% carboxy 
methylcellulose; Sigma). The level of APAP was set at the 
maximum tolerated dose based on clear signs of toxicity with 
little or no lethality [1,21]. The injection volume for each 
treatment or vehicle was 10 mL/kg body weight. Clinical 
observations were performed daily, and body weight was 
recorded prior to dosing and euthanasia. Blood was collected 
from the caudal vena cava before necropsy, which was 
performed 6 h after dosing in the control group and 3, 6, 24, 48, 

or 72 h after dosing in the treatment group after individual and 
humane euthanasia.

Serum biomarkers
Serum ALT, AST, and total bilirubin levels were measured 

using an automated clinical chemistry analyzer (Hitachi 7180; 
Hitachi High-Technologies, Japan). 

miRNA isolation from plasma and reverse transcription
EDTA was added to blood as an anticoagulant, and plasma 

was collected after centrifugation. Total RNA (including small 
RNA) was prepared using a NucleoSpin miRNA kit 
(Macherey-Nagel, Germany). cDNA was synthesized from 
total RNA using a TaqMan MicroRNA Reverse Transcription 
Kit (Applied Biosystems, USA). Reverse transcription was 
carried out in a total volume of 15 L with reagents from the 
TaqMan MicroRNA RT Kit (Applied Biosystems). Briefly, 5 
L of purified total RNA was added to 7 L of master mix (3 L 
of 5× multiplex RT primer pool, 0.15 L of 100 mM 
deoxynucleotide triphosphates (dNTPs), 1 L of 50 U/L 
MultiScribe reverse transcriptase, 1.5 µL of 10× RT buffer, 0.19 
µL of RNase inhibitor, and 4.16 L of RNase-free water). The 
reaction was mixed and incubated on ice for 5 minutes after 
which it was subjected to 30 min at 16oC, 30 min at 42oC, and 
5 min at 85oC, followed by incubation at 4oC. 

Real-time quantitative reverse transcription PCR analysis of 
miR-122, -155, and -21

Real-time PCR assays of individual miRNAs were conducted 
in a total volume of 20 L [1 L of 20× TaqMan primer, 5 L of 
2× TaqMan Universal PCR Master Mix (Applied Biosystems), 
7.67 L of RNase-free water, and 1.33 L of diluted cDNA]. 
Real-time PCR was performed in duplicate on a 7900 HT Fast 
Real-Time PCR System (Applied Biosystems). U6 was used as 
a reference gene for normalization. The sequences of purchased 
miRNA probes were as follows: miR-122 (rno-miR-122-5p, rat, 
UGGAGUGUGACAAUGGUGUUUG, Applied Biosystems), miR- 
155 (rno-miR-155-5p, rat, UUAAUGCUAAUUGUGAUAGGGGU, 
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Fig. 2. Histological features of liver sections. APAP-treated rats 
exhibited minimal to moderate centrilobular single-cell necrosis
and/or apoptosis with inflammatory cell infiltration. (A) In the 6 
h group, the histology of the liver was normal. (B) In the 24 h 
group, minimal to slight centrilobular necrosis was observed. (C) 
In the 48 h group, moderate to marked centrilobular necrosis 
with inflammation were observed. (D) In the 72 h group, slight to
moderate centrilobular necrosis was observed. H&E stain. 200×
(A–D). Scale bars = 50 m. 

Fig. 3. Histopathological grading of the liver. In the 3 h and 6 h
groups, liver histology appeared normal. Centrilobular necrosis 
with inflammation was first observed in the 24 h group. The 
lesion grade increased in the 48 h group and decreased in the 72
h group. Error bars indicate standard error of the mean (SEM).

Applied Biosystems), miR-21 (rno-miR-21-5p, rat, 
UAGCUUAUCAGACUGAUGUUGA, Applied Biosystems). 
For each sample in all treatment groups, the fold change relative 
to the median vehicle sample was calculated using the comparative 
Ct method [15].

