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Abstract
Background and objectives: Chronic liver cirrhosis (LC) and acute-on-chronic liver failure (ACLF) are interconnected hepatic 
disorders associated with substantial morbidity and mortality. Despite their distinct clinical characteristics, both conditions 
share common pathogenic pathways that remain inadequately understood. This study aimed to identify shared gene signa-
tures and elucidate underlying molecular mechanisms.

Methods: In this study, we employed Weighted Gene Co-Expression Network Analysis to explore transcriptomic data from the 
Gene Expression Omnibus for LC and ACLF.

Results: Key co-expression modules enriched with genes involved in glycolysis and gluconeogenesis pathways were identi-
fied, implicating metabolic dysfunction as a central feature in both conditions. Furthermore, microRNA analysis revealed that 
hsa-miR-122 and hsa-miR-194 play pivotal roles in regulating these metabolic pathways, potentially contributing to immune 
dysregulation.

Conclusions: Our findings indicate that these shared molecular mechanisms are critical in the progression from LC to ACLF, 
providing novel insights into potential therapeutic targets for mitigating disease severity and improving clinical outcomes.
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Introduction

Liver cirrhosis (LC) is a progressive disease caused by long-term 

exposure to harmful substances, including viral infections, alco-
hol, and metabolic disorders, leading to extensive liver damage 
and approximately two million deaths worldwide each year.1–3 
Acute-on-chronic liver failure (ACLF) is a critical clinical syn-
drome that occurs in patients with underlying chronic liver disease. 
It is characterized by abrupt and severe liver dysfunction, often 
triggered by various acute factors such as infections and substance 
abuse.4–6 Due to its high mortality rate, this syndrome is particular-
ly concerning, with approximately 32.8% of patients dying within 
28 days and 51.2% within 90 days.7–9 Differences in the definition 
of ACLF among various academic organizations have contributed 
to the complexity of effective clinical management,10–12 highlight-
ing the need for a unified framework.13,14

LC remains a significant risk factor for the onset of ACLF, 
which can occur at any stage of cirrhosis.15–17 The intersection of 
LC and ACLF is characterized by shared clinical features and com-
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mon precipitating factors. Viral infections, inflammatory respons-
es, and metabolic disorders play crucial roles in both diseases.18 
The pathophysiological mechanisms of LC primarily involve acti-
vation of hepatic stellate cells, deposition of extracellular matrix, 
inflammatory responses, and oxidative stress. The TGF-β/Smad 
signaling pathway plays a crucial role in the process of liver fi-
brosis. Recent research has found that cathepsin S, derived from 
splenic macrophages, is an important molecule in early liver fi-
brosis. Studies have demonstrated that cathepsin S degrades colla-
gen 18A1 to produce endostatin,19 which directly activates hepatic 
stellate cells via integrin α5β1, triggering liver fibrosis and exacer-
bating the hepatic-splenic axis circulation, thereby promoting liver 
fibrosis progression. Another study explored the genetic architec-
ture of cirrhosis by integrating analyses of both common and rare 
genetic variations, revealing significant genetic factors that influ-
ence the development of cirrhosis. This study identified 36 risk 
variants associated with cirr.20

Apoptosis and necrosis of liver cells are critical to the pathogen-
esis of ACLF. The dysregulation of inflammatory responses, ab-
normal immune system activation, disruption of cellular metabo-
lism, imbalance in coagulation and fibrinolysis systems, increased 
oxidative stress, and abnormal epigenetic regulation—such as 
DNA methylation, histone modification, and dysregulation of non-
coding RNAs—also contribute to the progressive deterioration of 
liver function in ACLF. A prospective cohort study conducted in 
Latin America examined the relationship between genetic ancestry 
and ACLF and found that, after adjusting for sociodemographic 
factors and clinical characteristics, Native American ancestry in-
creased the incidence of ACLF.21 Liang Peng et al. identified that 
the Ser267Phe mutation in the NTCP gene significantly reduces 
the susceptibility of chronic HBV-infected individuals to ACLF 
(OR = 0.48, p = 0.007).22 MicroRNAs (miRNAs), small endog-
enous non-coding RNA molecules, regulate gene silencing and 
translation inhibition by binding to specific sequences in target 
messenger RNAs (mRNAs). These miRNAs influence cell surviv-
al, proliferation, apoptosis, and inflammatory responses, partici-
pating in the occurrence and development of diseases.23 Numerous 
studies indicate that miRNAs are involved in the regulation of im-
munity and inflammation,24 both of which play important roles in 
the development of ACLF. Therefore, regulating miRNA expres-
sion may provide a promising therapeutic strategy for liver failure 
treatment.25

