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A B S T R A C T   

Backgrounds: Non-alcoholic fatty liver disease (NAFLD) is a common condition affecting >25 % of the population 
worldwide. This disorder ranges in severity from simple steatosis (fat accumulation) to severe steatohepatitis 
(inflammation), fibrosis and, at its end-stage, liver cancer. A number of studies have identified overexpression of 
several key genes that are critical in the initiation and progression of NAFLD. MiRNAs are potential therapeutic 
agents that can regulate several genes simultaneously. Therefore, we transfected cell lines with two key miRNAs 
involved in targeting NAFLD-related genes. 
Methods: The suppression effects of the investigated miRNAs (miR-124 and miR-16) and genes (TNF, TLR4, SCD, 
FASN, SREBF2, and TGFβ-1) from our previous study were investigated by real-time PCR in Huh7 and HepG2 
cells treated with oleic acid. Oil red O staining and the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium 
bromide (MTT) assay were utilized to assess cell lipid accumulation and cytotoxic effects of the miRNAs, 
respectively. The pro-oxidant-antioxidant balance (PAB) assay was undertaken for miR-16 and miR-124 after cell 
transfection. 
Results: Following transfection of miRNAs into HepG2, oil red O staining showed miR-124 and miR-16 reduced 
oleic acid-induced lipid accumulation by 35.2 % and 28.6 % respectively (p < 0.05). In Huh7, miR-124 and miR- 
16 reduced accumulation by 23.5 % and 31.3 % respectively (p < 0.05) but without impacting anti-oxidant 
activity. Real-time PCR in HepG2 revealed miR-124 decreased expression of TNF by 0.13-fold, TLR4 by 0.12- 
fold and SREBF2 by 0.127-fold (p < 0.05). miR-16 decreased TLR4 by 0.66-fold and FASN by 0.3-fold (p <
0.05). In Huh7, miR-124 decreased TNF by 0.12-fold and FASN by 0.09-fold (p < 0.05). miR-16 decreased SCD 
by 0.28-fold and FASN by 0.64-fold (p < 0.05). MTT assays showed, in HepG2, viability was decreased 24.7 % by 
miR-124 and decreased 33 % by miR-16 at 72 h (p < 0.05). In Huh7, miR-124 decreased viability 42 % at 48 h 
and 29.33 % at 72 h (p < 0.05), while miR-16 decreased viability by 32.3 % (p < 0.05). 
Conclusion: These results demonstrate the ability of miR-124 and miR-16 to significantly reduce lipid accumu
lation and expression of key pathogenic genes associated with NAFLD through direct targeting. Though this 
requires further in vivo investigation.   

* Correspondence to: A. Jalili, Department of Medical Biotechnology and Nanotechnology, Faculty of Medicine, Mashhad University of Medical Sciences, Mashhad, 
Iran 
** Correspondence to: A. Sahebkar, Applied Biomedical Research Center, Mashhad University of Medical Sciences, Mashhad, Iran. 

E-mail addresses: jalilia@mums.ac.ir (A. Jalili), amir_saheb2000@yahoo.com (A. Sahebkar).  

Contents lists available at ScienceDirect 

Journal of Diabetes and Its Complications 

journal homepage: www.elsevier.com/locate/jdiacomp 

https://doi.org/10.1016/j.jdiacomp.2024.108722 
Received 9 October 2023; Received in revised form 28 February 2024; Accepted 9 March 2024   

mailto:jalilia@mums.ac.ir
mailto:amir_saheb2000@yahoo.com
www.sciencedirect.com/science/journal/10568727
https://www.elsevier.com/locate/jdiacomp
https://doi.org/10.1016/j.jdiacomp.2024.108722
https://doi.org/10.1016/j.jdiacomp.2024.108722
https://doi.org/10.1016/j.jdiacomp.2024.108722
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jdiacomp.2024.108722&domain=pdf


Journal of Diabetes and Its Complications 38 (2024) 108722

2

1. Introduction 

Non-alcoholic fatty liver disease (NAFLD) is a common condition 
that affects >25 % of the population worldwide.1 This progressive dis
order ranges in severity from simple steatosis to severe steatohepatitis 
(NASH) and, with the advanced stages of fibrosis, can potentially 
progress to liver cancer.2 A high proportion (between 35 and 50 %) of 
liver cancer occurs in patients with NASH.3,4 Compared to hepatic tu
mors with other etiologies, these NASH-related tumors are often larger 
in size and less responsive to therapy.5 The major underlying cause of 
NAFLD is excessive fat consumption which causes the accumulation of 
lipids in the liver.6 NASH is at the severe end of the NAFLD spectrum and 
is characterized by inflammation.2,6,7 Cirrhosis and liver cancer are 
known to be provoked by the activation of a cascade of pro-fibrogenic 
and pro-inflammatory cytokines as well as ongoing liver injury with 
the development of fibrosis.6 Activation of hepatic stellate cells, insulin 
resistance, oxidative stress, mitochondrial dysfunction, aberrant release 
of cytokines and adipokines, obesity and lack of exercise have all been 
linked to the etiology and progression of NAFLD.8,9 Although the 
pathophysiology of NAFLD is well defined, work to identify therapeutic 
targets and advances in drug research is still ongoing, and no definitive 
treatments are yet available for this disorder. Many genes have been 
reported as having a role in the pathogenesis and progression of NAFLD, 
such as genes known to be involved in hepatic lipid metabolism and 
inflammation and fibrotic pathways.10–14 A number of studies have 
identified defects in the function or overexpression of genes and proteins 
as critical factors in the initiation and progression of NAFLD.15,16 There 
is a clear need to develop multifaceted therapies that target the risk 
factors associated with these illnesses in order to go beyond the con
straints of traditional medications.17–19 Dysregulation or dysfunction of 
specific genes and pathways might lead to the initiation and progression 
of NAFLD and these could represent important therapeutic 
targets.11–13,20,21 

