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Abstract. Globally, nearly 2 million deaths annually are attrib‑
uted to the development of liver diseases, with liver cancer 

and cirrhosis being particularly prominent, which makes liver 
disease a significant global health concern. Cirrhosis is closely 
linked to the evolution of hepatitis, hepatic fibrosis and fatty 
liver. However, most liver diseases have an insidious onset, are 
challenging to treat and the prognosis and efficacy of current 
therapies are unsatisfactory, which can result in irreversible 
functional damage to the liver. Therefore, there is an urgent 
need to explore the molecular mechanisms underlying liver 
disease and identify new biomarkers and therapeutic targets. In 
previous years, microRNAs (miRs), a class of short non‑coding 
RNAs comprising 17‑25 nucleotides, have attracted attention 
for their roles in various types of liver diseases. Among them, 
miR‑22 serves a unique role in mediating multiple pathway 
mechanisms and epigenetic modifications and can act both as 
an inhibitor of liver cancer and a metabolic blocker. Given its 
close association with the liver, several studies have reported 
that the differential expression of miR‑22 regulates the meta‑
bolic process of liver cancer and is involved in the evolution of 
hepatic fibrosis and steatohepatitis, making it a potential target 
for early diagnosis and treatment. The present manuscript 
aimed to comprehensively review the key role of miR‑22 in 
the evolution of liver diseases and offer valuable references 
and guidance for subsequent studies by identifying its specific 
mechanism of action and future development prospects.
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1. Introduction

Globally, the burden of liver diseases results in 2 million 
deaths annually  (1). These diseases include liver cancer, 
viral liver disease, cirrhosis, non‑alcoholic fatty liver disease 
(NAFLD), AFLD and drug‑induced liver injury (DILI). 
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Hepatocellular carcinoma (HCC), which accounts for a 
significant proportion of liver diseases, is the sixth most 
common and the fourth most lethal type of all cancers world‑
wide (2). Despite advancements in modern medicine, such as 
surgical resection, local ablation, percutaneous intervention 
and liver transplantation, the highly invasive and metastatic 
nature of HCC complicates complete surgical resection (3,4). 
Simultaneously, the current first‑line chemotherapeutic drug, 
sorafenib, which is used for the treatment of HCC, encounters 
challenges related to drug resistance (5), which significantly 
contributes to recurrence following treatment (6,7). Cirrhosis, 
a prevalent chronic liver disease that can lead to death, can 
be caused by various factors, such as viral hepatitis and fatty 
liver disease. Inflammatory stimulation causes the liver to 
develop fibrotic lesions, which eventually deform and harden. 
Viral infections, particularly hepatitis B and C, can result in 
severe liver damage, cirrhosis and liver cancer. Hepatitis B 
virus (HBV) and HCV infections are responsible for 75% of 
liver cancer cases. Improvements in socioeconomic condi‑
tions and lifestyle changes have increased the rates of obesity 
and alcohol consumption, which contributes to the rising 
prevalence of fatty liver disease (8,9). Fatty liver disease is 
characterised into AFLD and NAFLD and is one of the most 
prevalent liver diseases worldwide, which is accompanied by 
complex clinical symptoms, such as certain metabolic‑related 
syndromes (10). Therefore, effective biomarkers, therapeutic 
targets, and screening strategies are necessary for the early 
diagnosis, treatment and prognosis of liver diseases, including 
cancer.

In previous years, the discovery of effective biomarkers 
has significantly contributed to the early diagnosis and 
treatment of liver diseases (11). Among these biomarkers, 
microRNA (miRNA/miR)‑22, which has been proved by 
numerous studies to be associated with liver cancer and 
affect the occurrence and development of liver cancer, has 
attracted considerable attention (12‑14). miR‑22 belongs to 
the miRNA class, comprising short non‑coding RNAs of 
17‑25 nucleotides that can serve an important regulatory 
role in tumour development (15). They inhibit target gene 
expression by targeting the 3' untranslated region (3'‑UTR) of 
genes (16). miR‑22 exists in two functional forms, miR‑22‑3p 
(or miR‑22) and miR‑22‑5p (or miR‑22β). miR‑22‑3p serves 
as a functional guide strand and regulates its target by being 
complementary, whereas miR‑22‑5p is generally regarded 
as a transient strand that is easily degraded (17). miR‑22‑3p, 
as a tumour suppressor, inhibits the development of various 
types of cancers, including breast  (18), non‑small‑cell 
lung (19), gastric (20) and colorectal cancers (21). The role 
of miR‑22 in the liver has attracted research attention. A 
clinical study reported lower miR‑22 expression levels in 
patients with HCC compared with healthy controls, which 
suggests a potential role as a tumour suppressor in HCC (22). 
Furthermore, miR‑22 serves a unique role in fatty liver 
disease and liver fibrosis  (23,24). miR‑22 can also reflect 
abnormal glucose‑lipid and alcohol metabolism in the liver, 
which may contribute to future research on the detection 
and prevention of liver disease. In addition, miR‑22 has 
been linked to liver lesions, such as liver cancer, fatty liver 
disease and liver fibrosis (25‑27). miR‑22‑3p has been shown 
to inhibit the development of various liver diseases, while 

miR‑22‑5p acts as an early diagnostic biomarker for acute 
myocardial infarction (28,29).

However, reports on the role of miR‑22 in liver diseases are 
currently limited and the underlying molecular mechanism of 
action has not been comprehensively elucidated. Herein, the 
mechanism of action of miR‑22 in the progression of liver 
lesions was comprehensively and systematically reviewed in 
the present manuscript and covered numerous stages of liver 
lesion development such as fatty liver, liver fibrosis and liver 
cancer.

2. miR‑22 and liver cancer

MIR22HG, the host gene of human miR‑22, belongs to the 
long non‑coding RNA (lncRNA) family located on chromo‑
some 17p13.3 (30), and is involved in regulating bio‑signalling 
in multiple types of cancer cells; therefore, MIR22HG can also 
act as a tumour suppressor gene that inhibits the development 
of various types of cancer (31‑34). Conversely, MIR22HG can 
act as a tumour promoter in oesophageal adenocarcinoma and 
glioblastoma (34), which highlights its complex biological 
functions. With recent advancements in liver cancer research, 
the role of miR‑22 as an inhibitor of liver cancer has received 
attention (35). In the following sections, the molecular mecha‑
nisms of HCC development, early diagnosis and prognosis 
will be reviewed to provide insights into the role and effect of 
MIR22HG and related molecules in HCC.

Mechanisms by which miR‑22 regulates HCC development. 
As a tumour suppressor, miR‑22 regulates the expression 
of tumour‑related factors via multiple pathways, which can 
inhibit liver cancer occurrence and development  (36‑38). 
Conversely, miR‑22 deletion promotes the occurrence and 
development of tumours in vivo (39). The expression levels of 
miR‑22 are significantly downregulated in HCC and show a 
gradual decrease with the continuous progression of cancer 
stages  (13,39,40). Multiple mechanisms associated with 
miR‑22 have been reported to be involved in the occurrence 
and development of liver cancer (40,41).

miR‑22 inhibits the proliferation, migration and invasion of 
HCC cells and promotes apoptosis. Zhang et al (35) reported 
that miR‑22 overexpression in HCC tissues significantly 
reduced histone deacetylase 4 (HDAC4) expression, thereby 
inhibiting the proliferation of Hep3B and SMMC7721 HCC 
cells. This inhibitory effect was confirmed both in vivo and 
in vitro. The aforementioned study also reported that miR‑22‑3p 
and MIR22HG were co‑expressed and exhibited a synergistic 
function. In HCC, MIR22HG functions as a competitive endog‑
enous RNA (ceRNA), which regulates miRNA‑10a‑5p/nuclear 
receptor corepressor 2 to inhibit the Wnt/β‑catenin signalling 
pathway, thereby inhibiting the growth, invasion and migra‑
tion of HCC cells (42). Simultaneously, miR‑22‑3p derived 
from MIR22HG interacts with human antigen R to reduce 
β‑catenin expression and target high mobility group box 1 
(HMGB1) to inhibit HCC cell migration and invasion (43). 
Similarly, Luo et al (44) reported that miR‑22 overexpression 
reduced CD147 expression, inhibiting HCC migration and 
invasion. Casitas B‑lineage lymphoma (CBL) is a direct target 
of miR‑22‑3p and the ubiquitin protein ligase (E3) of sprouty2 
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(SPRY2). By inhibiting CBL expression, miR‑22‑3p can 
reduce SPRY2 ubiquitination and indirectly upregulate SPRY2 
expression, thereby inhibiting ERK signal transduction. This 
hindrance of the MAPK/ERK signalling process inhibits the 
epithelial‑mesenchymal transition, migration and invasion of 
HCC cells, which contributes to cancer inhibition (17,45).