The molecular mechanisms underlying LC and ACLF are 
multifaceted, involving inflammation, cell death, metabolic dis-
orders, fibrosis, epigenetic changes, and microcirculatory distur-
bances. A comprehensive understanding of these mechanisms 
is vital for developing new treatment strategies and preventive 
measures. However, the complex molecular processes driving the 
progression from LC to ACLF are not fully understood. In-depth 
research into the co-pathogenesis of LC and ACLF is essential, 
as it could reveal potential therapeutic targets and strategies to 
slow disease progression. To identify key genes involved in the 
development of LC and ACLF, we employed Weighted Gene Co-
expression Network Analysis (WGCNA) to analyze transcrip-
tome datasets related to ACLF and LC from the Gene Expression 
Omnibus Database. We examined the enrichment of these genes 
in key biological pathways, uncovering molecular interactions 
between these two liver diseases. Additionally, we revealed the 
regulatory role of miRNAs on these key genes. Our goal was to 
identify potential intervention targets by elucidating the common 
genetic characteristics and molecular mechanisms shared by pa-
tients with LC and ACLF.

Materials and methods

Dataset preparation and data processing
We used the keywords “cirrhosis” and “acute-on-chronic liver fail-
ure” to search the Gene Expression Omnibus Database (http://ncbi.
nlm.nih.gov/geo) for gene expression datasets related to LC and 
ACLF. We obtained gene expression profiles from the GSE142256 
database (GPL17586), which includes 14 LC, 17 ACLF, and seven 
control samples. Similarly, we retrieved data from GSE139602 
(GPL13667), comprising 20 LC, eight ACLF, and six healthy sam-
ples. Based on a phylogenetic tree analysis, we identified three 
samples with abnormal clustering results, exhibiting low similarity 
to similar data points and appearing to be mixed into other disease 
categories. This situation could affect the accuracy of subsequent 
research findings. Therefore, we decided to exclude the abnormal 
sample GSM4223798 from the ACLF group, while GSM4144550 
and GSM4144566 were excluded from the control and LC groups, 
respectively. The screening process and its results are detailed in 
Figure S1a–d. The PERL programming language (version 5.32.1) 
was used to map probes to gene symbols based on the annotation 
files provided for the respective platforms.

Gene co-expression network analysis
To identify modules specifically associated with ACLF and LC, 
we employed WGCNA analysis (“WGCNA” package version: 
1.70-3). First, about 5,000 genes were selected by picking those 
with the top 25% of variance values. To minimize outliers, we used 
robust median absolute deviation to capture genes in the first 75% 
of median absolute deviation values. Next, to eliminate abnor-
mal samples, we applied the “hclust” function. Soft thresholding 
powers were determined using the “pickSoftThreshold” function, 
and values of 9 for ACLF and 8 for LC were chosen to satisfy 
the scale-free topology criterion. The component-wise minimum 
of the consensus topological overlap matrices was computed, and 
the topological overlap matrices were used to generate a hierarchi-
cal clustering dendrogram, which allowed for the identification of 
various modules (parameter settings: merge threshold = 0.25, net-
work type = “unsigned”, min module size = 30, deep split = 2). In 
the final step, the module eigengene was applied to summarize the 
expression profiles of each module. Correlation analysis between 
the module eigengene and ACLF or LC was conducted, and mod-
ules with high correlation coefficients (Pearson correlation coef-
ficient > 0.4 and p < 0.05) were selected. The “ggvenn” package 
was used to visualize overlaps between modules associated with 
ACLF and LC.

