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Administration of high doses of acetaminophen (APAP) is known to cause drug-induced liver injury 
(DILI) in humans. Therefore, the detection or prediction of these side-effects at an early stage using appro-
priate biomarkers is the need of the hour. Micro RNA (miR)-122 is expected to be a novel biomarker for liver 
injury. However, more evidence is required in various alternate situations such as its use in combination as 
APAP is often used along with anticancer drugs. In the present study, we aimed to evaluate the functions of 
miR-122 as a biomarker for liver injury in comparison with alanine aminotransferase (ALT) in a mice model 
with the APAP-induced liver injury (AILI). Consequently, there was a dose-dependent increase in miR-122 
after administration of APAP intraperitoneally. Similar observations were made for ALT activity. Addition-
ally, the expression of miR-122 increased in a more rapid manner compared to ALT activity. However, there 
was a variation in the miR-122 expression. Further, we investigated the drug–drug interaction between 
APAP and 5-fluorouracil using miR-122 and ALT in mice. As a result, the degree of AILI was not changed 
by the use of 5-fluorouracil in combination with APAP in mice.
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Acetaminophen (APAP) belongs to the class of non-steroid 
anti-inflammatory drugs. Meanwhile, when high doses of 
APAP are administered, its metabolite, such as N-acetyl-p-
benzoquinoneimine, is well known to cause hepatotoxicity.1,2) 
Further, in the United States, it has been reported that over-
dose of APAP induced acute liver failure.3) Alanine amino-
transferase (ALT) has long been used as the gold standard for 
the detection of drug-induced liver injury (DILI). However, 
ALT was reported to be increased in conditions such as dia-
betes,4) myocardial infarction,5) or after exercise.6) Moreover, 
ALT gene expression was reported to be affected by peroxi-
some proliferator-activated receptor α (PPARα, its agonists 
used as lipid-lowering drugs).7) Therefore, the detection or 
prediction of the side effects of APAP at the early stages using 
appropriate biomarkers is urgently required.

Of all the microRNA (miR), miR-122 is the most abun-
dantly localized in and highly specific for the liver.8) In addi-
tion, it is reported to be rapidly released into the blood from 
the hepatocytes when the cells are injured and returns to 
normal levels soon after the cessation of treatment. Therefore, 
the miR-122 is considered to precisely reflect the conditions 
of acute liver injury (ALI).9,10) Taking this information into 
consideration, miR-122 is expected to be a novel biomarker 
for ALI. However, more evidence is required to use this bio-
marker in various situations such as combination use because 
APAP is often used along with anticancer drugs.

In palliative care, APAP is sometimes used as an analgesic 
in cancer patients taking 5-fluorouracil (5-FU) as chemo-

therapy. Similarly, it was reported that severe chronic hepatitis 
was induced by Tegafur, a prodrug of 5-FU, and Uracil.11) 
Therefore, it is suggested that a combination of APAP and 
5-FU could increase the frequency or severity of the DILI by 
drug–drug interaction. However, this drug–drug interaction 
between APAP and 5-FU has not yet been clarified.

In this study, we aimed to evaluate the usability of miR-122 
as a biomarker for ALI in the APAP-induced liver injury 
(AILI) mice model in comparison with ALT.12) Further, we in-
vestigated the drug–drug interaction between APAP and 5-FU 
using miR-122 and ALT in mice.

MATERIALS AND METHODS

Chemicals  Pharmaceutical grade APAP and 5-FU were 
provided by Towa Pharmaceutical Co., Ltd. (Osaka, Japan).

Cells  HepG2 cells were cultured in Dulbecco’s modi-
fied Eagle’s medium (Wako Pure Chemical Industries, Ltd., 
Osaka, Japan) containing 10% fetal bovine serum (Bovogen 
Biologicals Pty. Ltd., Victoria, Australia) and 1% penicillin–
streptomycin-L-glutamine solution (100×, Wako Pure Chemi-
cal Industries, Ltd.) at 37°C under 5% CO2.

Cytotoxicity  HepG2 cells were seeded in 24 well plates 
with a density of 8.34×104 cells/cm2 and cultured. After 24 h, 
the following drugs were added to the HepG2 cells respec-
tively; 5-FU (10 µM), APAP (20 mM), and a combination of 
5-FU (10 µM) and APAP (20 mM). After 24 h, the media were 
removed and the cellular viability was analyzed using Cell 
Counting Kit-8 (Dojindo Laboratories, Kumamoto, Japan).

