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Background: Alcoholic liver disease (ALD) is one of the most common chronic liver

diseases worldwide. However, the potential molecular mechanism in ALD development

remains unclear. The objective of this work was to identify key molecules and

demonstrate the underlying regulatory mechanisms.

Methods: RNA-seq datasets were obtained fromGene Expression Omnibus (GEO), and

key molecules in ALD development were identified with bioinformatics analysis. Alcoholic

liver disease mouse and cell models were constructed using Lieber-DeCarli diets and

alcohol medium, respectively. Quantitative real-time PCR and Western blotting were

conducted to confirm the differential expression level. Dual-luciferase reporter assays

were performed to explore the targeting regulatory relationship. Overexpression and

knockdown experiments were applied to reveal the potential molecular mechanism in

ALD development.

Results: Between ALD patients and healthy controls, a total of 416 genes and

21 microRNAs (miRNAs) with significantly differential expression were screened.

A comprehensive miRNA-mRNA network was established; within this network,

the miR-182-5p/FOXO1 axis was considered a significant pathway in ALD lipid

metabolism. Mouse and cell experiments validated that miR-182-5p was substantially

higher in ALD than in normal livers, whereas the expression of FOXO1 was dramatically

decreased by alcohol consumption (P < 0.05). Next, dual-luciferase reporter assays

demonstrated that miR-182-5p directly targets the binding site of the FOXO1 3
′

UTR and

inhibits its mRNA and protein expression. In addition, miR-182-5p was found to promote

hepatic lipid accumulation via targeting the FOXO1 signaling pathway, and inhibition of

the miR-182-5p/FOXO1 axis improved hepatic triglyceride (TG) deposition in ALD by

regulating downstream genes involved in lipid metabolism.

Conclusion: In summary, key molecules were identified in ALD development and

a comprehensive miRNA–mRNA network was established. Meanwhile, our results

suggested that miR-182-5p significantly increases lipid accumulation in ALD by

targeting FOXO1, thereby providing novel scientific insights and potential therapeutic

targets for ALD.
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miRNA and mRNA, respectively. Primer sequences are shown
in Table 1. The relative levels were calculated with the 2-11Ct

method, and all experiments were performed in triplicate and
were repeated at least three times.

FIGURE 1 | Flowchart of the current study. DEGs, differentially expressed genes; DEMs, differentially expressed miRNAs; ALD, alcoholic liver disease; PPI,

protein–protein interaction.
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FIGURE 2 | Identification of differentially expressed genes and miRNAs between patients with alcoholic liver disease and healthy controls. (A) Volcano plot of DEGs in

GSE28619, (B) volcano plot of DEMs in GSE59492, (C,D) heatmaps of partial DEGs and DEMs, (E) common DEGs between GSE28619 and GSE143318, (F) GO

enrichment analysis of CEGs, (G) KEGG pathway analysis of CEGs. DEGs, differentially expressed genes; DEMs, differentially expressed miRNAs; ALD, alcoholic liver

disease; CEGs, common differentially expressed genes; GO, gene ontology; KEGG, kyoto encyclopedia of genes and genomes.
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Dual-Luciferase Reporter Assay
The binding sites of the mRNA 3

′

UTR regions targeted
by miRNAs were predicted with the TargetScan database,
and the sequences, including wild type and mutant with
spacer mutations, were then cloned and inserted into the
luciferase reporter pmirGLO vector (Promega, WI, USA).
Subsequently, 50 nM miRNA mimic, normal control, and 1
µg pmirGLO vector were co-transfected into HEK 293T cells.
Cells were plated on 24-well plates, and harvested after 48 h

of transfection. The relative activity of firefly luciferase was
detected with the Dual-Glo luciferase assay kit (Beyotime,
Shanghai, China).

Western Blotting
Protein was extracted with Western Cell Lysis Buffer with 1%
phenylmethyl sulfonyl fluoride (Sangon Biotech, Shanghai,
China). Next, a modified BCA Protein Assay Kit (Sangon
Biotech, Shanghai, China) was used to determine the protein

FIGURE 3 | Construction of protein–protein interaction and miRNA–mRNA networks. (A) Protein–protein interaction of CEGs with 74 nodes and 207 edges, (B)

exploration of hub mRNAs in ALD development, (C) establishment of an miRNA–mRNA network by using 16 hub genes and eight miRNAs. CEGs, common

differentially expressed genes; ALD, alcoholic liver disease; PPI, protein–protein interaction.
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concentration according to the absorbance at 562 nm. The
30 µg total protein was loaded onto an SDS polyacrylamide
gel (Solarbio, Beijing, China), including 5% stacking gel and
8% resolving gel. After electrophoresis at 75V for 30min
and 100V for 60min, protein was transferred to a 0.45µm
PVDF membrane (Millipore, Billerica, MA, United States)

at 100V for 2–4 h, blocked in 5% non-fat milk for 60min,
and incubated with primary antibodies for 12 h at 4◦C
(Abcam, UK) (FOXO1 69KD, 1:1,000, ab179450; sirtuin
1 (SIRT1) 110KD, 1:1,000, ab189494; adipose triglyceride
lipase (ATGL) 55KD, 1:1,000, ab109251; sterol regulatory
element-binding protein-1c (SREBP-1c) 127KD, 5µg/ml,