Selection and analysis of shared gene set and unique genes in 
ACLF and LC
Subsequently, we performed functional enrichment analysis using 
g: Profiler analysis (https://biit.cs.ut.ee/gprofiler/gost), a conduc-
tor for functional enrichment analysis carrying pathways including 
KEGG, WikiPathways, and Reactome. The enrichment analysis 
was performed with the following options: organism as Homo 
sapiens, statistical domain scope covering all known genes, and 
a significance threshold based on the Benjamini-Hochberg FDR 
method with a threshold of 0.05. The “ClueGO” app in Cytoscape 
software (version 3.8.2) was used to visualize the relationship be-
tween functional enrichment pathways above, and the most sig-
nificantly enriched functional regions were obtained by pie charts. 
To explore potential biological mechanisms, we constructed a 
protein-protein interaction (PPI) network using STRING, the func-
tional protein association network (https://www.string-db.org). To 
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identify unique genes in ACLF and LC, the “MCODE” algorithm 
in Cytoscape software (node score cutoff = 0.2, haircut = true, fluff 
= false, K-core = 2, and max depth from seed = 100) was applied. 
Additionally, we used Gene Set Enrichment Analysis (GSEA, 
http://www.gsea-msigdb.org/gsea/index.jsp) to gain further insight 
into biological pathways.

Verification using differentially expressed genes method for 
ACLF and LC
To verify the results, we used the “limma” package (version 
3.54.2) to identify differentially expressed genes (DEGs) between 
the ACLF or LC groups and the healthy group in the validation 
cohort (cutoff values: |log2(fold change)| > 0.5, p < 0.05). To con-
firm whether the results from the validation group were consistent 
with those in the training group, functional enrichment analysis 
was performed for both overlapping DEGs and DEGs specific to 
ACLF and LC.

Common miRNAs in ACLF and LC
miRNAs are small non-coding RNAs approximately 22 bp in 
length, which play a critical regulatory role in cells. By binding 
to mRNA, miRNAs induce mRNA degradation or inhibit its trans-
lation. After searching the Human MicroRNA Disease Database 
(HMDD)(http://www.cuilab.cn/hmdd), we identified literature-
supported associations between miRNAs and ACLF as well as LC. 
We obtained the intersection of miRNAs related to ACLF and LC, 
which commonly regulate risk mRNAs in both conditions. Addi-
tionally, we performed functional enrichment analysis of the se-
lected miRNAs using TAM 2.0.

Establishing the common miRNAs-target genes network
We obtained miRNA-target mRNAs from several databases: the 
HMDD database, miRTarbase database (https://mirtarbase.cuhk.
edu.cn/), and ENCORI database (https://starbase.sysu.edu.cn/). 
We then took the intersection of target mRNAs of shared miRNAs 
and common genes in ACLF and LC to establish the miRNA-mR-
NA regulatory network using Cytoscape software.

Statistical analyses
All statistical analyses were performed using R software (version 
4.1.1). A p-value < 0.05 was considered statistically significant, 
and all p-values were two-tailed.

Results

Dataset information
We paired 17 ACLF samples and seven controls from GSE142256 
with 20 LC samples and six controls from GSE139602 to create 
the discovery set for the following WGCNA analysis. Additionally, 
we paired eight ACLF samples and six controls from GSE139602 
with 14 LC samples and seven controls from GSE142256 to form 
the validation cohort for the subsequent DEG analysis. The flow-
chart of the data analysis is shown in Figure 1. Specific informa-
tion about the research samples is presented in Table 1, and clinical 
data are provided in the supplementary materials.

The co-expression modules in ACLF and LC from the training 
set
In the WGCNA analysis, the soft threshold β was set to 9 for ACLF 
and 8 for LC. A total of 13 modules were identified in ACLF, each 
represented by a different color (Fig. 2a). Similarly, consensus 

WGCNA identified 10 modules in LC (Fig. 2b). The “brown” (r = 
0.85, p = 4e-07), “greenyellow” (r = 0.77, p = 1e-05), and “blue” 
(r = 0.66, p = 7e-04) modules were highly positively correlated 
with ACLF (Fig. 2c) and were selected as ACLF-related modules, 
including 274, 49, and 436 genes, respectively (Table S1). The 
“blue” module (r = 0.51, p = 0.01) (Fig. 2d) was the only module 
positively correlated with LC, including 1,084 genes (Table S1).

