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Abstract

Valproic acid (VPA) is a commonly used drug for treating epilepsy and other neurological and psychiatric disorders. Drug-

induced liver injury (DILI) caused by VPA has been reported in several studies. MicroRNAs (miRNAs) are recognized as potent

regulators involved in many biological processes and are currently considered promising biomarkers for detecting DILI. The

aim of the present study was to evaluate the expression levels of two hepato-specific microRNAs, miR-122 and miR-155, in

hepatocytes exposed to VPA. This study was conducted using HepG2 cell lines treated with different concentrations of VPA for 24,

48, 72, 96, and 120 hours. The results showed that exposure to VPA significantly elevated the transcription levels of both tested

miRNAs in HepG2 cell lines after 24 hours. However, prolonged exposure down-regulated the expression levels of these miRNAs,

possibly due to VPA-induced cell death. We suggest that the significant decrease in miRNA expression in treated cells is

correlated with VPA-induced apoptosis, followed by enhanced cell death after 120 hours of VPA exposure. Our findings imply

that miR-122 and miR-155 play an important role in valproic acid detoxification and have prognostic or therapeutic implications.
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1. Background

The liver is the largest and one of the most crucial

organs in the human body, serving as the site for

necessary chemical reactions. Its role in detoxifying

toxic substances and synthesizing valuable

biomolecules is significant. Consequently, any liver

injury leads to severe consequences (1). These injuries

are caused by factors such as viral hepatitis, hereditary
metabolic diseases, alcohol consumption, and chemical

components. Chemicals that cause liver damage are

called hepatotoxins (2). Excessive use of some drugs,

including natural or chemical compounds (3), herbal

medicines, and food supplements (4), can also be
classified as hepatotoxins. Liver toxicity may be

observed even when taking some drugs within the

prescribed therapeutic dose range (4).

Drug-induced liver injury (DILI) is one of the frequent

differential diagnoses in patients with severe liver

damage of unknown origin. According to available
reports, some drugs cause liver damage in many cases,

and most of these drugs have known clinical symptoms

when they damage the liver (5).

Valproic acid (2-propylpentanoic acid, VPA) is a small
synthetic chemical compound known as the first-line

and most widely used antiepileptic agent for the past 40
years (6). However, it is currently also prescribed for the

treatment of other diseases such as generalized seizures

in adults and children (7), bipolar disorder, migraine,

cancer, multiple sclerosis, and Alzheimer's disease (8).

Clinical studies have reported obesity and fatty liver
disease in about 40% of patients who received VPA (9).

The World Health Organization (WHO) has reported

valproic acid as the third most common drug inducing

liver death (10). The mechanism of liver injury is not

fully known, but it may be related to interference with
mitochondrial fatty acid β-oxidation (11).

miR-122 is a liver tissue-specific miRNA present in
high amounts (about 70% of the total liver miRNA

population). This specific microRNA is not visible in
other tissues and plays an essential role in the growth

and development of the liver, as well as in liver diseases

(12). It has been determined that the expression levels of
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miR-122 in the liver and the amount released into the

circulation are affected by various types of stress to the

liver, including hepatotoxicity, viral hepatitis, and
cancer. Accordingly, miR-122 can be considered a

biomarker of DILI (13).

In addition to miR-122, miR-155 also regulates various

liver diseases, including liver damage, steatosis, and

fibrosis (14). Although the mechanism of action of miR-

155 has not yet been determined, the increased levels of

miR-155 in serum and plasma in patients with liver

damage caused by alcohol and inflammation indicate

that miR-155 plays a role in liver damage (15).

Overall, expression changes of miR-122 and miR-155

can be used as sensitive biomarkers for DILI.

2. Objectives

In the present study, the hepatotoxic effect of

valproic acid on the HepG2 liver cell line was measured

by cytotoxicity tests and by evaluating the changes in

the expression of miR-122 and miR-155.

3. Methods

All methods performed in this study were designed

according to the guidelines and regulations of the

American Type Culture Collection (ATCC)
(https://www.atcc.org/ ). All experiments were conducted

after receiving ethical approval from the research ethics
committee of Ahvaz Jundishapur University of Medical

Sciences (ethical code: IR.AJUMS.REC.1399.670). We did

not deal directly with patients, and the cells used in this

study were purchased from the Iranian Biological

Resource Center (IBRC) (http://en.ibrc.ir/ ).