FIGURE 4 | Validation of the expression of miR-182-5p and FOXO1 in the ALD mice model. (A) Weight variation in ALD mice, (B) biochemical characteristics of ALD

mice, (C) liver tissue H&E, Oil Red O staining (×40), and IOD analysis, (D) expression of miR-182-5p between ALD mice and normal mice, (E) quantitative real-time

PCR and western blotting results of FOXO1 in ALD mice, respectively. ALD, alcoholic liver disease; ALT, alanine aminotransferase; AST, aspartate aminotransferase;

TG, triglycerides; TC, total cholesterol. *p < 0.05, ***p < 0.001.
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ab3259; fatty acid synthase (FASN) 273KD, 1:1,000, ab128856;
GAPDH 37 KD, 1:10,000, ab181602); CYP2E1 (57KD, 1:2,000,
19937-1-AP) (Proteintech, UK), and the HRP conjugated
secondary antibody (Beyotime, Shanghai, China) for 60min.
Subsequently, a BeyoECL Star kit (Beyotime, Shanghai,
China) was used to conduct the western blotting detection,
and the relative quantitative analyses were performed in
Image J software.

Statistical Analysis
All statistical analyses were performed in GraphPad Prism 8.0
and R studio 3.6.0. Quantitative data are represented with means

± standard deviation. Analysis of variance and Student’s t-test
were used to explore the differences among groups. P-values
<0.05 were considered statistically significant.

RESULTS

Identification of DEGs and DEMs
The flowchart of the current study is shown in Figure 1. On
the basis of the defined criteria, a total of 416 DEGs and 21
DEMs were identified in GSE28619 and GSE59492 between ALD
samples and normal liver samples, respectively. Volcano plots
(Figures 2A,B) and heatmaps (Figures 2C,D) were constructed

FIGURE 5 | Validation of the expression of miR-182-5p and FOXO1 in an ALD cell model. (A) Oil Red O staining (×40 and ×200) and IOD analysis of L02 cells with

100mM alcohol, (B) difference in TG levels between ALD and L02 cells, (C,D) expression of miR-182-5p and FOXO1 mRNA, (E) expression of CYP2E1 between ALD

and L02 cells. ALD, alcoholic liver disease; TG, triglycerides; IOD, integrated optical density. **p < 0.01, ***p < 0.001.
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to reveal the details. In total, 123 DEGs were confirmed to be
significantly differentially expressed in GSE143318 gene profiling
(Figure 2E), including 80 up-regulated and 44 down-regulated
DEGs. Gene ontology enrichment analysis (Figure 2F) further
illustrated that common DEGs were highly involved in signal
transduction, oxidation–reduction process, and extracellular
matrix organization; Additionally, KEGG pathway analysis
showed that the PI3K–Akt signaling pathway, focal adhesions,
and ECM–receptor interaction were significantly associated with
ALD development (Figure 2G).

Construction of Protein–Protein Interaction
and miRNA–mRNA Network
With the STRING online tool, a total of 74 nodes and 207
edges were identified to be highly connected in the PPI network
(Figure 3A). Target genes of DEMs were predicted with two
independent databases, and only common genes were retained
for subsequent analyses (Figure 3B). Afterwards, the miRNA–
mRNA network was established to reveal the potential molecular
mechanisms of ALD, including 16 common genes and eight
miRNAs (Figure 3C). Of note, FOXO1 has been demonstrated
to participate in lipid metabolism in our previous study and
other publications (14–17). However, the expression of miR-182-
5p between ALD tissues and normal liver tissues has remained
controversial, and its molecular mechanisms were unclear (11,
12). Therefore, we reasoned that the hypothesis that miR-182-5p
plays an essential role in ALD development by targeting FOXO1
was worthy of study in depth.

Verification of Differentially Expressed
Levels of miR-182-5p and FOXO1
After being fed a Lieber-DeCarli diet for 28 days, ALD
mice markedly differed from normal mice in their weight
and biochemical characteristics. The statistical differences in
weight variation between EtOH-fed and normal mice are
shown in Figure 4A. Moreover, ALT and TG levels in EtOH-
fed mice were markedly higher than those in normal mice.
However, no significant difference was observed in TC and
AST levels (Figure 4B). H&E staining and Oil Red O staining
(Figure 4C) demonstrated that EtOH consumption significantly
stimulated hepatic steatosis and accelerated fat accumulation
in mice. Therefore, in this work, the ALD mouse model was
successfully constructed. RT-qPCR was used to evaluate the
relative expression levels of miR-182-5p and FOXO1 between
ALD and normal liver tissues. The expression of miR-182-5p
was dramatically up-regulated in ALD mice, whereas that of
FOXO1 was lower, as compared with the levels in normal mice
(Figures 4D,E).