Pathology
Necropsy was performed on all animals, with macroscopic 

evaluation of the thoracic and abdominal cavity and tissues. 
After macroscopic examination, the excised liver was fixed in 
10% neutral buffered formalin. Two lobes (the left lateral lobe 
and the median lobe) were sectioned and washed with tap water 
for approximately 6 h to remove formaldehyde. Tissues were 
then dehydrated in graded ethanol and cleared in xylene using 
an Excelsior S tissue processor (Thermo Scientific, USA), after 
which they were embedded in paraffin blocks using an 
EG1150H paraffin embedding station (Leica, Germany). The 
paraffin blocks were cut into 4 m sections on an RM2255 
rotary microtome (Leica). 

Sections were mounted onto glass slides, and hematoxylin 
and eosin staining and coverslipping were performed on an 
Autostainer XL (Leica). Histological examination of livers was 
performed by an experienced pathologist. Centrilobular 
necrosis with inflammatory cell infiltration was graded as 
follows: 0, normal; 1, minimal; 2, slight; 3, moderate; 4, 
marked; and 5, severe.

Statistical analysis
Data are expressed as the means ± SEM. Significance 

differences between the APAP-dosed and vehicle groups were 
assessed by ANOVA and Dunnett’s post hoc test using 
GraphPad Prism (GraphPad Software, USA). Fold changes in 
biomarker expression levels are expressed versus the vehicle 
group. P values ＜ 0.05 were considered statistically significant.

Results

Histopathology of the liver
Rats were treated with a single dose of APAP (1,000 mg/kg 

orally) or vehicle and euthanized 3, 6, 24, 48, or 72 h later. The 
histopathological features of APAP-treated rats were minimal 
to moderate centrilobular single-cell necrosis and/or apoptosis 
with inflammatory cell infiltrations. Typical photomicrographs 
of liver histopathological sections are presented in Fig. 2, and 
histopathologic grading of the liver is shown in Fig. 3. In the 3 
h and 6 h groups, liver histology was normal and similar to that 
of the vehicle group. Minimal to slight centrilobular necrosis 
were initially observed in the 24 h group, and the lesions were 
most severe in the 48 h group. In the 72 h group, hepatocyte 
mitosis was frequently observed, with these lesions being less 
severe than in the 48 h group. These results indicate that 
histopathological changes in the liver and development of 
lesions were detectable at 24 h after APAP overdose, then 
diminished by 72 h. 

Time-course changes in plasma miR-122 expression with 
serum biochemistry 

Circulating miR-122 levels were measured along with ALT, 
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Fig. 5. Time-course changes in serum chemistry. Some alanine transaminase (ALT) and, aspartate transaminase (AST) levels were 
minimally elevated in the APAP-treated group relative to the vehicle group (ALT at 48 h; AST at 6 h); however, the magnitude of the
increase was small compared to the level in the vehicle group. Total bilirubin (TBIL) levels in the APAP-treated group were not 
significantly elevated, and TBIL levels were not toxicologically significant. Error bars indicate SEM. *p ＜ 0.05, **p ＜ 0.01. 

Fig. 4. Time-course changes in miR-122 expression. In the 
APAP-treated groups, miR-122 expression was higher than in the
vehicle group. The highest fold increase was observed in the 3 h
group, whereas in the 72 group, the miR-122 level was similar to
that in the vehicle group. Error bars indicate SEM.

AST, and total bilirubin levels (Fig. 4). Although histological 
evidence of necrosis was not present in the 3 h and 6 h groups, 
miR-122 levels were elevated (individual fold changes of 0–23) 
in these groups. Among the APAP-treated groups (3, 6, 24, 48, 
and 72 h), fold changes were highest in the 3 h group, and 
morphological changes were detected at later time points, 
suggesting that miR-122 is an early biomarker of hepatocellular 
injury. The fold change in miR-122 expression was slightly 
lower in the 72 h group, reaching a level similar to that in the 
vehicle group. These time-course changes in miR-122 
expression place limits on the usefulness of miR-122 as a 

marker of late-stage APAP-induced liver status. Overall, these 
data suggest that the expression profile of this miRNA signature 
could serve as a biomarker of APAP-induced liver injury.

