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Abstract 

Background  Acute Osteofascial Compartment Syndrome (AOCS) stands as a critical surgical emergency, often 
secondary to various diseases. Its clinical manifestation arises from increased pressure within the fascial compart-
ment, resulting in diminished tissue perfusion and consequential ischemic damage. Presently, clinical diagnostics lack 
effective biological markers, and patients face a grim prognosis, experiencing muscle contractures, necrosis, amputa-
tions, renal failure, and even mortality. The primary treatment, fasciotomy, poses infection risks and potential nerve 
damage. Hence, there is an urgent need for research elucidating AOCS’s pathogenic mechanism and exploring novel 
treatments.

Methods  To address this, we established a rat model of AOCS, extracting toe flexor muscles from both experimental 
and control groups. Employing second-generation high-throughput sequencing, we obtained comprehensive mRNA, 
lncRNA, circRNA, and miRNA data. Comparative analysis of expression differences between AOCS and control groups, 
followed by in-depth examination, allowed us to unravel the intricacies of AOCS occurrence from a multi-omics 
perspective.

Results  Our research findings indicate that AOCS is an immune-mediated inflammatory disease, primarily involving 
immune cells, especially neutrophils. In addition, genes associated with ferroptosis, a form of regulated cell death, are 
found to be upregulated in the rat model, with non-coding RNAs playing a role in regulatory interactions.

Conclusions  These results suggest that neutrophils may undergo ferroptosis, thereby enhancing inflammation 
and immune responses in the fascial compartment, which promotes disease progression. Furthermore, these findings 
reveal the interactions between immune molecules and pathways in AOCS, which are significant for a deeper under-
standing of the pathogenesis of the disease and the development of targeted therapeutic strategies.

Keywords  Acute osteofascial compartment syndrome, Ischemic damage, High-throughput sequencing, Ferroptosis, 
CGAS–STING

Introduction
Acute osteofascial compartment syndrome (AOCS) is 
a surgical emergency that can arise as a secondary con-
dition to various diseases. It manifests as increased 
pressure within the fascial compartment, leading to 
decreased tissue perfusion and resulting in ischemic 
damage to the fascial compartment tissues [1]. The most 
common primary cause of acute lower limb osteofascial 
compartment syndrome is traumatic fractures, followed 
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by non-fracture soft tissue injuries and vascular-related 
diseases [1–4].

Despite nearly 130  years of research on acute lower 
limb osteofascial compartment syndrome, its diagnosis 
remains a significant challenge [1]. Currently, there is a 
lack of effective biological diagnostic markers in clini-
cal practice. The clinical prognosis is unfavorable, with 
patients often experiencing muscle contractures, necro-
sis, amputations, renal failure, and even death [1, 5]. The 
main treatment for acute lower limb osteofascial com-
partment syndrome is fasciotomy to alleviate the high 
pressure within the fascial compartment. However, for 
late-stage AOCS patients, fasciotomy may increase the 
risk of infections [6]. In addition, nerve damage is a com-
mon complication of fasciotomy treatment [7]. The diag-
nostic and therapeutic methods for AOCS are limited 
and challenging to meet clinical needs. Therefore, there 
is an urgent need for in-depth research on the pathogenic 
mechanisms and new therapeutic targets for AOCS.

One of the pathological mechanisms of acute lower 
limb osteofascial compartment syndrome is ischemia and 
reperfusion injury (IRI) [1]. Abnormal skeletal muscle 
metabolism is a crucial early event in AOCS injury [8]. 
Studies have shown that improving tissue metabolism 
can effectively alleviate skeletal muscle ischemia–rep-
erfusion injury, increase muscle tension, and reduce the 
production of oxidative stress and inflammatory factors 
[9]. However, there is currently a lack of specific drugs 
for the treatment of acute lower limb osteofascial com-
partment syndrome. With a wealth of genomic informa-
tion accumulating in the era of "big data" in biomedical 
research [10, 11], we established a rat model of AOCS. 
We extracted the toe flexor muscles from the experimen-
tal and control groups of rat hind legs, performed sec-
ond-generation high-throughput sequencing, obtained 
mRNA, lncRNA, circRNA, and miRNA sequencing data, 
compared the expression differences between AOCS 
and control groups, and conducted in-depth analysis to 
unravel the occurrence process of AOCS from a multi-
omics perspective. In this process, the potential role of 
the cGAS–STING pathway is particularly noteworthy. 
Literature reports indicate that the cGAS–STING path-
way plays a critical role in sensing intracellular DNA 
damage and maintaining immune homeostasis [12]. 
Meanwhile, the cGAS–STING pathway also partici-
pates in immune response modulation in inflammatory 
diseases [13, 14], especially in response to cellular dam-
age, self-DNA leakage, or pathogen infection. Ischemia–
reperfusion injury leads to cellular damage and death, 
releasing a large amount of intracellular DNA. These 
DNA fragments may activate the cGAS–STING pathway 
and further modulate immune responses and inflam-
matory reactions. Therefore, researching the role of 

the cGAS–STING pathway in AOCS not only aids in a 
deeper understanding of its pathological mechanisms but 
may also offer new insights for the development of tar-
geted therapeutic strategies. This is especially relevant 
in seeking potential targets to alleviate skeletal muscle 
ischemia–reperfusion injury, reduce oxidative stress, and 
decrease the production of inflammatory factors.

