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Abstract: Nonalcoholic fatty liver disease (NAFLD) has emerged as a global health problem that
affects people even at young ages due to unhealthy lifestyles. Without intervention, NAFLD will
develop into nonalcoholic steatohepatitis (NASH) and eventually liver cirrhosis and hepatocellular
carcinoma. Although lifestyle interventions are therapeutic, effective implementation remains chal-
lenging. In the efforts to establish effective treatment for NAFLD/NASH, microRNA (miRNA)-based
therapies began to evolve in the last decade. Therefore, this systematic review aims to summarize cur-
rent knowledge on the promising miRNA-based approaches in NAFLD/NASH therapies. A current
systematic evaluation and a meta-analysis were conducted according to the PRISMA statement. In
addition, a comprehensive exploration of PubMed, Cochrane, and Scopus databases was conducted
to perform article searches. A total of 56 different miRNAs were reported as potential therapeutic
agents in these studies. miRNA-34a antagonist/inhibitor was found to be the most studied variant
(n =7), and it significantly improved the hepatic total cholesterol, total triglyceride, Aspartate Amino-
transferase (AST), and Alanine Transaminase (ALT) levels based on a meta-analysis. The biological
processes mediated by these miRNAs involved hepatic fat accumulation, inflammation, and fibro-
sis. miRNAs have shown enormous therapeutic potential in the management of NAFLD/NASH,
wherein miRNA-34a antagonist has been found to be an exceptional potential agent for the treatment
of NAFLD/NASH.
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1. Introduction

Nonalcoholic fatty liver disease (NAFLD) is a condition in which excess fat is built up
in the liver. NAFLD refers to a spectrum of conditions that ranges from simple fatty liver to
nonalcoholic steatohepatitis (NASH). When too much fat is accumulated in the liver as a
result of overweight, adiposity, insulin resistance, and metabolic dysfunction, at least 5% of
the liver tissues will develop steatosis. Inflammation of the hepatic lobules and progressive
NASH with or without fibrosis will eventually lead to liver failure, hepatic cirrhosis, and
hepatocellular carcinoma [1-3]. NAFLD influences 30-40% of the US population, 20-44%
of the European population, 29.6% of the Asian population, and approximately 45% of
Hispanics. The prevalence of NAFLD in children has also increased annually in the last few
years, with a growth rate of about 8-11%, and children with obesity having a prevalence of
over 38% [2]. Urbanization, a westernized diet, and a sedentary and physically inactive
lifestyle are the leading causes of NAFLD [2,4,5].

Recent studies have concluded that NAFLD is causally related to both metabolic syn-
drome and type 2 diabetes. Together these contribute to the development of cardiovascular
disease, chronic kidney disease, and a multitude of extrahepatic neoplasms [1,2,6,7]. As
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research continues in other directions, including the pathogenesis and clinical features of
NAFLD, NAFLD is thought to be highly heterogeneous, with significant variation in the
rate of progression of the disorders and response to therapy [8]. As such, an international
group of experts suggested to modify the name of NAFLD to “Metabolic Dysfunction-
Associated Fatty Liver Disease” (MAFLD) in the year 2020 [8]. However, irregularities
between the criteria for NAFLD and MAFLD diagnosis prohibited the change [9,10]. Much
effort has been taken to develop treatments for NAFLD/NASH because lifestyle interven-
tions, although curative, are challenging to implement effectively and adhere to over the
long term [4,11-14]. However, NAFLD/NASH is at risk of developing into cirrhosis and
hepatocellular carcinoma, and no drugs are currently recognized as a cure.

The dysregulation of microRNA (miRNA) has been implicated as a causative factor
for the development of NAFLD. miRNA is a family of small endogenous RNAs, made up
of 15-25 nucleotides, known to modulate cell proliferation, differentiation, and apoptosis
at the post-transcriptional level. They have been closely linked to several physiological
and pathophysiological processes, including metabolism, immunity, and neoplasms in
the human body [15,16]. Studies have demonstrated that miRNAs are differentially ex-
pressed in normal subjects and patients with NAFLD/NASH. Some of these miRNAs may
be implicated in the pathophysiological processes of NAFLD/NASH by dysregulating
lipid metabolism, cell proliferation, inflammation, apoptosis, cell cycle, and fibrosis [16].
In addition, some studies have shown that miRNA expression can reduce triglyceride
accumulation and inhibit adipocyte differentiation, indirectly regulating the body’s lipid
metabolism, including triglyceride and HDL binding, cholesterol transport, and fatty
acid synthesis and oxidation involving lipid metabolizing enzymes [17-19]. miRNAs can
promote or inhibit the development of hepatocellular carcinoma (HCC) in patients with
NAFLD/NASH, and miRNAs in HCC-derived exosomes can be used to diagnose HCC [20].
Because miRNAs control post-transcriptional modification and gene expression and are
incredibly stable, miRNAs are increasingly employed in disease detection and prediction,
disease progress monitoring, and disease therapy [21].

Over the last few decades, much research has demonstrated that activation or inhi-
bition of miRNAs can control the development of NAFLD/NASH. With the increasing
number of cellular or animal models, preclinical validation of miRNA for therapeutic
purposes has become increasingly refined. Here, we provide a systematic review and
meta-analysis to summarize the results of miRNA-based therapeutic approaches in cellular
or animal models of NAFLD/NASH, and comprehensively discuss the overall efficacy of
miRNAs as a therapeutic agent of NAFLD/NASH.

2. Results and Discussion
2.1. Results
2.1.1. Study Characteristics

A search of the databases determined 1495 titles with abstracts (Figure 1). After
preliminary screening, 1271 articles were excluded based on duplication (144) and title
abstract screening (1127), and the remainder 224 articles were reviewed for both full texts.
Consequently, 128 were excluded because they were: review articles (n = 8), not including
an NASH/NAFLD model (n = 14), lacking miRNA therapy (n = 78), not using a single
miRNA (n = 21), or other reasons including lack of assessment of therapeutic effect and no
relevant outcomes reported (n = 7). Finally, 96 articles met the inclusion criteria and were
incorporated into this review. The detailed characteristics of these 96 [19,22-121] articles are
described in Supplementary Tables S1 and S2. An overview of the geographical locations
of the relevant authors’ institutions shows that the majority of the studies were from Asia
(85 studies), followed by America (10 studies) and Europe (1 study), with Chinese and US
institutions conducting 87.5% of the studies. A total of 38 studies (39.6%) used cell models,
16 (16.7%) used animal models, and 41 (43.7%) used both (cell + animal) models.
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Figure 1. PRISMA flowchart. The final 96 research studies that met the criteria were included in the
qualitative synthesis based on the number of titles, abstracts, and whole texts screened.

Animal studies were primarily conducted in rodents (96.5% of studies used mice, and
3.5% used rats), with the majority using only males (85.9%) and a minority using only
females (7.2%). Overall, 1.7% of the studies used both sexes while 5.2% did not disclose the
sex of the animals (Figure 2A). Mouse studies primarily consisted of C57BL/6 (56.1%) or
C57BL/ 6] (35.1%) strains. The mouse models were mainly induced by a high-fat diet (HFD)
(71.9%) and a methionine-choline deficient (MCD) diet (12.3%). Animal studies consisted
of 85.9% NAFLD and 14.1% NASH models. In the 57 studies using animal models, miRNA
agonists/antagonists were mainly administered intravenously (79%) and intraperitoneally
(7%), while the remaining studies used miRNA knockout/transgenic animals (14%). The
majority of studies intervened NAFLD/NASH with miRNA after the disease onset (68.4%),
while the rest (31.6%) introduced miRNA during the induction phase of NAFLD/NASH
(including knockout/transgenic mice) (Supplementary Tables S1 and S2).

The NAFLD/NASH cell models mainly used four types of cell lines, namely HepG2
(30%), L-02 (13.8%), PH (8.7%), and AML-12 (8.7%) cells, with some studies (15%) using
two cell types in a single study (Figure 2B). NAFLD was induced in the cells using free
fatty acids (FFA) mix (PA:OA), palmitic acid (PA), oleic acid (OA), and other mediums such
urine acid (UA) and stearic acid (SA). FFA mixture (40.5%) and PA (27.8%) overloads were
the most commonly used methods to establish NAFLD/NASH models. Cross-tabulation of
cell lines and inducers revealed that HepG2+FFA and HepG2+PA were the most commonly
used modeling approaches, and L-02+FFA and L-02+PA were the second most commonly
used modeling approaches.
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Figure 2. Characteristics of the 96 studies included in this review. Distribution of studies by (A) rodent
species and sex, (B) cell types and induction methods in cell models, (C) miRNA delivery methods
in cell and animal studies, and (D) number of studies for each miRNA variants. AML-12: alpha
mouse liver-12, ASO: antisense oligonucleotide, FFA: free-fatty acids, HepG2: human hepatocellular
carcinoma, KO: knockout, L-02: hepatocyte 02, LNA: locked nucleic acid, OA; oleic acid, PA: palmitic
acid, PH: primary hepatocyte, TsGc: Transgenic mice.

Various forms of miRNA had been used to deliver the nucleic acid materials to the
animal and cell models (Figure 2C). miRNAs in the form known as mimics/inhibitors
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were used as interventions in 37 studies (38.5%). A total of 14 studies (14.6%) used miRNA
agomirs/antagomirs/LNA/ASO as interventions, while 5 studies (5.2%) compared two
types (mimic/inhibitor vs. agomir/antagomir/LNA/ASO) of interventions. A total of
8 studies (8.3%) used NAFLD/NASH knockout/transgenic models, of which 4 (4.2%)
used miRNA knockout models and were treated with miRINA mimics. Besides, 32 studies
(33.3%) used miRNAs in the form of viral packaging, and 22 of these studies used miRNA
mimics/inhibitors in the form of viral packaging as interventions.

A total of 56 different miRNA variants were used across the 96 studies included in this
review, with the majority of studies focusing on miRNA-34 (1 = 7), followed by miRNA-130
(n = 4), miRNA-21 (n = 3), miRNA-103 (n = 3), miRNA-122 (n = 3), miRNA-146 (n = 3),
miRNA-149 (n = 3), and miRNA-155 (n = 3) (Figure 2D).

2.1.2. Functional Enrichment Analysis

In this review, the target signaling pathways associated with all miRNAs as therapeutic
agents for NAFLD/NASH were functionally annotated and enriched using Metascape. The
functional enrichment results showed that the pathways were mainly focused on the repre-
sentative terms of cellular response to lipids, hormone response, alcoholic liver disease, and
the AMPK signaling pathway (Figure 3A,B). By mapping the protein-protein interaction
(PPI) network of differentially expressed genes (DEGs) regulated by these miRNAs, three
gene clusters in the PPI network were mapped to 16 target DEGs such as silencing informa-
tion regulatory factor 2-related enzyme 1 gene (SIRT1), fatty acid synthase gene (FASN),
sterol regulatory element binding transcription factor 1 gene (SREBF1), and other genes
that regulate the pathway of lipid and glucose metabolism in liver cells (Figure 3C,D). In
addition, the target genes also include CD36 and Toll-like receptor 1/2 gene (TLR1/TLR2)
which regulate innate immunity and inflammation-promoting mechanisms in hepatocytes.
The third gene cluster is involved in the signal transducer and activator of transcription
1 gene (STAT1), interleukin (IL6) and nuclear receptor subfamily 3C group member 1 gene
(NR3C1), which regulate hepatocyte proliferation and adaptive immune response.

2.1.3. Biologic Processes

This review found 14 potential biological processes that were reported to be modulated
by the miRNAs in NAFLD/NASH from the 96 included studies (Supplementary Table 52
and Figure 4). These processes included hepatic fat accumulation (1 = 74, 77%), inflamma-
tion (n = 25, 26%), liver fibrosis (n = 13, 13.5%), oxidative stress damage (n = 12, 12.5%),
insulin resistance (n = 10, 10.4%), and others (n = 8, 8%). Both hepatic fat accumulation and
inflammation were found to be modulated together by miRNA in 15.6% (n = 15) of studies.

SIRT1 was the most reported signaling pathway in all 96 studies (n = 11, 11.5%)
(Figure 4). All four miRNA intervention studies that led to overexpression of SIRT1
found a protective (therapeutic) effect against NAFLD/NASH. Concomitantly, five of the
seven studies that inhibited SIRT1 expression after the application of miRNAs reported an
opposing (detrimental) effect on NAFLD/NASH. Three of the seven studies using miRNA
34 reported experimental validation of SIRT1 as a mechanistic signaling pathway involved
in fat accumulation, while the remaining four studies showed the regulatory role of SIRT1
in lipid metabolism (Supplementary Table S1).