Animals  C57BL/6 male mice (8 weeks old) were pur-
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chased from CLEA Japan, Inc. (Tokyo, Japan). All the animal 
experiments were carried out in accordance with the Guide 
for Animal Experimentation of Nagasaki University (approval 
number: 1706011381-2). These mice were fasted for 20 h before 
administration of APAP and/or 5-FU.

Drug Administration and Blood Sampling  APAP 
and/or 5-FU were administrated intraperitoneally to the mice. 
Blood were collected via the tail vein immediately before and 
after administration. To prepare serum for ALT measurement, 
the blood were centrifuged at 5000×g for 10 min at 25°C. To 
obtain plasma samples for miR-122 measurement, the blood 
were centrifuged at 1200×g for 15 min at 4°C after adding 
ethylenediaminetetraacetic acid (EDTA).

Evaluation of ALT Levels in Serum  The ALT activity in 
the serum was measured by colorimetric method as previously 
described.13)

Measurement of miR-122 Expression in Plasma  The 
total miRs in plasma were extracted using the miRNeasy® 
serum/plasma kit (QIAGEN, Hilden, Germany). The extracted 
total miRs were applied to RT-PCR and miR-122 expression 
levels were measured by the ΔΔCt method.

Statistical Analysis  Significant differences between 
the groups were determined by ANOVA and Tukey’s test. 
Pearson’s correlation coefficient was used to calculate the 

correlation coefficient. p<0.05 was considered statistically 
significant.

RESULTS

Evaluation of ALT and miR-122 at 3 h after an Adminis-
tration of APAP  ALT activity and miR-122 expression were 
measured at 3 h after administering 100, 200, or 300 mg/kg 
of APAP. In Fig. 1B, miR-122 expression reached a plateau at 
200 mg/kg APAP, which was similar to the behavior shown by 
ALT (Fig. 1A), although miR-122 expression showed greater 
variation. In addition, the coefficient of correlation between 
ALT and miR-122 was found to be 0.89 (p<0.001) (Fig. 1C).

Time–Course Profiles of ALT Activity and miR-122 
Expression after an Administration of APAP  The ALT 
activity and miR-122 expression were measured at 0, 3, 6, 
and 24 h after administration of 300 mg/kg APAP. ALT activ-
ity increased until 6 h after administration and then gradually 
decreased (Fig. 2A). On the other hand, miR-122 expression 
reached a peak at 3 h after administration and decreased rap-
idly to 1 to 0.1% of the peak until 24 h (Fig. 2B). The miR-122 
expression varied greatly compared to ALT activity (Fig. 2).

Evaluation of Cellular Damage by a Combination of 
APAP and 5-FU  The cellular viability of HepG2 was evalu-

Fig. 1. Results of the ALT Activity (A) and miR-122 Expression (B) at 3 h after Administration of APAP (100, 200, or 300 mg/kg) (n=3) and the Cor-
relation between the ALT Activity and miR-122 Expression Evaluated by Pearson’s Correlation Coefficient (n=12) (C)

The data is represented as the mean±standard deviation. ** p<0.01, Tukey’s test following ANOVA.

Fig. 2. Time–Course Profiles of ALT Activity (n=3) (A) and miR-122 Expression (n=3) (B) after Administration of 300 mg/kg APAP
The data is represented as the mean±standard deviation.
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ated at 24 h after addition of APAP (20 mM), 5-FU (10 µM), or a 
combination of APAP (20 mM) and 5-FU (10 µM). In Fig. 3, the 
cellular viability after addition of 5-FU was similar to that of 
the control group. In contrast, the cellular viability after addi-
tion of APAP decreased to 55.3%. In the combination group, 
the cellular viability decreased to 45.1% and was significantly 
lower in comparison with the APAP group (p<0.05).

Effect of Combination Use of APAP and 5-FU on the 
DILI in Mice  To evaluate the effect of APAP and 5-FU in 
combination on the DILI, the ALT activity and miR-122 ex-
pression were measured after administration of APAP, 5-FU, 
and APAP combined with 5-FU. Resultantly, both, the ALT 
activity and miR-122 expression in the combination group 

were not different from those in the APAP group (p>0.05) 
(Fig. 4).

DISCUSSION

The miR-122 is expected to be a novel biomarker for AILI, 
however, little has been reported about whether the miR-122 
is applicable in the detection of AILI. In this study, we com-
pared miR-122 with ALT activity, in an AILI mice model.