Although miR-122 expression was clearly elevated in the 
treatment groups, ALT and AST levels remained normal or 
were only minimally elevated (Fig. 5). Although ALT and AST 
are routinely used to assess liver damage after APAP overdose, 
in this study ALT, AST and total bilirubin (TBIL) levels were 
not significantly higher in the treatment groups. 

Time-course of plasma miR-155 and miR-21 changes in rats 
with acute liver injury

In addition to miR-122, the expression levels of the 
inflammation marker miR-155 and the regeneration marker 
miR-21 were also examined (Fig. 6). Because APAP 
administration induces necrosis that can be accompanied by 
inflammation, we assessed the role of the inflammatory miRNA, 
miR-155. Histopathology revealed slight to moderate infiltration 
of centrilobular inflammatory cells in the 24 h, 48 h, and 72 h 
groups. In contrast, miR-155 levels in the treatment groups were 
similar to those of the vehicle group. At 72 h after APAP dosing, 
evidence of hepatocyte mitosis and regenerative hepatocytes 
were revealed by histology, but miR-21 levels had not changed 
significantly. These results indicate that miR-155 and miR-21 are 
not adequate markers of inflammation or regeneration in an 
APAP-induced hepatocellular injury model in rats.

Discussion

There is an urgent need to identify and validate biomarkers 
with improved sensitivity and hepatic specificity to assist in the 
clinical management of APAP overdose [3]. Because the time 
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Fig. 6. Time-course changes in miR-155 (A) and miR-21 (B) expression levels. miR-155 and miR-21 levels were similar between 
treatment and vehicle (veh) groups, with no significant changes observed. Error bars indicate SEM.

of ingestion is often not accurately known, and APAP blood 
levels usually peak during the first few hours after ingestion, a 
low serum APAP level does not rule out a high level of APAP 
exposure [24]. Delayed presentation time, staggered overdose, 
and a lack of sensitivity of current clinical chemistry parameters 
remain critical impediments to the treatment of APAP overdose 
[8,12]. In this study, various time points (3, 6, 24, 48, and 72 h) 
were assessed, and miRNA levels were validated and correlated 
with histopathological examination of the liver in all of these 
time points. We confirmed that miR-122 is an early and 
sensitive marker of hepatocellular injury at a stage when no 
significant elevation of ALT, AST, or TBIL is detectable. 
Furthermore, adaptation of miR-122 was observed in the 72 h 
group, and this time-course change in miRNA expression, 
along with histopathological findings in the liver, are useful for 
the detection of DILI. However, the expression levels of other 
miRNAs (miR-155 and -21) that reflect inflammation and 
regeneration of hepatocytes did not differ significantly between 
the treatment and vehicle groups.

miR-122 is a sensitive circulating biomarker of liver injury. In 
mice, miR-122 elevation precedes the detection of ALT [24]. In 
this study, the expression level of miR-122 initially increased at 
3 h and 6 h post-dosing, when histopathological changes were 
not detected. These results clearly demonstrate the usefulness 
of miR-122 as an early diagnostic marker of DILI. Because 
NAC can effectively reduce DILI within 8 to 10 h of the initial 
ingestion of APAP [11], the early predictive value of miR-122 
may aid in the diagnosis and treatment of DILI.

Although miR-122 was differentially expressed post exposure, 
ALT, AST, and TBIL levels did not change or increased only 
minimally, despite histological evidence of necrosis. We 
confirmed that the changes in plasma miRNA following 
hepatocellular injury were more dynamic than those for ALT. 

Therefore, miR-122 may serve as a sensitive and specific marker, 
whereas changes in ALT expression are more subtle.