Next, L02 cells were exposed to 100mM alcohol medium for
48 h, as described above, to establish the ALD cell model. As
shown in Figure 5A, the cellular Oil Red O staining revealed
that the lipid accumulation in ALD cells was much higher than
that in normal L02 cells. Quantitative analysis indicated that
the TG content and IOD of L02 cells dramatically increased as
the EtOH stimulus was presented (Figure 5B). The differential
expression of miR-182-5p and FOXO1 between ALD cells and

L02 cells was consistent with the results in the mice model,
thus further validating the RNA-seq expression chip results
(Figures 5C,D). CYP2E1 expression was remarkably increased in
ALD cell compared to normal liver cells (Figure 5E), suggesting
that the alcohol metabolism ability of L02 cell was enhanced
under EtOH stimulation.

The Targeting Relationship Between
miR-182-5p and FOXO1
According to TargetScan and miRDB databases, miR-182-5p
binding to the 3’UTR of FOXO1 was identified (Figure 6A).
Dual-luciferase reporter assays were performed to verify
the targeting interaction. As shown in Figure 6B, the
luciferase activity of the wild-type group that contained
FOXO1 specific binding sites was clearly inhibited by
co-transfection of miR-182-5p mimics. Importantly, the
expression of FOXO1 mRNA was suppressed by over-
expression of miR-182-5p (Figures 6C,D). Moreover, western
blotting assays indicated that FOXO1 protein expression
was markedly decreased in L02 cells transfected with miR-
182-5p mimics (Figure 6E). In contrast, FOXO1 expression
was positively up-regulated after miR-182-5p knockdown.
Therefore, the above results demonstrated that miR-182-
5p directly targets FOXO1 and inhibits its mRNA and
protein expression.

The Potential Molecular Mechanism of
miR-182-5p Targeting FOXO1 in ALD Lipid
Accumulation
FOXO1, a hub transcription factor has been reported to have
a critical function in fatty liver by regulating lipid metabolism-
related gene expression. Hence, several lipid metabolism-
associated downstream genes of FOXO1 previously confirmed
by experimental studies (SIRT1, ATGL, SREBP-1c, and FASN)
were detected to reveal the mechanism underlying the effects
of FOXO1 in ALD. RT-PCR and western blotting assays
indicated that the expression of FOXO1 was significantly
decreased after transfection with FOXO1 siRNA (Figure 7).
Further experiments showed that inhibiting FOXO1 in L02
cells promotes SREBP-1c and FASN, but represses SIRT1
expression. In comparison, ATGL and CYP2E1 expression
levels were found no significant difference between siRNA and
NC groups (P > 0.05).

To further investigate the potential mechanism of miR-
182-5p in ALD, we performed miR-182-5p overexpression and
knockdown experiments. Quantitative real-time PCR showed
that miR-182-5p expression in the mimic group was significantly
higher than that in the ALD group, whereas an opposite trend in
the knockdown group was observed, thus suggesting successful
transfection in this work (Figure 8A). Interestingly, the TG
level in the ALD model significantly decreased with miR-182-
5p inhibitor treatment, whereas transfection of miR-182-5p
mimics accelerated TG accumulation (Figure 8B). Moreover,
Oil Red O staining and IOD analysis demonstrated that
miR-182-5p knockdown markedly attenuated EtOH-induced
hepatic steatosis (Figure 8C). Together, the above results
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FIGURE 6 | MiR-182-5p directly inhibits the expression of FOXO1. (A) The binding sites of MiR-182-5p targeting the 3’UTR of FOXO1 mRNA; (B) dual-luciferase

reporter assay to confirm the targeting relationship between miR-182-5p and FOXO1; (C) verification of the expression of miR-182-5p with mimics, NC, and inhibitor

transfection; (D,E) expression of FOXO1 mRNA and protein after transfection with miR-182-5p mimics NC, and inhibitor. NC, negative control; IOD, integrated optical

density. *p < 0.05, **p < 0.01, ***p < 0.001.

revealed that miR-182-5p plays an essential role in TG
deposition in ALD. As shown in Figures 8D,E, the expression
of FOXO1 in ALD cells was clearly suppressed by EtOH
exposure and upregulated miR-182-5p, but this effect was
alleviated by transfection with miR-182-5p inhibitor. Meanwhile,

SIRT1 expression was inhibited, whereas the expression of
SREBP-1c, and FASN was greater in ALD than in the controls,
thus verifying that an EtOH stimulus led to imbalanced
lipid metabolism. Additionally, enhancement of the miR-182-
5p/FOXO1 signaling axis dramatically stimulated SREBP-1c
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FIGURE 7 | The expression of FOXO1 downstream genes between siRNA and negative control groups. *p < 0.05, **p < 0.01, ***p < 0.001. NC, negative control.

