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Abstract

Background and Aims: Hepatic ischemia–reperfusion 
(HIR) injury impairs outcomes post–liver transplantation. 
Therefore, we aimed to investigate the role and mechanism 
of miR-381-3p in HIR. Methods: The study enrolled 150 
healthy controls, 82 non-HIR-injured patients, and 68 pa-
tients with HIR injury following liver transplantation. Clinical 
data were analyzed. Multivariate analysis identified HIR risk 
factors; the predictive value of miR-381-3p was assessed via 
receiver operating characteristic analysis. An in vitro hypoxia/
reoxygenation (H/R) model was established and employed. 
The cellular effects of miR-381-3p and JAK2 were evaluated 
using CCK-8, flow cytometry, ELISA, luciferase, RIP, and bio-
informatics. Results: Serum miR-381-3p was significantly 
elevated in HIR compared with the other groups. miR-381-
3p was the strongest independent HIR risk factor, which was 
confirmed by receiver operating characteristic analysis. H/R 
upregulated miR-381-3p. Inhibiting miR-381-3p counter-
acted H/R-induced decreased viability and increased apopto-
sis, inflammation, and oxidative stress. miR-381-3p directly 
bound to and suppressed JAK2 via its 3′ untranslated region 
(validated by luciferase and RIP). Transfection of si-JAK2 
abolished the protective effects of miR-381-3p inhibition. 
Conclusions: miR-381-3p exacerbates post-transplant HIR 
by directly targeting JAK2, amplifying inflammation and oxi-
dative stress. Thus, our findings nominate serum miR-381-
3p as a promising non-invasive biomarker and suggest its 
potential as a therapeutic target for mitigating HIR injury.
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Introduction
Liver transplantation represents the only curative option for 
patients with end-stage liver disease, with its success criti-

cally determining patient survival.1 Nevertheless, hepatic is-
chemia–reperfusion (HIR) injury remains a pivotal challenge 
during the perioperative period. It constitutes a fundamental 
pathological basis for primary non-function, early allograft 
dysfunction, and acute rejection, significantly compromis-
ing graft survival and long-term recipient outcomes.2–4 HIR 
injury ensues upon the restoration of blood flow following 
hepatic ischemia. Its pathogenesis is characterized by in-
tricate cascades involving oxidative stress, apoptosis, and 
inflammation, mediated through both innate and adaptive 
immune responses.3,5–7 Unfortunately, while routine sero-
logical markers (e.g., alanine aminotransferase (ALT), aspar-
tate aminotransferase (AST)) reflect hepatocellular injury, 
they lack sufficient specificity and early predictive power 
for ischemia–reperfusion injury. Invasive tissue biopsy, con-
strained by clinical practicality, is unsuitable for dynamic 
monitoring. Consequently, there is an urgent clinical need to 
identify highly sensitive and specific non-invasive circulating 
biomarkers to enable early detection, dynamic assessment, 
and timely intervention for ischemia–reperfusion injury fol-
lowing liver transplantation.8–10

MicroRNAs (miRNAs) have emerged as pivotal candidates 
for disease biomarker research due to their robust stability 
in bodily fluids, facile detectability, and close association with 
diverse pathological mechanisms.11–13 Exosomal miRNAs de-
rived from serum are particularly promising as non-invasive 
diagnostic tools, owing to their enhanced stability and tissue 
specificity.14 For instance, in models of HIR injury, miR-122-
5p promotes M1 polarization of Kupffer cells by modulating 
PPARδ signaling and the NF-κB pathway; suppression of its 
expression mitigates tissue damage, highlighting its dual 
potential as both a diagnostic indicator and therapeutic tar-
get.15 Similarly, miRNAs such as miR-92a, miR-25b-3p, and 
miR-101a-3p exhibit protective effects in renal or spinal cord 
ischemia–reperfusion injury, reinforcing their diagnostic util-
ity in transplantation medicine.16–19 Critically, serum miRNAs 
can be efficiently enriched via circulating exosomes, and 
their stability in blood renders them ideal minimally invasive 
biomarkers.14,20 Clinical evidence indicates that differentially 
expressed miRNAs (e.g., miR-122, miR-21) in liver trans-
plant recipients serve as early diagnostic tools for detecting 
acute rejection or graft injury.2,14,19 Of particular relevance, 
exosomal miR-381-3p in serum demonstrates a significant 
correlation with hepatic fibrogenesis: its expression is mark-
edly elevated in patients with chronic hepatitis B, and high 
levels are strongly associated with advanced liver fibrosis 
and cirrhosis progression.14 This implicates miR-381-3p in 
liver pathological processes and suggests its potential as an 
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indicator of hepatocyte damage severity. However, its diag-
nostic potential for HIR injury following liver transplantation 
remains systematically unexplored.