In our previous bioinformatics and in vitro research, we reported that 
certain genes, specifically Tumor Necrosis Factor (TNF), Toll-Like Re
ceptor 4 (TLR4), Stearoyl-CoA Desaturase (SCD), Fatty acid synthase 
(FASN), Sterol Regulatory Element Binding Transcription Factor 2 
(SREBF2) and transforming growth factor beta-1 (TGFβ-1), were over
expressed in in vitro models of NAFLD and are also implicated in diverse 
stages of NAFLD including steatosis, inflammation and fibrosis.22 

Nucleic acid-based medicines have recently undergone significant 
development and have shown tremendous potential as a therapeutic 
platform in treating a variety of disorders, some of which have already 
received FDA (US Food and Drug Administration) approval.19,23 

Published studies have confirmed the effectiveness of nucleic acid- 
based therapeutics in the management of NAFLD. MicroRNAs are 
small (19–25 nucleotides) non-coding RNAs that could offer great po
tential as therapeutic agents in the cure of diseases such as NAFLD.14,24 

MiRNAs act as gene silencers through 3′ UTR gene binding and have 
several benefits such as multiple targeting and low cost in comparison to 
other nucleic acid-based treatments, making them excellent therapeutic 
candidates.25 Approximately 2200 miRNA genes exist in the mammalian 
genome, and they are known to influence important cellular processes 
including development, growth, differentiation and metabolism. 
Approximately one-third of the human genome is thought to be 
controlled by miRNAs.26 Available evidence confirms the role of miR
NAs in regulating important genes related to hepatic steatosis and 
steatohepatitis.24,27 Regulating the most important of these genes by 
miRNAs represents a novel approach for treating disorders such as 
NAFLD. In our previous in-silico study, we indicated miR-124 and miR- 
16 in particular have been shown to impact several processes central 
to NAFLD development, such as lipid homeostasis, autophagy, oxidative 
stress response, cytokine production involved in immune response, and 
modulation of inflammatory responses.22 Additionally, both miRNAs 
inhibit TLR4 signaling and directly target genes modulating lipid 
metabolism and fibrosis.28–31 Prior studies identified alternation of 

expression of miR-124 and miR-16 in NAFLD animal models.32,33 Due to 
their roles modulating innate immune reaction, metabolic dysfunction 
and cross-talk between inflammatory cascades, we hypothesize miR-124 
and miR-16 may hold therapeutic potential for treating NAFLD through 
coordinated modulation of multiple susceptibility pathways. Subse
quently, we transfected two key miRNAs (miR-124 and miR-16) iden
tified in our previous study that are known to target NAFLD-related 
genes including TNF, TLR4, SCD, FASN, SREBF2 and TGFβ-1.22 

2. Materials and methods 

2.1. Cell culture 

Human hepatocyte cell lines (HepG2 and Huh7) were used to 
investigate the effect of miRNAs on the expression of target genes. We 
obtained cell lines from the Cell Bank of the Pasteur Institute of Iran 
(Tehran). Cells were maintained in RPMI-1640 medium with 10 % FBS 
and 1 % antibiotics (penicillin-streptomycin) in a 5 % CO2 humidified 
incubator at 37 ◦C. 

2.2. Plasmid extraction 

MiR-16 and miR-124 were constructed in the form of pLenti-III-16- 
GFP and pLenti-III-124-GFP expression vectors which were purchased 
from the Stem Cell Technology Research Center vector bank (STRC, 
Tehran, Iran). Further, pLenti-III-GFP without miRNA was considered as 
a control. The Escherichia coli Stbl4 containing the plasmids was cultured 
in Lysogeny broth (LB) medium with 25 μg/mL kanamycin and the DNA 
plasmid was refined according to Qiagen EndoFree Plasmid Maxi Kit 
(Qiagen, Hilden, Germany) guidelines. 

2.3. NAFLD in vitro model and transfection 

Huh7 and HepG2 cells were cultured in 24-well culture plates with 3 
× 104 cells/well and 1.2 × 105 cells/well, respectively. pLenti-III-DNA- 
GFP vectors were transfected into the Huh7 and HepG2 cells with the 
PolyFect Transfection Reagent (Qiagen, Hilden, Germany) according to 
manufacturer's guidelines. To establish a fatty hepatotoxicity in vitro 
model, the cells were treated with 0.5 mM oleic acid for 36 h and the 
medium then replaced with fresh medium.22 Transfection efficiency 
after 24 and 36 h was evaluated by fluorescent microscopy. After 36 h 
transfection, based on the frequency of GFP expression under fluores
cent microscopy, and 12 h treating with oleic acid (0.05 mM) the cells 
the cells were harvested for RNA Extraction and Quantitative RT-PCR. 

2.4. Oil red O staining 

After 36 h transfection and 12 h treatment with oleic acid, cells were 
stained with oil red O. Firstly, the cells were washed with PBS buffer, 
incubated with formalin 10 % for 1 h, washed two times with distilled 
water and treated with isopropanol 60 % for five minutes. Next, cells 
were dried at room temperature and incubated with oil red O (Bioidea, 
Iran) solution for 10 min. Finally, cells were washed in sterile water four 
times to remove the excess dye and observed with a light microscope 
(magnification, 40×). To measure absorbance, stained lipid droplets 
were extracted by incubating for 10 min with isopropanol 100 %, and 
the absorbance read at 500 nm. 