Eight studies noted the involvement of the peroxisome proliferator-activated recep-
tor (PPAR) signaling pathway in miRNA-based interventions. In three miRNA studies
that resulted in overexpression of PPAR, two studies reported a protective effect against
NAFLD/NASH (Supplementary Table S1 and Figure 4). However, the findings were not
consistent with other studies that reported the inhibition of PPAR on NAFLD/NASH.
When PPAR expression was inhibited following miRNA intervention, only two out of five
studies reported an opposing (detrimental) effect against NAFLD/NASH. These findings
indicate that the role of PPAR in mediating the therapeutic effect of miRNAs remains
complex.
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Figure 3. Metascape database analysis of NAFLD/NASH-related pathways targeted by the miRNAs
found in this review. (A) GO and KEGG enrichment analysis of target signaling pathways associated
with the treatment of NAFLD/NASH. (B) Network layout of representative terms. The network
of enriched terms is colored by cluster-ID. Each terminal is characterized by a circular node whose
dimensions are proportional to the number of inputs for that terminal. Nodes with identical cluster-ID
are usually in close proximity to each other. (C) Network enrichment analysis of GO-biological process
for differentially expressed genes (DEGs) regulated by miRNAs. (D) Protein-protein interaction (PPI)
network diagram of DEGs. MCOD1: Regulation of steroid biosynthetic process, MCOD2: Diseases
associated with the Toll-like receptor (TLR) signaling cascade, MCOD3: Response to hormone.
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Figure 4. The primary biological processes and signaling pathways as reported to be modulated
by the miRNAs included in this review. Hepatic fat accumulation and inflammation were the
predominant biological processes involved in the miRNA interventions while SIRT1 was the main
targeted pathway. Inhibition or overexpression of the genes in the pathways by miRNAs may result in
protective (therapeutic), detrimental, or neutral effects towards NAFLD/NASH. AMPK: adenosine 5'-
monophosphate (AMP)-activated protein kinase 3, AKT: protein kinase, PI3K: phosphatidylinositide
3 kinase, PPAR: peroxisome proliferator-activated receptor, SIRT1: sirtuin 1.

Among the seven studies that reported on the involvement of the AMPK signaling
pathway, six studies found that inhibition of the pathway following miRNA interventions
resulted in deleterious effects (Supplementary Table S1 and Figure 4). Among the five
studies that examined the effect of miRNA interventions on the PI3K/AKT signaling
pathway, four studies noted that inhibition of the pathway resulted in a protective effect
against NAFLD/NASH (Supplementary Table S1 and Figure 4).

2.1.4. Meta-Analysis of miRNA Interventions on NAFLD/NASH

Of the seven studies that determined the role of miRNA-34a in NAFLD/NASH animal
models, five involved miRNA-34a antagonists and two used locked nucleic acids (LNA)
inhibitor targeting miRNA-34 [26-32]. Hepatic triglyceride (TG) levels were reported in
five studies, serum alanine aminotransferase (ALT) and serum aspartate aminotransferase
(AST) in three studies, and hepatic total cholesterol (TC), serum TG, and serum TC in two
studies. These studies were combined for meta-analysis regardless of variations in research
design, NAFLD/NASH models, or behavioral characteristics. Pretreatment with miRINA-
34a antagonist significantly reduced hepatic TG levels (mean difference: 4.33 mg/g; 95% CI:
2.70, 5.95; p < 0.00001), despite the high heterogeneity of the studies (p = 0.04) (Figure 5A).
In addition, miRNA-34a antagonist significantly reduced ALT (mean difference: 34.07 U/L;
95% CI: 3.93, 64.22; p = 0.03) (Figure 5B) and AST (mean difference: 35.90 U/L; 95% CI: 12.59,
59.21; p = 0.003) although there was high heterogeneity (p < 0.00001) (Figure 5C). miRNA-
34a antagonist also significantly reduced hepatic TC levels (mean difference: 2.14 mg/g;
95% CI: 1.83, 2.46; p < 0.00001) with low heterogeneity between studies (p = 0.22) (Figure 5D).
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Figure 5. Meta-analyses of miRNA-34a antagonist on (A) hepatic TG, (B) alanine aminotransferase,
(C) aspartate aminotransferase, and (D) hepatic TC in NAFLD/NASH models (in the presence or
absence of pre-conditioning). TC: Total Cholesterol, TG: Triglycerides, SD: standard deviation, CI:
confidence interval.

The effect of miRNA-34a inhibition on serum TG was not apparent (p = 0.24) with
high heterogeneity (p = 0.005) (Figure 6A). Similarly, no overall effect was observed on
serum TC after miRNA-34a inhibition (p = 0.34) with significant heterogeneity (p = 0.0001)
(Figure 6B).
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Figure 6. Meta-analyses of miRNA-34a antagonist on serum (A) TG and (B) TC in NAFLD/NASH
models (in the presence or absence of pre-conditioning). TC: Total Cholesterol, TG: Triglycerides, SD:
standard deviation, CI: confidence interval.

Notably, the review on the antagonistic effects of miRNA-34a identified hepatic fat
accumulation as the primary biological process involved (Supplementary Table S2). Only
two studies explored the role of miRNA-34a inhibition in reducing inflammatory responses
and fibrosis as well as in improving insulin resistance in NAFLD/NASH models.

Meta-analyses for other miRNAs such as miRNA-130, miRNA-21, miRNA-103, miRNA-
122, miRNA-146, miRNA-149, and miRNA-155 were hampered by insufficient data and a
high degree of statistical heterogeneity between studies.

2.1.5. Quality Assessment

All 96 included studies were assessed using the SYRCLE ROB tool. Results showed
that all studies had unclear risk assessment because they lacked clear descriptions of
baseline characteristics (88.17%), blinding (of outcome evaluators) (96.8%), data reporting
(90.6%), and study protocol (94.7%). Information on animal weights, method of randomiza-
tion, sample size calculation, and study protocols were generally not reported in detail in
the studies (Figure 7). Only the data from studies involving miRNA-34a were found to be
of medium quality.

2.1.6. Publication Bias

Statistical tests for asymmetry of scatter plots and reporting bias were not performed
due to the uncertainty of bias risk of most studies, high statistical heterogeneity (>90%),
and the limited number of studies (<10).

2.2. Discussion

Despite the apparent heterogeneity in the design characteristics of most of the studies
in this systematic review, several significant findings are worth emphasizing despite the ap-
parent heterogeneity in design characteristics for most studies. All investigations reported
remarkable impacts (protective or detrimental) of miRNA interventions on NAFLD/NASH
progression, mainly in lipid metabolism and inflammatory responses. In addition, the
studies collectively emphasized the involvement of miRNAs in the pathogenesis and
therapeutic application of NAFLD/NASH.
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Figure 7. Risk of bias analysis was performed on the 96 included research studies with the SYRCLE
ROB tool. The low risk of bias is presented in green, the unclear risk is presented in orange, and the
high risk of bias is presented in red.

miRNA sequences are strongly conserved across species and have a similar tissue
distribution in animals (rodents and rabbits) and humans [115]. A large number of miR-
NAs are expressed in mammalian liver and influence disease development by altering
RNA expression patterns (e.g., overexpression or repression) in disease states [116]. The
biological effects of miRNAs are complex and varied because their modes of action include
classical and non-classical pathways. The classical pathway first generates pri-miRNA
transcripts while the non-classical pathway produces small hairpin RNA (shRNA), mirtron,
or 7-methylguanine capped-pre-miRNA in the nucleus. These primary miRNAs are fur-
ther cleaved by Drosha and DiGeorge Syndrome Critical Region 8 (DGCRS) to produce
pre-miRNA. The pre-miRNA transcripts are transported to the cytoplasm, where they are
further processed to produce mature miRNA which forms a miRNA-induced silencing
complex (miRISC). The miRISC binds to the target mRNA and represses translation by
degrading the target mRNA [115].

There are currently two types of miRNA-based therapeutic strategies: replacement,
restoration, or overexpression therapy, i.e., miRNA replacement/overexpression therapy,
and reduction, inhibition, or down-regulation therapy, i.e., miRNA reduction/inhibition
therapy. miRNA replacement/overexpression therapies restore/enhance endogenous miR-
NAs mainly through chemically synthesized miRNAs or miRNA mimics. These synthetic
miRNAs have the same sequences and indistinguishable biological roles as mature en-
dogenous miRNAs. They can be transported to the cytoplasm via different transporters,
such as reagents or virus packaging. These synthetic miRNAs are linked to RISC in the
cytoplasm [115]. On the other hand, miRNA reduction/suppression therapies inactivate
disease-causing miRNAs that are downregulated in disease by different antagonists that
possess a complementary sequence to the targeted endogenous mRNA. These methods
include miRNA inhibitors and oligomers. miRNA inhibitors are also transferred into
the cytoplasm by different transporters, such as reagents or virus packaging. Antisense
oligonucleotide (ASO), locked nucleic acid (LNA) are the most common antisense nu-
cleotide species. Knockouts or transgenic mice can also be used in preclinical studies to
reduce the expression of endogenous miRNAs. However, the most significant disadvantage
of this approach is that it is not suitable for clinical application [115].
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In the present review, we included 96 studies that investigated the therapeutic effects
of a total of 56 different miRNA variants on NAFLD/NASH. These miRNAs were mainly
involved in hepatic lipid accumulation, inflammation, and liver fibrosis of NAFLD/NASH
models. The SIRT1 signaling pathway is the most common target by these miRNAs such
that overexpression of SIRT1 by miRNA interventions has been shown to have a protective
effect against NAFLD/NASH. The signaling events involving miRNA intervention in
NAFLD/NASH may be a result of the binding of different miRNAs to multiple target
genes in the signaling pathways that lead to a common signaling event.

miRNA-34 is highly evolutionarily conserved in mammals, with only two distinct
gene coding sequences in the miRNA-34 family. The miRNA-34a sequence is located
on chromosome 1p36.23 while the miRNA-34b and miRNA-34c sequences are located
together in a primitive transcriptional cluster on chromosome 11g23.1 [117]. miRNA-34a is
expressed in the pancreas, liver, and heart. Previous research has also demonstrated that
miRNA-34a is found to be expressed at elevated levels in drug-induced adipocytes, in the
construction of NAFLD/NASH mouse models, and in the liver cells of patients.

miRNA-34a antagonist has a significant protective effect on NAFLD/NASH models
presented with bile acid abnormalities and metabolic syndrome preadaptation [117,119].
Wen et al. [119] found that fat accumulation could alter cellular mitochondrial morphology
and lead to abnormal cellular mitochondrial function. miRNA-34a antagonists significantly
restored the transmembrane potential of cellular mitochondria, improved cellular mito-
chondrial function, and reduced fat accumulation. Thounaojam et al. [120] showed that
a high glucose diet reduced histone deacetylase SIRT1, which is associated with reduced
cellular mitochondrial function and loss of mitochondrial biogenesis factors (i.e., PGC-1«,
NRF1, and TFAM). Transfection of miRNA-34a antagonist into cells prevented high glucose-
induced cellular mitochondrial dysfunction and upregulation of cellular senescence-related
markers.

miRNA-34a mimics promoted mitochondrial dysfunction and cellular senescence,
presumably through the inhibition of the SIRT1-PGC-1«-NRF1 pathway. Other stud-
ies [121,122] found that fat accumulation, insulin resistance, and liver damage in NAFLD
mouse models were improved after treatment with green tea and gynostemium, while
further studies on liver tissues revealed a significant decrease in miRNA-34a. This result
suggested that green tea and gynostemium altered liver metabolism through epigenetic reg-
ulation of miRNA-34a. Another study [123] found circRNA-0046367 to be an endogenous
regulator of miRNA-34a. circRNA-0046367 was significantly downregulated in liver tissues
of patients with NAFLD while miRNA-34a levels were elevated. The downregulation of
circRNA-0046367 promoted the inhibitory effect of miRNA-34a on peroxisome proliferator-
activated receptor alpha (PPARx) and exacerbated the development of steatosis.

Wau et al. [124] suggested that sterol regulatory element binding protein 1c (SREBP-1c)
regulates lipid homeostasis through the activation of several fatty acid synthesis-related
enzymes. Overexpression of miRNA-34a significantly upregulates SREBP-1c levels through
SIRT1 and thus leads to lipid metabolism disorders. Wu et al. [125] showed that upregula-
tion of miRNA-34a in patients with NAFLD led to inhibition of SIRT1, and inhibition of
miRNA-34a promoted SIRT1 synthesis, allowing activation of PPARx and AMPK. In addi-
tion, activation of PPARx and AMPK stimulated lipolysis and metabolism. Min et al. [126]
showed that miRNA-34a mimic suppressed SIRT1 expression by activating AMPK and
dephosphorylating hydroxymethylglutaryl-coenzyme A reductase (HMGCR).

Another study [127] reported that Creb-regulated transcriptional coactivator (Crtc)2
is another primary regulator of systemic energy metabolism that involves miRNA-34a in
its mechanism of action. In the Crtc2-specific knockout mouse model of NAFLD, plasma
and liver fibroblast growth factor 21 (FGF21) levels were found to be elevated. The degree
of oxidative stress in the mouse liver cells was alleviated and expression of miR-34a
was downregulated, due to high expression of SIRT1 and PPARx. However, ectopic
overexpression of miRNA-34a was followed by suppression of Sirtl and PPAR«x expression,
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along with increased oxidative stress in mouse liver cells. Therefore, CREB/Crtc2 was
suggested to induce miRNA-34a to negatively regulate the Sirtl/PPAR«/FGF21 axis.

We reviewed seven studies addressing the therapeutic efficacy of miRNA-34a in
NAFLD/NASH animal models, which collectively agreed that miRNA-34a plays a role
in disease progression [26-32]. In the present meta-analysis, in which miR-34a antago-
nists were used as an intervention, hepatic TG, TC, ALT, and AST levels were signifi-
cantly reduced, supporting the hypothesis that endogenous miRNA-34a is detrimental to
NAFLD/NASH. Indeed, the high expression of miRNA-34a in the liver induced by HFD
may be related to its pathogenic role in NAFLD/NASH. Inhibition of miRNA-34a reduced
intracytoplasmic lipid droplet deposition in most studies. These studies [26-32] explored
the possibility of SIRT1 as a miRNA-34a target, with one-third of these studies [26,27,29]
identifying SIRT1 as a critical target of miRNA34a. Inhibition of miRNA-34a increased
hepatic SIRT1 expression, activated fatty acid oxidation, and inhibited hepatocyte steatosis.
It was also found that inhibition of hepatic miRNA-34a reduced hepatocyte ROS levels
and decreased gene expression of fibrogenesis (TGFf, a-SMA and TIMP1). Therefore,
miRNA-34a may be involved in the progression of NAFLD to NASH by promoting lipid
uptake and synthesis, inducing inflammation, ROS activation, and apoptosis. However, the
effect of miRNA-34a mimicry or overexpression in NAFLD/NASH has yet to be reported.
Thus, meta-analysis was restricted to miRNA-34a antagonistic studies. Further studies
should investigate the protective effects of this miRNA antagonist at different phases of the
disease and the dosage needed to establish therapeutic efficacy in human trials.