This study addressed a critical knowledge gap by evaluat-
ing the prognostic value of serum miR-381-3p for HIR injury 
following liver transplantation and elucidating its underlying 
regulatory pathways. Beyond providing a novel non-invasive 
biomarker for the early detection of HIR injury, this work es-
tablished a vital theoretical foundation for understanding its 
molecular mechanisms.

Methods

Collection of subject data
Between January 2022 and December 2024, this study 
enrolled a total of 300 participants categorized into three 
groups: healthy controls (HC group, n = 150), liver trans-
plant recipients without HIR injury (non-HIR group, n = 82), 
and liver transplant recipients with HIR injury (HIR group, 
n = 68). Inclusion criteria required confirmed indication for 
partial hepatectomy or liver transplantation. Exclusion crite-
ria encompassed concurrent severe organ dysfunction, ma-
lignancy, autoimmune disorders, or acute infections.

The study protocol received approval from the Ethics 
Committee of the 900th Hospital of Joint Logistics Support 
Force (No. 2026-016), and all participants provided written 
informed consent.

Cell culture and modeling
This study utilized the mouse hepatocyte cell line AML12, 
obtained from the American Type Culture Collection. An in 
vitro hypoxia/reoxygenation (H/R) model was established to 
simulate hepatic ischemia/reperfusion injury.21 Cells used in 
the experiments were maintained within passage numbers 
5 to 15. AML12 cells were routinely cultured under standard 
conditions using a medium supplemented with 10% fetal bo-
vine serum (Gibco), 1% insulin-transferrin-selenium (Gibco), 
and 1% penicillin–streptomycin and maintained at 37°C in a 
humidified incubator with 5% CO2. At 70–80% confluence, 
cells underwent two PBS washes followed by incubation in 
glucose- and serum-free medium. Cells were subjected to 
hypoxia for 12 h in a humidified multi-gas incubator main-
tained at 1% O2, 94% N2, and 5% CO2. Following the hypoxic 
period, the medium was replaced with normal culture me-
dium, and reoxygenation was achieved by incubation for 6 h 
under normoxic conditions (ambient atmosphere).

Real-time quantitative PCR
Total RNA was isolated from AML12 cells using TRIzol rea-
gent (Solarbio Science & Technology Co., Beijing). Total RNA 
concentration was quantified using a microvolume spectro-
photometer, and 1 µg was reverse-transcribed into cDNA us-
ing a kit from Vazyme Biotech Co. (Nanjing). Using SYBR 
Green Master Mix (Vazyme Biotech Co., Nanjing) and a qPCR 
system, cDNA amplification was quantified by real-time PCR. 
Endogenous controls were GAPDH for miR-381-3p and U6 
for JAK2. Normalization and relative quantification were con-
ducted using the comparative 2−ΔΔCT method.22

AML12 cell transfection
AML12 cells were cultured in 6-well plates under standard 
conditions to achieve 50–60% confluence before transfec-
tion. To investigate the function of miR-381-3p, cells were 
transfected with either an miR-381-3p inhibitor, siRNA-JAK2 
(si-JAK2), or their respective negative controls (NCs; inhib-

itor-NC and si-NC). Transfection complexes were formed by 
mixing Lipofectamine™ 2000 (Invitrogen, USA) with each 
oligonucleotide or its corresponding NC. These complexes 
were added dropwise to the culture wells. Following a 6–8 h 
incubation period, the medium was replaced with fresh com-
plete medium.23 Cells were then cultured further before be-
ing harvested for subsequent/further/downstream analysis. 
All sequences are shown in Supplementary Table 1.