and FASN overexpression while repressing the expression of
SIRT1. In contrast, its inhibition had opposite effects on ALD.
These results demonstrated that the miR-182-5p/FOXO1 axis

participates in lipid metabolism in alcoholic liver by regulating
the expression of key lipid biosynthesis and decomposition-
related genes (Figure 9).
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FIGURE 8 | The molecular mechanism of miR-182-5p in ALD lipid accumulation. (A) Verification of miR-182-5p expression, (B) TG levels of ALD cells with

miR-182-5p mimics, NC, and inhibitor transfection, (C) Oil Red O staining and IOD analysis, (D) mRNA expression levels of FOXO1 downstream genes, (E) western

analysis of FOXO1, SIRT1, SREBP-1, and FASN protein expression after transfection. TG, triglycerides; NC, negative control; IOD, integrated optical density. ##p <

0.01, ###p < 0.001 vs. control group; *p < 0.05, **p < 0.01, ***p < 0.001 vs. EtOH group.
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FIGURE 9 | The working mechanism diagram of miR-182-5p/FOXO1 axis.

DISCUSSION

In recent years, heavy alcohol intake has been globally prevalent,
thus causing annual increases in the number of patients with
ALD and posing a severe social burden (18). Early ALD is
characterized by hepatic steatosis and hepatitis, during which
effective treatment can avoid further liver damage. Currently,
the best approach is to reduce alcohol consumption, but
doing so is difficult over the long term due to the decreasing
adherence in most ALD patients. Therefore, to identify hub
molecules and further explore the underlying mechanism in
ALD will contribute to the development of precise and novel
therapeutic strategies.

MicroRNAs are viewed as key regulators that efficiently

coordinate multiple cellular pathways. Thus, they have been
suggested to have powerful potential as novel therapeutic

candidates in various diseases. Importantly, the development of
applications in pharmacological drug delivery and preclinical

toxicology are making substantial progress (19, 20). MiR-182-
5p has been validated to have an essential role in liver-related
diseases. MiR-182-5p is a high-priority miRNA in HCC, and is
closely associated with early recurrence and overall survival in
patients (21, 22). Numerous studies have shown that miR-182-
5p is dramatically overexpressed in HCC and could enhance the
ability of migration, invasion, adhesion and proliferation of HCC
cells via repressing multiple targeting genes, such as FOXO3a
(21), Hepatitis C virus p7 trans-regulated protein 3 (P7TP3) (23),
and regulator of calcineurin 1 (RCAN1) (24). Furthermore, high-
throughput sequencing has revealed that miR-182-5p expression
is dramatically increased in fatty liver-related fibrosis (25, 26).
More importantly, Sedgeman et al. have demonstrated that

miR-182-5p inhibition improves the glucose-lowering effects
and significantly decreases cholesterol levels in the liver, thus
suggesting a promising therapeutic target for fatty liver (27, 28).
To our knowledge, however, the expression level of miR-182-
5p in ALD remains controversial, and its molecular mechanism
has scarcely been reported. In this work, miR-182-5p expression
was notably higher in ALD patients than normal controls, on
the basis of RNA-seq expression profiling. Furthermore, RT-
PCR results in ALD mice and L02 cells showed that miR-182-5p
was significantly up-regulated by alcohol consumption, closely
associated with ALD lipid accumulation.

In addition to exploring hub molecules, we identified the
miR-182-5p/FOXO1 axis as a key pathway in ALD development
through bioinformatics analysis. FOXO1 is a member of the
FOXO family of crucial transcriptional regulators involved
in cell proliferation, oxidative stress, autophagy, and energy
metabolism; the family comprises four proteins (FOXO1/3a/4/6)
in mammals (29). Different FOXO factors are activated
depending on the cell type features and circumstances. For
instance, in the liver, FOXO1 is mainly responsible for
gluconeogenesis and hepatic lipid metabolism; FOXO3a has
pleiotropic functions in antioxidant responses and autophagy,
as well as HCC cells proliferation and apoptosis (30). Previous
studies have shown that FOXO1 expression is suppressed by
alcohol stimulation. Heo et al. has reported that FOXO1 is
down-regulated in ALD, and facilitates TXNIP overexpression
and NLRP3 inflammasome activation, which induces hepatocyte
pyroptosis (31). Likewise, our previous work has illustrated
that FOXO1 expression in ALD tissues is markedly lower
than that in normal liver tissues (16). Nevertheless, the
role of FOXO1 in ALD lipid metabolism still remains
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unclear. According to ALD mouse and cell models, we
found that FOXO1 was significantly repressed by alcohol
consumption, thus further confirming its importance in
ALD development. We used dual-luciferase reporter assays
to explore the regulatory mechanism, which showed that

miR-182-5p targets the 3
′

UTR binding site of FOXO1 as
also demonstrated in Soheilifar’s study (32). RT-PCR and
western blotting revealed that over-expression of miR-182-5p
dramatically decreased the expression of FOXO1 mRNA and
protein. Additionally, inhibition of the miR-182-5p/FOXO1
signaling axis markedly ameliorated hepatic TG deposition
caused by alcohol exposure.