3.1. Chemicals

Valproic acid (Batch No: 98SV021) was obtained from

Rouz Darou Co. (Tehran, Iran). 3-(4,5-dimethylthiazol-2-

yl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) (lot #

MKCK7253V) was purchased from Sigma. Dimethyl

sulfoxide (DMSO) was purchased from Sinaclon Co.

Trypan Blue (0.4%) was obtained from Bio-Idea (Tehran,

Iran). Dulbecco's modified eagle medium/nutrient

mixture F-12 (DMEM-F12) was purchased from Bio-Idea

(Tehran, Iran) (Batch: 03831). Fetal bovine serum (FBS)

was purchased from Bio-Idea (Tehran, Iran) (Batch:

02921). Trypsin-EDTA 0.25% (1×) was purchased from Bio-

Idea (Tehran, Iran) (BI-1610). Penicillin-streptomycin

(100X) (REF:10-PS1-100) was obtained from Vivacell Kit.

First Strand cDNA synthesis kits were obtained from

Sinaclon Co. (Cat No: RT5201). All primers were

purchased from the Stem Cell Technology Research

Centre (Bonyakhteh Co., Tehran, Iran). YTA Super SYBR

Green qPCR MasterMix 2X (lot No: S057) and YTA Passive

Reference Dye 40 ul-50X (lot: SLBV2296) were obtained
from Yekta Tajhiz Azma Co. (Tehran, Iran).

3.2. Cell Culture

The HepG2 cells were purchased from the Stem Cell

Technology Research Center and grown in 25 cm²

culture flasks in a CO2 incubator. The cells were

maintained in DMEM-F12 supplemented with 10% heat-
inactivated fetal bovine serum and 1%

penicillin/streptomycin. The entire process was
performed under aseptic conditions. Cells were

incubated at 37°C with 95% air and 5% CO2. The medium

was renewed every 2 - 3 days, and cells were passaged

when they reached 60% confluence. For subculturing,

cells were detached by treatment with 0.25%

trypsin/0.02% EDTA at 37°C. Cell suspensions were

aspirated and then centrifuged at 1000 rpm for 5

minutes. They were then counted using a

hemocytometer and a 0.4% Trypan Blue solution for

seeding in experimental plates.

3.3. Valproic Acid (Sodium Valproate) Treatment and MTT
Assay

To evaluate the effect of VPA on HepG2 cells,

therapeutic doses ranging from 500 mg to 2000 mg

were used. According to previous studies, 250 mg of

consumed VPA induced a serum concentration of 54.6

µg/mL (0.34 mM) (16). Hence, the application of VPA in

the range of 500 to 2000 mg is equivalent to 0.68 mM

and 2.72 mM in serum, respectively. Referring to

previous studies (17, 18), we examined VPA at

concentrations of 0.7, 1.5, and 3 mM. VPA stock was

prepared by dissolving the VPA powder in serum-free

DMEM-F12. All compounds were sterilized by filtration.

HepG2 cells were seeded into a 96-well plate at a

density of 104 cells per well and incubated for 24 hours

in a 5% CO2 incubator at 37°C. Cells were allowed to reach

exponential growth. Then, the medium was removed,
and 100 µL of medium containing different

concentrations of VPA (0, 0.7, 1.5, and 3 mM) was added
to the wells. Each concentration was assessed in three

replicate wells and at five-time points, including 24 h, 48

h, 72 h, 96 h, and 120 h. The results were reported as
percent toxicity versus control, with non-treated cells

taken as 0% toxicity.

At each time point, cells were incubated with 10 µL of

5 mg/mL MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide) dissolved in serum-free
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medium at 37°C within a humidified 5% CO2 atmosphere

for 3 hours. Cells with metabolic activity cleaved the

yellow tetrazolium salt to a purple formazan dye.

