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Abstract

Introduction. Limb ischemia represents a continuum from
chronic hypoperfusion to acute arterial occlusion, with severe
forms associated with high morbidity and mortality. Reliable
molecular markers reflecting the severity of ischemic muscle
injury are currently lacking, and the role of microRNAs in
advanced skeletal muscle ischemia remains insufficiently cha-
racterized.

Patients and Methods. This study was based on a secondary
analysis of publicly available RNA sequencing data (dataset
GSE120642). Gastrocnemius muscle biopsies from healthy
controls (n=15), patients with intermittent claudication (n=20),
and patients with critical [imb ischemia (n=16) were analyzed.
Differential gene expression was assessed using DESeq2.
Selected microRNAs were evaluated by receiver operating
characteristic (ROC) curve analysis and combined into a mul-
tivariate logistic regression model. Functional enrichment of
experimentally validated microRNA targets from the miRTar-
Base database (n=418) was performed using the MSigDB
Hallmark collection.

Results. Transcriptomic analysis revealed a clear molecular
gradient corresponding to ischemic severity. Four microRNAs
(miR-3606, MiR-198, miR-1244-2, and miR-133b) exhibited
consistent upregulation in critical limb ischemia and demon-
strated strong discriminatory ability between severe ischemia
and both healthy muscle and intermittent claudication (area
under the curve = 0.97 - 0.98). Enrichment analysis highligh-
ted pathways related to apoptosis, hypoxia, inflammatory sig-
naling, and tissue remodeling.

Conclusion. A four-microRNA panel associated with advan-
ced ischemic muscle injury was identified, including two
microRNAs (miR-3606 and miR-1244-2) not previously linked
to this condition. These findings provide new molecular insight
and support further investigation of microRNAs as potential
prognostic biomarkers in limb ischemia (Tab. 1, Fig. 4, Ref. 19).
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Abstrakt

Uvod. Ischémia koncatin predstavuje kontinuum od chronic-
kej hypoperfiizie az po akitnu artériovd okliziu, pricom jej
zavazné formy su spojené s vysokou morbiditou a mortalitou.
Spolahlivé molekulové markery odrazajice zavaznost ische-
mického poskodenia svalového tkaniva v si¢asnosti chybaji a
dloha mikroRNA v pokrocilej ischémii kostrového svalstva zo-
stava nedostatocne charakterizovana.

Pacienti a metody. Tato Stidia bola zaloZzend na sekunddrne;j
analyze verejne dostupnych tdajov z RNA sekvenovania (da-
taset GSE120642). Analyzované boli biopsie m. gastrocnemius
od zdravych kontrol (n = 15), pacientov s intermitentnou klau-
dikdciou (n = 20) a pacientov s kritickou ischémiou koncatin
(n = 16). Diferencidlna expresia génov bola hodnotend
pomocou nastroja DESeq2. Vybrané mikroRNA boli analyzo-
vané pomocou kriviek prevadzkovej charakteristiky prijimaca
a nasledne zli¢ené do multivariacného logistického regresné-
ho modelu. Funkéné obohatenie experimentdlne validovanych
cielovych génov mikroRNA z databdzy miRTarBase (n = 418)
bolo vykonané s vyuzitim kolekcie MSigDB Hallmark.
Vysledky. Transkriptomickd analyza odhalila jasny molekulovy
gradient zodpovedajlci zavaznosti ischémie. Styri mikroRNA
(miR-3606, MiR-198, miR-1244-2 a miR-133b) preukazovali
konzistentnd upregulaciu pri kritickej ischémii koncatin a pre-
ukazali vysoku rozliSovaciu schopnost medzi zavaznou isché-
miou, zdravym svalovym tkanivom a intermitentnou klaudika-
ciou (plocha pod krivkou = 0,97 - 0,98). Analyza obohatenia
identifikovala drahy suvisiace s apoptézou, hypoxiou, zapalo-
vou signalizaciou a remodeldciou tkaniva.