Wang et al. [22] used miRNA microarray analysis and found that miRNA-130a-3p was
remarkably downregulated in the liver of NAFLD mice undergoing liver fibrosis, which
was further confirmed in liver tissues of MCD-fed mice and patients with NASH. miRNA-
130a-3p mimics were transfected into HSC-T6 cells, which in turn directly acted on TGFBR1
and TGFBR?2 through the TGF-f3 /Smad signaling pathway, thereby inhibiting the activation
and proliferation of hepatic stellate cells (HSCs). Through bioinformatics analysis and dual
luciferase assay, Liu et al. [24] verified that miRNA-130a bound directly to LncRNA-H19
and that overexpression of LncRNA-H19 promoted TG secretion and lipid accumulation in
hepatocytes by downregulating miRNA-130a to activate the PPARy pathway. Knockdown
of LncRNA-H19 or overexpression of miRNA-130a reversed this change.

Using the Starbase database, Guo et al. [25] confirmed that HOTAIR binds to miRNA-
130b-3p. The effect of miRNA-130b-3p on its target ROCK1 was verified by dual luciferase
assay in FFA-induced HepG2 cells. Further studies showed that activation of ROCK1
increased fat accumulation. In the hepatic tissue of HFD-fed NAFLD mice, significant
increases in levels of HOTAIR and ROCK1 were observed, and the expression of miRNA-
130b-3p was suppressed, thus confirming that HOTAIR can promote NAFLD through the
miRNA-130b-3p/ROCKI1 axis. However, Liu et al. [23] found that hepatic fat accumulation
and insulin resistance were significantly improved in HFD-fed knockout mice of miRNA-
130b-5p. Similar changes were achieved first by artificial downregulation of miRNA-130b-
5p and then further upregulation of insulin-like growth factor binding protein 2 (IGFBP2).
However, there was no improvement in hepatic lipid accumulation and insulin resistance
in mice with simultaneous downregulation of miRNA-130b-5p and IGFBP2. The expression
of IGFBP2 and the degree of AKT/AKT phosphorylation were synchronous, i.e., enhanced
or reduced simultaneously. Thus, miRNA-130b-5p downregulation in the NAFLD model
could improve lipid accumulation and insulin resistance in NAFLD mice by activating the
AKT pathway in an IGFBP2-dependent manner.

As reported in this review, studies that used miRNA-130 mimics have supported the
protective properties of this miRNA in NAFLD/NASH. However, studies with miRNA-130
knockout mice have yielded an opposite finding (i.e., protective effect after downregulation
of miRNA-130) [22-25]. Differences in the precursor and stem-loop arms [128] of miRNA-
130 used in these studies, as well as a limited number of studies (n < 2), resulted in
increased heterogeneity, which hindered further meta-analysis. Based on previous findings,
miRNAs are derived from either the 5p or 3p arm, which show dynamic expression and
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evolutionary patterns. The arm selection and/or arm switching control miRNA expression
and functionality in response to biological needs [128]. Hence, more preclinical studies
are necessary to investigate the role of precursors and stem-loop arms of miRNA-130 in
NAFLD/NASH.

Clinical data has shown that high miRNA-21 expression is associated with poor clini-
cal prognosis of NAFLD. miRNA-21 is significantly elevated in the livers of patients with
NASH [129,130]. Several in vitro and in vivo studies have consistently demonstrated that
miRNA-21 can regulate the expression of crucial metabolic transcription factors such as
insulin sensitivity, fatty acid uptake, and lipid synthesis [64—66]. Research [66] has demon-
strated that miRNNA-21 is upregulated in the hepatic tissue of patients with NAFLD/NASH,
and this was confirmed in HFD-fed mice and fatty acid-intervened cells.

Bioinformatics of the HBP1 mRNA demonstrated that the 3'-UTR of HBP1 mRNA was
100% in complementarity with the miRNA-21 and that LNA anti-miRNA-21 transfection
of OA-treated HepG2 cells resulted in a significant increase in HBP1 and a subsequent
decrease in fat accumulation. Supplementation with HBP1-siRNA counteracted the effect of
LNA anti-miRNA-21. In further animal studies, mice administered with LNA anti-miRNA-
21 demonstrated an increase in HBP1 and a significant decrease in hepatocyte TG levels,
leading to the combined inference that miRNA-21 played an essential part in NAFLD by its
interactions with the HBP1 pathway. Rodrigues et al. [64] showed a significant increase in
PPARw protein levels after administration of a methionine and choline-deficient diet (MCD)
to miRNA-21 knockout mice, but no progressive increase in TNF-«, IL-1(3, serum ALT,
and caspase-2 levels; additionally, they found a noticeable reduction in hepatic steatosis.
miRNA-21 ablation resulted in a progressive reduction in fat accumulation, inflammation,
and apoptosis in hepatocytes of NAFLD/NASH mice, and slowed the onset of fibrosis.

Wang et al. [65] injected miRNA-21 antagonists into MCD-fed NAFLD mice, and the
levels of serum lipids (TG, TC, LDL) and transaminases (ALT, AST) were decreased. The
expression of lipid synthesis-related genes (SREBP1c and FASN) was inhibited, confirming
that fat accumulation and inflammation associated with NAFLD progression to NASH
can be reduced by inhibition of miRNA-21. Notably, all three studies [64-66] involving
miRNA-21 supported the protective effect of inhibiting this miRNA in NAFLD/NASH
models, which suggests miRNA-21 antagonist as a potential therapeutic target for treating
NAFLD/NASH and metabolic syndrome. However, a meta-analysis could not be con-
ducted due to differences in the observed indicators and the limited number of observed
indicators across studies (1 < 2).

Recent studies reported that miRNA-146 reduced hepatic lipid accumulation and
NASH in NAFLD mice [131,132]. He et al. [74] found significantly reduced levels of
miRNA-146b in the livers of MCD-fed mice. They also found that miRNA-146b deletion
promoted liver inflammation and fibrosis in MCD-fed knockout miRNA-146b mice. The
miRNA-146b mimics were injected into mice by nanoparticle technology and revealed a
significantly reduced inflammation and lipid droplet formation in mouse hepatocytes, along
with a significant decrease in serum ALT and AST levels, which suggests that miRNAs
nanoparticles can be explored as a therapeutic agent for NAFLD treatment. Chen et al. [73].
applied bioinformatic characterization and identified potential miRNA-146a-5p binding
sites for NEAT1 and the 3’ UTR of ROCKI1 through bioinformatics. FFA-induced dual
luciferase in HepG2 cells showed that NEAT1 restrained the expression of miR-146a-5p and
promoted the performance of ROCK1. Further experiments showed that transfection of
miRNA-146a-5p mimics significantly decreased ROCK1, TG, and lipid accumulation while
transfection with pcDNA-Rock1 disrupted the inhibitory effect of miRNA-146a-5p mimics.
Transfection of sh-NEAT1 reversed the excessive lipid accumulation caused by FFA, but
the reversal effect of sh-NEAT1 was inhibited when Sh-NEATT1 acted simultaneously with
miR-146a-5p inhibitor. Transfection with sh-ROCK1 also attenuated FFA-induced lipid
formation, thus confirming that NEAT1 can promote NAFLD by inhibiting miRNA-146a-
5p, upregulating ROCK1, and promoting hepatic lipid accumulation. The mammalian-
mediated complex MED1, identified by Li et al. [75] through Targetscan database analysis,
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is a target gene for miRNA-146a. miRNA-146a expression levels were significantly reduced
in ob/ob mice, HFD-fed NAFLD mice, and FFA-induced AML-12 cells. Serum insulin levels
and liver TG were found to be significantly reduced in mice injected with miRNA-146a
mimics. The negative effects of the miRNA-146a inhibitor on the mitochondrial function
and lipid metabolism of FFA-induced AML-12 cells were enhanced after overexpression of
MED1 using pcDNA3-MED1. The effect of miRNA-146a on mitochondrial function and
glycolipid metabolism were found to be mediated by MED1. miRNA-146 overexpression
treatment significantly improved the occurrence of fat accumulation in hepatocytes. Thus,
intervention with miRNA-146 mimics might represent a promising new direction for the
treatment of NAFLD to NASH.

Zhang et al. [69]. found miRNA-103 to be highly complementary to the 3’-UTR of
FASN mRNA through the TargetScan genetic database. Dual luciferase reaction strongly
suggested that direct miRNA-103 binding to the 3'-UTR of FASN mRNA was required
for FASN inhibition. Overexpression of miRNA-103 in high-cholesterol diet (HCD)-fed
NAFLD mice and genetically obese (db/db) mice resulted in a significant reduction in
FASN, reduced liver weight, and TG in mice. In addition, Chu et al. [67] applied the
GSE65978 microarray from the GEO database to analyze and select the first 30 signifi-
cantly differentially expressed miRNAs and validated them with serum from patients with
NAFLD and liver tissues of HFD-fed NAFLD mice to confirm the upregulated miRNA-
103a-3p expression in these samples. Nevertheless, in further animal tests, when mice
were given miRNA-103a-3p inhibitors, this increased HBP1 and significantly decreased the
serum TG, TC, ALT, and AST levels of the mice. Further injection of sh-HBP1 into NAFLD
mice treated with miR-103a-3p inhibitors increased hepatic fat accumulation, inflamma-
tion, and fibrosis, and attenuated the impact of miR-103a-3p inhibitors in the mice. It is,
therefore, inferred that miRNA-103a-3p plays an essential role in NAFLD by its interaction
through the HBP1 pathway. Furthermore, Ding et al. [68] found increased expression of
miRNA-103-3p both in FFA-treated L02 cells and in hepatocytes of NAFLD mice. The
administration of miRNA-103-3p antagonists reduced lipid droplet aggregation in L02
cells and significantly reduced inflammatory responses, abnormal lipid metabolism, and
oxidative stress in NAFLD mice. Therefore, inhibition of miRNA-103-3p offers a potential
therapeutic strategy for treating NAFLD. The contradictory findings may be attributed
to different forms of mature miRNA sequences produced in these disease models [128],
and so, the therapeutic role of miRNA-103 for NAFLD still needs further evaluation at the
structural level of the miRNA itself.

miRNA-122 is one of the most abundant miRNAs in the liver and is essential in regulat-
ing lipid metabolism. The levels of miRNA-122 are positively correlated with disease sever-
ity [130,133]. In human hepatic stellate cells (HSCs), the production of pro-inflammatory
cytokines was inhibited by miR-122 through the targeting of the PKR-activating protein
(PACT) [134]. Long et al. [72] found elevated miRNA-122 expression in both the hepatic
cells of HFD-fed NAFLD mice and FFA-induced HepG2 and Huh-7 liver cells. miRNA-122
action on the direct target SIRT1 was verified by dual luciferase assay. miRNA-122 inhibitor
action on the NAFLD cell model inhibited FFA-induced TG secretion, while silencing
SIRT1 reversed this phenotype, thus confirming that miR-122 inhibitors protected hep-
atocytes from lipid deposition and inhibited the development of NAFLD by promoting
the expression of SIRT1. Hu et al. [71] identified significantly increased levels of miRNA-
122-5p both in HFD-fed NAFLD mice as well as in PA-induced L02 cells. FOXO3 was
further demonstrated to be a potential target of miRNA-122-5p by a dual luciferase assay.
miRNA-122-5p inhibitors reduced hepatic TG, hepatic TC, and inflammatory cytokines
(TNF-«, IL-6, and IL-8), and administration of siFOXO3 reversed the exacerbation of fat
accumulation and immune cell infiltration. Thus, inhibition of miRNA-122-5p /FOXO3 axis
could be a target for the potential therapy of NAFLD. However, a study by Chai et al. [70]
comparing miRNA in the liver of patients with NASH with that of healthy individuals
found that miRNA-122 was reduced in the patients. Furthermore, analysis of the human
NASH dataset found that miRNA-122 was negatively correlated with RORA. Injections
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of miRNA-122 inhibitors in HFD-fed NASH mice revealed that reduced miRNA-122 was
associated with increased hepatic TG and muscle TG levels, while further injection of
RORA agonist (RS-2982) reduced fat accumulation, inflammation, and reverse fibrosis in
NASH mice by increasing miRNA-122 expression. These discrepancies could be due to
the disease stages where inhibition of miRNA-122 was therapeutic for NAFLD while its
inhibition was detrimental in NASH, though the reasons remain to be explored. The role of
miR-122 in hepatic stellate cells (HSCs) may influence hepatic inflammation and fibrosis as
shown by a previous study [134].