Subsequently, the medium was removed after 3 hours,
and formazan crystals were dissolved in 100 µL of DMSO

with 25 minutes of stirring. Absorbance was determined
using a microplate reader at 570/630 nm. The

percentage of viable cells was calculated using the

following formula:

3.4. RNA Extraction and Gene Expression

3.4.1. Cell Treatments and RNA Extraction

Cell suspensions were seeded in a 6-well plate at a

density of 7 × 105 cells per well and incubated in a 37°C
incubator with 5% CO2. After 48 hours, the culture media

in the wells were discarded, and culture media

containing the drug were added. Different

concentrations of VPA (0, 0.7, 1.5, and 3 mM) were tested

in two replicate wells. Afterward, treated cells were

harvested using trypsinization, and total RNA was

extracted with the Jena Bioscience Kit (Cat No: PP-210S)

according to the manufacturer’s instructions. The

quality and integrity of the extracted RNA were precisely

measured by spectrophotometry at 260 and 280 nm.

3.4.2. cDNA Synthesise and microRNA Expression Analysis
Using Real-time PCR

To study miRNA expression, we adapted the stem-

loop RT-PCR method (19). Ten µL of total RNA was reverse

transcribed into cDNA using 1 µL specific RT primers

(miR-122, miR-155, and U6 specific stem-loop
(Lot#004RT)) and a cDNA Synthesis Kit on a Thermo

Cycler according to the manufacturer’s protocol. The

cycling conditions for the RT reaction were as follows:

25°C for 5 min, 42°C for 60 min, 85°C for 5 min, and 4°C

for 1 min. The levels of miR-122 and miR-155 were
measured using real-time PCR. The cDNA was amplified

using SYBR Green Master Mix qPCR. Quantitative PCR

was performed with the ABI Step OnePlus™ system

(Applied Biosystems). U6 small nuclear RNA (snRNA)

was used as the miRNA internal control. The PCR
reaction included 2 µL cDNA, 1 µL forward primers (miR-

122, miR-155, U6 (Lot#004FP)), 1 µL universal reverse

primer (Lot#0104BR), and 5 µL SYBR select master mix.

The PCR cycling conditions were as follows: 50°C for 1

min, followed by 40 cycles of 95°C for 15 sec and 60°C for

1 min. Relative miRNA production was calculated using

the 2-∆∆Ct method (20), where Ct is the quantification

cycle. All reactions were run in duplicate, and changes in

gene expression were determined by normalizing to U6

snRNA levels.

3.5. Statistical Analysis

Data were analyzed by two-way ANOVA, and the

results were presented as mean ± SEM of three separate

experiments. Differences between groups were assessed

using the Bonferroni correction. Statistical analysis was

performed using GraphPad Prism 9.2 software, and P <

0.05 was considered statistically significant. P < 0.05, P <

0.01, P < 0.0001.

Data from the real-time PCR assay were used to

compute the normalized ratio of microRNA levels in the

treated HepG2 cells relative to the control at respective

time points. The calculations were performed with

REST©2009 software (21).

4. Results

4.1. Effect of the VPA on the Viability of HepG2 Cells

In this study, HepG2 cells were exposed to different

concentrations of VPA (0.7, 1.5, and 3 mM) at five

incubation time points (24, 48, 72, 96, and 120 h), and

cell viability was assessed using the MTT test. As shown

in Figure 1, there was a statistically significant difference

between the treated groups (0.7, 1.5, and 3 mM) and the

control group, with VPA ranging from 0.7 to 3 mM

inducing cell death in a dose-dependent manner (P <

0.0001). Treatment of HepG2 cells with 3 mM VPA after

120 h caused a significant reduction in cell viability

(58.17 ± 3.62% to control, P < 0.0001). However, cell

viability was slightly higher than the control at 0.7 mM

and 1.5 mM doses (68.63 ± 3.62% and 67.21 ± 3.62%,

respectively, P < 0.01 for both). Furthermore, the

application of VPA at various incubation time points (24,

48, 72, 96, and 120 h) was significant (P < 0.049). Based

on the resulting data, subsequent experiments were
conducted at the best time points, including 24 h as the

baseline time and 120 h as the most growth-inhibitory

incubation time (P < 0.01).

4.2. miR-122/-155 Expression Using qPCR

To evaluate the impact of VPA on miR-122 and miR-155

expression in HepG2 cells, qPCR was used. The HepG2
cells were exposed to 0.7, 1.5, and 3 mM VPA for 24 h and

120 h, with untreated cells serving as the control group.

× 100%
(A570 

)sample

(A570)control
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Figure 1. Effect of different valproic acid (VPA) concentrations on the HepG2 cells viability assessed by MTT after 120 h treatment. The data was shown as a percentage of treated
samples compared to the control. ** P < 0.01, *** P < 0.0001.