However, the function of miR‑22 in liver cancer is negatively 
regulated by lncRNAs. lncRNAs comprise >200 nucleo‑
tides and are the most common type of non‑protein‑coding 
transcripts (46). lncRNAs can act as ceRNA, sequestering 
specific miRNAs from their target genes, which reduces the 
abundance of their target miRNAs and inhibits their stability 
and function. Multiple ceRNAs have a sponging effect on 
miR‑22 and influence its regulation of proliferation and 
apoptosis in liver tumour cells, weakening or reversing the 
tumour‑inhibitory effect of miR‑22 (47). Huang et al  (37) 
reported that lncRNA DSCR8, a ceRNA of miR‑22‑3p, 
prevented miR‑22‑3p from binding to the target actin‑related 
protein 2/3 complex subunit 5 (ARPC5) through sponging, 
thereby failing to reduce the inhibitory effect of ARPC5 
on tumour cell apoptosis, which ultimately promoted liver 
cancer progression. Additionally, muskelin 1 antisense RNA 
(MKLN1‑AS) contributes to the growth and development of 
HCC cells (48). Considering these findings, Pan et al (49) 
conducted RNA immunoprecipitation (RIP) and reported 
that MKLN1‑AS and miR‑22‑3p were enriched in the 
anti‑argonaute 2 group compared with those in the anti‑IgG 
group. miR‑22‑3p overexpression can directly downregulate 
ETS proto‑oncogene 1 (ETS1) in HuH7 and LM3 cells to 
regulate protein levels related to cell proliferation, apoptosis 
and migration. MKLN1‑AS sponges miR‑22‑3p, indirectly 
upregulates ETS1 expression, induces cell growth, angiogen‑
esis, migration and invasion and promotes the occurrence 
and development of HCC. ETS1 also regulates MKLN1‑AS 
expression. ETS1 knockdown has been reported to reduce the 
expression level of MKLN1‑AS, whereas its overexpression 
increases MKLN1‑AS levels. ETS1 was reported to bind to 
the MKLN1‑AS promoter site 3.

The NCK adaptor protein 1 antisense RNA 1 (NCK1‑AS1) 
gene is typically found in the cytoplasm and serves a role in 
processes that occur after genetic transcription (50). When 
NCK1‑AS1 is suppressed, the expression levels of miR‑22‑3p 
are elevated, which increases the number of cells undergoing 
apoptosis; conversely, when miR‑22‑3p is silenced, the increase 
in the number of apoptotic cells caused by NCK1‑AS1 knock‑
down is reversed and the proliferation, migration and invasion 
abilities of certain cells are also affected (51). This suggests 
an inverse relationship between NCK1‑AS1 and miR‑22‑3p 
in liver cancer tissues (52). The presence of NCK1‑AS1 in 
HCC tissues is linked to increased levels of tyrosyl‑tRNA 
synthetase (YARS) expression, while miR‑22‑3p decreases 
the levels of YARS. Therefore, NCK1‑AS1 acts as a sponge 
by binding to miR‑22‑3p to increase YARS expression levels, 
thus suppressing tumour cell apoptosis and promoting cell 
growth and migration. Additionally, suppressing YARS 
impedes the activation of key members of the PI3K/AKT 
pathway (PI3K, AKT, ERK and mTOR), thereby hindering cell 
proliferation (53). Therefore, when positively regulating YARS 
through the miR‑22‑3p/YARS axis, NCK1‑AS1 can activate 
PI3K/AKT signalling to promote HCC progression. However, 

silencing NCK1‑AS1 or overexpressing miR‑22‑3p can reverse 
this process and serve a role in liver cancer inhibition (52).

Zhao  et  al  (47) reported that myocardial infarction-
associated transcript (MIAT), an aging‑related lncRNA 
involved in HCC, was upregulated in human HCC and served 
a role in tumour promotion. The expression level of MIAT 
decreases during cell aging, whereas overexpression of MIAT 
can inhibit cell aging and hinder tumour cell apoptosis. 
MIAT acts as a ceRNA by binding specifically to miR‑22‑3p, 
inhibiting miR‑22 expression and increasing sirtuin 1 (SIRT1) 
expression, which is a direct target of miR‑22. This inhibits 
tumour suppressor pathways p53/p21 and p16/pRb, which in 
turn, inhibit the production of senescence‑associated secretory 
phenotype and cell senescence, promoting tumour cell prolif‑
eration and inhibiting apoptosis. Overexpression of miR‑22‑3p 
significantly decreases SIRT1 levels. Therefore, specific 
binding of MIAT and miR‑22‑3p can inhibit the senescence 
phenotype and promote HCC progression by upregulating 
SIRT1. Overexpression of miR‑22‑3p can reverse this phenom‑
enon and promote cell senescence in the human fibroblast 
cell lines 2BS, IMR‑90 and MRC‑5. Conversely, miR‑22‑3p 
downregulation prevents the progression of cell senescence 
and improves senescent cells.

miR‑22 can not only be inhibited by the above lncRNAs, 
but also induced by vitamin D3, bile acids and the following 
exogenous substances. The positive regulation of butyrate on 
miR‑22 can inhibit the expression of SIRT1 and subsequently 
promote the expression of PTEN and GSK‑3, and promote the 
accumulation of ROS, which not only reduces the expression of 
phosphorylated (p)‑AKT and β‑catenin, but also releases cyto‑
chrome C to promote cell apoptosis and serve an anti‑cancer 
role  (54). Catalpol is an exogenous substance similar to 
butyrate. After being induced by catalpol, miR‑22‑3p is nega‑
tively regulated by targeting metastasis associated 1 family 
member 3 (MTA3), thus inhibiting the promotion of MTA3 
on the proliferation, migration and invasion of HCC cells (41). 
In addition, chenodeoxycholic acid can effectively activate 
the bile acid receptor farnesol X receptor (FXR) in Huh7 and 
HCT116 cells. FXR binds to the IR1 motif upstream of miR‑22 
and induces the expression of miR‑22 in Huh7 liver cells, thus 
reducing the expression level of cyclin A2 (CCNA2) mRNA, 
and the negative correlation of miR‑22 and CCNA2 is simi‑
larly demonstrated in the clinical data (36). Similarly, miR‑22 
mimics increased the percentage of Huh7 and HCT116 cells 
in G0/G1 phase and decreased the percentage of cells in S and 
G2 phases, which indicated that miR‑22 can inhibit the prolif‑
eration of tumour cells by interfering with the cell cycle (36). 
In addition, waltonitone can be used as an upstream regulatory 
substance to participate in the FXR‑miR‑22‑CCNA2 pathway 
to inhibit the occurrence and development of liver cancer, and 
this potent correlation between waltonitone's efficacy and the 
pathway‑mediated inhibition of tumor proliferation has been 
shown through analysis clinical tissue samples in the Gene 
Expression Omnibus database (55).

In summary, miR‑22 can inhibit cell growth or signal 
transduction of cancer‑promoting pathways by reducing the 
expression level of proteins such as CD147, HDAC4, CBL and 
HMGB1 to inhibit the proliferation, migration and invasion 
of HCC cells. However, the expression levels of miR‑22 can 
be inhibited by various lncRNA such as DSCR8, NCK1‑AS1, 
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MKLN1‑AS and MIAT, which prevents miR‑22 from exerting 
its anti‑cancer effects. miR‑22 can also be induced by FXR, 
butyrate and catalpol, which can limit the proliferation, migra‑
tion and invasion of liver cancer cells by affecting the normal 
progression of the cell cycle. Therefore, miR‑22 serves an 
indispensable role in the regulation of liver cancer growth and 
has the potential to be used as an effective target for future 
liver cancer treatment.