Dysregulated hepatic FOXO1 induces an imbalance in lipid
homeostasis by regulating genes involved in de novo lipogenesis,
fatty acid oxidation, and lipolysis at the transcriptional level
(29). SIRT1, a nicotinamide adenine dinucleotide (NAD+,
NADH)-dependent class III histone deacetylase, is a key
player in the regulation of lipid metabolism and the oxidative
stress response (14). Accumulating data indicate that SIRT1
deacetylates lysine residues in the FOXO1 DNA binding
domain and increases nuclear retention of FOXO1 (33).
Importantly, they serve as the core genes in the FOXO/SIRT1
signaling pathway, and show close positive interactions in
cells (33, 34). Previous studies have shown that SIRT1 is
significantly inhibited by alcohol consumption, in agreement
with our assay results (35). Adipose triglyceride lipase is
a crucial regulator involved in fat catabolism. Emerging
evidence indicates that FOXO1 markedly up-regulates the
expression of ATGL, thus promoting lipolysis (36). Interestingly,
Zhang et al. (37) have reported that this promoting effect
may be mediated through suppressing the expression of the
G0/G1 switch-2 gene, which encodes an inhibitor of adipose
triacylglycerol lipase. Nevertheless, no significant difference in
ATGL expression between FOXO1 inhibitor group and NC
group was found in this work. Therefore, further research
is required to investigate the regulatory relationship between
FOXO1 and ATGL. In addition to its role in fat catabolism,
FOXO1 participates in regulating many downstream target
genes involved in lipid biosynthesis, such as FASN and
SREBP-1c. Fatty acid synthase and SREBP-1c are important
transcription factors that directly modulate the activity of
key enzymes involved in cholesterol and fatty acid synthesis
in cells (38, 39). Constant alcohol exposure promotes their
expression, as also confirmed in this experiment, and increases
the enzyme activity, thereby accelerating lipogenesis and lipid
accumulation. Studies have indicated that FOXO1 decreases
the transcription of FASN and SREBP-1c via combined actions
on multiple transcription factors (40–42). Current evidence
demonstrated that knockout of the miR-182-5p/FOXO1 axis
significantly induced expression of FASN and SREBP-1c genes,
and increased SIRT1 expression, thereby ameliorating excessive
lipid accumulation in ALD cells.

The present work represented the first application of
bioinformatics analysis and experimental studies that primarily
aimed to identify hub molecules and explore the underlying
signaling pathway for ALD development. Importantly, RNA-seq
expression profiling and mouse and cell models were used to

verify the differential expression levels. In addition, we also
investigated the mechanism underlying the effects of miR-182-5p
in ALD. However, several limitations with our study remained.
Firstly, the induction of FOXO1 in miR-182-5p inhibitor group
was modest compared to the control group, which may resulted
from the low expression of miR-182-5p in normal cell and the
mutual regulation of other pathways. Secondly, further in-deep
experiments and clinical studies are still required to confirm the
potential of miR-182-5p as a therapeutic target for ALD.

CONCLUSIONS

In summary, key molecules were identified and a comprehensive
miRNA–mRNA network was established to reveal the potential
pathways for ALD though RNA-seq expression profiles.
Moreover, the miR-182-5p/FOXO1 signaling axis was identified
as a crucial pathway in lipid metabolism in ALD. Importantly,
our results suggested that miR-182-5p in liver cells is significantly
increased by alcohol consumption, and its overexpression
promotes hepatic lipid accumulation by targeting the FOXO1
signaling pathway. Our findings provided novel scientific
insights and potential therapeutic targets for ALD.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/Supplementary Material, further inquiries can be
directed to the corresponding author/s.

ETHICS STATEMENT

The animal study was reviewed and approved by the Ethics
Committees of Southwest Medical University.

AUTHOR CONTRIBUTIONS

ZZ and YL performed the experiment, data analysis, charting,
and writing—original draft this article. CZ worked on design and
supervision of review. YX contributed to data correction and
formal analysis. HT and YG worked on design and supervision
of review, funding acquisition, and project administration. All
authors have read and agreed to the published version of
the manuscript.

FUNDING

This study was supported by Luzhou Municipal People’s
Government and Southwest Medical University (Grant No.
2018LZXNYD-ZK08), Applied Basic Research Foundation
of Sichuan Provincial Science and Technology Department
(No. 2021JY0240), and Sichuan Provincial Health Commission
(Grant No. 20PJ144).

Frontiers in Medicine | www.frontiersin.org 14 December 2021 | Volume 8 | Article 767584

https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Zuo et al. miR-182-5p/FOXO1 Axis in ALD

ACKNOWLEDGMENTS

The authors thank Yao Jiang and the Laboratory Medicine of
Chongqing Medical University for their help in both field and
laboratory work.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmed.
2021.767584/full#supplementary-material

REFERENCES

1. World Health Organization. Global Status Report on Alcohol and Health.

(2018). https://apps.who.int/iris/handle/10665/274603 (accessed September

27, 2018).