AML12 cell viability assay
AML12 cells (5 × 103 cells/mL) were plated in 96-well plates 
(100 µL per well) and maintained at 37°C in a humidified 
atmosphere containing 5% CO2. Upon reaching 70–80% 
confluence, the cells were subjected to H/R treatment in pre-
assigned groups. Following reoxygenation, 10 µL of CCK-8 
solutions were added to each well. Plates were then incubat-
ed for 1 h, followed by measurement of absorbance (optical 
density) at 450 nm using a microplate reader to determine 
relative cell viability.21

AML12 cell apoptosis assay
Following reoxygenation, cells were trypsinized and collect-
ed by centrifugation (200 × g, 5 min). The cell pellet was 
washed twice with PBS and then resuspended in 195 µL of 
1× binding buffer. Subsequently, cells were stained with 5 
µL Annexin V-FITC (Biosciences, USA) and 10 µL propidium 
iodide for 15 min in the dark. Apoptotic cells were analyzed 
by flow cytometry.22

ELISA detection
Following reperfusion, AML12 cells were collected and cen-
trifuged at 3,000 × g for 5 min. The supernatant was then 
harvested. Concentrations of interleukin (IL)-1β, IL-6, tumor 
necrosis factor-α (TNF-α), reactive oxygen species (ROS), 
malondialdehyde (MDA), and superoxide dismutase (SOD) 
were determined using ELISA kits, strictly following the 
manufacturer′s instructions. Optical density at 450 nm was 
measured using a microplate reader for both standard and 
sample wells. A standard curve generated from the stand-
ards was used to calculate target factor concentrations in the 
samples.24

Protein–protein interaction (PPI) network analysis
Putative target genes of miR-381-3p were identified by que-
rying the online databases TargetScan, miRWalk, and Star-
Base. Candidate target genes were subsequently screened 
through intersection analysis of the retrieved results. A PPI 
network for these candidate genes was constructed using the 
STRING database. Pivotal hub genes within the network were 
identified based on their node degree.25

Dual-luciferase reporter assay
To validate whether JAK2 serves as a direct target of miR-
381-3p, a dual-luciferase reporter assay was performed. 
Wild-type and mutant JAK2 3′ untranslated region (3′UTR) 
reporter constructs (JAK2-WT and JAK2-MUT) were co-trans-
fected with either miR-381-3p mimics or an NC miRNA into 
AML12 cells. Dual-luciferase activity was measured using as-
say kits obtained from Promega Corporation.26

RNA-binding protein immunoprecipitation (RIP) as-
say
The RIP assay was performed using the Magna RIP RNA-
Binding Protein Immunoprecipitation Kit according to the 
manufacturer’s instructions. Specific probes were designed 
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and synthesized by Sangon Biotech. The enrichment of miR-
381-3p and JAK2 mRNA in the immunoprecipitate was quan-
tified by qRT-PCR.27

Data analysis
Statistical analyses were performed using SPSS 24.0 (IBM 
Corp.) and GraphPad Prism 9.0 (GraphPad Software). Con-
tinuous variables were expressed as mean ± standard devia-
tion. One-way ANOVA was used as the initial test for com-
parisons across multiple groups. When a significant effect 
was observed, Tukey’s HSD test was applied to identify dif-
ferences between groups. Comparisons between two groups 
were conducted using Student’s t-test. Categorical variables 
were analyzed using χ2 tests. Independent risk factors were 
identified through multivariate logistic regression analysis, 
and predictive value was evaluated using receiver operating 
characteristic curves. Statistical significance was defined as 
P < 0.05.

Results

Clinicopathological characteristics in postoperative 
liver transplant recipients
Table 1 presents a comparison of baseline characteristics 
among the HC, non-HIR, and HIR groups. Baseline charac-
teristics (age, sex, BMI, smoking, and alcohol use) were sim-
ilar and showed no statistically significant differences among 
the three groups. Furthermore, the prevalence of both hy-
pertension and diabetes mellitus did not differ significantly 
between patients with non-HIR injuries and those with HIR 
injuries. Conversely, the HIR group exhibited markedly com-
promised hepatic function relative to the non-HIR group. This 
was evidenced by significantly elevated serum levels of ALT, 
AST, total bilirubin, and a higher Model for End-Stage Liver 
Disease (MELD) score in the HIR group.