2.5. MiRNAs binding evaluation via computational tools against gene 
targets 

To evaluate the binding between miRNAs (miR-16-5p and miR-124- 
3p) and their target genes, the sequences of miRNAs were obtained from 
the miRBase database, while the target gene sequences were retrieved 
from the NCBI Nucleotide database. The untranslated regions (UTRs) of 
the target genes were extracted. Using RNAhybrid 2.2 software 
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(Bielefeld BioInformatics Service, Bielefeld University), the miRNAs 
were hybridized against the UTR regions of the target genes.34 The 
minimal free energy (mfe) values representing the binding energies were 
calculated for each miRNA-gene pair. 

2.6. RNA extraction and quantitative RT-PCR 

mRNA and miRNA extraction was accomplished using an RNX-Plus 
RNA extraction kit (SinaClon, Iran).35,36 HepG2 and Huh7 cells (2–3 
× 106 cells) treated with 0.5 mM oleic acid and transfected with pLenti- 
III-16-GFP and pLenti-III-124-GFP were collected using RNX-Plus and 
extraction was performed according to manufacturer's instructions. The 
purity and quality of the extracted RNA was examined by BioPhotometer 
(Eppendorf, Germany). For further investigation, complementary DNA 
(cDNA) synthesizing RNA samples were stored at − 80 ◦C. The cDNA 
synthesis from total extracted RNA was accomplished with reverse 
transcriptase using a cDNA Synthesis Kit (Pars Tous, Iran). Oligo dT 
primers for gene and designed stem-loop primers for miRNA were used 
for transcription of RNA to cDNA (Table 1). Real-time PCR was per
formed with 2× SYBR Green Real-Time PCR (Pars Tous, Iran) using the 
Roche LightCycler® 96 System. The forward and reverse primers for the 
selected genes were designed with AllelID (version 6) (Table 2) and RT- 
PCR was performed in triplicate. The mRNA and miRNA were normal
ized with GAPDH and SNORD 47 (U47) reference genes and relative 
expression levels were calculated by the 2− ΔΔCT technique.37 

2.7. MTT assay 

Huh7 and HepG2 cells were seeded with 4 × 103 cells/well in 96- 
well culture plates, and incubated in 5 % CO2 at 37 ◦C. After reaching 
80 % confluency, cells were treated with 0.5 mM oleic acid and then 
transfected with miR-16, miR-124 and empty vector; they were then 
incubated for 24, 48, and 72 h. Untreated cells were considered as a 
control. Cells were incubated with 5 mg/mL thiazolyl blue tetrazolium 
bromide (MTT) solution for 3 h, after which the incubation medium was 
removed. Formazan crystals were dissolved in 100 μL dimethyl sulfoxide 
and, after rocking for 10 min, MTT reduction was quantified by 
measuring the absorbance value of each well with a microplate reader 
(BioTek, Richmond, USA) at 570 nm and 630 nm as the reference 
wavelength. 

2.8. Pro-oxidant antioxidant balance (PAB) assay 

To assess whether miR16 or miR-124 could recover the antioxidant 
status, an exploration of oxidant/antioxidant parameters was under
taken as detailed previously.38 PAB (Pro-Oxidant Antioxidant Balance) 
was evaluated to assess the total oxidants and antioxidants in a single 
measurement simultaneously,39 by oxidation of the chromogen 3,3′,5,5′- 
tetramethylbenzidine (TMB) to a colorless substance. In brief, the 
standard solution was primed in 10 mM sodium hydroxide by mixing 
varying amounts (0–100 %) of 250 μM hydrogen peroxide with 3 mM 
uric acid. This solution was dissolved in tetramethylbenzidine (TMB) 
(60 mg) powder and dimethyl sulphoxide (DMSO) (10 mL). To make 
TMB+, TMB (400 μL) was dissolved in DMSO and then mixed with M 
acetate buffer with pH = 4.5. Finally, peroxidase enzyme solution (25 U) 
was mixed with TMB+. The optical density (OD) was read for the 
reference at 570 or 620 nm wavelength and the sample's wavelength at 

450 nm. PAB assay values were reported as arbitrary Hamidi-Koliakos 
(HK) units centered on the hydrogen peroxide percentage that was 
assessed in the standard solution. 

2.9. Statistical analysis 

GraphPad Prism version 9 software (GraphPad Software, LLC, Bos
ton, USA) was used for one-way analysis of variance (ANOVA) of MTT, 
PAB and Oil red O staining assay. The results are presented as Mean 
Difference ± SE of Difference in the text and Mean ± SEM in the charts 
with three replicates. Mean comparison between groups was performed 
with Dunnett's multiple comparisons test. Rest 2009 software (QIAGEN, 
Technical University Munich) and was used for analyzing the real-time 
data (Fold change). Significant differences were reported as *P < 0.05, 
**P < 0.01, ***P < 0.001. 

3. Results 

3.1. Overexpression of miR-16 and miR-124 

The pLenti-III-DNA-GFP vectors encoding miR-124, miR-16 or empty 
control were transfected into Huh7 and HepG2 cells using PolyFect re
agent. Transfection efficiency at 24 and 36 h post-transfection was 
quantified by fluorescent microscopy based on GFP expression from the 
plasmids (Fig. 1). At 24 h, GFP fluorescence intensity was low for all 
groups. However, by 36 h a marked increase in GFP signal was observed 
for miR-124 and miR-16 transfected cells. In contrast, cells transfected 
with vectors alone without PolyFect did not exhibit any detectable GFP 
fluorescence. Based on these quantification findings, 36 h post- 
transfection was chosen as the optimal timepoint with sufficient over
expression of the miRNAs achieved. This timepoint was then used to 
induce the NAFLD model by treating cells with 0.5 mM oleic acid for 12 
h prior to subsequent experiments, to ensure high miRNA levels were 
present during the lipotoxic insult. The outcome of selecting 36 h is that 
it provided consistently high transfection rates and miRNA expression to 
study the effects on NAFLD-related gene regulation. 