Materials and methods
Experimental design flowchart
The experimental design of this study is summarized in 
the flowchart (Fig. 1).

Establishment of animal model
Acute osteofascial compartment syndrome (AOCS) animal 
model, including: ligation section and monitoring section
The ligation section includes: cotton thread and vas-
cular forceps. The cotton thread is used to tie the base 
of the rat’s thigh, and vascular forceps assist in secur-
ing the knot during ligation. The monitoring section 
includes: scalp needle (size 8#), disposable infusion 
set, saline (100  mL/bottle), disposable pressure sensor 
(PX2600YZB/USA 3717-2015), electrocardiogram (ECG) 
monitor (e.g., Mindray 115–021306-00/PHILIPS). The 

Fig. 1  Experimental design flowchart
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scalp needle is connected to saline via a disposable infu-
sion set, then linked to the pressure transducer through 
a three-way connector. The pressure transducer is con-
nected to the ECG monitor, which reads ICP and dias-
tolic blood pressure (DBP). Δp (Δp = DBP–ICP) can be 
calculated accordingly (Fig. 2).

Procedure for establishing the acute osteofascial 
compartment syndrome model:

a.	 400–500  g SD rats were fasted for 12  h before the 
experiment, with free access to water.

b.	 During the experiment, rats were weighed, and intra-
peritoneal injection of chloral hydrate anesthesia was 
administered. The concentration of chloral hydrate 
was 10%, and the dosage was 30–50 mg/kg to main-
tain anesthesia throughout the experiment.

c.	 Measure the circumference C1 of the knee joint at 
the base of the thigh using a soft ruler. Use cotton 
thread to tie the thigh near the base to block blood 
flow to the lower limbs. Assist in securing the knot 
with vascular forceps, ensuring that the circumfer-
ence of the thigh base after ligation is C2 = C1 × 1/2.

d.	 Specific steps for measuring Δp are as follows:

① Shave the hair on the lower limbs of the rat. After 
routine disinfection, take a point 1  cm above the 
ankle joint of the rat as the puncture site. Perform a 
45° angle puncture and measure the pressure using 
the vertical pressure measurement method until the 

water column is balanced and temporarily close the 
water column through the three-way connector.
② Connect the vertical water column pressure meas-
urement device to the pressure transducer through 
a three-way connector. Connect the pressure trans-
ducer to the ECG monitor using the ECG monitor 
cable. Place the pressure transducer at the same level 
as the limb to be measured and zero it.
③ Open the three-way connector to connect the 
vertical water column to the pressure transducer. 
Read ICP through the ECG monitor.
④ Use a indwelling needle for carotid artery punc-
ture, insert an infusion tube into the carotid artery, 
and monitor DBP using the same method.
⑤ Calculate Δp.

Observe for 12 h; if during this period Δp < 30 mmHg 
and the duration is > 2  h, consider the model estab-
lished successfully, confirming the occurrence of Acute 
Compartment Syndrome (AOCS) [15, 16]. If Δp is still 
not < 30  mmHg after 12  h, perform a second ligation at 
the same location as the first ligation, making the post-
ligation thigh base circumference C3 = C1 × 1/2. Con-
tinue monitoring until Δp < 30 mmHg, and the duration 
is > 2 h.

	 1.	 Rat
	 2.	 Indwelling needle and infusion tube
	 3.	 Ligation site at the base of the thigh
	 4.	 Scalp needle
	 5.	 Disposable infusion set

Fig. 2  Schematic diagram of the animal model structure
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	 6.	 Three-way connector
	 7.	 Pressure transducer
	 8.	 Saline solution
	 9.	 ECG monitor cable
	10.	 ECG monitor

Experimental grouping
The experiment is divided into two groups: the experi-
mental group and the control group. The experimental 
group undergoes modeling treatment, while the control 
group receives no treatment.

Sequencing analysis
Three rats are included in each of the experimental 
and control groups. When the Δp of rats in the experi-
mental group is < 30  mmHg, and the duration is > 2  h, 
diagnosing the occurrence of Acute Compartment 
Syndrome (AOCS) indicates successful modeling. Toe 
flexor muscles from the rat hind legs are collected for 
second-generation high-throughput sequencing. Total 
RNA is extracted using the miRNeasy Mini Kit (Ger-
many). cDNA library construction and sequencing are 
performed using the Illumina HiSeq2000 sequencer at 
a biotechnology company in Shanghai, China. The raw 
sequencing reads are mapped to the Sscrofa11.1 refer-
ence genome. Transcript expression is quantified in Frag-
ments Per Kilobase of exon model per Million mapped 
reads (FPKM). Differential gene expression levels are 
identified using EdgeR [17]. The q value BioConductor 
package is utilized to adjust P values for differential gene 
expression by controlling the False Discovery Rate (FDR). 
Genes with q ≤ 0.05 and a fold change ≥ 2 are defined as 
differentially expressed genes (DEGs). The ClusterPro-
filer R package is employed for GO functional enrich-
ment analysis and KEGG pathway enrichment analysis of 
DEGs. Entries with q ≤ 0.05 are considered significantly 
enriched.