Evaluation of the diagnostic value of serum miR-
381-3p in postoperative HIR
Figure 1A demonstrated that serum miR-381-3p expression 
levels were significantly elevated in the HIR group compared 
with both the non-HIR group and the HC group, suggest-

ing its potential involvement in HIR pathology. Furthermore, 
receiver operating characteristic curve analysis (Fig. 1B) 
indicated that miR-381-3p had an AUC of 0.925 (95% CI: 
0.882–0.969) for diagnosing HIR, with a sensitivity of 86.8% 
and a specificity of 85.4%. These data indicate that miR-381-
3p exhibited promising diagnostic value for HIR and repre-
sents a potential biomarker.

Independent risk factors for HIR
Multivariate logistic regression analysis identified miR-381-
3p as the strongest independent risk factor for HIR injury 
(OR = 4.989, 95% CI: 2.099–11.859, P < 0.001), with an 
effect size substantially exceeding that of other variables (Ta-
ble 2). Elevated levels of liver function indicators were also 
significant independent risk factors, including total bilirubin 
(OR = 3.164, 95% CI: 1.385–7.224, P = 0.006), AST (OR = 
2.854, 95% CI: 1.260–6.462, P = 0.012), ALT (OR = 2.826, 
95% CI: 1.243–6.424, P = 0.013), and MELD score (OR = 
2.701, 95% CI: 1.131–6.455, P = 0.025). In contrast, demo-
graphic and baseline clinical factors, including age, sex, BMI, 
smoking/alcohol consumption history, hypertension, and dia-
betes, showed no statistically significant association with HIR 
injury risk, indicating negligible independent contributions. 
Thus, miR-381-3p, liver function parameters (total bilirubin, 
AST, ALT), and MELD score were established as key predic-
tors of HIR injury after liver transplantation, whereas con-
ventional predictors such as metabolic disorders or lifestyle 
factors demonstrated no independent influence in this model.

Inhibition of miR-381-3p ameliorated proliferation 
inhibition and apoptosis in HIR of AML12 cells
In the AML12 cell model of H/R injury, miRNA profiling (Fig. 
2A) showed that H/R treatment significantly upregulated 
miR-381-3p expression compared with the control group 
(fold change = 2.65). Transfection with a miR-381-3p inhibi-
tor markedly reduced its expression relative to the H/R group, 
validating effective target silencing (fold change = 0.51). 
Cell viability assays (Fig. 2B) revealed a substantial decline 
in H/R-treated cells compared with the control group (fold 
change = 0.48). miR-381-3p inhibition significantly restored 
viability compared with H/R alone (fold change = 1.58), indi-
cating attenuation of H/R-induced proliferation suppression. 

Table 1.  Comparison of baseline characteristics and liver function indicators among the HC group, non-HIR group, and HIR group patients

Items Healthy controls  
(n=150)

Non-HIR  
(n=82)

HIR  
(n=68)

Significance  
(P)

Age, years 55.29 ± 19.60 57.78 ± 18.65 57.06 ± 19.46 0.495

Gender, male/% 78/52.0 46/56.1 30/44.1 0.335

BMI, kg/m2 22.69 ± 2.73 22.74 ± 3.31 23.22 ± 2.97 0.793

Smoking history, yes/% 66/44.0 42/51.2 40/58.8 0.421

Alcohol consumption history, yes/% 64/42.7 41/50.0 41/60.3 0.052

Hypertension, yes/% – 37/45.1 31/45.6 0.954

Diabetes, yes/% – 45/54.9 44/64.7 0.223

ALT (U/L) – 41.82 ± 13.91 77.37 ± 32.23 <0.001

AST (U/L) – 41.03 ± 14.78 86.07 ± 33.78 <0.001

Total bilirubin (µmol/L) – 21.24 ± 9.44 33.76 ± 13.48 <0.001

MELD score – 19.39 ± 5.73 23.50 ± 7.67 <0.001

Comparisons among three groups (healthy controls vs. non-HIR vs. HIR) were performed using one-way analysis of variance (ANOVA), while comparisons between two 
groups (non-HIR vs. HIR) were conducted using independent-samples t tests. The data are expressed as mean ± standard deviation or n/%. HIR, hepatic ischemia–
reperfusion; BMI, body mass index; ALT, alanine transaminase; AST, aspartate aminotransferase.
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Table 2.  Independent influencing factors for HIR injury in patients after liver transplantation