Xiao et al. [78] demonstrated a significantly elevated expression of miRNA-149 in
hepatic tissues of both FFA-induced HepG2 cells and NAFLD mice treated with HFD.
miRNA-149 promoted intracellular adipogenesis in the absence of FFA induction, but it
did not promote further intracellular adipogenesis in the absence of FFA induction. In
contrast, inhibition of miRNA-149 in the presence of FFA reduced adipogenesis in hep-
atocytes. According to the miRWalk database, FGF-21 is a miRNA-149 target gene, and
FGF-21 siRNA blocks the adipogenesis-inducing inhibitory effect of miR-149 inhibitors on
FFA-induced adipogenesis in HepG2 cells. Thus, inhibition of miRNA-149 might become
a promising new therapeutic for the treatment of NAFLD. Through gene microarray and
animal experiments, Chen et al. [76] also demonstrated that miRNA-149-5p was dramati-
cally upregulated in mice fed with HFD. Overexpression of miRNA-149-5p significantly
enhanced UA-induced TG accumulation in HepG2 cells, and inhibition of miRNA-149-5p
improved TG accumulation. FGF21 was demonstrated to be a gene target of miRNA-149-
5p through luciferase assay, and silencing FGF21 eliminated the ameliorative impact of
miRNA-149-5p inhibitors on lipid accumulation. In contrast, overexpression of FGF21
prevented miRNA-149-5p mimics-induced lipid accumulation in hepatocytes. However,
Chen et al. [77] demonstrated that miRNNA-149 expression was substantially less in NAFLD
mice fed with HFD than in normal mice. In comparison, the mRNA and protein expression
associated with the ATF6 signaling pathway was substantially higher in NAFLD than in
normal mice. miRNA-149 mimics transfected with NAFLD mouse hepatocytes showed
significantly lower mRNA and protein expression of the ATF6 signaling pathway and lower
expression of ERS-related factors (XBP1 and GRP78). miRNA-149 negatively regulates the
ERS-induced inflammatory response and apoptosis in NAFLD through the ATF6 signaling
pathway and restrains the ongoing progression of NAFLD. In miRNA-149 research, two
studies [76,78] concluded that inhibition of miRNA-149 reduced hepatocyte adipogenesis
and fat accumulation, and one concluded [77] that the overexpression of miRNA-149 re-
duced the inflammatory response and apoptosis in NAFLD. These contradictory findings
suggest the existence of multi gene targets for miRNA-149 which could be attributed to the
fact that the expression of miRNA depends on 5p or 3p arm selection of the pre-miRNA
during adaption to functional and environmental stressors [128]. Therefore, a compre-
hensive analysis, and further experimental studies at the miRNA level, are necessary to
determine the therapeutic efficacy of miRNA-149 for NAFLD.

Cask et al. [80] discovered highly expressed miRNA-155 in the hepatocytes of MCD-
fed NASH mice. Hepatic fat accumulation and fibrosis were improved in mice knocked
out of miRNA-155, but there was no significant attenuating effect on steatohepatitis. Bala
et al. [79] discovered that the hepatic levels of miRNA-155 were significantly increased
in patients with NASH. After miRNA-155 knockout mice were given a high-fat, high-
cholesterol, high-sugar (HF-HC-HS) diet, the mice’s liver damage, inflammatory response,
and fibrosis were significantly reduced compared to normal mice. miRNA-155 can target
various genes that bind to critical cellular events in NAFLD/NASH (e.g., fat accumulation,
inflammation, fibrosis, etc.). However, Wang et al. [81] identified a significant reduction
in miRNA-155 in hepatic and peripersonal blood specimens from patients with NASH.
miRNA-155 overexpression reduced lipid accumulation in FFA mixture-induced Hep1-6
cells, and upregulation of miRNA-155 reduced TG content in hepatocytes from HFD-
fed NAFLD mice. Furthermore, overexpression of miRNA-155 in C57BL/6] mice with
NAFLD reduced hepatic TG content. The contradictory findings might be due to the base
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inconsistencies in different mature sequences of the miRNA-155 which result in differential
therapeutic efficacy for NAFLD [128]. The therapeutic efficacy of miRNA-155 for NAFLD
still needs further validation.

The beneficial effects of miRNA intervention were most often associated with im-
proved lipid metabolism, reduced inflammatory responses, and activation of the SIRT1
signaling pathway. However, the limited number of studies and heterogeneity of study
designs reduced the overall intensity of the evidence. Despite the promising therapeutic
effects of miRNAs, there is still a scarcity of evidence to conclude the efficacy of an indi-
vidual miRNA treatment in NAFLD/NASH. There is an apparent risk of biases in most of
the studies, partly due to the limited description of baseline characteristics, methodology,
and data reporting in the publications. The animal models were restricted to population
diversity, as they were conducted only in rodents and mostly in males. The lack of reported
adverse effects following miRNA intervention or effects on other organ functions besides
the liver in the selected studies showed the inadequacy of the preclinical trial designs.
Because of these limitations, the significance of preclinical data for miRNA applications in
human disease is still inconclusive. Only a few studies have described the co-morbidities
involved in NAFLD/NASH development such as diabetes and metabolic syndrome.

While challenges remain in the translation of these preclinical findings into humans
for the treatment of NAFLD/NASH, it is interesting to note that human clinical trials
involving miRNAs as therapeutics in other diseases have been accomplished or are in the
development pipeline. For example, Miravirsen, a newly developed drug, has been used
to inhibit the expression of miR-122 in the treatment of hepatitis C virus (HCV) infection
in humans. The phase 2 clinical trial of this drug showed that patients did not develop
liver cancer or other liver-related complications [135,136]. Therefore, miRNAs are potential
therapeutic targets for the treatment of liver diseases. More carefully designed preclinical
studies involving miRNA therapies in NAFLD/NASH that limits biases and ensures safety
checks are essential for the advancement of miRNA therapy in patients with this disease.

3. Materials and Methods

The reported quality of the included studies was assessed according to the Systematic
Evaluation and Meta-Analysis (PRISMA) statement to explore the therapeutic effects of miR-
NAs on NAFLD/NASH. Searches were restricted to articles written in English. PubMed,
Cochrane, and Scopus databases were used by entering the MeSH subject: NAFLD, fatty
liver, steatosis, and combinations of these MeSH terms. A manual search of all original
articles, conference reports, abstracts, and posters was conducted to collect all available
data until 2 February 2023. Inclusion criteria were defined as (1) studies using cells or
animals in NAFLD and NASH models; (2) inhibition or overexpression of a single miRNA
by one or more measures; (3) existence of controlled experiments; (4) publications written in
English. Exclusion criteria were (1) more than one miRNA intervention in a study; (2) lack
of assessment on therapeutic effect; (3) experimental studies without negative control;
(4) non-English publication; (5) no relevant outcomes reported.

Three investigators (Y.Z.Z., ].A.G. and ].K.T.) independently screened the titles and
abstracts of each study. In cases of disagreement about the selected studies, meetings
were arranged for consultation to resolve potential differences through open discussion.
Details were as follows: (1) study characteristics: author, publication, year, study site (Coun-
try/Region); (2) animal models: species, sex; (3) intervention and control characteristics:
miRNA variants, dose, timing of administration, route of administration; (4) intervention
outcomes: fat accumulation, inflammation, hepatocellular fibrosis, oxidative stress, insulin
resistance, and others.

The functional enrichment analysis was performed using the Metascape database
(https:/ /metascape.org/; accessed on 12 January 2023). The meta-analysis was conducted
using RevMan 5.4.
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4. Conclusions

In conclusion, due to the high prevalence and therapeutic complexity of NALFD/NASH,
the application of miRNA-based therapeutic approaches in the treatment of NAFLD /NASH
seems attractive because miRNAs are pleiotropic molecules that can regulate multiple
dysregulated genes and/or signaling pathways simultaneously. However, the pleiotropic
role of miRNAs can be a double-edged sword, because until all possible molecular targets
of each miRNA are fully understood, their inhibition or overexpression for therapeutic
purposes will not be fully controlled from a clinical treatment perspective. The application
of miRNA therapeutics is still an immature field, despite the fact that numerous scientific
teams and companies have invested significant efforts in the development of miRNA-based
drugs. The potential therapeutic targets and effects of miRNAs in NAFLD/NASH are
illustrated in Figure 8. Although the studies in this review for miRNA-34a inhibitors,
miRNA-21 inhibitors, and miRNA-146 agonists consistently show positive therapeutic
effects in NAFLD/NASH, none go beyond preclinical studies. The main direction for the
future development of miRNA therapy is to conduct more in-depth studies on the targets of
these molecules to provide a more comprehensive and in-depth overview of the signaling
pathways that miRNAs can regulate. A comprehensive understanding of the targets of
miRNAs and a more precise selection of inhibitors or agonists is more in line with the
contemporary concept of precision medicine.

hepatic fat accumulation | \

insulin resistance | ‘

miRNA-34a i AMPK path SIRT1

inflammation |

oxidative stress damage |
miRNA-130a mimics TGF-B/Smad pathway hepatocytes fat accumulation |

hepatic fat accumulation |

miRNA-130b i ROCK
insulin resistance |
hepatic fat accumulation |
miRNA-21 antagonist HBP1 pathway

inflammation |

hepatic fat accumulation |
miRNA-146 mimics ROCK pathway

inflammation |

liver weight |

miRNA-103 mimics
hepatic fat accumulation |

hepatic fat accumulation | :{Effects of miRNAs on NAFLD/NASH

inflammation | (
miRNA-103-3p antagonist HBP1 pathway
oxidative stress damage |

liver fibrosis |

hepatic fat accumulation |
miRNA-122/miRNA-122-5p antagonist —— SIRT1 *{ inflammation |

liver fibrosis |

inflammation |
miRNA-149 mimics —— ATF6 pathway —
apoptosis |

miRNA-149/miRNA-149-5p antagonist hepatic fat accumulation |

,~ MiRNA-155 mimics hepatic fat accumulation |

“ J‘ r hepatic fat accumulation |
\ /
,‘ = miRNA-155 antagonist —{— inflammation | ‘

U " . N
liver fibrosis | ;} | Downregulation

Figure 8. The therapeutic targets and effects of miRNAs in NAFLD/NASH.



Int. . Mol. Sci. 2023, 24, 9168 18 of 23

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ijms24119168/s1.

Author Contributions: Conceptualization, Y.Z., J.A.G. and ] K.T.; methodology, Y.Z.; software, Y.Z.;
validation, Y.Z., J.A.G., ] K.T,, and S.K.W.,; formal analysis, Y.Z.; investigation, Y.Z.; resources, Y.Z.;
data curation, Y.Z.; writing—original draft preparation, Y.Z.; writing—review and editing, ]. A.G.,
J.K.T. and S.K.W,; visualization, Y.Z.; supervision, J.A.G. and ].K.T.; project administration, ].A.G.;
funding acquisition, Y.Z., ].A.G. and J.K.T. All authors have read and agreed to the published version
of the manuscript.

Funding: This study was funded by UNIVERSITI KEBANGSAAN MALAYSIA, grant number DPK-
2022-007 and by HEZE HUIREN CHINESE MEDICINE HOSPITAL, grant number FF-2022-261.

Institutional Review Board Statement: The study did not require ethical approvals.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data available on request.

Acknowledgments: The authors acknowledge the excellence assistance of Chunxue Yue in facilitating
the literature search for the systematic review.

Conflicts of Interest: The authors declare no competing interest.

References

1. Friedman, S.L.; Neuschwander-Tetri, B.A.; Rinella, M.; Sanyal, A.]. Mechanisms of NAFLD development and therapeutic
strategies. Nat. Med. 2018, 24, 908-922. [CrossRef] [PubMed]

2. Younossi, Z.; Anstee, Q.M.; Marietti, M.; Hardy, T.; Henry, L.; Eslam, M.; George, J.; Bugianesi, E. Global burden of NAFLD and
NASH: Trends, predictions, risk factors and prevention. Nat. Rev. Gastroenterol. Hepatol. 2018, 15, 11-20. [CrossRef] [PubMed]

3. Eissa, A.H.A.; Nawawi, K.N.M.; Mohamad, M.S.F.; Wong, Z.; Hassan, H.-H.C.; Maskon, O.; Yaacob, N.Y.; Ali, R A.R. Association
between Non Alcoholic Fatty Liver Disease and Severity of Coronary Artery Disease in Patients Aged 45 Years and Below with
Acute Coronary Syndrome. J. Clin. Diagn. Res. 2021, 15, OC49-OCB55. [CrossRef]

4. Chin, K\Y,; Ekeuku, S.0.; Chew, D.; Trias, A. Tocotrienol in the Management of Nonalcoholic Fatty Liver Disease: A Systematic
Review. Nutrients 2023, 15, 834. [CrossRef]

5. Pulido, M.R.; Diaz-Ruiz, A.; Jiménez-Goémez, Y.; Garcia-Navarro, S.; Gracia-Navarro, F; Tinahones, F.; Loépez-Miranda, J.;
Frithbeck, G.; Vazquez-Martinez, R.; Malagén, M.M. Rab18 dynamics in adipocytes in relation to lipogenesis, lipolysis and
obesity. PLoS ONE 2011, 6, €22931. [CrossRef] [PubMed]

6.  Moreno-Navarrete, ].M.; Escoté, X.; Ortega, F.; Serino, M.; Campbell, M.; Michalski, M.C.; Laville, M.; Xifra, G.; Luche, E,;
Domingo, P; et al. A role for adipocyte-derived lipopolysaccharide-binding protein in inflammation- and obesity-associated
adipose tissue dysfunction. Diabetologia 2013, 56, 2524-2537. [CrossRef] [PubMed]

7.  Sabater, M.; Moreno-Navarrete, ].M.; Ortega, EJ.; Pardo, G.; Salvador, J.; Ricart, W.; Frithbeck, G.; Ferndandez-Real, ].M. Circulating
pigment epithelium-derived factor levels are associated with insulin resistance and decrease after weight loss. J. Clin. Endocrinol.
Metab. 2010, 95, 4720-4728. [CrossRef]