Zaver. Bol identifikovany panel Styroch mikroRNA spojeny
s pokrocilym ischemickym poskodenim svalového tkaniva, pri-
c¢om dve mikroRNA (miR-3606 a miR-1244-2) neboli s tymto
stavom doteraz spajané. Zistenia poskytuji novy molekularny
pohlad na patofyziol6giu ischémie koncatin a podporuja dalst
vyskum mikroRNA ako potencidlnych prognostickych biomar-
kerov pri ischémii koncatin (tab. 1, obr. 4, lit. 19). Text v PDF
www.lekarskyobzor.sk.
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Introduction
Limb ischemia represents a spectrum of vascular di-
sorders ranging from chronic perfusion impairment to
acute arterial occlusion, with progressive consequences
for skeletal muscle viability (1). While acute limb ische-
mia (ALD is associated with a high risk of limb loss and

systemic complications, chronic and critical limb ische-
mia (CLD reflect prolonged and cumulative ischemic
injury characterized by hypoxia, inflammation, and struc-
tural tissue damage (2). Despite advances in surgical
and endovascular treatment, clinical outcomes across all
forms of limb ischemia remain highly variable and de-
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pend largely on the extent of underlying tissue injury
and the biological response to ischemia and reperfusion
(3). Current diagnostic approaches primarily rely on cli-
nical assessment and imaging techniques, providing li-
mited insight into the molecular severity of muscle da-
mage (1). As a result, reliable molecular biomarkers
capable of reflecting ischemic burden, inflammatory ac-
tivation, and tissue viability are needed to improve di-
sease characterization, risk stratification, and prognostic
evaluation across the spectrum of limb ischemia (2, 4).
MicroRNAs (miRNAs) represent promising candidates
for such biomarkers due to their stability in blood cir-
culation and their regulatory role in hypoxia, inflamma-
tion, and stress-related pathways (5). However, miRNA
profiles associated with severe skeletal muscle ischemia
remain insufficiently characterized. Therefore, using CLI
as a biologically relevant model of advanced ischemic
injury, this study aimed to identify miRNAs associated
with severe muscle damage and evaluate their relevan-
ce across different stages of limb ischemia.

Patient cohort and methodology

This study represents a secondary analysis of pub-
licly available transcriptomic data obtained from the
Gene Expression Omnibus (GEO) database under
accession number GSE120642. The dataset includes
RNA sequencing profiles of gastrocnemius muscle
biopsies collected from three clinical groups: healthy
older adults without peripheral artery disease (n=15),
patients with intermittent claudication (IC; n=20), and
patients with critical limb ischemia (CLI; n=16) undergo-
ing major limb amputation. The analyzed samples re-
present progressive stages of lower limb ischemia.
Demographic and clinical characteristics of the study
participants, including age and sex distribution, are
described in detail in the original publication (6).

Normalized transcript count matrices provided by
the original study were used for all downstream analy-
ses. Data quality was evaluated by unsupervised dimen-
sionality reduction using Uniform Manifold
Approximation and Projection (UMAP) to assess global
sample structure. Differential gene expression analysis
was performed using the DESeq2 package in R (version
4.2.2). Both UMAP and DESeq2 were implemented via
the GEOZ2R interface. Three predefined pairwise com-
parisons were analyzed: CLI vs healthy controls, CLI vs
IC, and IC vs healthy controls. Genes with an adjusted
p value <0.05 were considered significantly differential-
ly expressed. Correction of p values was done using the
Benjamini-Hochberg correction.

Candidate miRNAs were selected from the differen-
tial expression results based on predefined selection
criteria. Individual miRNAs were evaluated using recei-
ver operating characteristic (ROC) curve analysis.
Selected miRNAs were subsequently combined into
a multivariate logistic regression model. Expression va-

lues were standardized before model fitting. Model op-
timization was performed using grid search and strati-
fied five-fold cross-validation. Optimal classification
thresholds were determined using the Youden index,
which represents the optimal cut-off value that maximi-
zes the sum of sensitivity and specificity on the ROC
curve. Model performance was assessed using ROC
curves and confusion matrix analysis. Statistical analyses
were conducted in Python (version 3.12) using standard
scientific libraries, including pandas, NumPy, scikit-learn,
matplotlib, and gseapy. Experimentally validated target
genes of selected miRNAs were retrieved from miRTar-
Base. Over-representation analysis was performed using
Fisher’s exact test with the Molecular Signature Database
(MSigDB) Hallmark gene set collection implemented
via the gseapy library. Pathways were filtered based on
adjusted p values, as determined by the Benjamini-
Hochberg correction, and gene set size (limit = 500
genes) to reduce redundancy and dilution of biological
signal.

This study was based exclusively on anonymized,
publicly available data. No additional ethical approval
was required for the present secondary analysis.