Items 95% CI OR Significance (P)

MiR-381-3p 2.099–11.859 4.989 <0.001

Age, years 0.513–2.726 1.183 0.693

Gender 0.483–2.659 1.133 0.774

BMI, kg/m2 0.766–3.888 1.726 0.188

Smoking history 0.531–2.789 1.217 0.643

Alcohol consumption history, yes/% 0.834–4.508 1.939 0.124

Hypertension 0.449–2.432 1.045 0.919

Diabetes 0.821–4.490 1.920 0.132

ALT (U/L) 1.243–6.424 2.826 0.013

AST (U/L) 1.260–6.462 2.854 0.012

Total bilirubin (µmol/L) 1.385–7.224 3.164 0.006

MELD score 1.131–6.455 2.701 0.025

CI, confidence interval; OR, odds ratio; BMI, body mass index; ALT, alanine transaminase; AST, aspartate aminotransferase; MELD, Model for End-Stage Liver Disease.

Fig. 2.  The effect of miR-381-3p on H/R-induced proliferation and apoptosis in AML12 cells. (A) miR-381-3p expression levels following H/R treatment and 
transfection with a miR-381-3p inhibitor. (B) Cell viability following H/R treatment and transfection with a miR-381-3p inhibitor. (C) Apoptosis rate following H/R treat-
ment and transfection with a miR-381-3p inhibitor. The number of biological replicates in each experimental group is three. HIR, hepatic ischemia–reperfusion; H/R, 
hypoxia/reoxygenation; NC, negative control.

Fig. 1.  ROC curve of serum miR-381-3p in postoperative HIR. (A) Relative miR-381-3p expression in all participants, HC. (B) The ROC curve of miR-381-3p in 
HIR. ROC, receiver operating characteristic; HIR, hepatic ischemia–reperfusion; HC, healthy control.
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Apoptosis analysis (Fig. 2C) showed that H/R exposure sig-
nificantly increased apoptotic rates compared with the control 
group (fold change = 4.13). This effect was mitigated by miR-
381-3p inhibitor transfection, with apoptosis rates significant-
ly lower than those in the H/R group (fold change = 0.53). 
Collectively, miR-381-3p was upregulated during H/R injury, 
and its functional inhibition ameliorated both proliferation im-
pairment and apoptosis promotion in AML12 cells.

Inhibition of miR-381-3p attenuated H/R-induced 
inflammatory response and oxidative stress
Relative to the control group, H/R exposure significantly in-
creased the concentrations of TNF-α (Fig. 3A, fold change = 
9.53), IL-6 (Fig. 3B, fold change = 5.47), and IL-1β (Fig. 3C, 
fold change = 5.14), indicating that H/R induced a potent 
inflammatory response. Conversely, administration of the 
miR-381-3p inhibitor during H/R markedly reduced the lev-
els of these inflammatory cytokines compared with the H/R 
group. The reductions were 0.68-fold, 0.64-fold, and 0.75-
fold, respectively. This attenuation suggests that miR-381-3p 
inhibition mitigated the inflammatory response mediated by 
H/R. Regarding oxidative stress, H/R treatment significantly 
increased the percentage of ROS-positive cells (Fig. 3D, fold 

change = 2.97) and MDA content (Fig. 3E, fold change = 
2.81) compared with the control group, accompanied by a 
significant decrease in SOD activity (Fig. 3F, fold change = 
0.33). Notably, the H/R + miR-381-3p inhibitor group exhib-
ited a significant reduction in ROS positivity (fold change = 
0.37) and MDA levels (fold change = 0.53), along with a sig-
nificant elevation in SOD activity (fold change = 2.60) rela-
tive to the H/R group. These findings imply that suppressing 
miR-381-3p alleviated H/R-induced oxidative injury and en-
hanced cellular antioxidant capacity.

Identification of core genes in the miR-381-3p target 
PPI network via multi-database intersection
Venn diagram analysis (Fig. 4A) identified 344 overlapping 
target genes of miR-381-3p predicted by the three databases 
(StarBase, TargetScan, and miRWalk), which were defined 
as core target genes for further analysis. A PPI network was 
constructed based on these overlapping target genes. Hub 
genes (n = 22) were identified by ranking nodes based on 
degree (Fig. 4B; Table 3). These findings indicate that these 
hub genes possess high connectivity within the PPI network, 
suggesting their potential critical roles in the regulatory net-
work mediated by miR-381-3p.