The overall time-course magnitude of histopathology did not 
correspond to elevation of miR-122 expression levels. In the 72 
h group, the miR-122 level was similar to that in the vehicle 
group, although centrilobular necrosis with inflammation was 
observed by histology. The most severe grade of histopathology 
was observed in the 48 h group, with miR-122 peaking at 3 h. 
Therefore, small increases in miR-122 level do not always 
reflect the status of liver injury, indicating that the time of 
ingestion is important for the clinical diagnosis of DILI.

Moreover, the increases in miR-122 and ALT levels were 
lower than those reported in previous studies. Specifically, two 
previous reports measured miR-122 levels using a rat model of 
orally administered APAP 1,000 mg/kg, and fold changes of 
miR-122 in the 6 h group were about 5 and 50 [21,25]. In 
addition, ALT and AST levels showed maximum fold changes 
compared to the control of 1.9 and 1.6, respectively, which were 
smaller than the previously reported values (2.2 and 2.8, 
respectively) [21], but correlated with the magnitude of the 
increase in miR-122 level. 

Previous data showed that miR-155 levels increase in 
Kupffer cells after alcohol feeding, and that TNF is a target of 
miR-155 that promotes liver inflammation [14]. In addition, 
another study showed that increases in circulating miR-155 
levels are correlated with liver inflammation [7]. The extent of 
hepatocyte damage and inflammation can differ among liver 
diseases of various etiologies and may change over the course 
of chronic liver disease. In an effort to adapt the inflammation 
marker to the DILI model, we measured the levels of miR-155. 
No significant differences were observed between the treatment 
and control groups, although slight to moderate centrilobular 
inflammatory cell infiltration was observed in the 24 h and 48 h 
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groups. However, miR-155 is up-regulated in inflammation- 
related diseases such as cancer, autoimmune inflammation, and 
alcoholic liver disease [6,17,23]. To distinguish DILI from 
other diseases such as biliary abnormality, viral hepatitis, 
hemodynamic injury, and malignancy, additional studies are 
needed to adapt the miR-155 as a marker for clinical use. 

Various miRNAs regulate hepatocyte proliferation, and 
miR-21 regulates various genes involved in cell cycle and DNA 
synthesis [13]. Several studies have reported the induction of 
miR-21 during the first 24 h of liver regeneration following 
partial hepatectomy, making miR-21 the miRNA most 
consistently altered during the early stages of regeneration 
[9,16,19]. In this study, time-course changes in miR-21 
expression were not observed. Although massive hepatocyte 
regeneration occurred after partial hepatectomy in other 
studies, the magnitude of regeneration was low in our 
APAP-induced liver injury model. In this context, miR-21 was 
not sensitive enough to detect hepatocyte regeneration. In 
addition, a previous study reported inconsistent data regarding 
the role of miRNAs in liver regeneration [18]. Hence, further 
studies are needed to resolve this issue.

In summary, the time-course changes in miR-122 and serum 
chemistry marker expression indicate that this miRNA can be 
exploited as an accessible circulating biomarker of DILI, and 
that it could serve as an earlier and more dynamic marker than 
ALT. Because acute hepatic injury has many causes, including 
viral hepatitis and ischemic hepatic injury, accurate diagnosis of 
DILI is an important challenge for physicians. During clinical 
diagnosis and treatment, patients visit hospitals at various time 
points after DILI occurs, and some have ingested APAP at an 
unknown time or chronically. Hence, our work helps to 
establish a novel miRNA profile that could be used for 
prediction of time-dependent changes in miRNA.

In contrast, miR-155 and -21, which serve as markers of 
general inflammation and regeneration, respectively, did not 
change in our APAP-induced DILI models, even though 
inflammation and regeneration were revealed by histological 
analysis of the liver. Hence, to create miRNA profiles with 
clinical utility and prognostic value for DILI patients, 
additional studies are required to determine whether miR-122 
works alone or in combination with other miRNAs.
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