Immunomodulatory function of miR‑22 in HCC. The 
occurrence and development of tumours is closely linked 
to immune regulation. Immune cells and related factors, 
such as tumour‑related macrophages, lymphocytes and mast 
cells, serve a crucial role in initiating the body's anti‑tumour 
response through direct killing, antigen presentation and 
immune response activation; immune cells also influence the 
metabolism of tumor cells (56). This forms the basis for regu‑
lating the body's immune system and maintaining the balance 
of the tumour microenvironment (57). Dysregulation of T cells 
and their effector lymphocytes can lead to immune escape by 
tumour cells (58).

miR‑22 is involved in the immunomodulatory effects 
observed in HCC. T helper 17 (Th17) cells, a type of CD4+ 
helper T cell that produce IL‑17, are controlled by the tran‑
scription factor retinoic acid receptor‑related orphan receptor 
γt (RORγT), an isomer of the RAR‑related orphan receptor C 
(RORC) (59). Zhang et al (40) reported that when injected into 
the subcutaneous tumours of mice with HCC, miR‑22 expres‑
sion in T cells and tumour cells significantly increased, thereby 
decreasing tumour size and weight. miR‑22 overexpression 
inhibits tumour growth by promoting the transformation of 
CD4+ T cells into Th17 cells, while jumonji AT‑rich inter‑
acting domain containing 2 (JARID2) hinders the production 
of Th17 cells. miR‑22 inhibits JARID2 expression in T cells 
by directly targeting the JARID2 3'‑UTR, which weakens 
JARID2‑mediated inhibition. This aids in maintaining the 
normal differentiation of Th17 cells and regulating tumour 
cell apoptosis.

Hypoxic and hypoxia‑inducible factor 1 alpha (HIF1α) 
induces resistance in tumour cells to cytotoxic T cells (60). 
miR‑22 silences HIF1α, which reduces its signal transduc‑
tion capacities and the resistance of tumour cells and serves 
a tumour suppressive role. miR‑22 also exerts an anti‑HCC 
effect by reducing the recruitment of HIF1α/RORγT/STAT3 to 
the IL‑17 promoter, which inhibits IL‑17 signalling in T cells. 
However, HIF1α reduction can also reduce the binding and 
expression of RORC and IL‑17 and HIF1α/RORγT recruitment 
to IL‑17a. Conversely, miR‑22 inhibits the IL‑23/IL‑6/STAT3 
signalling pathway, reduces the recruitment of STAT3 to IL‑17a 
and inhibits the expression level of IL‑17. Therefore, treating 
with miR‑22 can reduce the abundance of IL‑17‑producing 
T cells, inhibit the IL‑17‑induced inflammatory response 
and activate cytotoxic T cells to exert anti‑HCC effects (13). 
Additionally, regulatory T cells (Tregs) have immunosup‑
pressive functions in multiple cancers and miR‑22 can inhibit 
tumour immune evasion by limiting Treg expansion and 
activating anti‑tumour effector cells (61,62). In conclusion, 
miR‑22 serves an important role in the immune regulation of 
HCC and influences the occurrence and development of HCC 
by regulating immune processes.

In liver cancer, galectin‑9 (Gal‑9) induces lymphocyte 
apoptosis and the immune escape of tumour cells, and Tim‑3 
is an important inhibitory receptor in the tumour microenvi‑
ronment; Gal‑9 induces apoptosis of HCC cells in the absence 
of Tim‑3 (63,64). A previous study reported the involvement of 
Gal‑9 in tumour immune escape by inducing tumour‑specific 
Tim3+ T cell death (65). Yang et al (66) reported that Gal‑9 was 
significantly elevated in human hepatoma cells, particularly 
in HepG2 cells, when compared with normal hepatocytes. 
The aforementioned study also used flow cytometry and a 
WST‑1 assay to report that Gal‑9 promoted lymphocyte apop‑
tosis and aided tumour cells in evading the immune system. 
Additionally, HepG2 cells with higher Gal‑9 expression levels 
have higher proliferation capacity than negative control cells. 
However, overexpression of miR‑22 inhibited the expression of 
Gal‑9 and its interaction with Tim‑3, thus reducing lymphocyte 
apoptosis which partly restored the function of effector T cells 
and regulated the immune response to the tumour, in turn, 
decreasing tumour cell proliferation and immune evasion. 
Ubiquitin ligase E4B (UBE4B), a novel E3 protein, belongs 
to the U‑box family of ubiquitin ligases. Shao  et  al  (67) 
constructed a ceRNA network using bioinformatics data 
analysis and showed that UBE4B was a pro‑tumourigenic 
protein crucial for HCC development. UBE4B acts through 
the UBE4B‑hsa‑miR‑22‑3p‑FGD5‑AS1/LINC00858/SNHG16 
axis to regulate immune processes with a pro‑carcinogenic 
role in HCC development, which leads to poor prognosis and 
tumour immune infiltration in HCC.

Role of miR‑22 in hepatitis virus‑associated HCC. Viral hepa‑
titis is primarily caused by viral infections that lead to liver 
lesions, which is a major contributor to liver disease progres‑
sion. HBV and HCV infections significantly increase the risk 
of HCC, and chronic viral infections can lead to liver cirrhosis, 
which may ultimately progress to HCC (68). Research on 
miR‑22 in hepatitis virus‑induced liver disease has focused 
mainly on the regulation of HCC (69,70). Therefore, the differ‑
ence between changes in miR‑22 expression levels in hepatitis 
virus‑induced liver cancer and other types liver cancer is of 
interest. Shi and Xu (71) reported that in HBV‑associated HCC 
cells, such as HepG2.2.15, miR‑22 expression showed a more 
significant downward trend compared with that in HepG2 
cells, a trend also observed in miR‑22 expression in clinical 
specimens. Furthermore, CDK inhibitor 1A expression was 
significantly reduced in HCC cells transfected with miR‑22 
compared with that in control cells, which suggests that 
miR‑22 serves an inhibitory role by interfering with the normal 
tumour cycle. Additionally, miR‑22 transfection significantly 
inhibits hepatitis B surface antigen (HBsAg) and hepatitis B 
e‑antigen (HBeAg) expression. Although experimental results 
suggest that miR‑22 can strongly inhibit HBV gene expression, 
the specific mechanism by which this occurs warrants further 
investigation.

Ke et al  (70) reported that heterogeneous nuclear ribo‑
nucleoprotein A 1 (HNRNPA1) expression was significantly 
elevated in HBV‑positive HCC samples and correlated with a 
poor prognosis in patients with HCC. HNRNPA1 expression 
was significantly upregulated, while miR‑22 expression was 
significantly downregulated in HCC cells compared with that 
in normal hepatocyte cell lines; however, and the difference 
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between HBV‑positive HCC cells and normal cells was 
more obvious. miR‑22 overexpression resulted in suppressed 
HNRNPA1 expression and EGFR signalling pathway activity. 
However, HBV‑negative HCC cells were not used as a control 
group for this procedure; hence, the effects of miR‑22 on 
HBV‑negative HCC cells warrant further study.

The FOXO3a protein can reduce the invasiveness of HCC 
cells by blocking the WNT/β‑catenin pathway and regulating 
proteins associated with lymph node metastasis  (72,73). 
Chen et al (38) reported that p‑FOXO3a can be moved from the 
nucleus to the cytoplasm by p‑AKT, which reduces its activity 
through ubiquitination and phosphorylation. Conversely, 
miR‑22 can counteract the interference of p‑AKT on FOXO3a 
by inhibiting YWHAZ‑mediated AKT phosphorylation. This 
allows FOXO3a to maintain its tumour‑suppressing role in the 
nucleus.

In addition, using an anti‑Ago2 RIP assay, Song et al (14) 
reported that translation regulatory lncRNA 1 (TRERNA1) 
induced by hepatitis B virus‑encoded X (HBx), acts as a 
sponge for miR‑22‑3p to regulate NRAS proto‑oncogene 
(NRAS) expression. During tumour formation, TRERNA1 
competes with miR‑22‑3p, thereby elevating NRAS expres‑
sion levels and HCC cell proliferation by eliminating the 
NRAS/Raf/MEK/ERK pathway. Conversely, TRERNA1 
knock down lowered NRAS expression levels, which were 
restored following treatment with an miR‑22‑3p inhibitor. 
This suggests that in the absence of TRERNA1 sponging, 
miR‑22‑3p inhibits the activating effect of NRAS on the 
NRAS/Raf/MEK/ERK pathway, which ultimately inhibits 
HCC progression by hindering cell proliferation. Furthermore, 
the upregulation of TRERNA1 by HBx contributes to sorafenib 
resistance in HCC cells.