Fig. 3.  Effects of the miR-381-3p inhibitor on H/R-induced inflammation and oxidative stress. (A, B, C) Expression levels of pro-inflammatory cytokines 
TNF-α, IL-6, and IL-1β in different treatment groups. (D, E, F) Levels of oxidative stress markers (ROS, MDA, SOD) in different treatment groups. The number of bio-
logical replicates in each experimental group is three. H/R, hypoxia/reoxygenation; NC, negative control; TNF-α, tumor necrosis factor-α; IL-6, interleukin-6; IL-1β, 
interleukin-1β; ROS, reactive oxygen species; MDA, malondialdehyde; SOD, superoxide dismutase.
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Validation of miR-381-3p as a direct regulator of 
JAK2 downregulation in HIR injury
From the PPI network of intersecting target genes, the top 22 
hub genes were identified based on node degree. Expression 
profiling of these genes across HC, non-HIR, and HIR groups 
revealed that JAK2 was the sole gene exhibiting significant 
downregulation specifically in the HIR group (Fig. 5A). Bio-
informatic analysis predicted a complementary binding site 
for miR-381-3p within the 3′UTR of JAK2 (Fig. 5B). Dual-
luciferase reporter assays demonstrated that the miR-381-
3p mimic significantly suppressed luciferase activity from the 
WT JAK2 reporter construct, whereas the miR-381-3p inhibi-
tor enhanced its activity. No such effects were observed with 
the JAK2-MUT reporter (Fig. 5C), indicating direct binding of 
miR-381-3p to the JAK2 3′UTR. RIP assays using an Ago2 
antibody showed significant co-enrichment of both miR-381-
3p and JAK2 mRNA in immunoprecipitates compared with 
control IgG (Fig. 5D), confirming their association within 
the RNA-induced silencing complex. Functional validation in 
cellular models showed that JAK2 expression was markedly 
reduced under H/R conditions. Transfection with the miR-
381-3p inhibitor effectively increased JAK2 expression and 
partially reversed the H/R-induced downregulation of JAK2 
(Fig. 5E). Collectively, these findings establish that miR-381-
3p directly targets and negatively regulates JAK2 expression.

JAK2 mediated the protective effect of miR-381-3p 
inhibition on H/R injury
To investigate the regulatory role of miR-381-3p in H/R in-

jury and the mediating function of JAK2, this study assessed 
cell viability, apoptosis, inflammatory cytokine levels, and 
oxidative stress markers. As illustrated in Figure 6, trans-
fection with the miR-381-3p inhibitor significantly enhanced 
cell viability (Fig. 6A, fold change = 1.47), reduced apopto-
sis (Fig. 6B, fold change = 0.58), and markedly suppressed 
the secretion of pro-inflammatory cytokines, including TNF-α 
(fold change = 0.68), IL-6 (fold change = 0.67), and IL-1β 
(fold change = 0.76), in cells subjected to H/R injury (Fig. 
6C). However, these protective effects mediated by the miR-
381-3p inhibitor, namely the promotion of cell viability and 
inhibition of apoptosis, were reversed upon concurrent trans-
fection with si-JAK2. Inhibition of miR-381-3p markedly de-
creased ROS (Fig. 6D, fold change = 0.34) and MDA (Fig. 6E, 
fold change = 0.55) levels while increasing SOD activity (Fig. 
6F, fold change = 2.15). Notably, si-JAK2 abolished these ef-
fects on oxidative stress parameters. Collectively, inhibition 
of miR-381-3p attenuated H/R-induced impairments in cell 
viability, apoptosis elevation, inflammatory activation, and 
oxidative stress damage, primarily through targeting JAK2.