Protein–protein interaction (PPI) network analysis
The STRING online tool (https://​string-​db.​org/​cgi/​input.​
pl) is used to construct a DEGs PPI network with a con-
fidence score > 0.4 [18, 19]. Subsequently, data on the 
HO-1 gene and its associated genes are imported into 
Cytoscape (version 3.6.0, http://​chian​ti.​ucsd.​edu/​cytos​
cape-3.​6.0/) for analyzing the interaction relationships 
among genes, as well as the proteins they encode, and for 
visualization.

Clustering algorithm
Unsupervised consensus clustering is performed on the 
prognosis NRG (p < 0.05) expression profiles using the 
"ConsensusClusterPlus" package. The optimal number 

of clusters is determined based on cumulative distribu-
tion curves and K-means. Principal Component Analysis 
(PCA) confirms the effectiveness of the clustering.

Pathway enrichment analysis
The "limma" package (FDR < 0.05, log2 (FC) > 1) is uti-
lized to detect differentially expressed genes (DEGs) 
between high and low-risk groups. Subsequently, using 
"c2.cp.kegg.v7.4.symbols.gmt" as the default gene set, 
the "clusterProfiler" package is employed for Gene Set 
Enrichment Analysis (GSEA) and Gene Ontology (GO) 
enrichment analysis of different risk groups. In addition, 
"h.all.v7.5.1.symbols.gmt" serves as the default gene set 
for Gene Set Variation Analysis (GSVA) using the "GSVA" 
package, exploring heterogeneity in various biologi-
cal processes. The t value indicates differences in path-
way activity between high-risk and low-risk groups. The 
results of the enrichment analysis are visualized using the 
"ggplot2" and "GseaVis" packages.

RT‑PCR
Total RNA was extracted from skeletal muscle tissue 
using the TRIzol RNA extraction kit (Bioengine, Shang-
hai, China). The concentration and purity of the RNA were 
determined using a NanoDrop spectrophotometer (Thermo 
Fisher Scientific, USA). cDNA was synthesized from the 
extracted RNA using a reverse transcription kit (Bioen-
gine, Shanghai, China). PCR amplification was performed 
on the Applied Biosystems QuantStudio 3&5 Real-Time 
PCR System (Thermo Fisher Scientific, USA) to detect the 
mRNA levels of relevant genes, including Gpx4, Edn1, Egr1, 
Il1b, Hp, Junb, Jund, Nos2, Nod2, Homx1, Slc39a14, Ptprc, 
Nfkbiz, IL33, Cxcl1, and Cxcr2, with β-actin serving as the 
internal control for normalization. The relative expression 
levels were calculated using the 2^-ΔΔCT method. The 
qRT-PCR reaction conditions were as follows: an initial 
denaturation at 95  °C for 3  min, followed by 40 cycles of 
95 °C for 5 s and 60 °C for 20 s. The primers for each gene 
were synthesized by Sangon Biotech (Shanghai, China), and 
their sequences are listed below: Nod2, forward, 5’-GCT​
CAG​TCT​CGC​TTC​CTC​AGTAC-3’,reverse, 5’-CCG​CAG​
CTC​TAA​GGT​GTT​CTCC-3’; Cxcr2,forward,5’-TGG​TCC​
TCG​TCT​TCC​TGC​TCTG-3’,reverse,5’-CGT​TCT​GGC​
GTT​CAC​AGG​TCTC-3’; Cxcl1,forward,5’-GCA​GAC​AGT​
GGC​AGG​GAT​TCAC-3’,reverse, 5’-TGA​GTG​TGG​CTA​
TGA​CTT​CGG​TTT​G-3’; IL33, forward, 5’-GCG​TTT​GCT​
GCA​TCA​GTT​GACAC-3’,reverse,5’-AGA​TTG​GTC​GTT​
GTA​TGT​GCT​CAG​G-3’; Nfkbiz, forward, 5’-GAT​CGT​
GGA​CAA​GCT​GCT​GGAC-3’, reverse, 5’-AGG​CGA​GGC​
TCC​GTA​GAA​GTAAG-3’; Ptprc, forward, 5’-GGC​AAG​
GAA​CAA​CCG​ACG​ATGG-3’,reverse,5’-CTT​GGC​TGC​
TGA​GTG​TCT​GAGTG-3’; Gpx4, forward, 5’-AGG​CAG​
GAG​CCA​GGA​AGT​AATC-3’, reverse, 5’-ACC​ACG​CAG​