First, ALT activity and miR-122 expression in the mice 
were measured at 3 h after administration of APAP (100, 
200, or 300 mg/kg). Consequently, ALT activity increased in 
a dose-dependent manner after administration of APAP (Fig. 
1A). In addition, the expression of miR-122 was similar to that 
of ALT (Fig. 1B). Furthermore, the correlation coefficient be-
tween ALT and miR-122 was found to be 0.89 (p<0.001) (Fig. 
1C). Su et al. reported that the both, the serum miR-122 and 
ALT showed a dose-dependent increase after oral administra-
tion of APAP in Sprague-Dawley rats.14) Our findings corrobo-
rate the same. Therefore, miR-122 can detect AILI as well as 
ALT activity.

Secondly, the time-course profiles of ALT and miR-122 
at 0, 3, 6, and 24 h after administration of 300 mg/kg APAP 
were evaluated to clarify the characteristics of ALT and 
miR-122 in detail. In Fig. 2A, ALT activity reached a peak 
at 6 h after administration and decreased to about 80% after 
24 h. Meanwhile, expression of miR-122 increased within 3 h 
and decreased rapidly to about 1 to 0.1% of the peak until 
24 h. Su et al.14) and Park et al.15) revealed that the expres-
sion of miR-122 increased in a more rapid manner compared 
to ALT activity in rats when APAP was administered orally, 
which corresponds to our results. However, large variations in 
the expression of miR-122 were observed (Figs. 1B, 2). These 
findings suggest that miR-122 reflects the conditions of ALI 
more sensitively than ALT, though not as precisely when used 
alone. Taking these findings into consideration, we can sug-
gest that miR-122 can be used as a complementary biomarker 
for the detection of AILI.

In palliative care, APAP is sometimes used along with 

Fig. 3. Results of the Cellular Viability of HepG2 at 24 h after Admin-
istration of the Following Drugs; Control, 10 µM FU, 20 mM APAP, and 
20 mM APAP Combined with 10 µM FU

The data is represented as the mean±standard deviation (n=3). * p<0.05; 
** p<0.01, Tukey’s test following ANOVA.

Fig. 4. ALT Activity (n=5) (A) and miR-122 Expressions (B) (n=6 to 10) at 3 h after Administration of the Following Drugs; Vehicle, 30 mg/kg FU, 
300 mg/kg APAP, and 30 mg/kg FU Combined with 300 mg/kg APAP

Data is represented as the mean±standard deviation. ** p<0.01, Tukey’s test following ANOVA.
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5-FU. Both the drugs are known to cause DILIs. Therefore, it 
is of much concern that the risk for the DILI increases by the 
concomitant use of APAP and 5-FU. However, the drug–drug 
interaction between the drugs has not yet been clarified. In the 
present study, the drug–drug interaction between APAP and 
5-FU was investigated in vitro and in vivo. Firstly, the cellular 
viabilities of HepG2 were evaluated after addition of APAP, 
5-FU, or a combination of both. In Fig. 3, the cellular viability 
of the 5-FU group was observed to be equivalent to that of 
the control group. On the other hand, the cellular viability de-
creased to 55.3% in APAP group. In addition, the viability of 
the combination group was significantly lower than that of the 
APAP group. These results may indicate that a combined use 
of APAP and 5-FU increases the risk of DILIs.

To assess the drug–drug interaction between APAP and 
5-FU in vivo, the levels of ALT and miR-122 were measured 
after administration of the following drugs in mice; APAP, 
5-FU, and a combination of both. Consequently, neither the 
ALT nor miR-122 in the combination group was different 
compared to the APAP group (Fig. 4). It is estimated that 
the combined use of 5-FU with APAP does not exacerbate 
the AILI in mice at the present dose. Further investigation is 
required to clarify the details of the drug–drug interaction. 
Meanwhile, the levels of miR-122 in 5-FU group increased at 
3 h after administration although the levels of ALT were not 
different from that of the control group. The difference of sen-
sitivity between miR-122 and ALT after 3 h corresponds with 
Fig. 2. We estimated that miR-122 could be used to detect 
early stages of ALI in a more rapid and sensitive manner than 
ALT. However, the relation between the levels of miR-122 
expression and the onset or degree of the ALI is not clear. 
Therefore, it may be necessary to define the criterion value of 
miR-122 to determine the ALI in future studies.

CONCLUSION

We aimed to evaluate the function of the miR-122 as a 
biomarker for the detection of ALI in an AILI mice model in 
comparison with ALT. Our results suggest that miR-122 is ap-
plicable as a complementary biomarker to detect AILI.

Additionally, we investigated the drug–drug interaction 
between APAP and 5-FU using miR-122 and ALT. Although 
further investigation is needed to clarify the detailed drug–
drug interaction, the levels of ALT and miR-122 induced by 
APAP were not changed when combined with 5-FU in mice, 
suggesting there is little interaction at these doses. To utilize 
miR-122 as a biomarker for the detection of ALI, further in-
vestigation of the same is necessary.