8. Lin, S.; Huang, J.; Wang, M.; Kumar, R.; Liu, Y; Liu, S.; Wu, Y.; Wang, X.; Zhu, Y. Comparison of MAFLD and NAFLD diagnostic
criteria in real world. Liver Int. 2020, 40, 2082-2089. [CrossRef]

9. Mantovani, A. MAFLD vs NAFLD: Where are we. Dig. Liver Dis. 2021, 53, 1368-1372. [CrossRef]

10. Fouad, Y.; Elwakil, R.; Elsahhar, M.; Said, E.; Bazeed, S.; Ali Gomaa, A.; Hashim, A.; Kamal, E.; Mehrez, M.; Attia, D. The
NAFLD-MAFLD debate: Eminence vs evidence. Liver Int. 2021, 41, 255-260. [CrossRef]

11.  Ayob, N.; Muhammad Nawawi, K.N.; Mohamad Nor, M.H.; Raja Ali, R.A.; Ahmad, H.E,; Oon, S.F.; Mohd Mokhtar, N. The Effects
of Probiotics on Small Intestinal Microbiota Composition, Inflammatory Cytokines and Intestinal Permeability in Patients with
Non-Alcoholic Fatty Liver Disease. Biomedicines 2023, 11, 640. [CrossRef] [PubMed]

12.  Al-Baiaty, F; Ismail, A.; Abdul Latiff, Z.; Muhammad Nawawi, K.N.; Raja Ali, R.A.; Mokhtar, N.M. Possible Hepatoprotective
Effect of Tocotrienol-Rich Fraction Vitamin E in Non-alcoholic Fatty Liver Disease in Obese Children and Adolescents. Front.
Pediatr. 2021, 9, 667247. [CrossRef] [PubMed]

13.  Wong, S.K; Chin, K.Y,; Ahmad, F.; Ima-Nirwana, S. Regulation of inflammatory response and oxidative stress by tocotrienol in a
rat model of non-alcoholic fatty liver disease. J. Funct. Foods 2020, 74, 104209. [CrossRef]

14. Perdomo, C.M.; Cohen, R.V,; Sumithran, P.; Clément, K.; Frithbeck, G. Contemporary medical, device, and surgical therapies for
obesity in adults. Lancet 2023, 401, 1116-1130. [CrossRef]

15. Liu, X.L.; Cao, H.X;; Fan, ].G. MicroRNAs as biomarkers and regulators of nonalcoholic fatty liver disease. J. Dig. Dis. 2016, 17,

708-715. [CrossRef]


https://www.mdpi.com/article/10.3390/ijms24119168/s1
https://www.mdpi.com/article/10.3390/ijms24119168/s1
https://doi.org/10.1038/s41591-018-0104-9
https://www.ncbi.nlm.nih.gov/pubmed/29967350
https://doi.org/10.1038/nrgastro.2017.109
https://www.ncbi.nlm.nih.gov/pubmed/28930295
https://doi.org/10.7860/JCDR/2021/51150.15690
https://doi.org/10.3390/nu15040834
https://doi.org/10.1371/journal.pone.0022931
https://www.ncbi.nlm.nih.gov/pubmed/21829560
https://doi.org/10.1007/s00125-013-3015-9
https://www.ncbi.nlm.nih.gov/pubmed/23963324
https://doi.org/10.1210/jc.2010-0630
https://doi.org/10.1111/liv.14548
https://doi.org/10.1016/j.dld.2021.05.014
https://doi.org/10.1111/liv.14739
https://doi.org/10.3390/biomedicines11020640
https://www.ncbi.nlm.nih.gov/pubmed/36831176
https://doi.org/10.3389/fped.2021.667247
https://www.ncbi.nlm.nih.gov/pubmed/34307250
https://doi.org/10.1016/j.jff.2020.104209
https://doi.org/10.1016/S0140-6736(22)02403-5
https://doi.org/10.1111/1751-2980.12408

Int. . Mol. Sci. 2023, 24, 9168 19 of 23

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Yamada, H.; Suzuki, K ; Ichino, N.; Ando, Y.; Sawada, A.; Osakabe, K.; Sugimoto, K.; Ohashi, K.; Teradaira, R.; Inoue, T.; et al.
Associations between circulating microRNAs (miR-21, miR-34a, miR-122 and miR-451) and non-alcoholic fatty liver. Clin. Chim.
Acta 2013, 424, 99-103. [CrossRef]

Gjorgjieva, M.; Sobolewski, C.; Dolicka, D.; Correia de Sousa, M.; Foti, M. miRNAs and NAFLD: From pathophysiology to
therapy. Gut 2019, 68, 2065-2079. [CrossRef]

Dongiovanni, P.; Meroni, M.; Longo, M.; Fargion, S.; Fracanzani, A.L. miRNA Signature in NAFLD: A Turning Point for a
Non-Invasive Diagnosis. Int. . Mol. Sci. 2018, 19, 3966. [CrossRef]

Lee, YH.; Jang, H.].; Kim, S.; Choi, S.S.; Khim, KW.; Eom, H.].; Hyun, J.; Shin, K.J.; Chae, Y.C.; Kim, H.; et al. Hepatic MIR20B
promotes nonalcoholic fatty liver disease by suppressing PPARA. eLife 2021, 10, €70472. [CrossRef]

Sasaki, R.; Kanda, T.; Yokosuka, O.; Kato, N.; Matsuoka, S.; Moriyama, M. Exosomes and Hepatocellular Carcinoma: From Bench
to Bedside. Int. . Mol. Sci. 2019, 20, 1406. [CrossRef]

Sodum, N.; Kumar, G.; Bojja, S.L.; Kumar, N.; Rao, C.M. Epigenetics in NAFLD/NASH: Targets and therapy. Pharmacol. Res. 2021,
167,105484. [CrossRef] [PubMed]

Wang, Y.; Du, J.; Niu, X.; Fu, N.; Wang, R.; Zhang, Y.; Zhao, S.; Sun, D.; Nan, Y. MiR-130a-3p attenuates activation and induces
apoptosis of hepatic stellate cells in nonalcoholic fibrosing steatohepatitis by directly targeting TGFBR1 and TGFBR2. Cell Death
Dis. 2017, 8, €2792. [CrossRef] [PubMed]

Liu, X; Chen, S.; Zhang, L. Downregulated microRNA-130b-5p prevents lipid accumulation and insulin resistance in a murine
model of nonalcoholic fatty liver disease. Am. J. Physiol. Endocrinol. Metab. 2020, 319, E34-E42. [CrossRef]

Jun, L.; Tao, T.; Guo-Dong, W.; Bo, L. LncRNA-H19 promotes hepatic lipogenesis by directly regulating miR-130a/PPARy axis in
non-alcoholic fatty liver disease. Biosci. Rep. 2019, 39, BSR20181722.

Guo, B.; Cheng, Y,; Yao, L.; Zhang, J.; Lu, J.; Qi, H.; Chen, H. LncRNA HOTAIR regulates the lipid accumulation in non-alcoholic
fatty liver disease via miR-130b-3p/ROCKI axis. Cell. Signal. 2022, 90, 110190. [CrossRef] [PubMed]

Alshehri, A.S; El-Kott, A.F,; El-Kenawy, A.E.; Khalifa, H.S.; AIRamlawy, A.M. Cadmium chloride induces non-alcoholic fatty
liver disease in rats by stimulating miR-34a/SIRT1/FXR/p53 axis. Sci. Total Environ. 2021, 784, 147182. [CrossRef]

Jiexia, D.; Meng, L.; Xingyong, W.; Xi, J.; Shaohua, C.; Chaohui, Y.; Youming, L. Effect of miR-34a in regulating steatosis by
targeting PPAR« expression in nonalcoholic fatty liver disease. Sci. Rep. 2015, 5, 13729.

Lee, A.T;; Yang, M.Y,; Lee, Y.J.; Yang, T.W.; Wang, C.C.; Wang, C.J. Gallic Acid Improves Diabetic Steatosis by Downregulating
MicroRNA-34a-5p through Targeting NFE2L2 Expression in High-Fat Diet-Fed db/db Mice. Antioxidants 2021, 11, 92. [CrossRef]
[PubMed]

Wang, L.; Sun, M,; Cao, Y.; Ma, L.; Shen, Y.; Velikanova, A.A ; Li, X.; Sun, C.; Zhao, Y. miR-34a regulates lipid metabolism by
targeting SIRT1 in non-alcoholic fatty liver disease with iron overload. Arch. Biochem. Biophys. 2020, 695, 108642. [CrossRef]
Yang, X.; Munaf, Z; Jiesi, X.; Yuanyuan, L.; Liya, Y.; Yanqiao, Z. A metabolic stress-inducible miR-34a-HNF4 o pathway regulates
lipid and lipoprotein metabolism. Nat. Commun. 2015, 6, 7466.

Xu, Y;; Zhu, Y;; Hu, S,; Pan, X.; Bawa, FE.C.; Wang, H.H.; Wang, D.Q.; Yin, L.; Zhang, Y. Hepatocyte miR-34a is a key regulator in
the development and progression of non-alcoholic fatty liver disease. Mol. Metab. 2021, 51, 101244. [CrossRef] [PubMed]
Zhang, B; Li, H.; Li, D.; Sun, H; Li, M.; Hu, H. Long noncoding RNA Mirt2 upregulates USP10 expression to suppress hepatic
steatosis by sponging miR-34a-5p. Gene 2019, 700, 139-148. [CrossRef] [PubMed]

Simino, L.; Panzarin, C.; Fontana, M.F,; de Fante, T.; Geraldo, M.V,; Igndcio-Souza, L.M.; Milanski, M.; Torsoni, M.A.; Ross, M.G.;
Desai, M.; et al. MicroRNA Let-7 targets AMPK and impairs hepatic lipid metabolism in offspring of maternal obese pregnancies.
Sci. Rep. 2021, 11, 8980. [CrossRef]

Jinfang, Z.; Lilin, H.; Wenfang, G.; Li, X.; Weijun, W.; Jing, X.; Huiqian, F.; Zhonglin, L.; Qingjing, Z.; Xiacohua, H.; et al. Hepatocyte
TGF-p Signaling Inhibiting WAT Browning to Promote NAFLD and Obesity Is Associated with Let-7b-5p. Hepatol. Commun.
2022, 6, 1301-1321.

Ao, R.; Wang, Y.; Tong, J.; Wang, B.F. Altered microRNA-9 Expression Level is Directly Correlated with Pathogenesis of
Nonalcoholic Fatty Liver Disease by Targeting Onecut2 and SIRT1. Med. Sci. Monit. 2016, 22, 3804-3819. [CrossRef] [PubMed]
Liu, H.; Niu, Q.; Wang, T.; Dong, H.; Bian, C. Lipotoxic hepatocytes promote nonalcoholic fatty liver disease progression by
delivering microRNA-9-5p and activating macrophages. Int. J. Biol. Sci. 2021, 17, 3745-3759. [CrossRef]

Wang, X.; Ma, Y,; Yang, L.Y.; Zhao, D. MicroRNA-20a-5p Ameliorates Non-alcoholic Fatty Liver Disease via Inhibiting the
Expression of CD36. Front. Cell Dev. Biol. 2020, 8, 596329. [CrossRef]

He, Q; Li, E; Li, J.; Li, R,; Zhan, G.; Li, G.; Du, W,; Tan, H. MicroRNA-26a-interleukin (IL)-6-IL-17 axis regulates the development
of non-alcoholic fatty liver disease in a murine model. Clin. Exp. Immunol. 2017, 187, 174-184. [CrossRef]

Xu, H,; Tian, Y,; Tang, D.; Zou, S.; Liu, G.; Song, J.; Zhang, G.; Du, X.; Huang, W.; He, B.; et al. An Endoplasmic Reticulum
Stress-MicroRNA-26a Feedback Circuit in NAFLD. Hepatology 2021, 73, 1327-1345. [CrossRef]

Murata, Y.; Yamashiro, T.; Kessoku, T.; Jahan, I.; Usuda, H.; Tanaka, T.; Okamoto, T.; Nakajima, A.; Wada, K. Up-Regulated
MicroRNA-27b Promotes Adipocyte Differentiation via Induction of Acyl-CoA Thioesterase 2 Expression. Biomed. Res. Int. 2019,
2019, 2916243. [CrossRef]

Law, D.G. A History of the Modern Chinese Navy, 1840-2020; Routledge Studies in the Modern History of Asia; The Mariner’s
Mirror; Routledge: Oxfordshire, UK, 2022; p. 108.


https://doi.org/10.1016/j.cca.2013.05.021
https://doi.org/10.1136/gutjnl-2018-318146
https://doi.org/10.3390/ijms19123966
https://doi.org/10.7554/eLife.70472
https://doi.org/10.3390/ijms20061406
https://doi.org/10.1016/j.phrs.2021.105484
https://www.ncbi.nlm.nih.gov/pubmed/33771699
https://doi.org/10.1038/cddis.2017.10
https://www.ncbi.nlm.nih.gov/pubmed/28518142
https://doi.org/10.1152/ajpendo.00528.2019
https://doi.org/10.1016/j.cellsig.2021.110190
https://www.ncbi.nlm.nih.gov/pubmed/34774989
https://doi.org/10.1016/j.scitotenv.2021.147182
https://doi.org/10.3390/antiox11010092
https://www.ncbi.nlm.nih.gov/pubmed/35052597
https://doi.org/10.1016/j.abb.2020.108642
https://doi.org/10.1016/j.molmet.2021.101244
https://www.ncbi.nlm.nih.gov/pubmed/33930596
https://doi.org/10.1016/j.gene.2019.02.096
https://www.ncbi.nlm.nih.gov/pubmed/30898698
https://doi.org/10.1038/s41598-021-88518-8
https://doi.org/10.12659/MSM.897207
https://www.ncbi.nlm.nih.gov/pubmed/27756894
https://doi.org/10.7150/ijbs.57610
https://doi.org/10.3389/fcell.2020.596329
https://doi.org/10.1111/cei.12838
https://doi.org/10.1002/hep.31428
https://doi.org/10.1155/2019/2916243