https://string-db.org/cgi/input.pl
https://string-db.org/cgi/input.pl
http://chianti.ucsd.edu/cytoscape-3.6.0/
http://chianti.ucsd.edu/cytoscape-3.6.0/
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CCG​TTC​TTA​TC-3’; Hmox1, forward, 5’-GGG​TCA​GGT​
GTC​CAG​GGA​AGG-3’,reverse,5’-TGG​GTT​CTG​CTT​GTT​
TCG​CTC​TAT​C-3’; Slc39a14, forward, 5’-TGT​GTC​TGT​
CTT​CCA​AGG​CAT​TAG​C-3’, reverse, 5’-ACC​AGC​ATT​
GAG​CAG​GAT​AAC​GAA​G-3’; Nos2, forward, 5’-TCT​TGG​
AGC​GAG​TTG​TGG​ATT​GTT​C-3’, reverse, 5’-AGT​GAT​
GTC​CAG​GAA​GTA​GGT​GAG​G-3’; Jund, forward, 5’-CGG​
ATC​TTG​GGC​TGC​TCA​AACTC-3’, reverse, 5’-TCG​GCG​
AAC​TCC​TGC​TCC​TC-3’; Junb, forward, 5’-ACA​AAC​TCC​
TGA​AAC​CCA​CCT​TAG​C-3’, reverse, 5’-CCT​GCC​CCA​
CTG​CCC​TCT​G-3’; Hp, forward, 5’-ACA​GTG​AGA​ATG​
CGA​CAG​CCAAG-3’,reverse,5’-TCA​GCC​CGA​TAT​CCA​
CCA​CAGAG-3’; Egr1, forward, 5’-GCC​AGG​AGT​GAT​
GAA​CGC​AAGAG-3’, reverse, 5’-GGA​TGG​GTA​GGA​AGA​
GAG​GGA​AGA​G-3’; Edn1, forward, 5’-CTT​CTG​CCA​CCT​
GGA​CAT​CAT​CTG​-3’,reverse,5’-CTG​TTC​CCT​TGG​TCT​
GTG​GTC​TTT​G-3’; Il1b, forward, 5’-AAT​CTC​ACA​GCA​
GCA​TCT​CGA​CAA​G-3’, reverse, 5’-TCC​ACG​GGC​AAG​
ACA​TAG​GTAGC-3’; β-actin, forward, 5’-TGT​CAC​CAA​
CTG​GGA​CGA​TA-3’,reverse, 5’-GGG​GTG​TTG​AAG​GTC​
TCA​AA-3’。

Statistical method
All results are presented as mean ± standard deviation 
(S.D.) and analyzed using GraphPad Prism 9.0 software 
(GraphPad Software, La Jolla, California, USA). Com-
parisons between two groups are performed using an 
unpaired t test, with results expressed as mean ± stand-
ard deviation and illustrated with bar graphs. A p value of 
less than 0.05 is considered statistically significant.

Results
Establishment of AOCS rat model and study of long flexor 
muscle mRNA expression
In each of the experimental and control groups, there 
were 3 rats (ji1,2,3 for the experimental group, ji4,5,6 for 
the control group). When the △p of rats in the experi-
mental group was < 30 mmHg, and the duration was > 2 h, 
AOCS was diagnosed, indicating the successful modeling 
(Fig.  2A). Toe flexor muscles from the hind legs of rats 
in the experimental and control groups were subjected 
to second-generation high-throughput sequencing. Ini-
tially, mRNA samples were analyzed, and correlation 
analysis showed high transcription specificity between 
different samples in both the experimental and control 
groups. In different mapping distributions, the map-
ping ratio of genes in different samples was consistently 
above 70% (Fig.  3A). In addition, sequencing depth was 
similar between different samples (Fig.  3B, C). Three-
dimensional PCA analysis indicated a good cluster-
ing of samples from both the experimental and control 
groups. Gene expression difference analysis revealed 
that compared to the control group, the muscles in the 

experimental group had 247 genes significantly downreg-
ulated and 415 genes significantly upregulated (Fig. 3D). 
Functional enrichment analysis indicated that the upreg-
ulated genes were primarily associated with inflamma-
tion, immune cell activation and migration, and immune 
chemotaxis-related processes (Fig.  3E, F), including 
genes, such as Il1b, Cxcl3, Cxcl2, Il6, Il1r2, and others. 
Specific to activated cell types and signaling pathways, 
infiltration and migration of neutrophils and enrichment 
of the MAPK signaling pathway, such as high expression 
of the fos gene, were observed. Hypoxic response was also 
a significant characteristic expression pattern, with genes 
like Edn1, Egr1, Hp, Il1b, Junb, Jund, Nos2 showing high 
expression in AOCS muscles. Furthermore, attention was 
drawn to programmed cell death, prominently positioned 
in the GO enrichment results, with related genes includ-
ing Nod2, Homx1, and Slc39a14. Previous studies have 
suggested that Homx1 and Slc39a14 are involved in the 
regulation of iron death [20]. Protein–protein interaction 
analysis revealed that proteins encoded by upregulated 
genes in the AOCS group were mostly related to immune 
cells (Fig.  3G), such as the interaction of Ptprc with 
other genes. Ptprc serves as a specific marker protein for 
immune cells. In addition, protein Nfkbiz in the NF-kB 
signaling pathway interacts with IL33 receptor, as well as 
interactions between inflammatory chemokines Cxcl1/
Cxcr2, collectively indicated that AOCS is an inflamma-
tory disease involving the immune system.