The miR‑22/estrogen receptor (ER)α/IL‑1α/IL‑6 pathway 
is linked to liver tumours induced by HBV. IL‑1α is increased 
during liver cell death caused by ROS. This increase stimulates 
Kupffer cells to increase the expression levels of IL‑6, which 
leads to the compensatory growth of damaged liver tissue and 
the formation of tumours  (74,75). In HCC associated with 
HBV, oestrogen, in combination with ERα, may inhibit IL‑6 
and IL‑1α to protect the liver (76). Additionally, miR‑22 can 
hinder the production of ERα by directly targeting its 3'‑UTR 
region, thereby impeding its influence downstream (76,77); 
Chronic hepatitis infections, especially with HBV, increases 
oestrogen production in women, which suppresses the expres‑
sion of IL‑1α in normal liver cells. Conversely, lower oestrogen 
levels and higher miR‑22 expression levels in men downregu‑
late ERα, which results in increased IL‑1α expression and HCC 
development (76). Chen et al (78) treated HCC cells with IFN‑γ 
to replicate the environment of hepatitis virus‑associated HCC 
and reported that IFN‑γ‑induced Gal‑9 expression in HCC 
cells was positively correlated with enhancer of zeste homolog 
2 (EZH2) expression, which was significantly upregulated in 
both a concentration‑ and time‑dependent manner. Data set 
analysis, quantitative PCR and western blotting showed that 
EZH2 inhibited miR‑22 transcription and promoted Gal‑9 
expression in a DNA hypermethylation‑independent manner. 
Consequently, EZH2's effect on GAL‑9 is indirect, achieved 
through epigenetic repression of miR‑22 (Fig. 1).

In conclusion, miR‑22 may exhibit similar effects in hepa‑
titis virus‑associated HCC and other forms of HCC. However, 

it remains unclear why the level of miR‑22 expression is 
much lower in patients with hepatitis virus‑associated HCC 
and the differences in molecular mechanisms compared with 
non‑hepatitis virus‑induced HCC. Further research on whether 
and how the hepatitis virus affects the function of miR‑22 in 
liver cancer is needed to explore these specific regulatory 
mechanisms.

Role of miR‑22 in enhancing the therapeutic sensitivity of 
liver cancer cells. Due to the rise in resistance to the primary 
chemotherapy drug sorafenib, many patients with HCC who 
depend on sorafenib for their survival are unable to receive 
effective treatment and face a poor prognosis  (79). This 
necessitates further research focussed on improving drug 
sensitivity in tumour cells and identifying new anti‑tumour 
targets.

Cheng et al (80) reported that the levels of reactive oxygen 
species (ROS) and the redox state of sorafenib‑resistant cells 
are inhibited, which creates a protective state for tumour 
cells, and SIRT1 can inhibit ROS production by regulating 
the expression of cellular antioxidant genes, thereby reducing 
tumour cell sensitivity to chemotherapeutic drugs. Lowering 
SIRT1 expression when treating HCC using chemotherapeutic 
drugs can help induce tumour cell death (81). Pant et al (54) 
reported the impact of SIRT1 inhibition on ROS release 
using 2',7'‑dichlorofluorescein diacetate and showed that 
both butyrate and miR‑22 triggered ROS release and miR‑22 
suppressed SIRT1 expression. However, when cells were 
co‑incubated with butyrate and anti‑miR‑22, intracellular ROS 
production was significantly reduced, which suggests that 
miR‑22 may enhance drug sensitivity by increasing tumour 
cell ROS levels, thereby promoting their death. miR‑22‑5p 
can enhance the radiosensitivity of HCC by increasing histone 
acetylation in the MIR22HG promoter region via radiolytic 
inhibition of HDAC2 activity (82). These findings suggest that 
miR‑22 may increase the sensitivity of liver tumour cells to 
chemotherapy and radiotherapy, and to some extent, reverse 
their resistance to sorafenib and thus could potentially serve 
as a target for anti‑tumour treatments.

Macrocytic anaemia is common in HCC and a previous 
animal study showed that lenvatinib, a first‑line drug for liver 
cancer, may exacerbate anaemia, whereas miR‑22 does not 
have this side effect (83). Instead, miR‑22 increases white 
blood cell and platelet counts and could extend survival 
time (13).

Notably, the expression of miR‑22 is lower in liver cancer 
induced by the hepatitis virus, and miR‑22 can strongly inhibit 
the expression of the HBsAg and HBeAg. In addition, the 
regulation of miR‑22 by HBx upregulating TRERNA1 expres‑
sion promotes the resistance of HCC cells to sorafenib (14). 
Therefore, the exploration of the mechanism of action of 
miR‑22 in viral hepatitis may be useful for the study of liver 
cancer treatment and drug resistance. Combining the diverse 
molecular mechanisms of miR‑22 regulation in liver cancer 
and the regulation of the miR‑22 pathway at the clinical level, 
in addition to actively exploring targets with similar biological 
effects may counteract the side effects and drug resistance 
observed with radiotherapy and chemotherapy treatments at 
present, and provide reference for the treatment and remission 
of liver cancer in the future.

https://www.spandidos-publications.com/10.3892/ol.2024.14674
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Early diagnosis and prognosis of miR‑22 in liver cancer. 
Alpha fetoprotein (AFP) is an important marker in diagnosing 
and predicting the outcome of HCC as it presents at high levels 
in the serum of patients with liver cancer. However, AFP 
levels can also be elevated in pregnant women and patients 
with germ cell tumours (84). Therefore, relying solely on AFP 
for early HCC diagnosis is not highly specific or sensitive 
and is not recommended as a primary diagnostic method. 
Combining ultrasound with AFP can improve the rate of 
early liver cancer diagnosis (85), but some cases may still go 
undetected, which may lead to clinical diagnostic issues (86). 
A previous study reported that the expression of miR‑22 was 
not only decreased in liver cancer tissues, but that the differ‑
ence in its serum expression levels were also diagnostically 

significant  (22). Zekri  et  al  (87) demonstrated the detec‑
tion methods combining miRNA markers such as miR‑22, 
miR‑885‑5p, miR‑221 and miR‑122 in conjunction with AFP 
could be used to accurately diagnose HCC in patients with 
liver cirrhosis. This combination is particularly useful for the 
early diagnosis of HCC in patients with liver cirrhosis. The 
expression levels of miR‑199‑3p and miR‑22 are significantly 
decreased in HCC and chronic hepatitis C infections. The 
aforementioned miRNAs, in addition to AFP, could poten‑
tially be used to assess the severity of chronic HCV infection 
and aid in diagnosing HCC resulting from HCV development.

Additionally, miR‑122, miR‑22, miR‑99a and miR‑125b 
expression levels are reported to be significantly higher in 
the serum of HBV patients compared with those in healthy 