Discussion
Liver transplantation serves as the definitive life-saving in-
tervention for patients with end-stage liver disease; howev-
er, its success is frequently compromised by HIR injury. Our 
work establishes serum miR-381-3p as a novel non-invasive 
biomarker for predicting HIR risk and, mechanistically, de-
lineates how it exacerbates injury by suppressing the JAK2 
signaling pathway. These integrated findings provide critical 

Fig. 4.  Identifying core genes in the miR-381-3p target PPI network via multi-database intersection. (A) Venn diagram illustrating the overlapping target 
genes of miR-381-3p identified through intersection analysis using the StarBase, TargetScan, and miRWalk databases. (B) PPI network analysis of the candidate target 
genes to characterize interaction patterns and identify core genes within the regulatory network. PPI, protein-protein interaction.
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insights into the pathophysiology of HIR in liver transplanta-
tion and the development of novel therapeutic strategies.

Crucially, the clinical component of this investigation dem-
onstrates that serum miR-381-3p is the most significant 
independent risk factor for post-transplant HIR injury, sur-
passing conventional risk indicators such as metabolic distur-
bances, lifestyle habits, standard liver function parameters 
(ALT, AST, total bilirubin), and the MELD score. This under-
scores the unique potential of circulating miRNAs for precise 
risk stratification of transplantation-associated injuries such 
as HIR. Notably, diagnostic performance analysis confirmed 
the superior capability of miR-381-3p to discriminate pa-
tients with HIR injury. This diagnostic efficacy appears su-
perior to other potential miRNA biomarkers reported in the 
literature,28,29 highlighting the considerable translational 
promise of miR-381-3p for early non-invasive detection of 
HIR injury in liver transplantation. It is noteworthy that prior 
research has established the involvement of multiple miRNAs 
in HIR pathogenesis by regulating key processes, including 

immune-inflammatory responses and oxidative stress.30,31 
This established biological context provides a solid founda-
tion for the exceptional diagnostic value of miR-381-3p ob-
served in the present study.

Building upon the elucidation of its diagnostic value, 
the most critical mechanistic contribution of this study is 
the pioneering demonstration, within the context of liver 
transplantation-associated HIR, that miR-381-3p exerts a 
central pathogenic role by directly targeting and suppress-
ing JAK2. This finding was established using a rigorous ex-
perimental approach. Utilizing an AML12 cell H/R model that 
effectively recapitulated key features of in vivo HIR injury, 
we detected a marked upregulation of miR-381-3p. Subse-
quently, complementary evidence from multiple experimen-
tal approaches, including dual-luciferase reporter assays, 
RIP experiments, and pivotal functional rescue experiments, 
collectively defined the miR-381-3p/JAK2 axis. Specifically, 
we demonstrated direct binding of miR-381-3p to the JAK2 
3′UTR. Furthermore, miR-381-3p inhibition significantly re-
stored JAK2 expression under H/R conditions. Critically, JAK2 
knockdown abolished the protective effects of miR-381-3p 
inhibition. Taken together, these results establish JAK2 as the 
direct functional target of miR-381-3p in hepatic HIR and de-
lineate the miR-381-3p/JAK2 regulatory axis.

Furthermore, our mechanistic investigation extended be-
yond target validation to comprehensively explore the down-
stream effects of modulating this axis. JAK2, serving as the 
core kinase of the JAK–STAT signaling pathway, acts as a 
central mediator in regulating the hepatic response to injury, 
particularly inflammation.32 Our findings demonstrate that 
antagonizing miR-381-3p to activate JAK2 significantly en-
hances hepatocyte viability under H/R insult, effectively at-
tenuates apoptotic cell death, and reduces the release of key 
pro-inflammatory cytokines TNF-α, IL-6, and IL-1β. Concur-
rently, this activation ameliorates oxidative stress by dimin-
ishing ROS levels and boosting antioxidant enzyme activity. 
Critically, all the protective effects mediated by miR-381-3p 
inhibition were completely abolished upon specific knock-
down of JAK2 expression. This definitively establishes JAK2 
as the critical downstream effector mediating the detrimental 
effects of miR-381-3p, indicating that the aggravating impact 
of miR-381-3p on HIR operates primarily through JAK2 sup-
pression.