RNA isolation and qPCR were performed as described

above. The qPCR results (Table 1) showed that exposure

to VPA significantly increased the transcription levels of

miR-122 and miR-155 at 24 h. Conversely, the expression

of both miRNAs was down-regulated after 120 h (P <

0.01) (Figure 2).

As shown in Figure 2A and C, the expression levels of

miR-122 and miR-155 increased significantly over 24 h,

with a significant difference observed in cells treated

with 0.7 mM VPA compared to control groups (P < 0.01).

Conversely, a remarkable down-regulation of both miR-

122 and miR-155 was observed after 120 h (Figure 2B and

D). Notably, when comparing transcription levels of

both miRNAs over the treatment period, the highest fold

change was observed for miR-122, except for 1.5 mM at 24

h and 0.7 mM at 120 h, where miR-155 levels were

marginally higher than those of miR-122.

5. Discussion

Due to the serious liver-related morbidity and

mortality caused by DILI, it is recognized as a significant

health issue worldwide (22). The hepatotoxicity induced

by VPA has been addressed in several previous studies

(23-26). miRNAs are small endogenous RNAs that

regulate numerous physiological and pathological

processes by controlling gene expression at the post-

transcriptional level (27). Recently, miRNAs have

emerged as potential biomarkers for diagnosing human

DILI (28). Among miRNAs expressed by hepatocytes,

miR-122 is the most enriched (70%) in the adult liver (29),

and along with miR-155, it targets different genes

involved in liver injury (30).

To investigate the effect of VPA on the expression of

both miR-122 and miR-155, we conducted an experiment

using the HepG2 cells in an in vitro model at different

time points and VPA concentrations. We found that

exposure to VPA in HepG2 cells induced cell death in a

time- and dose-dependent manner. Previous studies

have also shown that VPA-induced liver injury is

dependent on dose and time (31, 32). Komulainen et al.

suggested that VPA induces mitochondrial dysfunction,

oxidative stress, and increased cell death, which are

related to hepatotoxicity (33).

Some studies have suggested miR-122 as a useful new

biomarker in diagnosing DILI (28, 34-36). They revealed

that miR-122 is an early and specific marker of

hepatocellular injury and a sensitive marker of DILI (28,

36). It has been shown that miR-122 can predict the onset

of liver injury before ALT levels are elevated (37). miR-155

is also a well-known microRNA that mediates

inflammatory responses (38) by modifying the

expression of various target genes (39), and it

participates in the development of DILI through the

induction of inflammatory responses (40, 41). Our

results showed that both miR-122 and miR-155



Pashmforoosh N et al.

Jundishapur J Nat Pharm Prod. 2024; 19(3): e145792. 5

Table 1. Expression Levels of Target miRNAs in the HepG2 Cells After 24 h and 120 h Treatment by Different Valproic Acid Doses (Relative miRNA Production was Calculated Using

the 2-∆CT Method)

Time Points and VPA Doses Expression Level (2-ΔCT)/Control P-Value Up/Down

Target gene: miR-122

0.7 mM

24 h 37.53 < 0.01 Up

120 h 0.0003 < 0.01 Down

24/120 h 125100

1.5 mM

24 h 0.0025 < 0.01 Up

120 h 0.1812 < 0.01 Down

24/120 h 0.014

3 mM

24 h 0.3415 < 0.01 Up

120 h 0.0254 < 0.01 Down

24/120 h 13.45

Target gene: miR-155

0.7 mM

24 h 1024 < 0.01 Up

120 h 2.22 < 0.01 Down

24/120 h 462.08

1.5 mM

24 h 0.877 < 0.01 Up

120 h 1.84 < 0.01 Down

24/120 h 0.478

3 mM

24 h 0.395 < 0.01 Up

120 h 3.22 < 0.01 Down

24/120 h 0.123

expression levels were significantly up-regulated

following VPA treatment, particularly at a concentration

of 0.7 mM after 24 h (Table 1).