Shared gene signatures in ACLF and LC
We identified the overlapping genes from the modules positively 
correlated with ACLF and LC, which were termed shared set 1 
(SS1) (Fig. 3a). These positively correlated modules are associated 
with the pathogenesis of both ACLF and LC. By g: Profiler analy-
sis, the main enriched terms of these genes are shown in Table S2. 
Using the preselected functions of the “ClueGO” app in Cytoscape 
software, we visualized the enrichment results in Figure 3b. The 
pie chart in Figure 3c shows that the top enriched functional re-
gion was glycolysis/gluconeogenesis, accounting for 31.82% of all 
functions. This suggests that glycolysis/gluconeogenesis-related 
pathways are essential in both ACLF and LC. Other enriched terms 
included the cGMP-PKG signaling pathway, glucagon signaling 
pathway, selenocompound metabolism, and NOD-like receptor 
signaling pathway.

Unique genes in ACLF and LC
The blue module was the only module strongly positively corre-
lated with LC. We constructed a PPI network using STRING and 
performed “MCODE” analysis. We selected the top three clusters 
with the highest clustering scores. Cluster 1 included 20 nodes and 
202 edges (score = 10.632) (Fig. 4a). GSEA functional enrichment 
analysis using Molecular Signatures Database v7.4 (hallmark gene 
sets) indicated that cluster 1 was associated with genes encoding 
proteins involved in glycolysis and gluconeogenesis (FDR q-value 
< 0.005), further emphasizing the importance of carbohydrate me-
tabolism in ACLF and LC. Cluster 1 was considered the common 
gene set for both ACLF and LC. The two other clusters, consid-
ered unique to LC, were associated with the following biological 
processes: genes encoding components of the complement system, 
genes mediating programmed cell death (apoptosis) through cas-
pase activation, genes involved in epithelial-mesenchymal transi-
tion, and genes upregulated in response to hypoxia (FDR q-value 
< 0.05) (Fig. 4b and Table S3).

For ACLF, the brown module had the most shared genes. GSEA 
analysis of all brown module genes revealed that it mainly concen-
trated on genes encoding proteins involved in glycolysis and gluco-
neogenesis (FDR q-value < 0.001). To explore potential functional 
genes, we performed PPI network analysis and “MCODE” analy-
sis on the brown module. Cluster 3, with four nodes and 10 edges 
(score = 3.333), was enriched in genes encoding proteins involved 
in glycolysis and gluconeogenesis (FDR q-value < 0.001) (Fig. 4c, 
d and Table S4). Therefore, the cluster 3 of brown module was 
deemed the common gene set for both ACLF and LC. Additionally, 
the blue and green-yellow modules were primarily associated with 
genes upregulated by interleukin (IL)-6 via STAT3, genes involved 
in the protein secretion pathway, and genes involved in p53 path-
ways and networks (FDR q-value < 0.05).

Validation by DEG analysis in ACLF and LC
For GSE139602 of ACLF, we identified 2,751 DEGs, including 
1,178 upregulated genes and 1,573 downregulated genes. For 
GSE142256 of LC, we extracted 346 DEGs, consisting of 187 up-
regulated genes and 159 downregulated genes. By selecting the 
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overlapping DEGs, we found a total of 10 upregulated and 15 down-
regulated genes present in both GSE139602 and GSE142256, which 
we termed shared set 2 (SS2) (Fig. 5a, b). Gene Ontology Profiler 
analysis revealed that SS2 was mainly enriched in glycolysis/glu-

coneogenesis (55.56%) (Fig. 5c, d and Table S5). In addition, the 
DEGs unique to ACLF were significantly concentrated in metabolic 
pathways, carbohydrate metabolism, cytokine signaling in the im-
mune system, and the PI3K-Akt signaling pathway. For the DEGs in 