Then, the pivotal role of JAK2 as a regulatory nexus stems 
from its extensive and potent downstream signaling network. 
Activated JAK2 phosphorylates STAT proteins, modulating 
genes involved in cell survival, inflammation, and redox ho-
meostasis.5,32,33 It is precisely this capacity for pleiotropic 
modulation of multiple critical pathophysiological pathways 
that underpins the molecular basis whereby targeting the 
miR-381-3p/JAK2 axis concurrently achieves anti-inflamma-
tory, antioxidant, and anti-apoptotic protective effects in our 
cellular model. While other miRNAs have been implicated in 
regulating HIR in the liver or other organs,17,31 this study is 
the first to systematically elucidate and validate the distinct 
mechanism by which miR-381-3p exacerbates HIR associ-
ated with transplantation through its specific targeting and 
suppression of the JAK2 signaling pathway.

The robust diagnostic performance of serum miR-381-
3p, evidenced by the high AUC value, provides a compelling 
foundation for its clinical translation. Dynamic assessment 
pre- or early post-operatively may enable early identification 
and risk stratification of high-risk recipients, facilitating op-
timization of immunosuppression or timely protective inter-
ventions. Crucially, mechanistic investigations identify both 
miR-381-3p and JAK2 as promising therapeutic targets. Con-
sequently, designing antagonistic oligonucleotides specifical-

Table 3.  Top 22 hub genes in the PPI network of miR-381-3p target 
genes ranked by node degree

Node Identifier Node degree

CREBBP ENSP00000262367 18

CREB1 ENSP00000387699 10

KRAS ENSP00000256078 8

FGFR2 ENSP00000410294 7

RBPJ ENSP00000345206 7

RNF2 ENSP00000356480 7

AFF1 ENSP00000378578 6

APP ENSP00000284981 6

BDNF ENSP00000414303 6

CBL ENSP00000264033 6

CSNK2A1 ENSP00000217244 6

RYBP ENSP00000419494 6

YY1 ENSP00000262238 6

CRK ENSP00000300574 5

DDX6 ENSP00000478754 5

EPB41 ENSP00000345259 5

FRS2 ENSP00000447241 5

CDC73 ENSP00000356405 4

DCAF7 ENSP00000483236 4

GNB4 ENSP00000232564 4

HMGCR ENSP00000287936 4

JAK2 ENSP00000371067 4

CREBBP, CREB binding protein; CREB1, cAMP responsive element binding pro-
tein 1; KRAS, Kirsten rat sarcoma viral oncogene homolog; FGFR2: fibroblast 
growth factor receptor 2; RBPJ, recombination signal binding protein for immu-
noglobulin kappa J region; RNF2, ring finger protein 2; AFF1, AF4/FMR2 family 
member 1; APP, amyloid beta precursor protein; BDNF, brain-derived neuro-
trophic factor; CBL, Casitas B-lineage lymphoma; CSNK2A1, Casein kinase 2 
alpha 1; RYBP, RING1 and YY1 binding protein; YY1, Yin Yang 1; CRK, CRK 
proto-oncogene, adaptor protein; DDX6, DEAD-box helicase 6; EPB41, Eryth-
rocyte membrane protein band 4.1; FRS2: FGF receptor substrate 2; CDC73, 
Cell division cycle 73; DCAF7, DDB1 and CUL4 associated factor 7; GNB4, G 
protein subunit beta 4; HMGCR, 3-hydroxy-3-methylglutaryl-CoA reductase; 
JAK2, Janus kinase 2.
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ly targeting miR-381-3p, or administering approved or inves-
tigational JAK2 agonists or pathway activators within defined 
therapeutic windows, may emerge as innovative strategies to 
mitigate HIR in grafted livers.

Clinical translation of miR-381-3p remains incomplete. 
Rigorous validation demands large-scale, multicenter, pro-
spective studies. Only these trials can establish a reliable 
diagnostic threshold. Comprehensive studies are needed to 
delineate its dynamic expression profiles, optimal sampling 
time points, and integrative application with existing clinical 
indicators. Therapeutically, organ-specific delivery systems, 
dosing regimens, long-term safety, and potential impacts on 
transplant immunity warrant systematic evaluation in clini-
cally relevant animal transplantation models.

Conclusions
Serum miR-381-3p serves as a novel diagnostic marker and 

an independent risk indicator for HIR in liver transplantation. 
Mechanistically, miR-381-3p inhibition alleviates HIR-associ-
ated pathological damage. Conversely, miR-381-3p-mediated 
suppression of JAK2 promotes cellular injury, inflammation, 
and oxidative stress. These results establish a basis for creat-
ing early diagnostic assays and targeted therapies for HIR.
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