KEGG enrichment analysis of upregulated genes 
in the AOCS group
Based on the KEGG pathway analysis of upregulated 
genes in the AOCS group, we found that the predomi-
nantly enriched pathways were related to the immune 
system and signal transduction. In addition, metabo-
lism and endocrine pathways also held significant posi-
tions (Fig. 4A). This suggests that the upregulated genes 
in AOCS may originate from the expression of immune 
cells, and their functions may involve signaling and func-
tional activation of immune cells. Specifically in terms of 
signaling pathways, we observed that tuberculosis and 
other bacterial infections were among the top pathways 
(Fig. 4B), and the activation of the TNF signaling pathway 
and NF-kappa B signaling pathway was significant. The 
enrichment of cytokine–cytokine receptor interaction 
was the highest, consistent with the classification results 
of signaling transduction. Bacterial infection enrich-
ment is generally associated with neutrophils. After neu-
trophils are activated, they release granule proteins and 
chromatin, which together form extracellular fibers that 
can bind to both Gram-positive and Gram-negative bac-
teria. These neutrophil extracellular traps (NETs) can 
degrade bacterial virulence factors and kill bacteria [21].
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Fig. 3  Differently expressed genes between AOCS groups and Ctrl groups (ji1,2,3 for the experimental group, ji4,5,6 for the control group). A, 
B Quality of mRNA expression sequence in the rat AOCS model. C PCA analysis of 6 samples for RNA seq data. D Heatmap showed the DEGs 
in AOCS groups compared with Ctrl groups.: The branch tree on the left side of the heat map indicates the clustering of gene expression patterns, 
with genes with similar expressions grouped together; red indicates high gene expression log2FoldChange > 0, and green indicates low gene 
expression log2FoldChange < 0; the branch tree at the top of the heat map indicates the clustering relationship between samples: ji1, 2, 3 are 
experimental groups, and ji4, 5, 6 are control groups. E, F GO enrichment analysis of upregulated in AOCS groups. G PPI analysis for upregulated 
genes in AOCS groups: the size of the node is proportional to the degree of interaction of the protein. The higher the degree of interaction, 
the larger the node, indicating that the protein is an important hub in the network; the connecting line indicates the direct interaction verified 
by the experiment
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Changes in the expression of lncRNA, circRNA, and miRNA 
in the AOCS group
Although we have gained a lot of new knowledge from 
the differential expression analysis of mRNA, we hope 
to further analyze the pathogenesis of AOCS by delv-
ing into non-coding RNA. The central dogma is well 
known to us all, but traditional central dogma can no 
longer completely summarize the genetic rules as the 

discovery of non-coding RNA continues. Investigat-
ing its functions has become imperative [22]. Eukary-
otic genomes contain a large amount of non-coding 
DNA, even exceeding 97% in humans. In the past, these 
sequences were thought to have no function and were 
thus labeled as "junk" DNA. These "junk DNA" mainly 
includes introns, simple repeat sequences, mobile 
sequences, and their remnants.

Fig. 3  continued
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Fig. 3  continued
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Fig. 4  A, B KEGG enrichment analysis of upregulated in OCS groups
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Research indicates that these DNA sequences that do 
not directly produce proteins play an equally impor-
tant role in life activities. Most non-coding DNA plays 
an essential role in the effective activity of the corre-
sponding genes. Common regulatory non-coding RNAs 
include MicroRNA, long non-coding RNA, and circular 
RNA [23–25].

First, we analyzed long non-coding RNA and found 
that lncRNA exhibited consistency with mRNA expres-
sion, with the ratio of transcripts tending to be consist-
ent across different exons (Fig.  5A), suggesting that 
lncRNA may be involved in the expression regulation of 
these differentially expressed genes. Differential expres-
sion analysis revealed upregulation or downregulation 
of lncRNA in both the experimental and control groups 
(Fig.  5B). Based on database analysis, we predicted the 
genes that these differentially expressed lncRNAs might 
target. Functional enrichment analysis of these predicted 
genes showed that they are associated with biologi-
cal processes, such as oxidative stress respiratory chain, 
secretion of inflammatory factor IL8, NK cell killing, and 
phospholipid catalysis (Fig. 5D). The analysis of lncRNA–
mRNA interactions indicated that lncRNA interacts 
with the CD45 protein, participating in the regulation of 
immune cells, and is associated with genes in the MAPK 
signaling pathway, such as Junb (Fig. 5D).

Circular RNA is a type of non-coding RNA formed by 
reverse splicing of pre-mRNAs and is abundantly pre-
sent. circRNAs share properties similar to lncRNAs, par-
ticipating in transcription and translation regulation, and 
can function as "miRNA-sponges." Compared to the con-
trol group, differential circRNA can obtain parental gene 
information (Fig.  6A). The GO functional enrichment 
analysis of the parental gene of diff_circRNA revealed 
associations with metal ion binding, cytoskeletal protein 
binding and assembly, and smooth muscle cell develop-
ment, possibly related to stress responses in muscle cell 
inflammation (Fig.  6B). KEGG analysis suggested that 
these circRNAs may be associated with ubiquitin-medi-
ated protein hydrolysis, cell engulfment, and metabolism 
(Fig. 6C).

miRNA downregulates the expression of target gene 
mRNA in the cytoplasm by binding to the seed region of 
the 3’-UTR, representing its classical biological function. 
Functional enrichment analysis of the predicted miRNA-
targeted mRNAs differentially expressed in AOCS 
revealed associations with ankyrin binding and glycerol 
kinase activity (Fig.  6D). KEGG analysis indicated that 
these miRNAs may be associated with Wnt signaling, 
Vegf signaling, and MAPK signaling (Fig. 6E).

mRNA–miRNA–lncRNA integrated analysis
To depict the complex biological processes during the 
onset of AOCS, we further conducted an integrated anal-
ysis of mRNA–miRNA–lncRNA (Fig.  7). We observed 
that iron-death-related genes, such as Slc39a14, and 
their family proteins like Slc4a1 and Slc7a8, are involved 
in interactions with non-coding RNAs, suggesting the 
involvement of iron death in the pathogenesis of AOCS. 
In addition, proteins related to the MAPK signaling path-
way (dusp5), inflammation-related receptor (Ifnlr1), and 
transcription factor (runx3) showed interaction associa-
tions with miRNA–lncRNA, indicating potential regula-
tory functions of non-coding RNAs in the pathogenesis 
of AOCS.