3.2. Oil red O staining results 

After 36 h of transfection, Huh7 and HepG2 cells were treated with 
0.5 mM oleic acid for 12 h to induce lipid accumulation mimicking 
steatosis. Oil Red O staining was performed to visualize intracellular 
lipid droplets (Fig. 2A). Absorbance was then quantified spectrophoto
metrically at 500 nm to objectively measure total lipid content (Fig. 2B). 

Absorbance values directly correlate to lipid quantity, with higher 
absorbance indicating greater lipid accumulation. One-way ANOVA 
with Tukey's multiple comparisons tests were used to determine statis
tical significance of differences in absorbance between groups. 

In both cell lines, oleic acid treatment significantly increased lipid 
accumulation in empty vector control cells compared to untreated 
controls, as evidenced by elevated absorbance (HepG2 mean difference 
± SEM: − 1.83 ± 0.24, p = 0.034; Huh7 mean difference ± SEM: − 1.59 
± 0.009, p < 0.001). 

However, miR-124 and miR-16 overexpression mitigated this effect. 
Absorbance was significantly lower in miR-124 and miR-16 transfected 
cells versus empty vector, demonstrating reduced lipid content. In 
HepG2, miR-124 reduced absorbance by 1.48-fold (p = 0.04) and miR- 

Table 1 
The sequences of primers used for cDNA synthesis.  

Gene name Primer sequences (5′-3′) 

hsa-miR-124-3p Stem-loop primer: GTCGTATCCAGAGCAGGGTCCGAGGTATTCGCACTGGATACGACTTGGCA 
hsa-miR-16-5p Stem-loop primer: GTCGTATCCAGAGCAGGGTCCGAGGTATTCGCACTGGATACGACCGCCAA 
SNORD 47 Stem-loop primer: GGAACGCTTCACGAATTTGC 
Oligo dT (18) TTTTTTTTTTTTTTTTTT  
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16 by 1.38-fold (p = 0.048) versus empty vector. Similarly, in Huh7 miR- 
124 lowered absorbance 1.167-fold (p = 0.002) and miR-16 by 1.47-fold 
(p = 0.011). 

3.3. MiR-124 and miR-16 binding evaluation against gene targets 

The binding evaluation (mfe: minimal free energy) between miRNAs 
(miR-16-5p and miR124-3p) and their target genes (TNF, TLR4, SCD, 
FASN, SREBF2, and TGFβ-1) was achieved using RNAhybrid 2.2 as in 

Table 2 
The sequences of primers used for the qRT-PCR reaction.  

Gene name Forward primers Reverse primers 

hTLR4 TGGAAGTTGAACGAATGGAATGTG ACCAGAACTGCTACAACAGATACT 
hTGFβ-1 CCCACAACGAAATCTATGAC AGGTATCGCCAGGAATTG 
hSCD GTGATGTTCCAGAGGAGGTACTA TGGCATTAAGCACCACAGCA 
hSREBF2 TTGTCGGGTGTCATGGGC ACAAATTGCAGCATCTCGTCG 
hTNF TGGAAAGGACACCATGAGCA CGAGAAGATGATCTGACTGCC 
hFASN GCAAGCTGAAGGACCTGTCT AATCTGGGTTGATGCCTCCG 
hGAPDH CTCTGACTTCAACAGCGAC CGTTGTCATACCAGGAAATGAG 
hsa-miR-124-3p CTAAGGCACGAGGTGAA GAGCAGGGTCCGAGGT 
hsa-miR-16-5p GCCTAGCAGCACGTAAATA GAGCAGGGTCCGAGGT 
SNORD 47 CGCTTCGGCAGCACATATACTA GGAACGCTTCACGAATTTGC  

Fig. 1. Assessment of transfection efficiency in Huh7 and HepG2 cells transfected with pLenti-III-16-GFP, pLenti-III-124-GFP or empty pLenti-III-GFP vector (control) 
at 24 and 36 h post-transfection using PolyFect Transfection Reagent. The negative control (CTR) contains the plasmid DNA alone without Polyfect. Transfection 
efficiency was evaluated by fluorescence microscopy based on GFP expression from the transfected plasmids. Strong GFP fluorescence was observed at 36 h post- 
transfection for both miR-16 and miR-124 plasmids compared to the empty vector control, indicating high levels of overexpression had been achieved. 
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method mentioned. The result of the hybridization of the miRNAs and 
gene targets demonstrated that these specific miRNAs (miR-16-4p and 
miR-124-3p) have a particular affinity for these target genes with most 
having binding energies of <20 kcal/mol (Table 3). 

3.4. The result of RT-PCR evaluation 

Using real-time PCR, we confirmed that the expression of miR-16 and 
miR-124 was upregulated in HepG2 and Huh7 cells after 36 h trans
fection. We found the expression of miR-16 and miR-124 were increased 
with a 6.5 (P = 0.03) and 4.37-fold change (P < 0.001) in HepG2 cells, 

respectively. Likewise, in Huh7 cells, the level of expression of miR-16 
and miR-124 were upregulated, with a 5.9 (P = 0.04) and by 5.6-fold 
change (P < 0.001), respectively (Fig. 3-A). 