Figure 1. Mechanism underlying miR‑22 regulation of the occurrence and development of HCC. miR‑22 is involved in the regulation of the occurrence and 
development of HCC. miR‑22 mainly inhibits the proliferation, migration and invasion of HCC by decreasing the expression levels of CD147 and HDAC4 and 
participating in the immunomodulatory process by regulating Gal‑9 and Th17, which ultimately serves a role in cancer inhibition. lncRNAs, such as DSCR8, 
NCK1‑AS1 and MKLN1‑AS, exhibit sponging effects on miR‑22, thereby weakening the inhibitory effect on downstream cancer‑promoting factors ARPC5, 
YARS and ETS1. In hepatitis virus‑associated liver cancer, the negative regulation of miR‑22 by TRERNA1 and EZH2 also weakens the inhibitory effect on 
HNRNPA1 and NRAS, which promotes the occurrence and development of liver cancer. Exogenous substances and metabolites, such as catalpol, butyrate 
and FXR, induce the expression of miR‑22, which enhances the regulation of miR‑22 on downstream factors MTA3 and CCNA2 and inhibits the progression 
of HCC. An arrow‑headed line indicates promotion, whereas a bar‑headed line signifies inhibition. The rectangular box represents the upstream component 
of miR‑22, and the circular corner box represents the downstream component regulated by miR‑22. Yellow represents the mechanism of hepatitis virus‑asso‑
ciated liver cancer, blue represents the mechanism related to lncRNA, green represents the mechanism related to the induction of miR‑22 by endogenous and 
exogenous substances, purple represents the mechanism related to immunity and pink represents the mechanism of miR‑22 regulating the proliferation and 
migration of liver cancer without the influence of other substances. The dashed line box on the right shows the proliferation and migration of liver cancer cells 
and the dashed line box below shows the lysis and death of Tim3+ T cells. EZH2, enhancer of zeste homolog 2; TRERNA1, translation regulatory lncRNA 1; 
HBx, HBV‑encoded X; DSCR8, down syndrome critical region 8; NCK1‑AS1, NCK1 antisense RNA 1; MIAT, myocardial infarction‑associated transcript; 
FXR, farnesoid X receptor; CDCA, chenodeoxycholic acid; HuR, human antigen R; HMGB1, high mobility group box 1; YWHAZ, tyrosine 3‑monooxy‑
genase/tryptophan 5‑monooxygenase activation protein zeta; YARS, tyrosyl‑tRNA synthetase; ARPC5, actin‑related protein 2/3 complex subunit 5; SIRT1, 
sirtuin 1; ROS, reactive oxygen species; MKLN1‑AS, muskelin 1 antisense RNA; ETS1, ETS proto‑oncogene 1; CD147; HDAC4, histone deacetylase 4; CBL, 
casitas B‑lineage lymphoma; MTA3, metastasis associated 1 family member 3; CCNA2, cyclin A2; CDKN1A, CDK inhibitor 1A; HNRNPA1, heterogeneous 
nuclear ribonucleoprotein A 1; NRAS proto‑oncogene; ERα, estrogen receptor α; E2, estradiol; IL‑1α, interleukin 1α; JARID2, jumonji AT rich interacting 
domain containing 2; Th17, T helper cell 17; Gal‑9, galectin‑9.
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individuals. The expression levels are also significantly 
linked to HBV DNA levels (88). In chronic hepatitis B (CHB) 
infection, miR‑22, when combined with miR‑210 and ALT, 
can predict the virological and non‑virological responses 
following IFN‑α treatment, which is an antiviral agent used 
to treat CHB. This may be used to determine the efficacy of 
IFN‑α treatment and reduce its adverse effects and complica‑
tions (89). Furthermore, baseline serum exosomal miR‑22‑3p 
levels can forecast HBeAg seroconversion in patients with 
CHB undergoing Peg‑IFN treatment (90).

Zhang et al (35) reported a positive correlation between 
miR‑22 expression and the overall survival and disease‑free 
survival in patients with HCC using bioinformatics methods, 
such as Kaplan‑Meier analysis. Patients with HCC and normal 
or relatively high miR‑22 expression had a better prognosis, 
which was consistent with the findings of another previous 
study  (40). Chen  et al  (38) demonstrated that miR‑22 was 
not only a predictor of prognosis but could also be used as 
an independent predictor of overall survival in patients with 
HCC. Therefore, assessing miR‑22 expression levels in HCC 
tissues could be used to predict the prognosis of patients with 
HCC.

In summary, miR‑22 could be used in the diagnosis and 
prognostic assessment of liver cancer, particularly for high‑risk 
groups, such as patients with hepatitis virus infection and liver 
cirrhosis. As miR‑22 can be used as an independent predictor 
of overall patient survival, a scientific detection and diagnosis 
system and a prediction model of liver cancer prognosis should 
be established to facilitate improved prognosis and survival 
for patients with liver cancer.

3. miR‑22 in fatty liver diseases

The liver serves a crucial role in lipid metabolism and 
various metabolic disorders can arise if liver function is 
disrupted (91). When the liver is in a diseased state, it can 
lead to chronic metabolism‑related conditions, such as 
fatty liver disease, which includes AFLD and NAFLD (92). 
miR‑22 is involved in the development of both types of 
fatty liver disease  (93,94). Alcoholic fatty liver diseases 
are closely linked to excessive alcohol consumption, which 
disrupts hepatic lipid metabolism pathways and leads to 
liver damage. miR‑22 inhibitors can be used to help improve 
alcohol‑induced steatosis (95). NAFLD, is associated with 
certain metabolic disorders, including obesity and diabetes 
mellitus, and is characterized by the accumulation of fat and 
steatosis in the liver (96). Additionally, excessive glycogen 
accumulation has been identified as a key factor in the 
development of liver malignant transformation, as reported 
by Liu et al  (97). The progression from NAFLD to HCC 
is primarily caused by the excessive accumulation of fat in 
the liver. This leads to abnormal signalling pathways, which 
results in liver cell injury and chronic inflammation. This 
process significantly increases the risk of developing liver 
fibrosis and HCC (98). In the case of NAFLD, inhibitors of 
miR‑22 improve hepatic steatosis and reduce fat build‑up 
in the liver by regulating factors involved in fatty acid 
metabolism (94). Therefore, miR‑22 inhibitors show promise 
as potential future therapeutic agents for managing hepatic 
steatosis in fatty liver disease.

AFLD. Excessive alcohol consumption can lead to a condition 
known as alcoholic liver disease (ALD), which causes injury 
to the liver. In alcohol metabolism, by‑products can have toxic 
effects on the liver, which can ultimately result in ALD (99). 
This initially presents as alcoholic steatosis, which can 
progress to steatohepatitis, hepatic fibrosis, cirrhosis and has 
the potential to develop into HCC. ALD is closely linked to 
hepatic steatosis, with alcohol affecting hepatic lipid metabo‑
lism by altering how the liver takes up lipids, synthesizes 
lipids, oxidizes fatty acids, exports lipids, forms lipid droplets 
and undergoes catabolism (100). A previous study reported a 
positive relationship between β‑catenin and miR‑22 expres‑
sion levels. Inhibition of β‑catenin activity decreases miR‑22 
expression (93). Chronic alcohol intake activates β‑catenin 
and increases the expression levels of miR‑22‑3p, which in 
turn, inhibits tet methylcytosine dioxygenase 2 (TET2) and 
promotes HCC stemness and metastasis. In HCC, TET2 
expression is reduced and alcohol exposure further increases 
miR‑22‑3p expression levels, which leads to a decrease in TET2 
expression. This promotes tumour growth and metastasis in 
HCC cells. Therefore, the β‑catenin/miR‑22‑3p/TET2 axis 
serves a role in alcohol‑induced HCC malignant progression.

The fibroblast growth factor 21 (FGF21) signalling pathway 
is responsible for maintaining liver metabolic balance (101) and 
utilizes FGF21 receptor (FGFR1) as its receptor. FGFR1 defi‑
ciency diminishes FGF21 signalling in adipocytes, therefore 
FGF21 and FGFR1 are the primary targets and regulators of 
certain metabolic diseases. Key transcription factors for liver 
FGF21 are hepatic PPAR‑activated receptor‑c coactivator‑1α 
(PGC1α) and peroxisome proliferator‑activated receptor 
α (PPARα). In cases of fatty liver, the expression levels of 
miR‑22, FGF21, FGFR1 and PGC1α are inversely correlated. 
Hu et al (95) reported that the expression levels of FGFR1 and 
FGF21 decreased in Huh7 cells after treatment with miR‑22, 
which indicates the presence of a relationship between miR‑22 
and FGF21 signal transduction. The study also reported that 
miR‑22 could directly target and reduce FGFR1. Additionally, 
miR‑22 reduces the expression levels of FGF21 by reducing 
the regulation of transcription factors PPARα and PGC1α, 
thereby limiting the activation of ERK 1/2 and promoting fat 
accumulation. Inhibiting miR‑22 increases FGF21 and FGFR1 
levels in the liver, which strengthens the FGF21 signal trans‑
duction pathway in the liver leading to the activation of AMPK 
and ERK1/2, thus promoting lipid metabolism in alcoholic 
fatty liver and improving alcohol‑induced steatosis. Therefore, 
miR‑22 inhibitors can be used to increase FGF21 and FGFR1 
levels and treat liver steatosis. In addition, the miR‑22 inhibitor 
was as effective as obeticholic acid in treating steatosis and 
reducing the accumulation of liver fat. Combined treatment 
with the two drugs significantly improves insulin sensitivity, 
releases glucagon‑like peptide 1 and reduces liver triglycerides 
in obese mice.