RT‑qPCR analysis of gene expression in AOCS rat model
To further elucidate the expression profile of relevant 
genes, we performed real-time quantitative PCR (RT-
qPCR). Our findings demonstrated that, compared to 
the control group, there was a significant upregulation 
of Edn1, Egr1, Hp, Il1b, Junb, Jund, Nos2, Nod2, Homx1, 
Slc39a14, Ptprc, Nfkbiz, IL33, Cgas, Sting, Cxcl1, and 
Cxcr2 mRNA levels in the AOCS rat model (Fig.  8A). 
These results are consistent with second-generation high-
throughput sequencing data, reinforcing the reliability of 
the sequencing outcomes and suggesting involvement in 
processes related to inflammation, hypoxia, immune cell 
activation and migration, and chemotaxis in AOCS. Con-
versely, a downregulation of Gpx4 mRNA suggests the 
occurrence of ferroptosis in AOCS (Fig. 8B).

Discussion
Based on multi-omics sequencing of the rat AOCS 
model, we have identified AOCS as an inflammatory 
condition mediated by the immune system. In our func-
tional enrichment analysis of sequencing data as well as 
through protein interaction analysis, we observed that 
the proteins encoded by the upregulated genes in the 
AOCS group were mainly associated with immune cells, 
and the upregulated genes were mainly related to inflam-
matory response and immune response, including genes, 
such as Edn1, Egr1, Hp, Il1b, Junb, Jund, Nos2, Nod2, 
Homx1, Slc39a14, Ptprc, Nfkbiz, IL33, Cxcl1 and Cxcr2.

Recently, the cGAS–STING pathway has been exten-
sively studied, gradually unveiling its role in regulat-
ing inflammatory responses and maintaining immune 
balance [26–29]. In the context of inflammatory dis-
eases, the regulation of immune cell functions, such as 
those of macrophages and neutrophils, is crucial to dis-
ease progression [30, 31]. This study’s findings show an 
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Fig. 5  A Exon count distribution between lncRNA and mRNA. B Diff_lncRNA between group 1 and group 2. C GO enrichment analysis for lncRNA 
targeted mRNAs(predicted). D diff_mRNA and lncRNA co-expression
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enrichment of gene functions associated with neutrophil 
migration in AOCS, indicating Ptprc, Nfkbiz, and IL-33 
as key molecules regulating these immune cell functions. 

Thus, we can reasonably infer that Ptprc, Nfkbiz, and 
IL-33 may influence immune functionality and, conse-
quently, inflammation and disease progression through 

Fig. 6  A–C circRNA GO, KEGG enrichment for diff_ circRNA parental gene. D, E GO enrichment analysis for miRNA targeted mRNAs (predicted)
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Fig. 6  continued
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direct or indirect regulation of the cGAS–STING path-
way. Ptprc, a specific marker protein for immune cells 
and acting as a tyrosine phosphatase, is essential for 
T cell and B cell receptor signal transduction, regulat-
ing immune cell activation and function. Ptprc finely 
tunes the intracellular signaling pathways of immune 
cells through the dephosphorylation of specific sub-
strates, thereby affecting the immune response. The 
cGAS–STING pathway represents a critical intracellular 
DNA-sensing mechanism that, upon detecting abnor-
mal DNA (such as DNA released during viral infection 
or cell damage), activates STING through the secondary 
messenger cGAMP, leading to the production of IFNβ 
and an inflammatory response [32]. This pathway plays 
a key role in defending against viral infections and regu-
lating autoimmune responses [12]. Although the direct 
interaction between Ptprc and the cGAS–STING path-
way is not well-documented, it is plausible that Ptprc 
could indirectly affect the cGAS–STING pathway’s 
activity by influencing the signaling environment within 
immune cells. It is believed that Ptprc can regulate sign-
aling pathways, such as JAK/STAT and MAPK, which 
are closely associated with downstream signaling of the 

cGAS–STING pathway [33–35]. Accordingly, Ptprc 
could affect the activity of downstream effectors like IRF3 
and TBK1 in the cGAS–STING pathway, key molecules 
responsible for producing IFNβ and, thereby, influencing 
the release of IFNβ and inflammatory factors.