3.4.1. Influence of miR-124 transfection on the target genes 
Following transfection into Huh7 and HepG2 cells, Oil Red O stain

ing showed miR-124 reduced oleic acid-induced lipid accumulation by 
23.5–35.2 % and miR-16 by 28.6–31.3 % respectively compared to 
empty vector control. To confirm the in vitro effect of miR-124-3p on the 
level of expression of TNF, SCD, TLR4, FASN, TGFβ-1, and SREBF2 after 
transfection in Huh7 and HepG2 cell lines, the expression level of target 

Fig. 2. Effect of miR-124 and miR-16 overexpression on oleic acid-induced lipid accumulation in Huh7 and HepG2 cells. Following 36 h of transfection with pLenti- 
III-16-GFP, pLenti-III-124-GFP or empty vector, the cells were treated with 0.5 mM oleic acid for 12 h to induce steatosis. (A) Lipid droplet accumulation was 
visualized by Oil Red O staining and light microscopy at 40× magnification. Red-stained lipid droplets are clearly visible in the empty vector control and oleic acid 
treated cells, while fewer droplets are seen in miR-124 and miR-16 transfected cells. (B) Oil Red O absorbance was quantified spectrophotometrically at 500 nm to 
objectively measure total lipid content. Absorbance was significantly higher in empty vector control cells compared to untreated control, confirming oleic acid 
induced steatosis. The control group lacking any oleic acid treatment served to establish baseline lipid levels. 
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genes was evaluated by q-PCR. Real-time PCR revealed the effect of miR- 
124 overexpression on modulating gene expression changes in Huh7 and 
HepG2 cells. miR-124 transfection decreased expression of TNF by 
87–88 % in both cell lines, with a 0.13-fold change in HepG2 (p = 0.04) 
and 0.12-fold change in Huh7 (p = 0.03). miR-124 also significantly 
reduced TLR4 expression in HepG2 cells by 88 % (0.12-fold, p = 0.006). 

Expression of SREBF2 was decreased by 87 % (0.127-fold, p = 0.002) 
following miR-124 transfection in HepG2 cells. Additionally, FASN 
expression was downregulated by 37 % (0.37-fold change, P = 0.04) in 
HepG2 cells and 91 % (0.09-fold change, P = 0.03) in Huh7 cells 

Table 3 
The 2D structure of miRNAs binding with gene targets together with their 
minimal free energy. The red strands represent the gene targets and the green 
strands represent the miRNAs.  

2D structure of miR16 and miR124 interaction with 
gene targets 

miRNA and gene 
interaction 

mfe 
(kcal/ 
mol) 

hsa-miR-124-3p: 
TNF  

− 26.4 

hsa-miR-16-5p: 
TNF  

− 22.7 

hsa-miR-124-3p: 
TLR4  

− 27.2 

hsa-miR-16-5p: 
TLR4  

− 25.1 

has-miR-124-3p: 
TGFβ-1  

− 27.3  

Table 3 (continued ) 

2D structure of miR16 and miR124 interaction with 
gene targets 

miRNA and gene 
interaction 

mfe 
(kcal/ 
mol) 

has-miR-16-5p: 
TGFβ-1  

− 19.3 

has-miR-124-3p: 
SREBF2  

− 26.5 

has-miR-16-5p: 
SREBF2  

− 23.9 

has-miR-124-3p: 
SCD  

− 26.2 

has-miR-16-5p: 
SCD  

− 23.3 

(continued on next page) 
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transfected with miR-124. miR-124 overexpression also resulted in an 
80 % reduction of TGFβ-1 expression in Huh7 cells (0.2-fold, p = 0.018) 
and 24 % reduction (0.24-fold change, P = 0.048) in HepG2 cells. SCD 
expression was lowered by 53 % (0.47-fold, p = 0.008) specifically in 
miR-124 transfected Huh7 cells (Fig. 3-B, C). 

3.4.2. Influence of miR-16 transfection on the target genes 
Real-time PCR results showed the effect of miR-16 overexpression on 

modulating target gene expression. SCD expression was decreased by 33 
% (0.67-fold change) in HepG2 cells and 72 % (0.28-fold change) in 
Huh7 cells, with p-values of 0.023 and 0.046 respectively. TLR4 
expression was downregulated by 34 % (0.66-fold change) in HepG2 
cells and 65 % (0.35-fold change) in Huh7 cells, with p-values of 0.029 
and 0.046 respectively. FASN expression was reduced by 70 % (0.3-fold 
change) in HepG2 cells and 64 % (0.64-fold change) in Huh7 cells, with 
p-values of 0.006 and 0.049 respectively. SREBF2 expression was 
decreased by 80 % (0.2-fold change) in HepG2 cells and 76 % (0.24-fold 
change) in Huh7 cells, with p-values of 0.02 and 0.048 respectively. 
While there were trends towards decreased TGFβ-1 and TNF expression, 
these changes did not reach statistical significance in either cell line 
model (Fig. 3-D, E). 

3.5. MTT assay for the Effect of miR-16 and miR-124 on cell viability 

Cell toxicity of miR-124 and miR-16 after transfection at the 24 h, 48 
h, and 72 h time points with or without 0.5 mM oleic acid treatment 
were evaluated in the HepG2 and Huh7 cells. Cell viability was deter
mined by comparison of treated groups to the empty vector group 
(Fig. 4A, B). There was a decrease in cell viability in both cell lines after 
72 h with no difference at 24 h or 48 h (Except for miR-124 + oleic acid 
treatment in Huh7 cells after 48 h). In HepG2 cells at 72 h, miR-124 
demonstrated a 24.7 % reduction in viability compared to empty vec
tor (Mean Diff ± SE = 24.7 ± 1.45, p = 0.009). miR-16 decreased 
viability by 33 % (Mean Diff ± SE = 33 ± 3.05, p = 0.022). The com
bination of miR-124 and oleic acid reduced viability by 41.3 % (Mean 
Diff ± SE = 41.3 ± 4.7, p = 0.033), while miR-16 and oleic acid 
decreased viability by 27.7 % (Mean Diff ± SE = 27.7 ± 3, p = 0.03). In 