Int. . Mol. Sci. 2023, 24, 9168 20 of 23

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Lin, HY.; Wang, ES.; Yang, Y.L.; Huang, Y.H. MicroRNA-29a Suppresses CD36 to Ameliorate High Fat Diet-Induced Steatohepati-
tis and Liver Fibrosis in Mice. Cells 2019, 8, 1298. [CrossRef]

Dai, L.L.; Li, S.D.; Ma, Y.C,; Tang, ].R.; Lv, ].Y.; Zhang, Y.Q.; Miao, Y.L.; Ma, Y.Q.; Li, CM.; Chu, Y.Y; et al. MicroRNA-30b regulates
insulin sensitivity by targeting SERCA2b in non-alcoholic fatty liver disease. Liver Int. 2019, 39, 1504-1513. [CrossRef]

Fan, ]J.; Li, H,; Nie, X,; Yin, Z.; Zhao, Y.; Chen, C.; Wen Wang, D. MiR-30c-5p ameliorates hepatic steatosis in leptin receptor-deficient
(db/db) mice via down-regulating FASN. Oncotarget 2017, 8, 13450-13463. [CrossRef]

Zhang, Q.; Yu, K.; Cao, Y,; Luo, Y; Liu, Y.; Zhao, C. miR-125b promotes the NF-kB-mediated inflammatory response in NAFLD
via directly targeting TNFAIP3. Life Sci. 2021, 270, 119071. [CrossRef]

Sun, Y.; Song, Y.; Liu, C.; Geng, J. LncRNA NEAT1-MicroRNA-140 axis exacerbates nonalcoholic fatty liver through interrupting
AMPK/SREBP-1 signaling. Biochem. Biophys. Res. Commun. 2019, 516, 584-590. [CrossRef]

Wolfson, B.; Lo, PK; Yao, Y.; Li, L.; Wang, H.; Zhou, Q. Impact of miR-140 Deficiency on Non-Alcoholic Fatty Liver Disease. Mol.
Nutr. Food Res. 2018, 62, €1800189. [CrossRef]

Zhang, N.; Qu, Y.; Qin, B. Sodium butyrate ameliorates non-alcoholic fatty liver disease by upregulating miR-150 to suppress
CXCR4 expression. Clin. Exp. Pharmacol. Physiol. 2021, 48, 1125-1136. [CrossRef]

Zhuge, B.; Li, G. MiR-150 deficiency ameliorated hepatosteatosis and insulin resistance in nonalcoholic fatty liver disease via
targeting CASP8 and FADD-like apoptosis regulator. Biochem. Biophys. Res. Commun. 2017, 494, 687-692. [CrossRef]

Liu, Y,; Zhou, X,; Xiao, Y,; Li, C.; Huang, Y.; Guo, Q.; Su, T; Fu, L.; Luo, L. miR-188 promotes liver steatosis and insulin resistance
via the autophagy pathway. J. Endocrinol. 2020, 245, 411-423. [CrossRef]

Riaz, E; Chen, Q.; Lu, K.; Osoro, EK.; Wu, L,; Feng, L.; Zhao, R; Yang, L.; Zhou, Y,; He, Y.; et al. Inhibition of miR-188-5p
alleviates hepatic fibrosis by significantly reducing the activation and proliferation of HSCs through PTEN/PI3K/AKT pathway.
J. Cell. Mol. Med. 2021, 25, 4073-4087. [CrossRef]

Lin, Y.;; Ding, D.; Huang, Q.; Liu, Q.; Lu, H.; Lu, Y,; Chi, Y.; Sun, X,; Ye, G.; Zhu, H.; et al. Downregulation of miR-192 causes
hepatic steatosis and lipid accumulation by inducing SREBF1: Novel mechanism for bisphenol A-triggered non-alcoholic fatty
liver disease. Biochim. Biophys. Acta Mol. Cell Biol. Lipids 2017, 1862, 869-882. [CrossRef]

Wang, Z.; Miu, K.K.; Zhang, X.; Wan, A.T; Lu, G.; Cheung, H.H.; Lee, HM.; Kong, A.P; Chan, J.C.; Chan, W.Y. Hepatic miR-192-3p
reactivation alleviates steatosis by targeting glucocorticoid receptor. JHEP Rep. 2020, 2, 100179. [CrossRef]

Cheng, Y.; Huang, L.; Ping, J.; Chen, T.; Chen, J. MicroRNA-199a-3p attenuates hepatic lipogenesis by targeting Sp1. Am. . Transl.
Res. 2017, 9, 1905-1913.

Li, B.; Zhang, Z.; Zhang, H.; Quan, K;; Lu, Y.; Cai, D.; Ning, G. Aberrant miR199a-5p/caveolinl /PPAR« axis in hepatic steatosis.
J. Mol. Endocrinol. 2014, 53, 393-403. [CrossRef]

Li, Y;; Cen, C.Q,; Liu, B.; Zhou, L.; Huang, X.M.; Liu, G.Y. Overexpression of circ PTK2 suppresses the progression of nonalcoholic
fatty liver disease via the miR-200c/SIK2/PI3K/ Akt axis. Kaohsiung J. Med. Sci. 2022, 38, 869-878. [CrossRef]

Wang, Y.; Zeng, Z.; Guan, L.; Ao, R. GRHL2 induces liver fibrosis and intestinal mucosal barrier dysfunction in non-alcoholic
fatty liver disease via microRNA-200 and the MAPK pathway. J. Cell. Mol. Med. 2020, 24, 6107-6119. [CrossRef]

Guo, Y; Yu, J.; Wang, C.; Li, K,; Liu, B.; Du, Y.; Xiao, F,; Chen, S.; Guo, F. miR-212-5p suppresses lipid accumulation by targeting
FAS and SCDL1. |. Mol. Endocrinol. 2017, 59, 205-217. [CrossRef]

Xiao, J.; Bei, Y; Liu, J.; Dimitrova-Shumkovska, J.; Kuang, D.; Zhou, Q.; Li, J.; Yang, Y.; Xiang, Y.; Wang, F.; et al. miR-212
downregulation contributes to the protective effect of exercise against non-alcoholic fatty liver via targeting FGF-21. J. Cell. Mol.
Med. 2016, 20, 204-216. [CrossRef]

He, Y,; Hwang, S.; Cai, Y.; Kim, S.J.; Xu, M.; Yang, D.; Guillot, A.; Feng, D.; Seo, W.; Hou, X,; et al. MicroRNA-223 Ameliorates
Nonalcoholic Steatohepatitis and Cancer by Targeting Multiple Inflammatory and Oncogenic Genes in Hepatocytes. Hepatology
2019, 70, 1150-1167. [CrossRef]

Niu, Q.; Wang, T.; Wang, Z.; Wang, F.; Huang, D.; Sun, H.; Liu, H. Adipose-derived mesenchymal stem cell-secreted extracellular
vesicles alleviate non-alcoholic fatty liver disease via delivering miR-223-3p. Adipocyte 2022, 11, 572-587. [CrossRef]

Hur, W.; Lee, ].H.; Kim, SSW,; Kim, ].H.; Bae, S.H.; Kim, M.; Hwang, D.; Kim, Y.S; Park, T.; Um, S.J.; et al. Downregulation of
microRNA-451 in non-alcoholic steatohepatitis inhibits fatty acid-induced proinflammatory cytokine production through the
AMPK/AKT pathway. Int. . Biochem. Cell Biol. 2015, 64, 265-276. [CrossRef] [PubMed]

Tang, H.; Tan, X.; Zhu, L.; Qin, K.; Gao, H.; Bai, H. Swimming prevents nonalcoholic fatty liver disease by reducing migration
inhibitory factor through Akt suppression and autophagy activation. Am. J. Transl. Res. 2019, 11, 4315-4325. [PubMed]
Rodrigues, PM.; Afonso, M.B.; Simao, A.L.; Carvalho, C.C.; Trindade, A.; Duarte, A.; Borralho, PM.; Machado, M.V.; Cortez-Pinto,
H.; Rodrigues, C.M.; et al. miR-21 ablation and obeticholic acid ameliorate nonalcoholic steatohepatitis in mice. Cell Death Dis.
2017, 8, €2748. [CrossRef] [PubMed]

Wang, X.M.; Wang, X.Y.; Huang, YM.; Chen, X.; Lii, M.H; Shi, L.; Li, C.P. Role and mechanisms of action of microRNA-21 as
regards the regulation of the WNT/ 3-catenin signaling pathway in the pathogenesis of non-alcoholic fatty liver disease. Int. J.
Mol. Med. 2019, 44, 2201-2212. [CrossRef]

Wu, H.; Ng, R.; Chen, X; Steer, C.J.; Song, G. MicroRNA-21 is a potential link between non-alcoholic fatty liver disease and
hepatocellular carcinoma via modulation of the HBP1-p53-Srebplc pathway. Gut 2016, 65, 1850-1860. [CrossRef]

Chu, K; Gu, J. microRNA-103a-3p promotes inflammation and fibrosis in nonalcoholic fatty liver disease by targeting HBP1.
Immunopharmacol. Immunotoxicol. 2022, 44, 993-1003. [CrossRef]


https://doi.org/10.3390/cells8101298
https://doi.org/10.1111/liv.14067
https://doi.org/10.18632/oncotarget.14561
https://doi.org/10.1016/j.lfs.2021.119071
https://doi.org/10.1016/j.bbrc.2019.06.104
https://doi.org/10.1002/mnfr.201800189
https://doi.org/10.1111/1440-1681.13497
https://doi.org/10.1016/j.bbrc.2017.10.149
https://doi.org/10.1530/JOE-20-0033
https://doi.org/10.1111/jcmm.16376
https://doi.org/10.1016/j.bbalip.2017.05.001
https://doi.org/10.1016/j.jhepr.2020.100179
https://doi.org/10.1530/JME-14-0127
https://doi.org/10.1002/kjm2.12568
https://doi.org/10.1111/jcmm.15212
https://doi.org/10.1530/JME-16-0179
https://doi.org/10.1111/jcmm.12733
https://doi.org/10.1002/hep.30645
https://doi.org/10.1080/21623945.2022.2098583
https://doi.org/10.1016/j.biocel.2015.04.016
https://www.ncbi.nlm.nih.gov/pubmed/25957914
https://www.ncbi.nlm.nih.gov/pubmed/31396337
https://doi.org/10.1038/cddis.2017.172
https://www.ncbi.nlm.nih.gov/pubmed/28406477
https://doi.org/10.3892/ijmm.2019.4375
https://doi.org/10.1136/gutjnl-2014-308430
https://doi.org/10.1080/08923973.2022.2102988

Int. . Mol. Sci. 2023, 24, 9168 21 0f 23

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Ding, J.; Xia, C.; Cen, P; Li, S.; Yu, L.; Zhu, ].; Jin, ]. MiR-103-3p promotes hepatic steatosis to aggravate nonalcoholic fatty liver
disease by targeting of ACOX1. Mol. Biol. Rep. 2022, 49, 7297-7305. [CrossRef]

Zhang, M.; Tang, Y; Tang, E.; Lu, W. MicroRNA-103 represses hepatic de novo lipogenesis and alleviates NAFLD via targeting
FASN and SCD1. Biochem. Biophys. Res. Commun. 2020, 524, 716-722. [CrossRef]

Chai, C.; Cox, B; Yaish, D.; Gross, D.; Rosenberg, N.; Amblard, F; Shemuelian, Z.; Gefen, M.; Korach, A.; Tirosh, O.; et al. Agonist
of RORA Attenuates Nonalcoholic Fatty Liver Progression in Mice via Up-regulation of MicroRNA 122. Gastroenterology 2020,
159,999-1014.€9. [CrossRef]

Hu, Y.;; Peng, X.; Du, G.; Zhang, Z.; Zhai, Y.; Xiong, X.; Luo, X. MicroRNA-122-5p Inhibition Improves Inflammation and Oxidative
Stress Damage in Dietary-Induced Non-alcoholic Fatty Liver Disease Through Targeting FOXO3. Front. Physiol. 2022, 13, 803445.
[CrossRef]

Long, ] K.; Dai, W.; Zheng, Y.W.; Zhao, S.P. miR-122 promotes hepatic lipogenesis via inhibiting the LKB1/AMPK pathway by
targeting Sirt1 in non-alcoholic fatty liver disease. Mol. Med. 2019, 25, 26. [CrossRef] [PubMed]

Chen, X,; Tan, X.R,; Li, S.J.; Zhang, X.X. LncRNA NEAT1 promotes hepatic lipid accumulation via regulating miR-146a-5p /ROCK1
in nonalcoholic fatty liver disease. Life Sci. 2019, 235, 116829. [CrossRef] [PubMed]