Fig. 1. The flowchart of data analysis. DEG, differentially expressed gene; LC, liver cirrhosis; ACLF, acute-on-chronic liver failure; GEO, Gene Expression 
Omnibus Database; MRNA, messenger RNA

Table 1.  Summary of sample information for ACLF and LC

ID GSE number Platform Samples Disease Group

1 GSE142256 GPL17586 17 patients and 7 controls ACLF Discovery cohort

2 GSE139602 GPL13667 20 patients and 6 controls LC Discovery cohort

3 GSE139602 GPL13667 8 patients and 6 controls ACLF Validation cohort

4 GSE142256 GPL17586 14 patients and 7 controls LC Validation cohort

LC, liver cirrhosis; ACLF, acute-on-chronic liver failure.
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LC, the T cell receptor signaling pathway and immunoregulatory in-
teractions between lymphoid and non-lymphoid cells were enriched 
(Fig. 5e, f). These results demonstrated that the results from the veri-
fication group were consistent with those from the training group.

The joint miRNAs in ACLF and LC
A total of 56 miRNAs were reported to be associated with LC 
(Table S6), while three miRNAs were linked to ACLF (Table S7) 

according to the HMDD database. By taking the intersection, we 
identified three miRNAs (hsa-miR-122, hsa-miR-194-1, and hsa-
miR-194-2) as common to both conditions. Functional enrichment 
analysis using TAM 2.0 indicated that these three miRNAs regu-
late inflammation, adipogenesis, aging, and circadian rhythm (p 
< 0.001) (Fig. 6a). Interestingly, unique miRNA analysis showed 
that hsa-miR-122 is involved in carbohydrate metabolism (p < 
0.05), further validating our previous findings and indicating that 
miRNAs related to the pathogenesis of ACLF and LC can also 

Fig. 2. Analysis of co-expression modules. (a) The cluster dendrogram of co-expression mRNAs in ACLF. (b) The cluster dendrogram of co-expression mRNAs 
in LC. (c) Module-trait correlations in ACLF with correlation coefficient and p-value for each module. (d) Module-trait correlations in LC with correlation coef-
ficient and p-value for each module. ACLF, acute-on-chronic liver failure; LC, liver cirrhosis.
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Fig. 3. Shared gene signatures in ACLF and LC and their functional analysis. (a) Venn diagram displaying the shared genes between the brown, green, yellow, 
and blue modules of ACLF and the blue module of LC. A represents ACLF; L represents LC. (b) “ClueGO” app visualized the enriched functional terms and the 
relationships. (c) The pie chart summarizing the enrichment results. ACLF, acute-on-chronic liver failure; LC, liver cirrhosis.
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influence carbohydrate metabolism. Additionally, hsa-miR-122 
was enriched in stress response, cholesterol metabolism, and latent 
virus replication. Meanwhile, miR-194-1 and miR-194-2 were pri-
marily enriched in epithelial-to-mesenchymal transition and cell 
differentiation (Table S8).

The common miRNAs-share genes network
Through the HMDD, miRTarbase, and ENCORI databases, we 
predicted a total of 6,236 shared miRNA-targeted mRNAs. Among 
these, 25 mRNAs from SS1 and SS2 were identified as target mR-
NAs in the 6,236 miRNA-target interactions. Furthermore, five 
mRNAs (NFAT5, CAPNS1, ANKRD50, SORT1, RNF125) were 
found to overlap in SS1 and SS2. Using Cytoscape software, we 
constructed the miRNA-mRNA network, which included two 
miRNAs, 25 mRNAs (including five overlapping mRNAs), to-
taling 27 nodes and 30 edges (Fig. 6b). Since hsa-miR-122 was 
associated with carbohydrate metabolism, we hypothesized that 
regulating hsa-miR-122 could alter carbohydrate metabolism in 
ACLF and LC. The proposed disease association hypothesis is de-
picted in Figure 7. Carbohydrate metabolism plays a critical role 
in the pathological transition from liver cirrhosis to ACLF, with 
specific genes playing key roles in this process. In the context of 
ACLF, genes encoding components of the complement system are 
linked to inflammation and liver damage, potentially worsening 
the disease. Additionally, the imbalance of apoptosis, mediated by 
caspase-related genes, may accelerate disease progression through 
programmed cell death. Genes involved in epithelial-mesenchy-