Huh7 cells at 72 h, viability was reduced by 29.33 % for miR-124 (Mean 
Diff ± SE = 29.33 ± 4.702, p = 0.064) and 32.3 % for miR-16 (Mean Diff 
± SE = 32.3 ± 2.03, p = 0.01) compared to empty vector. miR-124 
combined with oleic acid decreased Huh7 viability by 31.33 % (Mean 
Diff ± SE = 31.33 ± 1.2, p = 0.004), while miR-16 and oleic acid 
reduced viability by 33.0 % (Mean Diff ± SE = 33.00 ± 3.05, p = 0.02). 
However, in Huh7 cells, the results also indicate miR-124 might have 
cytotoxicity at 48 h after transfection (P = 0.04), with Mean Diff ± SE of 
diff = 42 ± 5.69. The results revealed that after 48 h of treatment, Huh7 
cells exhibited increased sensitivity to miR-124 + oleic acid. 

4. PAB test 

The PAB test is performed by performing two enzymatic and chem
ical reactions. In the enzymatic reaction, tetramethylbenzidine chro
mogen is oxidized to cationic tetramethylbenzidine by hydrogen 
peroxide (oxidant) and, in the chemical reaction, cationic tetrame
thylbenzidine is reduced by uric acid (antioxidant).40 In the one-way 
ANOVA test and Tukey's multiple comparisons test, no significant dif
ferences were observed among empty vector-oleic acid and miR-16 or 
miR-124 for alteration in oxidant/antioxidant balance based on the PAB 
test in either HepG2 and Huh7 cell lines (Fig. 5-A,B). 

5. Discussion 

NAFLD is a prevalent metabolic disorder that encompasses the 
spectrum from steatosis to steatohepatitis and hepatic fibrosis.41 This 
condition is well acknowledged as a multi-factorial disorder involving 
interactions between susceptibility genes and risk factors that have a 
major role in the onset and progression of NAFLD.42 

Recent pharmacology strategies are directed towards regulating 
several molecular targets in a multifaceted manner to enhance disease 
control.17 By focusing on several critical genes and pathways implicated 
in the pathophysiology of illnesses like NAFLD, this strategy offers a 
platform to improve treatment efficacy.12 Since miRNA-based medica
tions have the capacity to modulate the expression of many genes 
implicated in a disease, they have potential as potent and effective 
therapeutic tools.11,43,44 Although their interactions with mRNA are not 
well defined, miRNAs also have the ability to influence unintended 
pathways.45 

Based on our previous in silico investigations, we predicted that miR- 
124 and miR-16 had the potential to target several key genes involved in 
NAFLD pathogenesis. Specifically, bioinformatics analysis identified 
these microRNAs as promising regulatory candidates targeting genes 
integral to lipogenesis, inflammation, and oxidative stress responses in 
the liver.22 The current study aimed to validate these computational 
predictions experimentally using in vitro NAFLD cell culture models. The 
results demonstrated that overexpression of miR-124 and miR-16 
directly decreased expression of several genes previously identified as 
putative targets. This occurred through significant downregulation at 
the mRNA level in both HepG2 and Huh7 hepatocyte cell lines subjected 
to lipotoxic conditions. Additionally, miR-124 and miR-16 modulated 
lipid accumulation and mediated cytotoxic effects in a time-dependent 
manner. Most notably, the microRNAs attenuated oleic acid-induced 
intracellular lipid droplet formation and reduced cell viability at later 
time points. 

We show that miR-124 downregulates the expression of TNF, TLR4, 
FASN, SREBF2 and TGFβ-1 using real-time PCR in cells treated with 0.5 
mM oleic acid. Moreover, miR-16 showed high suppression potential for 
genes involved in the progression of NAFLD, including TLR4, SCD, FASN 
and SREBF2. Furthermore, a concordance between minimal free energy 
on in silico prediction and the experimental level of suppression was 
observed. For instance, the MFE prediction of binding miR-124 and miR- 
16 to TGFB1 were − 27.3 and 019.3, respectively, and real-time PCR 
indicated that miR-124 could significantly downregulate the expression 
of TGFB1 while miR-16 did not have an effect on expression of this gene. 

Table 3 (continued ) 

2D structure of miR16 and miR124 interaction with 
gene targets 

miRNA and gene 
interaction 

mfe 
(kcal/ 
mol) 

has-miR-124-3p: 
FASN  

− 25.9 

has-miR-16-5p: 
FASN  

− 25 

Mfe: minimal free energy 
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Fig. 3. Effect of miR-124 and miR-16 overexpression on the mRNA expression of genes implicated in NAFLD pathogenesis. Huh7 and HepG2 cells were cultured in 
24-well plates and transfected with pLenti-III-16-GFP, pLenti-III-124-GFP or empty vector for 36 h using PolyFect Transfection Reagent. This was followed by 12 h of 
0.5 mM oleic acid treatment to induce steatosis. (A) Real-time PCR validation showing significant overexpression of miR-124 and miR-16 after transfection compared 
to empty vector control. (B,C) Impact of miR-124 overexpression on the mRNA expression of TNF, SCD, TLR4, FASN, TGFβ-1, and SREBF2 in Huh7 (B) and HepG2 (C) 
cells. (D,E) Effect of miR-16 overexpression on the mRNA expression of SCD, TLR4, FASN, and SREBF2 in Huh7 (D) and HepG2 (E) cells. Data are shown as mean ±
SEM. Statistical significance reported as *P < 0.05 and **P < 0.01, ***P < 0.001. 
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Fig. 4. Effect of miR-124 and miR-16 overexpression on cell viability over time assessed by MTT assay. Huh7 and HepG2 cells were seeded in 96-well plates and 
transfected with pLenti-III-16-GFP, pLenti-III-124-GFP or empty vector. After 0.5 mM oleic acid treatment, cell viability was measured at 24, 48, and 72 h post- 
transfection using the MTT assay. (A) In HepG2 cells, miR-124 and miR-16 overexpression significantly decreased viability by 24.7 % and 33 % respectively 
compared to empty vector control at 72 h. (B) In Huh7 cells, miR-124 overexpression significantly decreased viability by 42 % at 48 h and 29.33 % at 72 h compared 
to control. miR-16 overexpression also significantly decreased viability by 32.3 % at 72 h. No significant changes were observed at 24 h in either cell line. (*P < 0.05 
and **P < 0.01). 