2. Xiao J, Wang F, Wong NK, He J, Zhang R, Sun R, et al. Global liver disease

burdens and research trends: analysis from a Chinese perspective. J Hepatol.

(2019) 71:212–21. doi: 10.1016/j.jhep.2019.03.004

3. Sozio M, Crabb DW. Alcohol and lipid metabolism. Am J Physiol Endocrinol

Metab. (2008) 295:E10–6. doi: 10.1152/ajpendo.00011.2008

4. Gao B, Seki E, Brenner DA, Friedman S, Cohen JI, Nagy L, et al. Innate

immunity in alcoholic liver disease. Am J Physiol Gastrointest Liver Physiol.

(2011) 300:G516–25. doi: 10.1152/ajpgi.00537.2010

5. MacSween RN, Burt AD. Histologic spectrum of alcoholic liver disease. Semin

Liver Dis. (1986) 6:221–32. doi: 10.1055/s-2008-1040605

6. Ha M, Kim VN. Regulation of microRNA biogenesis. Nat Rev Mol Cell Biol.

(2014) 15:509–24. doi: 10.1038/nrm3838

7. Wang X, He Y, Mackowiak B, Gao B. MicroRNAs as regulators,

biomarkers and therapeutic targets in liver diseases. Gut. (2021) 70:784–

95. doi: 10.1136/gutjnl-2020-322526

8. Chen W, Jiang J, Gong L, Shu Z, Xiang D, Zhang X, et al. Hepatitis B virus

P protein initiates glycolytic bypass in HBV-related hepatocellular carcinoma

via a FOXO3/miRNA-30b-5p/MINPP1 axis. J Exp Clin Cancer Res. (2021)

40:1. doi: 10.1186/s13046-020-01803-8

9. Cheng XY, Liu JD, Lu XY, Yan X, Huang C, Meng XM, et al. MiR-203 inhibits

alcohol-induced hepatic steatosis by targeting lipin1. Front Pharmacol. (2018)

9:275. doi: 10.3389/fphar.2018.00275

10. Wu N, McDaniel K, Zhou T, Ramos-Lorenzo S, Wu C, Huang L, et

al. Knockout of microRNA-21 attenuates alcoholic hepatitis through the

VHL/NF-κB signaling pathway in hepatic stellate cells. Am J Physiol

Gastrointest Liver Physiol. (2018) 315:G385–98. doi: 10.1152/ajpgi.00111.2018

11. Blaya D, Coll M, Rodrigo-Torres D, Vila-Casadesús M, Altamirano J, Llopis

M, et al. Integrative microRNA profiling in alcoholic hepatitis reveals a role

for microRNA-182 in liver injury and inflammation. Gut. (2016) 65:1535–

45. doi: 10.1136/gutjnl-2015-311314

12. Dolganiuc A, Petrasek J, Kodys K, Catalano D, Mandrekar P, Velayudham

A, et al. MicroRNA expression profile in Lieber-DeCarli diet-induced

alcoholic and methionine choline deficient diet-induced nonalcoholic

steatohepatitis models in mice. Alcohol Clin Exp Res. (2009) 33:1704–

10. doi: 10.1111/j.1530-0277.2009.01007.x

13. Li G, Ye Y, Kang J, Yao X, Zhang Y, Jiang W, et al. l-

Theanine prevents alcoholic liver injury through enhancing the

antioxidant capability of hepatocytes. Food Chem Toxicol. (2012)

50:363–72. doi: 10.1016/j.fct.2011.10.036

14. You M, Jogasuria A, Taylor C, Wu J. Sirtuin 1 signaling and

alcoholic fatty liver disease. Hepatobiliary Surg Nutr. (2015)

4:88–100. doi: 10.3978/j.issn.2304-3881.2014.12.06

15. Qiao JY, Li HW, Liu FG, Li YC, Tian S, Cao LH, et al. Effects of Portulaca

oleracea extract on acute alcoholic liver injury of rats. Molecules. (2019)

24:2887. doi: 10.3390/molecules24162887

16. Yao J, Cheng Y, Zhang D, Fan J, Zhao Z, Li Y, et al. Identification of key genes,

MicroRNAs and potentially regulated pathways in alcoholic hepatitis by

integrative analysis.Gene. (2019) 720:144035. doi: 10.1016/j.gene.2019.144035

17. Ren R, Wang Z, Wu M, Wang H. Emerging roles of SIRT1 in alcoholic liver

disease. Int J Biol Sci. (2020) 16:3174–83. doi: 10.7150/ijbs.49535

18. Bernardo S, Crespo R, Saraiva S, Barata R, Gonçalves S, Nogueira P, et al.

Outcomes of excessive alcohol drinkers without baseline evidence of chronic

liver disease after 15 years follow-up: heavy burden of cancer and liver disease

mortality. PLoS ONE. (2021) 16:e0252218. doi: 10.1371/journal.pone.0252218

19. Bader AG, Brown D, Stoudemire J, Lammers P. Developing therapeutic

microRNAs for cancer. Gene Ther. (2011) 18:1121–6. doi: 10.1038/gt.