Summarily, the efficacy of miR‑22 in improving 
alcohol‑induced steatosis has been previously reported. 
Studies have shown that mice injected with anti‑miR‑873‑5p 
have relatively high SIRT1 activity in their liver, which can 
delay the progress of alcoholic liver disease by enhancing 
the activity of SIRT1 deacetylase (102). Iwagami et al (103) 
reported that SIRT1 may be a key contributing factor for 
the actions of miR‑34a to reverse alcoholic fatty liver. In 
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view of the complicated mechanism of regulation of SIRT1 
by miR‑22 in liver cancer, investigating whether miR‑22 can 
improve AFLD by regulating SIRT1 is particularly important. 
Although studies on miR‑22 and alcoholic fatty liver are 
currently scarce, the close relationship between miR‑22 and 
alcoholic fatty liver cannot be disregarded. In future, research 
in this field will enable the understanding of the specific regu‑
latory mechanism of miR‑22 in alcoholic fatty liver.

NAFLD. NAFLD is a clinicopathological syndrome character‑
ized by the accumulation of fat in the liver (104). Patients with 
NAFLD show liver manifestations of metabolic syndrome, 
including fatty degeneration of the liver observed using imaging 
techniques and histology (105). Several experimental studies 
have demonstrated the role of miR‑22 in NAFLD (23,94,106).

Yang et al (94) investigated the genes involved in regulating 
fat metabolism by miR‑22. The authors induced obesity in a 
mouse model using a high‑fat diet (HFD) and treated a normal 
human liver cell line with free fatty acids to stimulate fat accu‑
mulation in liver cells. The study reported increased expression 
levels of miR‑22 in the obese mouse model and human liver 
cells exposed to fatty acids and overexpressing miR‑22 resulted 
in fat accumulation in the liver cells. PPARα and Sirt1 are 
involved in fatty acid metabolism and miR‑22 interacts with 
Sirt1 to participate in liver fat metabolism (25,94). In the fatty 
acid‑induced human hepatocyte line, L02, miR‑22 expression 
levels were increased and Sirt1 expression levels were decreased 
compared with the non‑induced L02 cells. Sequence analysis 
showed that miR‑22 can directly interact with the 3'‑UTR of 
Sirt1 to regulate lipid metabolism and their expression levels 
were negatively correlated. miR‑22 analogues significantly 
reduced the expression levels of PPARα and FOXO1, while 
miR‑22 inhibitors notably increased their expression levels. 
This suggests that miR‑22 serves a role in regulating a series 
of downstream genes related to fatty acid metabolism. miR‑22 
inhibitors enhance the expression of genes related to fatty acid 
metabolism, which reduces lipid accumulation in the liver. 
Therefore, in the HFD‑induced mouse model, the upregulation 
of miR‑22 expression is involved in regulating lipid metabo‑
lism, energy balance and obesity. Decreasing expression of 
the miR‑22 gene can increase energy consumption and disrupt 
lipid biosynthesis.

Thibonnier and Esau (107) reported that when the miR‑22 
antagonist APT‑110 was introduced into human subcutaneous 
preadipocytes, important factors for metabolism, such as mito‑
chondrial activity, uncoupling protein 1 expression and energy 
expenditure, were increased. Additionally, after subcutaneous 
injection of miR‑22‑3p antagonist APT‑110 into the groin of 
mice fed a HFD, a notable increase in metabolic and lipolysis 
rates, accompanied by significant decreases in blood sugar, 
plasma insulin and leptin levels were reported. Administration of 
APT‑110 resulted in a significant reduction in the overall weight 
gain and average liver fat content in HFD mice compared with 
the control group (saline injection). Inhibiting miR‑22‑3p led to a 
reduction in genes related to the fatty acid biosynthesis pathway 
in the liver, while generally increasing genes associated with 
fatty acid metabolism in inguinal fat, thereby reducing liver fat 
accumulation (108). These findings suggest miR‑22 inhibitors 
may be a promising new future approach for controlling obesity 
and fatty degeneration of hepatocytes.

Panella et al (23) developed a mouse model with a miR‑22 
transgene controlled by Cre recombinase and reported that 
mice carrying the miR‑22 transgene gained weight quickly 
and showed high levels of miR‑22 in the liver tissue. The 
increased miR‑22 expression levels in the liver induced 
fatty degeneration. Additionally, the authors investigated the 
role of miR‑22 in metabolism by targeting mice with liver 
tissue‑specific miR‑22 knock‑out. Compared with wild‑type 
mice, the miR‑22 knock‑out mice gained significantly less 
weight after 8 weeks on a HFD and displayed reduced liver 
steatosis. Immunohistochemistry results showed increased 
staining of the uncoupling protein 1 in miR‑22 knock‑out mice 
and these mice also exhibited white fat browning. These find‑
ings indicate that knocking out miR‑22 can decrease liver cell 
fatty degeneration and obesity in mice under HFD conditions.

Gjorgjieva et al (109) investigated the role of miR‑22 in 
liver lesions in mice fed with an HFD. The study used a model 
of mice with a knocked‑out miR‑22 gene (miR‑22KO) and fed 
them a HFD for 12 weeks, which led to an increase in fat mass, 
hepatomegaly and hepatic steatosis. These findings suggest the 
importance of miR‑22 in liver diseases. To further explore the 
link between obese mice with miR‑22 deficiency and the devel‑
opment of liver cancer, Gjorgjieva et al (39) also published 
a study using miR‑22KO mice. Feeding the mice a HFD 
resulted in the promotion of characteristic features of nonal‑
coholic steatohepatitis (NASH), which included liver changes 
resembling balloon‑like structures. Diethylnitrosamine was 
administered to miR‑22KO and wild‑type mice to induce liver 
cancer and the animals were divided into two groups, where 
one group received a standard diet and the other received an 
HFD. These results indicated that the miR‑22KO mice devel‑
oped tumours earlier and the HFD group had a high number 
of tumours with low differentiation characteristics compared 
with the control group. This suggests that NAFLD can worsen 
tumour development and differentiation in mice with miR‑22 
deficiency. A comparison of the research results from the 
aforementioned study and those reported by Panella et al (23) 
showed the complex metabolic regulatory role of miR‑22 in 
the body, which indicates a need for further research.

NAFLD is a systemic metabolic disease mainly caused 
by obesity and type 2 diabetes mellitus (T2DM). T2DM 
can accelerate the progression of NAFLD in liver disease. 
Worldwide, ~55.48% of patients with T2DM have NAFLD and 
among those patients undergoing liver biopsy, 37.33% have 
NASH and 17.02% have advanced fibrosis (110), which high‑
lights the close relationship between diabetes and NAFLD. A 
previous study reported that miRNAs serve a crucial role in 
insulin signalling transduction, glucose metabolism regula‑
tion, HDL and LDL homeostasis regulation and liver lipid 
metabolism (111). miR‑22 is highly expressed in the liver and 
regulates liver metabolism in disease states such as diabetes. 
In mice with insulin resistance and T2DM, miR‑22 expression 
levels are significantly increased and liver glucose metabolism 
is regulated by targeting the transcription factor 7 (TCF7) in the 
Wnt pathway. Silencing miR‑22 improves circulating glucose 
and insulin levels and reduces fasting blood glucose levels in 
mice (112). Additionally, 3,5‑diiodine‑L‑thyronine (T2) serves 
a role in increasing the resting metabolic rate as well as lipid 
and glucose metabolism (113,114). miR‑22 serves a prominent 
role in T2 metabolism and is involved in the homeostasis of 
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glucose metabolism by T2. T2 downregulates miR‑22 to upreg‑
ulate its target TCF7, impairs glucose production by inhibiting 
the expression of glucose‑producing enzyme and regulates 
glucose homeostasis (115). The liver can also regulate glucose 
homeostasis through various pathways that control glucose 
metabolism. Mebhydrolin, a selective nuclear receptor FXR 
antagonist, reduces miR‑22‑3p expression levels by antago‑
nising FXR. This inhibits hepatic gluconeogenesis through the 
FXR/miR‑22‑3p/PI3K/AKT/FOXO1 pathway and promotes 
glycogen synthesis via the FXR/miR‑22‑3p/PI3K/AKT/GSK‑3β 
pathway to improve blood glucose homeostasis in T2DM 
mice  (116). Therefore, miR‑22 may act as an indicator to 
predict physiological and pathological changes in the liver 
during T2DM.