mal transition contribute to liver fibrosis by altering epithelial cell 
characteristics, while genes upregulated under hypoxic conditions 
are integral to cellular adaptation and metabolic regulation in re-
sponse to hypoxia. For liver cirrhosis, genes involved in protein 
secretion pathways affect liver protein synthesis, and those upreg-
ulated by IL-6 via STAT3 are crucial for liver cell proliferation and 
injury repair. Furthermore, genes in the P53 pathway and network 
are implicated in liver cell damage, regeneration, and carcinogen-
esis, highlighting their role in LC development. This intricate net-
work of genetic factors in carbohydrate metabolism underscores 
the molecular mechanisms underlying the progression of liver dis-
eases and offers potential therapeutic targets.

Discussion
This study elucidated the shared gene signatures and molecular 
mechanisms between LC and ACLF through an integrative analy-
sis of transcriptomic data. We found that the common gene set in 
LC and ACLF involves liver cell damage repair, oxidative stress 
response, and fibrosis processes. The shared expression of these 
gene sets suggests that, although the clinical courses and outcomes 
of the two diseases may differ, they share similarities in the fun-
damental mechanisms of liver injury and repair. The gene set in-
volved in the oxidative stress response may contribute to liver cell 
damage in both diseases, while the activation of fibrosis-related 
gene sets may reflect the common pathological basis of liver fi-
brosis. The unique gene set in cirrhosis is mainly associated with 

Fig. 4. Constructing the protein-protein interaction network and performing functional enrichment of clusters by “MCODE” analysis. (a) The cluster 1 
derived from the blue module in LC. (b) Functional enrichment analysis of the top three clusters by “MCODE” analysis of the LC blue module. (c) The cluster 
3 derived from the brown module in ACLF. (d) Functional enrichment analysis of the top three clusters by “MCODE” analysis of the ACLF brown module. GSR, 
glutathione reductase; ENO1, enolase 1; PKM1, pyruvate kinase M1; LDHA, lactate dehydrogenase A; ACLF, acute-on-chronic liver failure; LC, liver cirrhosis.
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Fig. 5. Results of DEG analysis in the validation group. (a) Venn diagram showing upregulated genes in both ACLF and LC based on DEG analysis. (b) Venn 
diagram displaying downregulated genes in both ACLF and LC. (c) “ClueGO” app in Cytoscape software visualizing the functional enrichment of SS2. (d) Pie 
chart summarizing the enrichment results. (e, f) The functional enrichment clustering and heatmaps of unique DEGs in ACLF and LC. SS2, shared set 2. ACLF, 
acute-on-chronic liver failure; LC, liver cirrhosis; DEG, differentially expressed gene.
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Fig. 6. The common microRNAs-shared genes analysis. (a) The heatmap showed showing the functions of the three microRNAs. The color in the legend 
represents log2 (p-value). (b)The microRNAs-mRNAs network. The orange triangle represents mRNA, the blue diamond represents co-mRNA, and the red 
ellipse represents microRNA.

extracellular matrix remodeling and hepatocyte apoptosis. Activa-
tion of these gene sets may promote structural changes and func-
tional loss of liver tissue in cirrhosis, leading to liver cirrhosis and 
functional failure. The abnormal expression of the extracellular ma-
trix remodeling gene set may exacerbate the fibrosis process, while 
the activation of the hepatocyte apoptosis gene set may accelerate 
hepatocyte loss. In ACLF, the unique gene set is primarily associated 
with acute inflammatory response, immune cell activation, and liver 
cell regeneration failure. The abnormal expression of these gene sets 
may trigger acute injury events in ACLF, such as severe inflamma-
tory responses and immune-mediated liver cell damage, ultimately 
leading to a sharp decline in liver function. In particular, the abnor-
mal activation of immune cell gene sets may indicate the immune 
system’s damaging effect on liver cells in ACLF.