2011.79

20. Wang Y, Xie Y, Kilchrist KV, Li J, Duvall CL, Oupick D. Endosomolytic

and tumor-penetrating mesoporous silica nanoparticles for siRNA/miRNA

combination cancer therapy. ACS Appl Mater Interfaces. (2020) 12:4308–

22. doi: 10.1021/acsami.9b21214

21. Cao MQ, You AB, Zhu XD, Zhang W, Zhang YY, Zhang SZ, et al. miR-182-

5p promotes hepatocellular carcinoma progression by repressing FOXO3a. J

Hematol Oncol. (2018) 11:12. doi: 10.1186/s13045-018-0555-y

22. Matsui T, Hamada-Tsutsumi S, Naito Y, Nojima M, Iio E, Tamori A,

et al. Identification of microRNA-96-5p as a postoperative, prognostic

microRNA predictor in nonviral hepatocellular carcinoma. Hepatol Res.

(2021). doi: 10.1111/hepr.13674

23. Zhao J, Wang Y, Han M, Lu H, Chen X, Liu S, et al. P7TP3 inhibits

tumor development, migration, invasion and adhesion of liver cancer

through the Wnt/β-catenin signaling pathway. Cancer Sci. (2020) 111:994–

1007. doi: 10.1111/cas.14243

24. Zheng J, Wu D, Wang L, Qu F, Cheng D, Liu X. MiR-182-5p regulates cell

growth of liver cancer via targeting RCAN1. Gastroenterol Res Pract. (2021)

2021:6691305. doi: 10.1155/2021/6691305

25. Leti F, Malenica I, Doshi M, Courtright A, Van Keuren-Jensen K, Legendre

C, et al. High-throughput sequencing reveals altered expression of hepatic

microRNAs in nonalcoholic fatty liver disease-related fibrosis. Transl Res.

(2015) 166:304–14. doi: 10.1016/j.trsl.2015.04.014

26. Nie J, Li CP, Li JH, Chen X, Zhong X. Analysis of non-alcoholic fatty liver

disease microRNA expression spectra in rat liver tissues.Mol Med Rep. (2018)

18:2669–80. doi: 10.3892/mmr.2018.9268

27. Sedgeman LR, Beysen C, Allen RM, Ramirez Solano MA, Turner SM, Vickers

KC. Intestinal bile acid sequestration improves glucose control by stimulating

hepatic miR-182-5p in type 2 diabetes. Am J Physiol Gastrointest Liver Physiol.

(2018) 315:G810–g823. doi: 10.1152/ajpgi.00238.2018

28. Sedgeman LR, Michell DL, Vickers KC. Integrative roles of microRNAs

in lipid metabolism and dyslipidemia. Curr Opin Lipidol. (2019) 30:165–

71. doi: 10.1097/MOL.0000000000000603

29. Dong XC. FOXO transcription factors in non-alcoholic fatty liver disease.

Liver Res. (2017) 1:168–73. doi: 10.1016/j.livres.2017.11.004

30. Tikhanovich I, Cox J, Weinman SA. Forkhead box class O transcription

factors in liver function and disease. J Gastroenterol Hepatol. (2013) 28(Suppl

1):125–31. doi: 10.1111/jgh.12021

31. Heo M, Kim T, You J, Blaya D, Sancho-Bru P, Kim S. Alcohol dysregulates

miR-148a in hepatocytes through FoxO1, facilitating pyroptosis via

TXNIP overexpression. Gut. (2019) 68:708–20. doi: 10.1136/gutjnl-2017-31

5123

32. Soheilifar MH, Vaseghi H, Seif F, Ariana M, Ghorbanifar S, Habibi N, et

al. Concomitant overexpression of mir-182-5p and mir-182-3p raises the

possibility of IL-17-producing Treg formation in breast cancer by targeting

CD3d, ITK, FOXO1, and NFATs: a meta-analysis and experimental study.

Cancer Sci. (2021) 112:589–603. doi: 10.1111/cas.14764

33. Frescas D, Valenti L, Accili D. Nuclear trapping of the forkhead

transcription factor FoxO1 via Sirt-dependent deacetylation

promotes expression of glucogenetic genes. J Biol Chem. (2005)

280:20589–95. doi: 10.1074/jbc.M412357200

34. Gan L, Han Y, Bastianetto S, Dumont Y, Unterman TG, Quirion R.

FoxO-dependent and -independent mechanisms mediate SirT1 effects on

IGFBP-1 gene expression. Biochem Biophys Res Commun. (2005) 337:1092–

6. doi: 10.1016/j.bbrc.2005.09.169

35. Ramirez T, Li YM, Yin S, Xu MJ, Feng D, Zhou Z, et al. Aging

aggravates alcoholic liver injury and fibrosis in mice by downregulating

Frontiers in Medicine | www.frontiersin.org 15 December 2021 | Volume 8 | Article 767584