Moreover, it is worth noting that our study results show 
upregulated expression of Nfkbiz and IL-33 in the experi-
mental group compared to the control group. Research 
indicates that the NF-κB signaling pathway is one of the 
key pathways regulating cell survival, inflammation, and 
immune responses [36]. By modulating the NF-κB path-
way, Nfkbiz may indirectly impact the activation and 
function of the cGAS–STING pathway. IL-33 activates 
downstream signaling through binding with its specific 
receptor ST2, thereby activating NF-κB and MAPK sign-
aling pathways, leading to inflammatory responses and 
Th2-type immune reactions [37]. Therefore, we speculate 
that Nfkbiz and IL-33 may indirectly affect the activity 
of the cGAS–STING pathway by affecting the signal-
ing environment within immune cells. It is posited that 
the activation of the NF-κB pathway, by promoting the 
expression of inflammatory cytokines, chemokines, and 
interferon-stimulated genes (ISGs), could influence the 

Fig. 6  continued
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functionality of the cGAS–STING pathway [38]. In the 
inflammatory environment, the upregulation of Nfkbiz 
and IL-33 may alter the local concentrations of cytokines 
and chemokines, potentially affecting the cGAS–STING 
pathway’s activity. Inflammatory mediators regulated 
by Nfkbiz could enhance or inhibit the phosphorylation 
state of STING, impacting its signaling efficiency. Condi-
tions of hypoxia and ischemia triggered by AOCS, as well 
as the inflammatory environment, can lead to cellular 

stress and DNA damage. The hypoxia and ischemia state 
and inflammatory environment caused by AOCS can lead 
to cellular stress and DNA damage. Ischemia can lead 
to mitochondrial dysfunction, blockage of the electron 
transport chain and subsequent ROS production [39, 40]. 
Second, ischemia causes tissue damage, releases damage-
associated molecular patterns (DAMPs), and recruits 
immune cells, such as neutrophils and macrophages. 
These cells activate NADPH oxidase to generate a large 

Fig. 7  Conjoint analysis of mRNA, miRNA and lncRNA. (This figure shows how non-coding RNA participates in the pathogenesis of AOCS 
by regulating ferroptosis genes and signaling pathway genes (such as MAPK, inflammatory receptors, and transcription factors).)
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Fig. 8  A, B PCR analysis of related gene expression. Significance levels: *p < 0.05, **p < 0.01, ***p < 0.001. C Mechanistic linkage of ferroptosis-related 
genes with cGAS–STING and NF-κB pathways
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Fig. 8  continued
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amount of ROS, further aggravating oxidative stress 
[41, 42]. The activation of the NF-κB pathway is closely 
related to the cell’s response to DNA damage and stress. 
This response, by influencing the cell’s DNA-sensing 
mechanisms like the activity of cGAS [43], indirectly 
modulates the activation of the cGAS–STING pathway. 
Nfkbiz and IL-33 may regulate the cell’s response to stress 
and damage, indirectly impacting the cGAS–STING 
pathway’s activation. The release of DAMPs (Damage-
Associated Molecular Patterns) during cellular stress or 
damage could affect the activation state of the cGAS–
STING pathway, modulating the immune cell response 
[44]. Overall, Nfkbiz and IL-33 play critical roles in the 
NF-κB signaling pathway, affecting immune responses 
through the regulation of inflammatory cytokine pro-
duction and release, and play essential functions in the 
inflammatory environment of AOCS. Nfkbiz, by control-
ling NF-κB activity, influences the expression of inflam-
matory genes, regulating immune cell functionality and 
inflammation. In contrast, IL-33, as a pro-inflammatory 
cytokine, activates its receptor ST2 and further activates 
downstream signaling molecules like MyD88, IRAK, and 
TRAF6, ultimately activating the NF-κB and MAPK sign-
aling pathways, promoting the production of inflamma-
tory factors and Th2-type immune responses. In AOCS, 
the inflammatory response triggered by tissue injury 
activates the Nfkbiz and IL-33/ST2 axis, affecting the dis-
ease process by regulating post-injury inflammation and 
immune response. This mechanism may indirectly affect 
the activation state of the cGAS–STING pathway by reg-
ulating the release of DAMPs. DAMPs, as critical factors 
in activating the cGAS–STING pathway [45], may regu-
late immune cell responses, including the production of 
IFN? and inflammatory factors, thereby further affecting 
inflammation and immune regulation in AOCs. This sug-
gests that the regulatory effects of Nfkbiz and IL-33/ST2 
axis through the NF-闎 pathway may be closely related to 
the cGAS–STING pathway, providing a new perspective 
for understanding the interaction of signaling pathways 
in inflammation and immune function (Fig. 8).

Moreover, this study showed that the expression of 
Cxcl1 and Cxcr2 in the experimental group was higher 
than that in the control group. The chemokine Cxcl1 
and its receptor Cxcr2 play a key role in the migration 
and activation of immune cells, such as neutrophils, 
significantly affecting local and systemic inflamma-
tory responses [46]. These chemokines further exacer-
bate inflammation by attracting immune cells to sites 
of inflammation or injury. As an important mechanism 
for sensing abnormal intracellular DNA, the cGAS–
STING pathway can enhance pathogen defense and 
regulate immune responses by activating the release of 
IFN? and inflammatory factors. In AOCS, tissue damage 

and DAMP release caused by ischemia may activate the 
cGAS–STING pathway, promote the production of IFN? 
and inflammatory mediators, and trigger the aggrega-
tion and activation of more immune cells. At the same 
time, the activation of the Cxcl1/Cxcr2 axis enhances the 
migration of neutrophils to damaged areas and exacer-
bates the inflammatory response. This suggests that the 
two pathways may interact in AOCS-related inflamma-
tion and jointly regulate the intensity and duration of 
immune responses and inflammation. Although direct 
evidence is limited, these mechanisms are consistent with 
our findings, revealing the important interaction between 
the Cxcl1/Cxcr2 axis and the cGAS–STING pathway in 
the inflammatory environment of AOCS, which has a 
profound impact on the course of the disease.