Summarily, the expression levels of miR‑22 increase 
after high fat induction, and fatty degeneration of liver can 
be induced by regulating fatty acid metabolism. The role of 
the miR‑22 inhibitor in improving energy consumption and 
reducing liver fat accumulation has been reported. In addition, 
in view of the close relationship between glucose metabolism 
and NAFLD, as well as the complex regulatory role and differ‑
ential correlation of miR‑22 in NAFLD, further exploration 
of the regulatory mechanism of miR‑22 is necessary. Future 
research is expected to reveal additional new targets of miR‑22 
regulating hepatic steatosis and provide potential new strategies 
for the future treatment of fatty liver diseases. In addition, the 
global prevalence of NAFLD is likely to increase in the future 

and the role of miR‑22 in NAFLD is expected to become more 
prominent (10). Improvements in miR‑22‑related detection 
methods and the development of miR‑22‑related preparations 
will contribute to the early detection and treatment of fatty 
liver disease in the future (Fig. 2).

Functional differences of miR‑22 in AFLD and NAFLD. miR‑22 
serves a central role in the pathogenesis of both AFLD and 
NAFLD. Despite the common features between the two diseases, 
there are obvious differences in the specific functional manifesta‑
tions and underlying molecular regulatory mechanisms. miR‑22 
is upregulated in the fatty liver caused by two different triggers, 
excessive alcohol consumption is the key to triggering AFLD, 
while obesity, hyperlipidemia and type 2 diabetes are important 
factors in NAFLD, and the overexpression of miR‑22 aggravates 
the degree of hepatic steatosis (94,95). In AFLD, the level of 
miR‑22 is positively correlated with alcohol consumption and 
inhibits the FGF21/FGFR1 signaling pathway to promote the 
development of fatty liver by silencing PPARα (95). In NAFLD, 
miR‑22 is associated with a HFD and directly regulates Sirt1, 
PPARα and FOXO1 expression to promote the formation of fatty 
liver (94). Therefore, PPARα serves a key role in the regulation 
of miR‑22. Additionally, miR‑22 also participates in the regula‑
tion of hepatic gluconeogenesis by regulating TCF7 in the Wnt 
pathway, a process that may be inhibited by T2 (112,115), and 
maintains blood glucose homeostasis through interacting with 
complex networks such as FXR/miR‑22‑3p/PI3K/AKT (116), 

Figure 2. Mechanism of action of miR‑22 in fatty liver disease. miR‑22 is involved in regulating the progression of fatty liver disease. Increased expression 
of miR‑22 in liver tissue is observed with long‑term alcohol intake, high‑fat diet and diabetes. miR‑22 targets and inhibits FGFR1, FGF21 and TET2, which 
contributes to hepatic steatosis and the progression of HCC. Moreover, T2 upregulates TCF7 by downregulating miR‑22, which subsequently suppresses the 
expression of FBP1 and G6PC, and regulates glucose homeostasis in the liver. An arrow‑headed line indicates promotion, whereas a bar‑headed line signi‑
fies inhibition. The yellow box indicates miR‑22. Other boxes of the same color represent important factors in the same pathway. The green and red dotted 
boxes represent important factors in their respective pathways. The black dotted box indicates HCC cell proliferation. FBP1, fructose 1‑6 bisphosphatase; 
G6PC, glucose 6‑phosphatase; miR, microRNA; TCF7, transcription factor 7; T2, 3,5‑diiodine‑L‑thyronine; TET2, tet methylcytosine dioxygenase 2; FGF21, 
fibroblast growth factor 21; FGFR1, FGF21 receptor.
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which affects the development of NAFLD (Table I). Further, 
miR‑22 inhibitors have significant effects on improving both 
alcohol‑ and non‑alcohol‑induced steatosis. In AFLD, miR‑22 
inhibitors activate AMPK by upregulating the expression of 
FGF21 and FGFR1 to improve alcohol‑induced steatosis (95), 
whereas in NAFLD, it also reduces steatosis and weight gain by 
increasing total energy expenditure and improving insulin sensi‑
tivity (107). This similar, yet different, characteristic deepens 
the understanding of the complex role of miR‑22 in the process 
of hepatic steatosis and also provides important perspectives 
which are useful for exploring targeted therapeutic strategies.

In conclusion, miR‑22 serves a significant role in the 
fatty liver. In the future, it is necessary to further explore its 
interaction mechanism with target genes and its impact on 
pathophysiology, accelerate the development of miR‑22 inhibi‑
tors and provide new strategies for treatment. Additionally, 
in view of the differences in mechanisms between AFLD 
and NAFLD, treatment should be personalized, multi‑target 
combination therapy should be consider and combined with 
lifestyle interventions. Research into the mechanisms of action 
of miR‑22 provide a new perspective for the treatment of fatty 
liver and further in‑depth research and drug development is 
required to improve the efficacy of patient treatment.

4. Role of miR‑22 in liver fibrosis

Liver fibrosis can be caused by different factors, such as viral 
hepatitis, alcoholic steatohepatitis, non‑alcoholic steatohepa‑
titis and DILI (117). These factors lead to the induction of the 
liver repair response, which results in increased liver extracel‑
lular matrix (ECM) and the formation of fibrous scars (118). 
Currently, effective drug treatments for liver fibrosis are 
lacking. It is an important step in the transition from chronic 
liver disease to cirrhosis and is characterized by hepatic stel‑
late cell (HSC) activation and excessive ECM deposition (119). 
If not treated promptly and effectively, liver fibrosis can 
progress to cirrhosis, liver failure and potentially liver cancer. 
HSC activation significantly influences the occurrence and 
development of liver fibrosis, with various miRNAs having 
the ability to regulate liver fibrosis signalling pathways and 
HSC activation (120). Each miRNA exerts distinct regulatory 
effects. For example, miR‑188‑5p enhances HSC activation 
and proliferation through the PTEN/PI3K/AKT pathway, 
thereby promoting liver fibrosis (121). In addition, miR‑301a‑3p 
promotes HSC activation and liver fibrosis through the 
PTEN/PDGFR‑β pathway (122). However, miR‑22 can inhibit 
HSC activation and the expression of related fibrotic mediators 
in various ways, thereby mitigating the progression of liver 
fibrosis. Collectively, miRNA has great research potential and 
value in the treatment of liver fibrosis.

miR‑22 is closely associated with HSC activation and 
liver fibrosis. Huang et al  (27) reported that the lncRNA 
nuclear paraspeckle assembly transcript 1 (Neat1) func‑
tions as a ceRNA to accelerate the progression of liver 
fibrosis in mice by targeting miR‑148a‑3p and miR‑22‑3p, 
thereby upregulating cytohesin 3. Conversely, downregu‑
lating Neat1 yielded contrasting results. The inhibitors for 
miR‑22‑3p and miR‑148a‑3p stimulate the activation of 
HSCs and the expression of collagen fibres, which can lead 
to liver fibrosis.

AKT3, is a serine/threonine protein kinase, whose expres‑
sion level is regulated by the miRNA (123‑125). AKT3 is a 
common target gene of miR‑22‑3p and miR‑29a‑3p, promoting 
the proliferation, migration, colony formation ability and the 
expression of fibrosis markers collagen type I α 1 chain and 
α‑smooth muscle actin in LX‑2 cells (24,123). Under the influ‑
ence of miR‑22‑3p and miR‑29a‑3p inhibitors, the expression 
of AKT3 increases, thereby promoting the proliferation and 
activation of LX‑2 cells. In conclusion, the overexpression 
of miR‑22‑3p and miR‑29a‑3p synergistically inhibits the 
proliferation and activation of LX‑2 cells and alleviates the 
progression of liver fibrosis (24).

Silymarin (SIL)‑loaded chitosan nanoparticles combine 
chitosan nanoparticles with the hepatoprotective compound SIL 
to enhance its therapeutic effect in liver diseases and improve 
its anti‑fibrotic efficacy in CCl rats. The mechanism of action 
involves promoting the expression of protective factors miR‑22, 
miR‑29c and miR‑219a in the liver, which in turn inhibit the 
expression of fibrosis mediators TGFβR1, TGFβR2 and collagen 
type III α1 chain, thus slowing down the progression of liver 
fibrosis (126). Additionally, Abdullah et al (127) demonstrated 
that SIL‑gold nanoparticles serve a similar role in the process 
of liver fibrosis. In summary, miR‑22 acts as a protective factor 
in the liver, inhibiting the expression of fibrotic mediators and 
serving an anti‑fibrotic role in liver fibrosis.