https://www.frontiersin.org/articles/10.3389/fmed.2021.767584/full#supplementary-material
https://apps.who.int/iris/handle/10665/274603
https://doi.org/10.1016/j.jhep.2019.03.004
https://doi.org/10.1152/ajpendo.00011.2008
https://doi.org/10.1152/ajpgi.00537.2010
https://doi.org/10.1055/s-2008-1040605
https://doi.org/10.1038/nrm3838
https://doi.org/10.1136/gutjnl-2020-322526
https://doi.org/10.1186/s13046-020-01803-8
https://doi.org/10.3389/fphar.2018.00275
https://doi.org/10.1152/ajpgi.00111.2018
https://doi.org/10.1136/gutjnl-2015-311314
https://doi.org/10.1111/j.1530-0277.2009.01007.x
https://doi.org/10.1016/j.fct.2011.10.036
https://doi.org/10.3978/j.issn.2304-3881.2014.12.06
https://doi.org/10.3390/molecules24162887
https://doi.org/10.1016/j.gene.2019.144035
https://doi.org/10.7150/ijbs.49535
https://doi.org/10.1371/journal.pone.0252218
https://doi.org/10.1038/gt.2011.79
https://doi.org/10.1021/acsami.9b21214
https://doi.org/10.1186/s13045-018-0555-y
https://doi.org/10.1111/hepr.13674
https://doi.org/10.1111/cas.14243
https://doi.org/10.1155/2021/6691305
https://doi.org/10.1016/j.trsl.2015.04.014
https://doi.org/10.3892/mmr.2018.9268
https://doi.org/10.1152/ajpgi.00238.2018
https://doi.org/10.1097/MOL.0000000000000603
https://doi.org/10.1016/j.livres.2017.11.004
https://doi.org/10.1111/jgh.12021
https://doi.org/10.1136/gutjnl-2017-315123
https://doi.org/10.1111/cas.14764
https://doi.org/10.1074/jbc.M412357200
https://doi.org/10.1016/j.bbrc.2005.09.169
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Zuo et al. miR-182-5p/FOXO1 Axis in ALD

sirtuin 1 expression. J Hepatol. (2017) 66:601–9. doi: 10.1016/j.jhep.2016.

11.004

36. Chakrabarti P, Kandror KV. FoxO1 controls insulin-dependent adipose

triglyceride lipase (ATGL) expression and lipolysis in adipocytes. J Biol Chem.

(2009) 284:13296–300. doi: 10.1074/jbc.C800241200

37. Zhang W, Bu SY, Mashek MT, O-Sullivan I, Sibai Z, Khan SA, et

al. Integrated regulation of hepatic lipid and glucose metabolism by

adipose triacylglycerol lipase and FoxO Proteins. Cell Rep. (2016) 15:349–

59. doi: 10.1016/j.celrep.2016.03.021

38. Eberlé D, Hegarty B, Bossard P, Ferré P, Foufelle F. SREBP transcription

factors: master regulators of lipid homeostasis. Biochimie. (2004) 86:839–

48. doi: 10.1016/j.biochi.2004.09.018

39. Zhang J, Song Y, Shi Q, Fu L. Research progress on FASN and MGLL

in the regulation of abnormal lipid metabolism and the relationship

between tumor invasion and metastasis. Front Med. (2021) 15:649–

56. doi: 10.1007/s11684-021-0830-0

40. Deng X, Zhang W, O-Sullivan I, Williams JB, Dong Q, Park EA, et al.

FoxO1 inhibits sterol regulatory element-binding protein-1c (SREBP-1c) gene

expression via transcription factors Sp1 and SREBP-1c. J Biol Chem. (2012)

287:20132–43. doi: 10.1074/jbc.M112.347211

41. Bose SK, Kim H, Meyer K, Wolins N, Davidson NO, Ray R. Forkhead box

transcription factor regulation and lipid accumulation by hepatitis C virus. J

Virol. (2014) 88:4195–203. doi: 10.1128/JVI.03327-13

42. He Q, Luo J, Wu J, Yao W, Li Z, Wang H, et al. FoxO1 knockdown

promotes fatty acid synthesis via modulating SREBP1 activities in the

dairy goat mammary epithelial cells. J Agric Food Chem. (2020) 68:12067–

78. doi: 10.1021/acs.jafc.0c05237

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2021 Zuo, Li, Zeng, Xi, Tao and Guo. This is an open-access article

distributed under the terms of the Creative Commons Attribution License (CC BY).

The use, distribution or reproduction in other forums is permitted, provided the

original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Medicine | www.frontiersin.org 16 December 2021 | Volume 8 | Article 767584

https://doi.org/10.1016/j.jhep.2016.11.004
https://doi.org/10.1074/jbc.C800241200
https://doi.org/10.1016/j.celrep.2016.03.021
https://doi.org/10.1016/j.biochi.2004.09.018
https://doi.org/10.1007/s11684-021-0830-0
https://doi.org/10.1074/jbc.M112.347211
https://doi.org/10.1128/JVI.03327-13
https://doi.org/10.1021/acs.jafc.0c05237
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