Results

Differential expression analysis of gastrocnemius
muscle samples from HC, patients with IC, and CLI
identified widespread transcriptomic changes across the
ischemic spectrum. Using DESeq2 (adjusted p value
<0.05), 16 261 transcripts were differentially expressed
in at least one comparison.

The principal finding was a set of 1 373 transcripts
consistently dysregulated in both CLI vs healthy controls
and IC vs CLI contrasts, indicating progressive and con-
cordant regulation with increasing ischemic severity
(Fig. 1). In contrast, only 16 transcripts differed only
between healthy controls and IC, suggesting relative
transcriptomic stability in early disease stages.
Unsupervised UMAP analysis confirmed clear separa-
tion of clinical groups, with IC samples occupying an
intermediate position between healthy controls and CLI.
These results identify the 1 373 shared transcripts as
a core molecular signature of progressive ischemic
muscle injury and provide the basis for subsequent miR-
NA-focused analyses.

Based on differential expression profiles in CLI
muscle, eight miRNAs were identified that showed
a consistent regulation pattern across both CLI con-
trasts. Four miRNAs (miR-12136, miR-1307, miR-5006
and miR-133a-2) were significantly downregulated in
CLl, whereas another four (miR-3606, miR-198,
miR-1244-2 and miR-133b) were strongly upregulated
(Tab. 1). The direction and magnitude of log, fold-chan-
ges were highly concordant between CLI vs IC and CLI
vs healthy controls, indicating that these miRNAs repre-
sent stable markers of advanced ischemic injury rather
than group-specific artefacts.
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Figure 1. Results of differential expression analysis using the DESeq2 and UMAP tools in the GEO2R interface. Padj - adjusted p-value,
UMAP - Uniform Manifold Approximation and Projection, nbrs - number of neighboring samples used for clustering, HC - healthy controls,

IC - intermittent claudication, CLI - critical limb ischemia.
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Table 1. Panel of microRNAs with consistent direction of dysregula-
tion.

Gene Symbol log,FC log,FC | Expression
(CLI vs 10) (CLlIvs |trend in CLI
Healthy)
MIR12136 | miR-12136 -1.37 -1.42 Downregulated
MIR1307 miR-1307 -1.74 -2.08 Downregulated
MIR5006 miR-5006 -1.16 -1.02 Downregulated
MIR133A2 | miR-133a-2 -1.58 -1.46 Downregulated
MIR3606 miR-3606 1.94 1.67 Upregulated
MIR198 miR-198 1.5 1.22 Upregulated
MIR1244-2 | miR-1244-2 1.57 1.64 Upregulated
MIR133B miR-133b 2.84 2.3 Upregulated

CLI - critical limb ischemia, IC - intermittent claudication
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To evaluate the discriminative performance of the
initial 8-miRNA panel, ROC curves were generated for
each miRNA in the CLI vs healthy controls and CLI vs
IC contrasts (Fig. 2). Among them, miR-198, miR-3606,
miR-1244-2, and miR-133b showed the strongest and
most consistent discrimination, with area under the
curve (AUC) values up to 0.93 for CLI vs healthy con-
trols and 0.86 for CLI vs IC. The remaining miRNAs
exhibited poor individual performance (AUC < 0.53).
These findings supported the selection of a core
4-miRNA signature for subsequent multivariate mode-
ling.

To identify a clinically relevant miRNA signature as-
sociated with severe ischemic muscle injury, the four

Figure 2. Receiver operating characteristic (ROC) curves for a panel of 8 microRNAs (miRNAs) evaluated for diagnostic performance in
distinguishing patients with critical limb ischemia (CLI) from intermittent claudication (IC) and healthy controls. AUC - Area under the
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most informative miRNAs (miR-3606, miR-198, miR-
1244-2 and miR-133b) were combined into a single
diagnostic panel. This 4-miRNA signature showed excel-
lent ability to distinguish patients with CLI from both
healthy controls and patients with IC (Fig. 3).

The model achieved very high diagnostic accuracy,
with an area under the ROC curve of 0.98 for CLI ver-
sus healthy controls and 0.97 for CLI versus IC. Using
optimal decision thresholds, sensitivity reached 94 %,
while specificity was 100 % in both comparisons.
Importantly, no false-positive classifications were obser-
ved, and only one CLI case was misclassified in each
comparison, indicating reliable identification of severe
ischemic tissue damage.