Acknowledgments We appreciate Towa Pharmaceutical 
Co., Ltd. (Osaka, Japan) for the donation of the pharmaceuti-
cal grade APAP and 5-FU. This study was partly supported 
by JSPS KAKENHI Grant Number JP17H00481.

Conflict of Interest Hatsune Enomoto and Hidehisa 
Tachiki are associated with Towa Pharmaceutical Co., Ltd., as 
employees. The other authors declare no conflict of interest.

REFERENCES

 1) McGill MR, Jaeschke H. Metabolism and disposition of acetamino-
phen: recent advances in relation to hepatotoxicity and diagnosis. 
Pharm. Res., 30, 2174–2187 (2013).

 2) Harman AW, Kyle ME, Serroni A, Farber JL. The killing of cul-
tured hepatocytes by N-acetyl-p-benzoquinone imine (NAPQI) as a 
model of the cytotoxicity of acetaminophen. Biochem. Pharmacol., 
41, 1111–1117 (1991).

 3) Larson AM, Polson J, Fontana RJ, Davern TJ, Lalani E, Hynan LS, 
Reisch JS, Schiødt FV, Ostapowicz G, Shakil AO, Lee WM. Acet-
aminophen-induced acute liver failure: Results of a United States 
multicenter, prospective study. Hepatology, 42, 1364–1372 (2005).

 4) Sattar N, Scherbakova O, Ford I, O’Reilly DS, Stanley A, Forrest E, 
Macfarlane PW, Packard CJ, Cobbe SM, Shepherd J. Elevated ala-
nine aminotransferase predicts new-onset type 2 diabetes indepen-
dently of classical risk factors, metabolic syndrome, and C-reactive 
protein in the west of Scotland coronary prevention study. Diabetes, 
53, 2855–2860 (2004).

 5) Ladue JS, Wroblewski F. The significance of the serum glutamic 
oxalacetic transaminase activity following acute myocardial infarc-
tion. Circulation, 11, 871–877 (1955).

 6) Pettersson J, Hindorf U, Persson P, Bengtsson T, Malmqvist U, 
Werkström V, Ekelund M. Muscular exercise can cause highly path-
ological liver function tests in healthy men. Br. J. Clin. Pharmacol., 
65, 253–259 (2008).

 7) Thulin P, Rafter I, Stockling K, Tomkiewicz C, Norjavaara E, Ag-
gerbeck M, Hellmold H, Ehrenborg E, Andersson U, Cotgreave I, 
Glinghammar B. PPARalpha regulates the hepatotoxic biomarker 
alanine aminotransferase (ALT1) gene expression in human hepato-
cytes. Toxicol. Appl. Pharmacol., 231, 1–9 (2008).

 8) Lagos-Quintana M, Rauhut R, Yalcin A, Meyer J, Lendeckel W, 
Tuschl T. Identification of tissue-specific microRNAs from mouse. 
Curr. Biol., 12, 735–739 (2002).

 9) Wang K, Zhang S, Marzolf B, Troisch P, Brightman A, Hu Z, 
Hood LE, Galas DJ. Circulating microRNAs, potential biomarkers 
for drug-induced liver injury. Proc.  Natl.  Acad.  Sci.  U.S.A., 106, 
4402–4407 (2009).

10) Antoine DJ, Dear JW, Lewis PS, Platt V, Coyle J, Masson M, 
Thanacoody RH, Gray AJ, Webb DJ, Moggs JG, Bateman DN, 
Goldring CE, Park BK. Mechanistic biomarkers provide early and 
sensitive detection of acetaminophen-induced acute liver injury at 
first presentation to hospital. Hepatology, 58, 777–787 (2013).

11) Kobayashi F, Ikeda T, Sakamoto N, Kurosaki M, Tozuka S, Saka-
moto S, Fukuma T, Marumo F, Sato C. Severe chronic active hepa-
titis induced by UFT® containing tegafur and uracil. Dig. Dis. Sci., 
40, 2434–2437 (1995).

12) Aubrecht J, Schomaker SJ, Amacher DE. Emerging hepatotoxicity 
biomarkers and their potential to improve understanding and man-
agement of drug-induced liver injury. Genome Med, 5, 85 (2013).

13) Nishimura K, Fumoto S, Fuchigami Y, Hagimori M, Maruyama 
K, Kawakami S. Effective intraperitoneal gene transfection system 
using nanobubbles and ultrasound irradiation. Drug Deliv., 24, 
737–744 (2017).