A previous study in humans with APAP poisoning

showed that serum miR-122 and miR-192 were

substantially higher in acetaminophen-induced acute

liver injury (APAP-ALI) patients. It also demonstrated

that miR-122 levels rose alongside serum ALT levels in

mice with APAP-ALI (28). Significant elevations in mean

levels of miR-122 were also observed along with necrosis

biomarkers (sorbitol dehydrogenase, cytokeratin 18, and

HMGB1) and the apoptosis biomarker caspase-cleaved

cytokeratin 18 following cholestyramine treatment (36).

Up-regulated miR-155 was reported to mediate

hepatocyte apoptosis by producing pro-inflammatory

cytokines like tumor necrosis factor-α (TNF-α) (42).

Similarly, in the current study, treatment of HepG2

cells with VPA significantly elevated the transcription
levels of miR-122 and miR-155 at 24 h. However, extended

exposure to VPA for 120 h significantly decreased the

expression levels of both miR-122 and miR-155 compared

to the control group. Similar results were obtained in

another study that demonstrated the prognostic

significance of miR-122 expression in patients with

hepatocellular carcinoma (HCCs). It was revealed that

miR-122 expression is frequently down-regulated in

HCCs and is an independent prognostic factor for

recurrence-free survival (RFS) after curative resection

(43). Another study showed that miR-122 expression was

down-regulated in rodent and human HCCs (44), and

the reduction of miR-122 expression could promote the

viability and inhibit the apoptosis of some hepatoma

cells (45).

Consistent with the present results, other studies

have demonstrated that VPA can cause cell death

through apoptosis and necrosis in rat liver cell lines

(26), HCC cell lines (46), and cancer colon cell lines (18)

by inducing apoptotic genes (46). Moreover, Wei et al.

(47) showed that up-regulation of miR-122 could

stimulate apoptosis and inhibit cell viability of HCC by

down-regulating TLR4 (48), leading to enhanced
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Figure 2. Transcriptional levels of miR-122 and miR-155 in the untreated HepG2 cells (control) (A); and HepG2 cells treated with different concentration of valproic acid (VPA),
including 0.7 mM (B); 1.5 mM (C); and 3 mM (D); measured by qPCR after: 24 h and 120 h. * P < 0.05; *** P < 0.0001.

expression of pro-apoptotic genes and suppression of

anti-apoptotic genes (47).

Previous studies have reported that various factors
affect miR-122 expression differently. HBV infection

down-regulates miR-122 expression, while HCV infection

up-regulates miR-122 expression (49-51).

Regarding the observed changes in the expression of

microRNAs in this study, one possible explanation for

the dramatic decline in miR-122 and miR-155 expression

levels in the treated cells is that it correlates with VPA-

induced apoptosis, which increased cell death after 120

hours of VPA dosing. According to our MTT results,

increased cell death and a reduced cell number were

detected under VPA exposure. However, the expression

of miR-122 was more variable than that of miR-155, which

may reflect different regulatory mechanisms for miR-122

compared to miR-155 (52). The complexity of miR-122

precursor regulation has been reported previously. It

has even been suggested that the function of a

microRNA may not be determined solely by its

expression level. Therefore, additional future studies are

needed to provide more information about this.

Nevertheless, the downregulation of miR-122

expression in patients using VPA can be considered an

independent prognostic factor for DILI. Hence,

developing diagnostic approaches that evaluate miR-122

expression could be beneficial for patients taking VPA.

VPA-induced hepatic injury frequently occurs during

both short-term and long-term drug administration,

and it can also cause delayed hepatic injury after several

months or years (32, 53). It has been proposed that

despite the early dysfunction of mitochondrial

respiration induced by VPA, increased cell death is

detectable only after prolonged exposure to high

concentrations of VPA (33). This is consistent with the

clinical course of VPA-induced liver failure (32, 53).

The future perspective of this study would involve

examining specific groups of miRNAs involved in
regulating genes associated with apoptotic cell death.

This would provide information about the possible
molecular mechanisms underlying VPA-induced

apoptosis in vitro and in vivo.

5.1. Conclusions
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In this study, we evaluated hepatocyte-specific

miRNAs in VPA-treated HepG2 cells. The results

demonstrated that the expression of miR-122 and miR-

155 effectively represents liver damage induced by VPA

in the early stages of exposure. Collectively, the findings

suggest that miR-122 and miR-155 may play a significant

role in the detoxification process of valproic acid. These

results have potential prognostic and therapeutic

implications.
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