He, S.; Guo, W.; Deng, F; Chen, K;; Jiang, Y.; Dong, M.; Peng, L.; Chen, X. Targeted delivery of microRNA 146b mimic to
hepatocytes by lactosylated PDMAEMA nanoparticles for the treatment of NAFLD. Artif. Cells Nanomed. Biotechnol. 2018, 46,
217-228. [CrossRef]

Li, K.; Zhao, B.; Wei, D.; Wang, W.; Cui, Y.; Qian, L.; Liu, G. miR-146a improves hepatic lipid and glucose metabolism by targeting
MEDL. Int. J. Mol. Med. 2020, 45, 543-555. [CrossRef]

Chen, S.; Chen, D.; Yang, H.; Wang, X.; Wang, J.; Xu, C. Uric acid induced hepatocytes lipid accumulation through regulation of
miR-149-5p /FGF21 axis. BMC Gastroenterol. 2020, 20, 39. [CrossRef] [PubMed]

Chen, Z,; Liu, Y.; Yang, L.; Liu, P,; Zhang, Y.; Wang, X. MiR-149 attenuates endoplasmic reticulum stress-induced inflammation and
apoptosis in nonalcoholic fatty liver disease by negatively targeting ATF6 pathway. Immunol. Lett. 2020, 222, 40-48. [CrossRef]
[PubMed]

Xiao, J.; Lv, D.; Zhao, Y.; Chen, X.; Song, M.; Liu, J.; Bei, Y.; Wang, E; Yang, W.; Yang, C. miR-149 controls non-alcoholic fatty liver
by targeting FGF-21. J. Cell. Mol. Med. 2016, 20, 1603-1608. [CrossRef]

Bala, S.; Ganz, M.; Babuta, M.; Zhuang, Y.; Csak, T.; Calenda, C.D.; Szabo, G. Steatosis, inflammasome upregulation, and fibrosis
are attenuated in miR-155 deficient mice in a high fat-cholesterol-sugar diet-induced model of NASH. Lab. Investig. 2021, 101,
1540-1549. [CrossRef]

Csak, T.; Bala, S.; Lippai, D.; Kodys, K.; Catalano, D.; Iracheta-Vellve, A.; Szabo, G. MicroRNA-155 Deficiency Attenuates Liver
Steatosis and Fibrosis without Reducing Inflammation in a Mouse Model of Steatohepatitis. PLoS ONE 2015, 10, e0129251.
[CrossRef]

Wang, L.; Zhang, N.; Wang, Z.; Ai, D.M.; Cao, Z.Y.; Pan, H.P. Decreased MiR-155 Level in the Peripheral Blood of Non-Alcoholic
Fatty Liver Disease Patients may Serve as a Biomarker and may Influence LXR Activity. Cell. Physiol. Biochem. 2016, 39, 2239-2248.
[CrossRef]

Chen, T,; Yan, D.; Cheng, X,; Ji, X,; Bian, J.; Yin, W. miR-1224-5p Enhances Hepatic Lipogenesis by Targeting Adenosine
Monophosphate-Activated Protein Kinase «1 in Male Mice. Endocrinology 2018, 159, 2008-2021. [CrossRef] [PubMed]

Chen, X.; Ma, H.; Gao, Y,; Jin, Y,; Ning, W.; Hou, Y.; Su, J. Long non-coding RNA AC012668 suppresses non-alcoholic fatty
liver disease by competing for microRNA miR-380-5p with lipoprotein-related protein LRP2. Bioengineered 2021, 12, 6738—6747.
[CrossRef] [PubMed]

Cheng, Y.; Mai, ].; Hou, T.; Ping, J. MicroRNA-421 induces hepatic mitochondrial dysfunction in non-alcoholic fatty liver disease
mice by inhibiting sirtuin 3. Biochem. Biophys. Res. Commun. 2016, 474, 57-63. [CrossRef] [PubMed]

Dong, Y.; Yu, C.; Ma, N.; Xu, X.; Wu, Q.; Lu, H.; Gong, L.; Chen, ].; Ren, ]. MicroRNA-379-5p regulates free cholesterol accumulation
and relieves diet induced-liver damage in db/db mice via STAT1/HMGCS] axis. Mol. Biomed. 2022, 3, 25. [CrossRef] [PubMed]
Fan, L.; Lai, R.; Ma, N.; Dong, Y.; Li, Y.; Wu, Q.; Qiao, J.; Lu, H.; Gong, L.; Tao, Z.; et al. miR-552-3p modulates transcriptional
activities of FXR and LXR to ameliorate hepatic glycolipid metabolism disorder. J. Hepatol. 2021, 74, 8-19. [CrossRef] [PubMed]
Hanin, G.; Yayon, N.; Tzur, Y.; Haviv, R.; Bennett, E.R.; Udj, S.; Krishnamoorthy, Y.R.; Kotsiliti, E.; Zangen, R.; Efron, B.; et al.
miRNA-132 induces hepatic steatosis and hyperlipidaemia by synergistic multitarget suppression. Gut 2018, 67, 1124-1134.
[CrossRef]

Hu, Y; Ye, H.; Shi, L.X. MicroRNA-205 ameliorates lipid accumulation in non-alcoholic fatty liver disease through targeting
NEUL. Eur. Rev. Med. Pharmacol. Sci. 2019, 23, 10072-10082. [CrossRef]

Lingbo, K.; Xinyu, A.; Lingxi, H.; Siyu, Z.; Lingdi, L.; Suxian, Z.; Rongqi, W.; Yuemin, N. Resveratrol ameliorates nutritional
steatohepatitis through the mmu-miR-599/PXR pathway. Int. J. Mol. Med. 2022, 49, 5102. [CrossRef]

Hye, L.D.; Hyun, PS; Jiyun, A.; Pyo, H.S.; Eunyoung, L.; Jin, ].Y; Youl, H.T.; Hoon, H.Y.; Yeon, H.S.; 11, ].T.; et al. Mir214-3p
and Hnf4a/Hnf4a reciprocally regulate Ulk1 expression and autophagy in nonalcoholic hepatic steatosis. Autophagy 2020, 17,
2415-2431.

Lei, L.; Zhou, C.; Yang, X; Li, L. Down-regulation of microRNA-375 regulates adipokines and inhibits inflammatory cytokines by
targeting AdipoR2 in non-alcoholic fatty liver disease. Clin. Exp. Pharmacol. Physiol. 2018, 45, 819-831. [CrossRef]


https://doi.org/10.1007/s11033-022-07515-w
https://doi.org/10.1016/j.bbrc.2020.01.143
https://doi.org/10.1053/j.gastro.2020.05.056
https://doi.org/10.3389/fphys.2022.803445
https://doi.org/10.1186/s10020-019-0085-2
https://www.ncbi.nlm.nih.gov/pubmed/31195981
https://doi.org/10.1016/j.lfs.2019.116829
https://www.ncbi.nlm.nih.gov/pubmed/31484042
https://doi.org/10.1080/21691401.2018.1453830
https://doi.org/10.3892/ijmm.2019.4443
https://doi.org/10.1186/s12876-020-01189-z
https://www.ncbi.nlm.nih.gov/pubmed/32070295
https://doi.org/10.1016/j.imlet.2020.03.003
https://www.ncbi.nlm.nih.gov/pubmed/32194141
https://doi.org/10.1111/jcmm.12848
https://doi.org/10.1038/s41374-021-00626-1
https://doi.org/10.1371/journal.pone.0129251
https://doi.org/10.1159/000447917
https://doi.org/10.1210/en.2017-03231
https://www.ncbi.nlm.nih.gov/pubmed/29474539
https://doi.org/10.1080/21655979.2021.1960463
https://www.ncbi.nlm.nih.gov/pubmed/34511037
https://doi.org/10.1016/j.bbrc.2016.04.065
https://www.ncbi.nlm.nih.gov/pubmed/27107702
https://doi.org/10.1186/s43556-022-00089-w
https://www.ncbi.nlm.nih.gov/pubmed/35945406
https://doi.org/10.1016/j.jhep.2020.07.048
https://www.ncbi.nlm.nih.gov/pubmed/32818571
https://doi.org/10.1136/gutjnl-2016-312869
https://doi.org/10.26355/eurrev_201911_19575
https://doi.org/10.3892/ijmm.2022.5102
https://doi.org/10.1111/1440-1681.12940

Int. . Mol. Sci. 2023, 24, 9168 22 0f 23

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

Li, D.; Wang, X,; Lan, X,; Li, Y;; Liu, L.; Yi, J.; Li, J.; Sun, Q.; Wang, Y.; Li, H.; et al. Down-regulation of miR-144 elicits
proinflammatory cytokine production by targeting toll-like receptor 2 in nonalcoholic steatohepatitis of high-fat-diet-induced
metabolic syndrome E3 rats. Mol. Cell. Endocrinol. 2015, 402, 1-12. [CrossRef] [PubMed]

Li, H,; Li, X;; Yu, S;; Hu, Y;; Xu, L.; Wang, T,; Yang, X.; Sun, X.; Zhao, B. miR-23b Ameliorates nonalcoholic steatohepatitis by
targeting Acyl-CoA thioesterases 4. Exp. Cell Res. 2021, 407, 112787. [CrossRef] [PubMed]

Li, P; Fan, C; Cai, Y,; Fang, S.; Zeng, Y.; Zhang, Y.; Lin, X.; Zhang, H.; Xue, Y.; Guan, M. Transplantation of brown adipose
tissue up-regulates miR-99a to ameliorate liver metabolic disorders in diabetic mice by targeting NOX4. Adipocyte 2020, 9, 57-67.
[CrossRef]

Li, R; Ye, Z; She, D.; Fang, P; Zong, G.; Hu, K.; Kong, D.; Xu, W,; Li, L.; Zhou, Y,; et al. Semaglutide May Alleviate Hepatic
Steatosis in T2DM Combined with NFALD Mice via miR-5120/ ABHD6. Drug. Des. Dev. Ther. 2022, 16, 3557-3572. [CrossRef]
[PubMed]

Mittal, S.; Inamdar, S.; Acharya, J.; Pekhale, K.; Kalamkar, S.; Boppana, R.; Ghaskadbi, S. miR-3666 inhibits development of
hepatic steatosis by negatively regulating PPARy. Biochim. Biophys. Acta (BBA)-Mol. Cell Biol. Lipids 2020, 1865, 158777. [CrossRef]
Ng, R.; Wu, H.; Xiao, H.; Chen, X.; Willenbring, H.; Steer, C.].; Song, G. Inhibition of microRNA-24 expression in liver prevents
hepatic lipid accumulation and hyperlipidemia. Hepatology 2014, 60, 554-564. [CrossRef]

Nie, H.; Song, C.; Wang, D.; Cui, S.; Ren, T.; Cao, Z.; Liu, Q.; Chen, Z.; Chen, X.; Zhou, Y. MicroRNA-194 inhibition improves
dietary-induced non-alcoholic fatty liver disease in mice through targeting on FXR. Biochim. Biophys. Acta Mol. Basis Dis. 2017,
1863, 3087-3094. [CrossRef]

Sun, H.; Seok, S.; Jung, H.; Kemper, B.; Kemper, ].K. Obesity-induced miR-802 directly targets AMPK and promotes nonalcoholic
steatohepatitis in mice. Mol. Metab. 2022, 66, 101603. [CrossRef]

Wang, G.; Zou, H.; Lai, C.; Huang, X.; Yao, Y.; Xiang, G. Repression of MicroRNA-124-3p Alleviates High-Fat Diet-Induced
Hepatosteatosis by Targeting Pref-1. Front. Endocrinol. 2020, 11, 589994. [CrossRef]

Wang, ].J.; Zhang, Y.T.; Tseng, Y.J.; Zhang, J. miR-222 targets ACOX1, promotes triglyceride accumulation in hepatocytes. Hepatobil.
Pancreat. Dis. Int. 2019, 18, 360-365. [CrossRef]

Lu, W,; Xiaohui, W.; Lina, K,; Yingying, L.; Kai, H.; Jingjing, W.; Changyuan, W.; Huijun, S.; Pengyuan, S.; Jiangning, G.; et al.
Activation of PGC-1« via isoliquiritigenin-induced downregulation of miR-138-5p alleviates nonalcoholic fatty liver disease.
Phytother. Res. 2022, 36, 899-913.

Wang, X.; Wang, J. High-content hydrogen water-induced downregulation of miR-136 alleviates non-alcoholic fatty liver disease
by regulating Nrf2 via targeting MEG3. Biol. Chem. 2018, 399, 397-406. [CrossRef] [PubMed]

Wang, X.Y.; Lu, L.J.; Li, YM.; Xu, C.F. MicroRNA-376b-3p ameliorates nonalcoholic fatty liver disease by targeting FGFR1 and
regulating lipid oxidation in hepatocytes. Life Sci. 2022, 308, 120925. [CrossRef] [PubMed]

Wang, Y.; Zhu, K.; Yu, W.; Wang, H.; Liu, L.; Wu, Q.; Li, S.; Guo, ]. MiR-181b regulates steatosis in nonalcoholic fatty liver disease
via targeting SIRT1. Biochem. Biophys. Res. Commun. 2017, 493, 227-232. [CrossRef]

Wu, H.; Zhang, T.; Pan, F,; Steer, C.]J.; Li, Z.; Chen, X.; Song, G. MicroRNA-206 prevents hepatosteatosis and hyperglycemia by
facilitating insulin signaling and impairing lipogenesis. J. Hepatol. 2017, 66, 816-824. [CrossRef]

Xu, M.; Zheng, X.M; Jiang, F; Qiu, W.Q. MicroRNA-190b regulates lipid metabolism and insulin sensitivity by targeting IGF-1
and ADAMTS9 in non-alcoholic fatty liver disease. J. Cell. Biochem. 2018, 119, 5864-5874. [CrossRef]

Yang, Z.; Qin, W.; Huo, J.; Zhuo, Q.; Wang, J.; Wang, L. MiR-22 modulates the expression of lipogenesis-related genes and
promotes hepatic steatosis in vitro. FEBS Open. Bio 2021, 11, 322-332. [CrossRef]

Yuanjie, Y.; Chunping, H.; Shiyun, T.; Mengjun, H.; Yitian, G.; Ming, L.; Qian, Z. MicroRNA-137-3p Improves Nonalcoholic Fatty
Liver Disease through Activating AMPK«. Anal. Cell. Pathol. 2021, 2021, 4853355.