Fig. 5. Effect of miR-124 and miR-16 overexpression on pro-oxidant/antioxidant balance assessed by PAB assay. HepG2 and Huh7 cells were transfected with pLenti- 
III-16-GFP, pLenti-III-124-GFP or empty vector for 36 h, followed by 12 h of 0.5 mM oleic acid treatment. The PAB assay was then performed to simultaneously 
measure the total oxidant and antioxidant levels in cell lysates. (A) In HepG2 cells, no significant differences were observed in PAB values between empty vector, 
miR-124 or miR-16 transfected groups with or without oleic acid treatment, as analyzed by one-way ANOVA. (B) Similarly, in Huh7 cells no statistically significant 
changes in PAB were detected among the experimental groups. 
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MiR-124 is highly expressed in the brain and has also been identified 
in diverse tissues,46 and published research reports its role in biological 
function in several diseases. MiR-124-3p functions in regulating auto
phagy through Beclin and LC3 in the liver47 and it is also involved in the 
regulation of lipid homeostasis in liver metabolism in NAFLD.33 It has 
been reported that miR-124 might diminish inflammation by modu
lating IL-4Rα signaling.48 A recent report indicates that miR-124, by 
targeting G3BP Stress Granule Assembly Factor 2 (G3BP2) and trig
gering p38MAPK signaling, could alleviate dysfunction in high glucose- 
stimulated endothelial cells.49 MiR-124 also plays a role in the inhibition 
of neuronal inflammation after traumatic brain injury.50 In a recent 
study, miR-124 was shown to have a vital role in regulating pre- 
adipocyte adipogenesis51 and atherosclerosis.52 However, the function 
of miR-124 in metabolic diseases such as NAFLD is not yet well docu
mented. In our study, we demonstrated that miR-124 had a significant 
impact on the in vitro NAFLD model created through oleic acid treat
ment. We showed that miR-124 significantly reduced lipid accumulation 
in both hepatic cell lines following treatment with oleic acid. 

Several studies have demonstrated that overexpression of miR-124 
has the potential to suppress the TLR4 signaling pathway.29–31 One 
study indicated that miR-124, by downregulation of TLR4/MyD88/NF- 
κB p65 signaling, prevents the microglial proinflammatory response in 
palmitic acid-treated BV2 cells.31 Another study reported that exosomal- 
miR-124 could decrease the level of TLR4 expression after traumatic 
brain injury.29 In line with our data, the expression of TLR4 in HepG2 
was significantly decreased following overexpression of miR-124 via 
transfection. 

Another study found that transfection with a miR-124 mimic in bone 
marrow-derived macrophages could hinder osteoclastogenesis via 
regulating TNF-α.53 An investigation by Zhang et al. in 2019 revealed 
that the level of TNF-⍺ protein expression in a chronic sciatic nerve 
injury (CCI) rat model after treatment with miR-124-3p mimics was 
markedly decreased.54 Using real-time PCR, we also showed that the 
expression level of TNF in both HepG2 and Huh7 cells was significantly 
downregulated following miR-124 transfection. 

A recent report in 2020 by Li et al. indicated that miR-124 could 
impact the synthesis of fatty acids by suppressing SCD1 in brown adi
pocytes.55 Another study reported that miR-124 regulates the expression 
of some critical enzymes in the β-oxidation and triglyceride homeostasis 
pathway.56 Our results also indicate that miR-124 significantly down
regulates SCD1 and FASN. 

MiR-124 can hinder the proliferation of hypertrophic scar fibroblasts 
by targeting TGF-β1.57 MiR-124 possibly regulates TGF-β by suppressing 
Wnt/β-catenin signaling.58 Accordingly, we showed that miR-124 could 
decrease the expression of TGF-β which confirms the previous studies. 

An analysis of miRNA profiles in NAFLD patients in 2021 by Vulf 
et al. indicated that miR-16-5p, in both the steatosis and steatohepatitis 
stages, was decreased.32 A previous study confirmed by qPCR that miR- 
16 was decreased in the liver in a NALFD mouse model.59 Another report 
also demonstrated that miR-16 is associated with the severity of 
NAFLD.60 This downregulation of miR-16 is potentially linked to a 
protective function of miR-16 in the pathogenesis of NALFD. According 
to oil red O read staining, transfection with miR-16 in both HepG2 and 
Huh-7 cells treated with oleic acid led to a decrease in lipid 
accumulation. 

Previously reports indicate that upregulation of miR-16 led to a 
reduction in the activity of TNF-α, an anti-inflammatory effect.61,62 

Although our results could not statistically confirm this, there was a 
trend towards a decrease in TNF expression after miR16 transfection 
into the HepG2 and Huh7 cell lines. 