14) Su YW, Chen X, Jiang ZZ, Wang T, Wang C, Zhang Y, Wen J, 
Xue M, Zhu D, Zhang Y, Su YJ, Xing TY, Zhang CY, Zhang LY. 
A panel of serum microRNAs as specific biomarkers for diagnosis 
of compound- and herb-induced liver injury in rats. PLOS ONE, 7, 
e37395 (2012).

15) Park HK, Jo W, Choi HJ, Jang S, Ryu JE, Lee HJ, Lee H, Kim H, 
Yu ES, Son WC. Time-course changes in the expression levels of 
miR-122, -155, and -21 as markers of liver cell damage, inflamma-
tion, and regeneration in acetaminophen-induced liver injury in rats. 
J. Vet. Sci., 17, 45–51 (2016).

http://dx.doi.org/10.1007/s11095-013-1007-6
http://dx.doi.org/10.1007/s11095-013-1007-6
http://dx.doi.org/10.1007/s11095-013-1007-6
http://dx.doi.org/10.1016/0006-2952(91)90648-O
http://dx.doi.org/10.1016/0006-2952(91)90648-O
http://dx.doi.org/10.1016/0006-2952(91)90648-O
http://dx.doi.org/10.1016/0006-2952(91)90648-O
http://dx.doi.org/10.1002/hep.20948
http://dx.doi.org/10.1002/hep.20948
http://dx.doi.org/10.1002/hep.20948
http://dx.doi.org/10.1002/hep.20948
http://dx.doi.org/10.2337/diabetes.53.11.2855
http://dx.doi.org/10.2337/diabetes.53.11.2855
http://dx.doi.org/10.2337/diabetes.53.11.2855
http://dx.doi.org/10.2337/diabetes.53.11.2855
http://dx.doi.org/10.2337/diabetes.53.11.2855
http://dx.doi.org/10.2337/diabetes.53.11.2855
http://dx.doi.org/10.1161/01.CIR.11.6.871
http://dx.doi.org/10.1161/01.CIR.11.6.871
http://dx.doi.org/10.1161/01.CIR.11.6.871
http://dx.doi.org/10.1111/j.1365-2125.2007.03001.x
http://dx.doi.org/10.1111/j.1365-2125.2007.03001.x
http://dx.doi.org/10.1111/j.1365-2125.2007.03001.x
http://dx.doi.org/10.1111/j.1365-2125.2007.03001.x
http://dx.doi.org/10.1016/j.taap.2008.03.007
http://dx.doi.org/10.1016/j.taap.2008.03.007
http://dx.doi.org/10.1016/j.taap.2008.03.007
http://dx.doi.org/10.1016/j.taap.2008.03.007
http://dx.doi.org/10.1016/j.taap.2008.03.007
http://dx.doi.org/10.1016/S0960-9822(02)00809-6
http://dx.doi.org/10.1016/S0960-9822(02)00809-6
http://dx.doi.org/10.1016/S0960-9822(02)00809-6
http://dx.doi.org/10.1073/pnas.0813371106
http://dx.doi.org/10.1073/pnas.0813371106
http://dx.doi.org/10.1073/pnas.0813371106
http://dx.doi.org/10.1073/pnas.0813371106
http://dx.doi.org/10.1002/hep.26294
http://dx.doi.org/10.1002/hep.26294
http://dx.doi.org/10.1002/hep.26294
http://dx.doi.org/10.1002/hep.26294
http://dx.doi.org/10.1002/hep.26294
http://dx.doi.org/10.1007/BF02063250
http://dx.doi.org/10.1007/BF02063250
http://dx.doi.org/10.1007/BF02063250
http://dx.doi.org/10.1007/BF02063250
http://dx.doi.org/10.1186/gm489
http://dx.doi.org/10.1186/gm489
http://dx.doi.org/10.1186/gm489
http://dx.doi.org/10.1080/10717544.2017.1319433
http://dx.doi.org/10.1080/10717544.2017.1319433
http://dx.doi.org/10.1080/10717544.2017.1319433
http://dx.doi.org/10.1080/10717544.2017.1319433
http://dx.doi.org/10.1371/journal.pone.0037395
http://dx.doi.org/10.1371/journal.pone.0037395
http://dx.doi.org/10.1371/journal.pone.0037395
http://dx.doi.org/10.1371/journal.pone.0037395
http://dx.doi.org/10.1371/journal.pone.0037395
http://dx.doi.org/10.4142/jvs.2016.17.1.45
http://dx.doi.org/10.4142/jvs.2016.17.1.45
http://dx.doi.org/10.4142/jvs.2016.17.1.45
http://dx.doi.org/10.4142/jvs.2016.17.1.45
http://dx.doi.org/10.4142/jvs.2016.17.1.45