Using WGCNA, we identified key modules significantly asso-
ciated with both conditions, with a particular focus on metabolic 
pathways such as glycolysis and gluconeogenesis. Additionally, 
we identified three miRNAs—hsa-miR-122, hsa-miR-194-1, and 
hsa-miR-194-2—that regulate genes involved in inflammation and 
carbohydrate metabolism, suggesting their potential as therapeutic 
targets.

The identification of hsa-miR-122 and hsa-miR-194 is a crucial 
aspect of our findings. These miRNAs are central regulators of liver 
metabolism and inflammation, both of which are significantly dis-
rupted in LC and ACLF. Previous studies have shown that miR-122, 
one of the most abundant miRNAs in the liver, plays a pivotal role in 

lipid and amino acid metabolism, and its expression is inversely cor-
related with liver fibrosis severity.26–28 miR-194 is also a recognized 
marker for liver diseases, including hepatocellular carcinoma.29 
Moreover, the expression levels of miR-122 and miR-194 inversely 
correlate with age in patients with chronic hepatitis B and HBV-as-
sociated ACLF, suggesting their potential involvement in age-related 
liver dysfunction. These miRNAs emerge as potential therapeutic tar-
gets given their central role in regulating both metabolic and inflam-
matory pathways in the liver.

Metabolic dysregulation is a key driver of disease progression 
in LC and ACLF,30,31 and our analysis indicates that miR-122 and 
miR-194 are closely involved in these processes. Glucose metabo-
lism disorders, particularly gluconeogenesis, play a critical role in 
ACLF disease progression.32 Liver diseases severely impair glucose 
metabolism, inducing a state similar to accelerated starvation. During 
fasting, gluconeogenesis accounts for approximately half of hepatic 
glucose production, while glycolysis converts glucose into pyruvate. 
This pyruvate then feeds into the tricarboxylic acid cycle for ATP 
generation. In the early stages of cirrhosis, a compensatory shift from 
oxidative phosphorylation to glycolysis occurs to meet energy de-
mands, but this adaptive mechanism becomes progressively ineffec-
tive as cirrhosis advances.33 Dysregulation of miR-122 and miR-194 
likely disrupts these metabolic pathways, exacerbating energy defi-
cits and contributing to disease progression. Furthermore, evidence 
suggests that shifting from fatty acid oxidation to glycolysis may 
improve aberrant energy metabolism in patients with ACLF.34 There-
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fore, these miRNAs play an integral role in regulating the metabolic 
pathways crucial to the progression from LC to ACLF.

Immune response dysfunction, including excessive activation or 
inhibition of immune responses, is another critical factor. This im-
balance may impair the immune system’s ability to recognize and 
eliminate pathogens, making it difficult for the body to combat in-
fections, which can lead to disease worsening. It can also cause the 
immune system to mistakenly attack the body’s normal tissues, re-
sulting in chronic inflammation. In ACLF patients, immune exhaus-
tion and excessive inflammatory responses are prominent, highlight-
ing the importance of immune dysregulation and inflammation in 
the progression from LC to ACLF.35,36 miR-122 and miR-194 play 
a significant role in modulating immune function. Consistent with 
our findings, immune biomarkers such as IL-9, IL-10, and MIP-3α 
have been shown to predict short-term mortality in ACLF with high 
accuracy.37–40 Additionally, the involvement of T cells in hepatic ne-
crosis and the altered proportions of regulatory and effector T cells 
in ACLF, compared to healthy individuals, further emphasize the 
role of immune dysregulation.41,42 Notably, CXCR5+ CD4+ T cell 
subsets have been linked to immune dysfunction in chronic hepatitis 
B-associated LC.41 Continuous and distinct perturbations in innate 
immune cells also contribute to disease pathogenesis.42