In several previous publications, the anti-fibrotic effect of mi-16, 
through suppressing the TGFβ-1 signaling pathway, was doc
umented.63–65 MiR-16, via regulation of the Smad2/3 pathway, exerted 
its anti-fibrotic activity.63 In our results, however, the expression of 
TGFβ-1 showed a trend towards a decrease but this did not reach sta
tistical significance. There are several potential factors that could 

explain why our results did not demonstrate a statistically significant 
effect of miR-16 on TNF and TGFβ-1 expression, despite previous reports 
indicating regulatory roles. Firstly, differences in cell types, disease 
models and experimental conditions between studies may influence a 
miRNA's activity and target regulation. Our study used liver cell lines 
under an oleic acid-induced NAFLD model, whereas previous works 
investigated other tissue/disease contexts. Additionally, the 48-h treat
ment duration in our study may not have been sufficient time for miR-16 
to exert measurable effects on these genes. While the MTT and cyto
toxicity assays limited extending treatment, longer durations could have 
allowed more prominent regulation to manifest and possibly achieve 
statistical significance. It is also possible that miR-16 does modulate TNF 
and TGFβ-1, but to a degree below our assays' level of detection. Larger 
sample sizes might help validate trends as statistically significant given 
inherent biological variability between experiments. 

MiR-16 also markedly contributes to repressing FASN expression via 
a seed containing eight repeats of the FASN 3′-UTR region.66 Our results 
indicate that transfection of miR-16 significantly downregulated the 
level of FASN in both liver cancer cell lines following treatment with 
oleic acid. 

Another report showed that miR-16 could directly affect TLR4. Using 
transfection with miR-16 mimics, via targeting TLR4, reduced the levels 
of the NLRP3 inflammasome, NF-κB and inflammatory factors.67 

Another recent study confirmed the inhibition of TLR4 due to over
expression of miR-16.28 In line with our results, overexpression of miR- 
16 significantly decreased the expression of TLR4. 

Based on the MTT assay, miR-124 and miR-16 at 72 h showed 
cytotoxicity which likely relates to the anticancer effects of these miR
NAs.68,69 Moreover, miR-124 at 46 h showed cytotoxicity in the Huh7 
cell line. To overcome this issue, one potential approach is to use lower 
doses of a combination of several miRNAs that synergistically modulate 
the expression of the same gene targets.70 However, miRNA delivery to 
the target site, such as the liver, could minimize their toxicity and any 
adverse effects as well as increase the therapeutic effect, as previously 
indicated.71 

The aggregate production of reactive oxygen species (ROS) which 
leads to oxidative stress contributes to the pathogenesis of chronic and 
acute liver disorders especially NAFLD. NAFLD is a redox-centered dis
order due to the function of ROS in hepatic metabolism.72 The results 
from the anti-oxidant and oxidant tests were consistent with previous 
studies reporting significantly decreased antioxidant activity in liver 
cancer cell lines treated with oleic acid.73–75 However, the non- 
significant increase observed in the PAB test as an indicator of higher 
oxidant component does not necessarily negate previous findings. In
dividual studies have demonstrated that miR-124-3p overexpression 
decreased malondialdehyde (MDA) levels and increased superoxide 
dismutase (SOD) and plasma glutathione peroxidase (GSH-Px) levels in 
keratinocytes,76 while miR-16-5p was reported to promote ER stress and 
oxidative stress in cardiac cells.77 However, our study did not directly 
measure other markers of oxidative stress such as SOD, Catalase (CAT) 
and MDA levels, which could have provided additional insights into how 
these miRNAs modulate oxidative status under oleic acid-induced 
NAFLD conditions. It is possible they exert antioxidant effects through 
alternative mechanisms not detected by the PAB assay alone. Previous 
reports also investigated different disease models and cell types 
compared to our study. Cell- and disease-specific factors may influence a 
miRNA's role. A more comprehensive assessment of oxidative stress in
dicators is warranted, such as quantifying antioxidant enzyme activities 
and lipid peroxidation. 

It is important to acknowledge several limitations associated with 
the study design. Firstly, the use of in vitro cell culture models does not 
fully replicate the complexity of the in vivo liver microenvironment, 
which consists of diverse interacting cell types. While transient trans
fection via PolyFect allowed for investigation of mRNA effects, longer- 
term analysis of miRNA expression using viral vectors would be neces
sary to understand temporal dynamics, which was not feasible with the 
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single time point examined. Moreover, the study focused solely on 
changes at the transcriptional level and did not assess functional protein 
or post-transcriptional impacts, which may not necessarily correlate. 
Furthermore, the study utilized a single-cell model induced by oleic 
acid, representing only one etiological stage of NAFLD, while it is crucial 
to explore multiple disease triggers and progressive stages. Addressing 
these interconnected limitations through optimized methodologies that 
incorporate in vivo validation, kinetic profiling, expanded target 
assessment, and additional disease modeling would significantly 
strengthen future investigations into the therapeutic potential of 
miRNAs. 

6. Conclusion 

In summary, this studied showed the impact of miR-16 and miR-124 
on suppression of the expression of critical genes involved in NAFLD 
and, as a result, alleviated the NAFLD disorder in an in vitro model 
induced by oleic acid. Notably, miR-16 and miR-124 displayed partial 
cytotoxicity at 72 h which is possibly related to their anti-cancer prop
erties. Our results were unable to confirm the antioxidant activity of 
miR-16 and miR-124. However, further in vivo investigations are 
required to evaluate both the therapeutic and side effects of miR-16 and 
miR-124. Future research may clarify the suppression effects of miR-16 
and miR-124 on protein levels as well as their ability to modulate the 
progression of different stages of NAFLD. 
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