NAFLD speeds up the process of liver fibrosis caused 
by carbon tetrachloride. In turn, liver fibrosis accelerates the 
progression of liver cancer (128). NAFLD and liver fibrosis 
have a significant impact on the occurrence and development 
of liver cirrhosis and HCC. A study by Ji et al (129) reported 
that the expression levels of miR‑22 were negatively corre‑
lated with bone morphogenetic protein 7 (BMP7) in the liver 
biopsies of 12 patients with liver cirrhosis and this conclusion 
was verified in HepG2 cells. Bioinformatics analysis of the 
target sequence of BMP7 shows that miR‑22 can target the 
3'UTR of BMP7 mRNA and inhibit the expression of BMP7, 
which leads to the occurrence of liver cirrhosis (129). miR‑22 
was delivered to the liver through the common bile duct, thus 
effectively reducing the potential interference of other tissues 
and organs on the experimental results.

Although the role of miR‑22 in the process of liver fibrosis 
has been reported to a certain extent, numerous potential 
mechanisms remain unclear, particularly in the study of drug 
transformation. In addition, significant individual differences 
exist in the clinical manifestations and severity of illness among 
patients during the progression of liver fibrosis to cirrhosis and 
whether the expression levels of miR‑22 also differ has not yet 
been determined. Therefore, it is crucial to identify and imple‑
ment therapeutic measures during the early stages of the disease. 
It is also necessary to explore the underlying molecular mecha‑
nisms, understand the formation and development of the disease 
and identify appropriate therapeutic targets and treatment 
measures. Simultaneously, a reasonable model for managing 
chronic liver disease should be developed to effectively control 
its malignant progression (Fig. 3).

5. miR‑22 and DILI

DILI is a rare but serious drug‑induced adverse reaction, which can 
lead to the early termination or withdrawal of drug development 
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studies (130). DILI is responsible for a growing number of liver 
injuries in previous years (131). The pathology of DILI‑induced 
liver injuries are varied and complex and cases of DILI present 
as diverse histological types on liver biopsies (132). Liver biopsies 
of 249 patients with suspected DILI showed predominantly acute 
and chronic hepatitis (133). miRNAs are closely associated with 
the regulation of biological behaviours in various diseases. The 
role of miR‑122 in DILI has been previously reported and it shares 
similarities with that of miR‑22 in liver‑related diseases. Both 
miRNAs inhibit HCC progression, facilitate NAFLD progression 
and detect hepatic fibrosis severity (134,135). Previous studies 
have demonstrated the main functions of miR‑22 in the liver 
under drug induction (136,137).

Pharmacological autoimmune hepatitis is a type of liver 
injury induced by a drug or its metabolite, which triggers 
the immune response against foreign substances. The role 
of miRNAs in autoimmune hepatitis has been previously 
reported. Liu  et  al  (136) used concanavalin A to induce 
autoimmune hepatitis in mice and the abnormal expression of 
various miRNAs in autoimmune hepatitis was analysed using 
gene microarray, enrichment analysis of Gene ontology (GO) 
and Kyoto Encyclopedia of Genes and Genomes (KEGG) 
The expression level of miR‑22 was downregulated, which 
provided new insights into the role of miR‑22 in autoimmune 
hepatitis. This may potentially serve as a predictor of autoim‑
mune hepatitis pathogenesis and a future therapeutic target for 
this disease.

Drug‑induced hepatic steatosis is also a form of 
DILI; however, it is usually a reversible form of chronic 
disease (138). Obesity and NAFLD may increase the risk of 
hepatotoxicity of certain drugs and potentially exacerbate 
DILI  (139). López‑Riera  et  al  (137) treated HepG2 cells 
with steatosis‑mimicking drugs, such as doxycycline and 
cyclosporine A, and identified a group of miRNAs, including 
miR‑22, that were induced in human HepG2 cells. The 
expression levels of miR‑22 increased inside the cells and was 
released outside the cells and elevated levels of miR‑22 were 
detected in the culture medium. The production of related 
miRNAs, including miR‑22, was also induced when cells 
were exposed to prescription drugs, such as irbesartan and 
fenofibrate, which are used for NAFLD treatment (137). In 
addition, these miRNA biomarkers were detected in the sera 
of patients with NAFLD and their expression was significantly 
increased. Therefore, miR‑22 may potentially be promising 
serum miRNA biomarker for drug‑induced steatosis for drug 
development and screening.

Although the specific molecular mechanism of miR‑22 in 
DILI remains unclear, bioinformatics analysis of related studies 
indicates its abnormal expression. Further research is needed 
to elucidate the molecular biological mechanism of miR‑22 in 
DILI. In view of its abnormal expression in drug‑induced liver 
injury, the feasibility of miR‑22 as a potential miRNA marker in 
serum needs to be fully verified through in‑depth research and 
clinical studies. Therefore, miR‑22 could act as an important 
biomarker for the early diagnosis and prognosis evaluation of 
drug‑induced liver injury in clinical practice in the future.

6. Summary and outlook

As a member of the miRNA family, miR‑22 can bind to 
the 3'‑UTR of target genes and regulate the expression of 
related genes, serving certain biological functions in various 
types of tumours. miR‑22 predominantly acts as a tumour 
suppressor in numerous types of cancer, but under specific 
circumstances, it can act as a tumour promoter. The diverse 
molecular mechanisms of miR‑22 on the regulation of liver 
cancer from numerous perspectives were comprehensively 
reviewed. Additionally, the role of miR‑22 in the regulation on 
cell proliferation and cell cycle, immune regulation, sensitivity 
to treatment of liver cancer and evaluation of prognosis were 
discussed. miR‑22 serves an oncogenic role by inhibiting the 
activities of liver cancer cells, such as proliferation, migration 
and invasion, while promoting apoptosis and participating 
in immunomodulation. miR‑22 can be sponged and inhib‑
ited by various lncRNAs and induced by certain exogenous 
substances. Combined with the latest research of miR‑22 
in fatty liver disease, liver fibrosis and drug‑induced liver 
injury, significant differences in the expression of miR‑22 in 
different stages of liver diseases were reported, as well as the 
complex and subtle regulatory mechanisms underlying these 
differences. Therefore, the regulatory role of miR‑22 in the 
pathological and physiological changes of the liver could be 
particularly important and may provide a novel research target 
for the diagnosis, treatment and prognosis prediction of liver 
diseases in the future. The present manuscript highlighted the 
necessity for further exploration of the detailed mechanisms 
of action of miR‑22 in liver diseases. However, comprehensive 

Figure 3. Mechanism of miR‑22 in liver fibrosis. miR‑22 is involved in 
regulating the progression of liver fibrosis. The expression level of miR‑22 
is controlled by the hepatoprotective complex SCNPs and lncRNA Neat1. 
miR‑22 targets and regulates the expression of fibrosis mediators TGFβR1, 
TGFβR2, COL3A1 and Cyth3 to mitigate the advancement of liver fibrosis. 
Inhibition of miR‑22 can enhance the expression of AKT3 in the liver, stimu‑
late the proliferation of LX‑2 cells and the expression of fibrosis markers 
COL1A1 and α‑SMA and accelerate liver fibrosis. An arrow‑headed line 
indicates promotion, whereas a bar‑headed line signifies inhibition. The 
yellow box indicates miR‑22. Other boxes of the same color represent 
important factors in the same pathway. The black dotted box indicates the 
process of LX‑2 cell proliferation. miR, microRNA; COL1A1, collagen 
type I a1 chain; a‑SMA, a‑smooth muscle actin; SCNPs, SIL‑loaded chitosan 
nanoparticles; lncRNA, long non‑coding RNA; COL3A1, collagen type III 
a1 chain; TGF‑bR, TGF‑b receptor; Cyth3, cytohesin 3; neat1, nuclear para‑
speckle assembly transcript 1.
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studies remain warranted to fully understand the complex 
regulatory functions of miR‑22 in different types of tumours.

While the regulatory role of miR‑22 in liver cancer has 
been extensively studied, questions still remain regarding 
its involvement in hepatitis virus‑induced liver cancer. 
Furthermore, the mechanisms underlying DILI and the specific 
regulatory relationship between diabetes and fatty liver have 
yet to be fully understood, in addition to the multifaceted 
regulatory functions of miR‑22 in various parts of the body. 
Further study into these areas will facilitate the development 
of agonists, inhibitors or drug combination therapies to utilize 
the complex regulatory functions of miR‑22 in liver lesions 
and of miR‑22 as a screening indicator or a prognostic model 
for liver lesions (Fig. S1).
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