Yu, Y; Tian, T.; Tan, S.; Wu, P.; Guo, Y.; Li, M.; Huang, M. MicroRNA-665-3p exacerbates nonalcoholic fatty liver disease in mice.
Bioengineered 2022, 13, 2927-2942. [CrossRef]

Zhang, Q.; Wang, J.; Li, H.; Zhang, Y.; Chu, X,; Yang, J.; Li, Y. LncRNA Gm12664-001 ameliorates nonalcoholic fatty liver through
modulating miR-295-5p and CAV1 expression. Nutr. Metab. 2020, 17, 13. [CrossRef]

Zhang, T.; Zhao, X.; Steer, C.J.; Yan, G.; Song, G. A negative feedback loop between microRNA-378 and Nrfl promotes the
development of hepatosteatosis in mice treated with a high fat diet. Metab. Clin. Exp. 2018, 85, 183-191. [CrossRef] [PubMed]
Zhang, Y.; Wang, C; Lu, J; Jin, Y.; Xu, C.; Meng, Q.; Liu, Q.; Dong, D.; Ma, X,; Liu, K,; et al. Targeting of miR-96-5p by catalpol
ameliorates oxidative stress and hepatic steatosis in LDLr-/- mice via p66shc/cytochrome C cascade. Aging 2020, 12, 2049-2069.
[CrossRef] [PubMed]

Zuo, R.; Ye, LF; Huang, Y.; Song, Z.Q.; Wang, L.; Zhi, H.; Zhang, M.Y,; Li, ].Y.; Zhu, L.; Xiao, W.]J.; et al. Hepatic small extracellular
vesicles promote microvascular endothelial hyperpermeability during NAFLD via novel-miRNA-7. J. Nanobiotechnol. 2021, 19,
396. [CrossRef]

Meng, Z.; Zhou, D.; Gao, Y.; Zeng, M.; Wang, W. miRNA delivery for skin wound healing. Adv. Drug Deliv. Rev. 2018, 129,
308-318. [CrossRef] [PubMed]

Chen, S.L.; Zheng, M.H; Shi, K.Q.; Yang, T.; Chen, Y.P. A new strategy for treatment of liver fibrosis: Letting MicroRNAs do the
job. BioDrugs 2013, 27, 25-34. [CrossRef]

Wang, R.; Ma, J.; Wu, Q.; Xia, J.; Miele, L.; Sarkar, FH.; Wang, Z. Functional role of miR-34 family in human cancer. Curr. Drug
Targets 2013, 14, 1185-1191. [CrossRef]


https://doi.org/10.1016/j.mce.2014.12.007
https://www.ncbi.nlm.nih.gov/pubmed/25534427
https://doi.org/10.1016/j.yexcr.2021.112787
https://www.ncbi.nlm.nih.gov/pubmed/34450119
https://doi.org/10.1080/21623945.2020.1721970
https://doi.org/10.2147/DDDT.S384884
https://www.ncbi.nlm.nih.gov/pubmed/36238196
https://doi.org/10.1016/j.bbalip.2020.158777
https://doi.org/10.1002/hep.27153
https://doi.org/10.1016/j.bbadis.2017.09.020
https://doi.org/10.1016/j.molmet.2022.101603
https://doi.org/10.3389/fendo.2020.589994
https://doi.org/10.1016/j.hbpd.2019.05.002
https://doi.org/10.1515/hsz-2017-0303
https://www.ncbi.nlm.nih.gov/pubmed/29261513
https://doi.org/10.1016/j.lfs.2022.120925
https://www.ncbi.nlm.nih.gov/pubmed/36057399
https://doi.org/10.1016/j.bbrc.2017.09.042
https://doi.org/10.1016/j.jhep.2016.12.016
https://doi.org/10.1002/jcb.26776
https://doi.org/10.1002/2211-5463.13026
https://doi.org/10.1080/21655979.2021.2017698
https://doi.org/10.1186/s12986-020-0430-z
https://doi.org/10.1016/j.metabol.2018.03.023
https://www.ncbi.nlm.nih.gov/pubmed/29625129
https://doi.org/10.18632/aging.102721
https://www.ncbi.nlm.nih.gov/pubmed/32023549
https://doi.org/10.1186/s12951-021-01137-3
https://doi.org/10.1016/j.addr.2017.12.011
https://www.ncbi.nlm.nih.gov/pubmed/29273517
https://doi.org/10.1007/s40259-012-0005-2
https://doi.org/10.2174/13894501113149990191

Int. . Mol. Sci. 2023, 24, 9168 23 0f 23

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

Lagos-Quintana, M.; Rauhut, R; Yalcin, A.; Meyer, J.; Lendeckel, W.; Tuschl, T. Identification of tissue-specific microRNAs from
mouse. Curr. Biol. 2002, 12, 735-739. [CrossRef] [PubMed]

Wen, E; An, C.; Wu, X;; Yang, Y;; Xu, J; Liu, Y.; Wang, C.; Nie, L.; Fang, H.; Yang, Z. MiR-34a regulates mitochondrial content and
fat ectopic deposition induced by resistin through the AMPK/PPAR« pathway in HepG2 cells. Int. J. Biochem. Cell Biol. 2018, 94,
133-145. [CrossRef]

Thounaojam, M.C.; Jadeja, R.N.; Warren, M.; Powell, FL.; Raju, R.; Gutsaeva, D.; Khurana, S.; Martin, PM.; Bartoli, M.
MicroRNA-34a (miR-34a) Mediates Retinal Endothelial Cell Premature Senescence through Mitochondrial Dysfunction and Loss
of Antioxidant Activities. Antioxidants 2019, 8, 328. [CrossRef]

Torres, L.E; Cogliati, B.; Otton, R. Green Tea Prevents NAFLD by Modulation of miR-34a and miR-194 Expression in a High-Fat
Diet Mouse Model. Oxid. Med. Cell. Longev. 2019, 2019, 4168380. [CrossRef]

Jia, N,; Lin, X;; Ma, S.; Ge, S.; Mu, S.; Yang, C.; Shi, S.; Gao, L.; Xu, J.; Bo, T,; et al. Amelioration of hepatic steatosis is associated
with modulation of gut microbiota and suppression of hepatic miR-34a in Gynostemma pentaphylla (Thunb.) Makino treated
mice. Nutr. Metab. 2018, 15, 86. [CrossRef] [PubMed]

Guo, X.Y;; Chen, ].N.; Sun, F; Wang, Y.Q.; Pan, Q.; Fan, ].G. circRNA_0046367 Prevents Hepatoxicity of Lipid Peroxidation: An
Inhibitory Role against Hepatic Steatosis. Oxid. Med. Cell. Longev. 2017, 2017, 3960197. [CrossRef] [PubMed]

Wu, W.Y; Ding, X.Q.; Gu, T.T.; Guo, W] ; Jiao, R.Q.; Song, L.; Sun, Y.; Pan, Y,; Kong, L.D. Pterostilbene Improves Hepatic Lipid
Accumulation via the MiR-34a/Sirtl /SREBP-1 Pathway in Fructose-Fed Rats. J. Agric. Food Chem. 2020, 68, 1436-1446. [CrossRef]
[PubMed]

Tao, W.; Yu-hua, L.; Yu-cai, F,; Xing-mu, L.; Xiao-hui, Z. Direct evidence of sirtuin downregulation in the liver of non-alcoholic
fatty liver disease patients. Ann. Clin. Lab. Sci. 2014, 44, 410-418.

Min, H.K.; Kapoor, A.; Fuchs, M.; Mirshahi, E; Zhou, H.; Maher, J.; Kellum, J.; Warnick, R.; Contos, M.].; Sanyal, A.J. Increased
hepatic synthesis and dysregulation of cholesterol metabolism is associated with the severity of nonalcoholic fatty liver disease.
Cell Metab. 2012, 15, 665-674. [CrossRef]

Han, H.S.; Choi, B.H.; Kim, ].S.; Kang, G.; Koo, S.H. Hepatic Crtc2 controls whole body energy metabolism via a miR-34a-Fgf21
axis. Nat. Commun. 2017, 8, 1878. [CrossRef]

Guo, L.; Yu, J.; Yu, H.; Zhao, Y.; Chen, S.; Xu, C.; Chen, F. Evolutionary and expression analysis of miR-#-5p and miR-#-3p at the
miRNAs/isomiRs levels. Biomed. Res. Int. 2015, 2015, 168358. [CrossRef]

Tazawa, H.; Kagawa, S.; Fujiwara, T. MicroRNAs as potential target gene in cancer gene therapy of gastrointestinal tumors.
Expert. Opin. Biol. Ther. 2011, 11, 145-155. [CrossRef]

Becker, P.P; Rau, M.; Schmitt, J.; Malsch, C.; Hammer, C.; Bantel, H.; Miillhaupt, B.; Geier, A. Performance of Serum microRNAs
-122,-192 and -21 as Biomarkers in Patients with Non-Alcoholic Steatohepatitis. PLoS ONE 2015, 10, €0142661. [CrossRef]
Marques-Rocha, J.L.; Samblas, M.; Milagro, EI.; Bressan, ]J.; Martinez, J.A.; Marti, A. Noncoding RNAs, cytokines, and
inflammation-related diseases. FASEB J. 2015, 29, 3595-3611. [CrossRef]

Zhang, W.; Jia, J.; Liu, Z.; Si, D.; Ma, L.; Zhang, G. Circulating microRNAs as biomarkers for Sepsis secondary to pneumonia
diagnosed via Sepsis 3.0. BMC Pulm. Med. 2019, 19, 93. [CrossRef] [PubMed]

Jin, X; Gao, J.; Zheng, R.; Yu, M,; Ren, Y,; Yan, T.; Huang, Y,; Li, Y. Antagonizing circRNA_002581-miR-122-CPEB1 axis alleviates
NASH through restoring PTEN-AMPK-mTOR pathway regulated autophagy. Cell Death Dis. 2020, 11, 123. [CrossRef]
Nakamura, M.; Kanda, T.; Sasaki, R.; Haga, Y.; Jiang, X.; Wu, S.; Nakamoto, S.; Yokosuka, O. MicroRNA-122 Inhibits the Production
of Inflammatory Cytokines by Targeting the PKR Activator PACT in Human Hepatic Stellate Cells. PLoS ONE 2015, 10, e0144295.
[CrossRef]

van der Ree, M.H.; van der Meer, A.J.; van Nuenen, A.C.; de Bruijne, J.; Ottosen, S.; Janssen, H.L.; Kootstra, N.A.; Reesink, H.W.
Miravirsen dosing in chronic hepatitis C patients results in decreased microRNA-122 levels without affecting other microRNAs
in plasma. Aliment. Pharmacol. Ther. 2016, 43, 102-113. [CrossRef] [PubMed]

van der Ree, M.H.; van der Meer, A.].; de Bruijne, J.; Maan, R.; van Vliet, A.; Welzel, TM.; Zeuzem, S.; Lawitz, E.].; Rodriguez-
Torres, M.; Kupcova, V.,; et al. Long-term safety and efficacy of microRNA-targeted therapy in chronic hepatitis C patients. Antivir.
Res. 2014, 111, 53-59. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/S0960-9822(02)00809-6
https://www.ncbi.nlm.nih.gov/pubmed/12007417
https://doi.org/10.1016/j.biocel.2017.11.008
https://doi.org/10.3390/antiox8090328
https://doi.org/10.1155/2019/4168380
https://doi.org/10.1186/s12986-018-0323-6
https://www.ncbi.nlm.nih.gov/pubmed/30555521
https://doi.org/10.1155/2017/3960197
https://www.ncbi.nlm.nih.gov/pubmed/29018509
https://doi.org/10.1021/acs.jafc.9b04259
https://www.ncbi.nlm.nih.gov/pubmed/31927917
https://doi.org/10.1016/j.cmet.2012.04.004
https://doi.org/10.1038/s41467-017-01878-6
https://doi.org/10.1155/2015/168358
https://doi.org/10.1517/14712598.2011.542749
https://doi.org/10.1371/journal.pone.0142661
https://doi.org/10.1096/fj.14-260323
https://doi.org/10.1186/s12890-019-0836-4
https://www.ncbi.nlm.nih.gov/pubmed/31088429
https://doi.org/10.1038/s41419-020-2293-7
https://doi.org/10.1371/journal.pone.0144295
https://doi.org/10.1111/apt.13432
https://www.ncbi.nlm.nih.gov/pubmed/26503793
https://doi.org/10.1016/j.antiviral.2014.08.015
https://www.ncbi.nlm.nih.gov/pubmed/25218783

	Introduction 
	Results and Discussion 
	Results 
	Study Characteristics 
	Functional Enrichment Analysis 
	Biologic Processes 
	Meta-Analysis of miRNA Interventions on NAFLD/NASH 
	Quality Assessment 
	Publication Bias 

	Discussion 

	Materials and Methods 
	Conclusions 
	References