Systemic inflammation is a pivotal factor driving the transition 
from compensated to decompensated cirrhosis, ultimately culminat-
ing in ACLF, which represents the extreme state of systemic inflam-
mation.43,44 In the context of LC and ACLF, a persistent inflamma-

tory state can result in heightened liver cell damage, apoptosis, and 
fibrosis. miR-122 and miR-194 play roles in inflammatory respons-
es by targeting inflammation-related genes such as tumor necrosis 
factor alpha and IL-6. Abnormal expression of these miRNAs may 
lead to the overproduction of inflammatory mediators, which, in 
turn, activate hepatic stellate cells and immune cells, fueling a vi-
cious cycle of liver inflammation and fibrosis. Inflammation is ener-
getically demanding. Under conditions of persistent severe inflam-
mation, a substantial amount of ATP is required for the synthesis of 
both pro- and anti-inflammatory mediators as well as acute-phase 
proteins.45 Activated immune cells predominantly rely on glycolysis 
to meet these elevated energy demands. Moreover, glycolytic me-
tabolites are crucial for nucleotide and RNA synthesis, which are 
essential for mounting an effective inflammatory response.46 It is 
highly likely that dysregulated expression of miR-122 and miR-194 
disrupts these processes, leading to impaired immune function and 
exacerbating systemic inflammation.

Our randomized controlled trial, which investigated the effects 
of carbohydrate-containing late-evening snacks on patients with 
ACLF, revealed a significant increase in carbohydrate oxidation 
and concomitant reductions in fat oxidation.47 Dysregulated lipid 
metabolism was also apparent during the progression of ACLF.48 
Additionally, in a previous bioinformatics analysis study, research-
ers identified significant alterations in 10 hub genes and two miR-
NAs in ACLF.49 These clinical findings align with our mechanistic 
insights, suggesting that altered metabolic and immune pathways, 

Fig. 7. The disease association hypothesis route. Carbohydrate metabolism plays a major role in the hypothesis route between LC and ACLF. Genes mediat-
ing programmed cell death (apoptosis) via caspase activation, encoding components of the complement system, defining epithelial-mesenchymal transi-
tion, and upregulated in response to hypoxia were critical in ACLF. Genes involved in protein secretion pathway, upregulated by IL-6 through STAT3, and 
those within p53 pathways and networks, along with genes related to carbohydrate metabolism, form a complex network of interactions. ACLF, acute-on-
chronic liver failure; LC, liver cirrhosis.
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potentially regulated by miR-122 and miR-194, have a substan-
tial impact on patient outcomes. Dysregulation of lipid and carbo-
hydrate metabolism, driven by these miRNAs and other factors, 
likely contributes to the severity and progression of ACLF.

The key roles of miR-122 and miR-194 in regulating liver me-
tabolism and immune pathways suggest that they may become 
new targets for treating ACLF. Further exploration of the regula-
tory mechanisms of these miRNAs in ACLF will contribute to the 
development of therapeutic strategies aimed at restoring glucose 
metabolism and reducing inflammatory responses, thereby provid-
ing new ideas and methods for improving patient prognosis. Future 
research should focus on the clinical validation of these miRNAs 
as potential biomarkers and therapeutic approaches, as well as the 
development and testing of related drugs.

Despite these valuable insights, our research has certain limi-
tations. Firstly, the small sample size used in this study may have 
affected the generalizability of our results, meaning the observed 
associations may not represent a wider population. Secondly, we 
did not further analyze the clinical data, and clinical variables such 
as patient age, gender, comorbidities, and treatment history can all 
affect the gene expression profile. Therefore, we cannot rule out 
these factors as confounding variables, which may impact the reli-
ability and effectiveness of our gene expression results. To address 
these limitations, future research should include larger and more 
diverse patient cohorts to improve the statistical power and exter-
nal validity of the results. Additionally, thorough analysis of clini-
cal data should be conducted to control for potential confounding 
factors and better understand the background of gene expression 
changes. Finally, in vivo and in vitro experiments are crucial for 
elucidating the exact role of key miRNAs in glucose metabolism 
and confirming their potential as therapeutic targets or biomarkers.

Conclusions
Our transcriptomic analysis has uncovered a potential pathogenic 
association between glucose metabolism and both ACLF and LC. 
This association is mediated by miR-122 and miR-194, along with 
their corresponding signaling pathways. These findings highlight 
novel therapeutic targets that warrant further in-depth exploration.
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