During the functional enrichment analysis of upregu-
lated genes in the inflammatory process, a significant 
involvement of programmed cell death was observed. 
Notably, Homx1 and Slc39a14 were identified as par-
ticipants in the regulation of iron death, suggesting the 
potential involvement of the iron death process in the 
pathogenesis of AOCS. In AOCS samples, Slc39a14 
showed high expression. Slc39a14 belongs to the SLC39/
ZIP family and functions as a transmembrane protein 
involved in the transport of a broad spectrum of metal 
ions, mediating cellular uptake of ions [47]. Among the 
SLC39 family members, SLC39A14 is implicated in reg-
ulating iron death. Conditional knockout of SLC39A14 
significantly reduced liver absorption of NTBI (non-
transferrin-bound iron) and prevented liver iron overload 
in a hemochromatosis mouse model [48]. In addition, 
conditional knockout of SLC39A14 reduced iron accu-
mulation in the liver and iron death-mediated liver fibro-
sis, indicating that SLC39A14-mediated iron uptake 
promotes iron death-induced liver injury and disease 
[49].

Furthermore, we observed that differentially expressed 
genes were frequently enriched in bacterial infections, 
including Mycobacterium tuberculosis infection. Within 
the immune system, neutrophils, a major cell type 
involved in antibacterial responses, were highlighted [50]. 
The functional enrichment results of upregulated genes 
in AOCS also indicated the migration of neutrophils. This 
led us to reasonably infer that neutrophils are the primary 
immune cell type involved in AOCS disease. Interest-
ingly, previous research has suggested a close association 
between neutrophil iron death and the onset of systemic 
lupus erythematosus (SLE). It has been elucidated that 
neutrophil iron death in SLE patients is induced by the 
synergistic action of autoantibodies and IFN-α, promot-
ing the binding of the transcriptional repressor CREMα 
to the GPX4 promoter, thereby downregulating GPX4 
protein expression. In  vivo studies found that specific 
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myeloid cell Gpx4 knockout mice exhibit clinical mani-
festations similar to SLE. Administering the iron death 
inhibitor liproxstatin-1 to these model mice can alleviate 
SLE symptoms and mitigate the progression of the dis-
ease [51]. In our AOCS model study, the evidence sup-
ports a similar mechanism, suggesting that neutrophils 
may upregulate Homx1 and Slc39a14, leading to iron 
death and exacerbating inflammation.

The clinical implications of this study are significant. 
Identifying ferroptosis and cGAS–STING pathway com-
ponents as key contributors to AOCS provides action-
able insights for therapeutic development. For instance, 
ferroptosis inhibitors could reduce tissue damage, while 
cGAS–STING pathway modulators might mitigate 
excessive immune activation. Moreover, the upregulated 
genes identified, such as Slc39a14 and Ptprc, could serve 
as biomarkers for early diagnosis or disease progres-
sion monitoring, facilitating timely interventions. By 
elucidating the molecular underpinnings of AOCS, this 
study bridges the gap between basic research and clinical 
applications, offering new avenues for improving patient 
outcomes.

Limitations and future
Directions Despite its contributions, this study has limi-
tations that warrant consideration. The use of a rat model, 
while informative, may not fully capture the complexity 
of human AOCS. In addition, the small sample size limits 
the generalizability of the findings. The reliance on multi-
omics data, though comprehensive, necessitates further 
validation through functional experiments and clinical 
studies to confirm the identified pathways’ roles in AOCS 
pathogenesis. Future research should explore the inter-
play between ferroptosis, cGAS–STING signaling, and 
oxidative stress in greater depth, with a focus on trans-
lating these findings into effective therapies. Expanding 
sample diversity and incorporating human tissue studies 
will be critical for validating the translational potential of 
these discoveries.

This study underscores the interplay between immune 
pathways, oxidative stress, and ferroptosis in AOCS 
pathogenesis. Addressing these mechanisms through 
targeted interventions could significantly improve treat-
ment outcomes, providing a foundation for future trans-
lational research.

Conclusions
In summary, our multi-omics analysis of mRNA, 
lncRNA, circRNA, and miRNA sequencing data provides 
insights into the pathogenesis of AOCS. We discovered 
that AOCS constitutes a complex, immune-mediated 
inflammatory disease, characterized by intricate inter-
actions among mRNA, lncRNA, and circRNA, actively 

participating in immune regulation. Neutrophils emerge 
as the primary immune cells, while genes associated with 
ferroptosis are highly expressed in the model, with non-
coding RNAs involved in their synergistic regulation. 
These findings suggest that neutrophils may undergo fer-
roptosis, thereby amplifying the inflammatory response 
in the fascial compartments and promoting disease pro-
gression. Simultaneously, this study reveals how immune 
molecules and pathways interact within AOCS, bearing 
significant implications for deeper understanding of the 
AOCS disease mechanism and the development of tar-
geted therapeutic strategies.
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