The corresponding confusion matrices (Fig. 4)
further illustrate this behavior. In both contrasts, the
model generated no false-positive predictions, correctly
identifying all non-CLI samples. False-negative classifica-
tions were rare. Overall, these findings demonstrate that
the selected 4-miRNA signature consistently reflects the
severity of muscle ischemia and can clearly differentiate
advanced, non-viable ischemic tissue from both healthy
muscle and chronically ischemic but viable muscle.

To explore the biological relevance of the 4-miRNA
signature, over-representation analysis of experimentally
validated target genes (n=418) was performed using the
MSigDB Hallmark collection. The analysis identified

Figure 3. Receiver operating characteristic (ROC) curves showing the diagnostic performance of an optimized logistic regression model
based on a 4-miRNA core signature for discrimination of patients with critical limb ischemia (CLI) from intermittent claudication (IC) and

healthy controls. AUC - Area under the Curve.
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Figure 4. Confusion matrices illustrating the classification performance of the optimized logistic regression model based on the 4-miRNA
core signature for discrimination of patients with critical limb ischemia (CLI) from healthy individuals and intermittent claudication (1C),

using the Youden index-derived optimal threshold.
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a compact and biologically coherent set of pathways
associated with advanced ischemic muscle injury.

The most significantly enriched pathway was apop-
tosis (adjusted p = 6.83x107°), indicating extensive
activation of programmed cell death in severely ischemic
tissue. Significant enrichment was also observed for the
phosphoinositide 3-kinase-protein kinase B-mechanistic
target of rapamycin signaling pathway (PI3K-AKT-
mTOR) (adjusted p = 0.0080), suggesting engagement
of stress-related survival and metabolic adaptation me-
chanisms. Additional pathways included transforming
growth factor B (TGF-B) signaling (adjusted p = 0.0133)
and androgen response (adjusted p = 0.0133). Several
pathways showed moderate but consistent enrichment
at comparable significance levels, including hedgehog
signaling, angiogenesis, hypoxia, apical junction organi-
zation, epithelial-mesenchymal transition, and the p53
pathway (all adjusted p = 0.0432).

Discussion

Limb ischemia is associated with significant morbi-
dity and adverse clinical outcomes, which are strongly
influenced by the extent of ischemic muscle injury and
the subsequent biological response to hypoxia and re-
perfusion (1, 4, 7). Although clinical assessment and
imaging are fundamental for disease evaluation, they
provide limited insight into molecular processes under-
lying tissue damage, inflammation, and repair (4, 8)
Therefore, the identification of molecular markers reflec-
ting ischemic burden remains an important unmet need
across different forms of limb ischemia.

In this study, critical limb ischemia was used as
a biologically relevant model of advanced ischemic
muscle injury, enabling the investigation of miRNA-as-
sociated molecular changes across different stages of
limb ischemia. Transcriptomic analysis revealed a clear
molecular gradient from healthy muscle through IC to
CLI, consistent with previously described patterns of
progressive hypoxia, inflammation, and structural remo-
deling in chronically ischemic skeletal muscle. These
observations were extended by demonstrating that spe-
cific miRNAs exhibit monotonic regulation across this
ischemic continuum. Among the identified miRNAs,
miR-3606, miR-198, miR-1244-2, and miR-133b were
found to be most consistently associated with ischemic
severity. Members of the miR-133 family have previously
been implicated in skeletal muscle injury and regenera-
tion, supporting their biological relevance in ischemic
conditions (9, 10). miR-198 has been associated with
inflammatory signaling and stress responses in vascular
and epithelial tissues (11, 12). In contrast, miR-3606 (13)
and miR-1244-2 (14) have been reported only in biolo-
gically related contexts, such as wound healing or hy-
percholesterolemia. The association of these miRNAs
with severe ischemic muscle injury is considered a novel
finding of the present study. The combined analysis of
these four miRNAs demonstrated robust discrimination
between CLI and both healthy muscle and IC samples.
Notably, the ability to distinguish CLI from IC indicates

sensitivity to differences between non-viable and viable
ischemic tissue, a distinction of clinical relevance in
acute ischemic settings. Rather than proposing a diag-
nostic tool for CLI itself, which is clinically apparent, the
results support the interpretation that the identified miR-
NAs reflect fundamental biological processes related to
ischemic tissue damage. Functional enrichment analysis
of experimentally validated miRNA targets further sup-
ported the biological plausibility of the identified signa-
ture. Enrichment of pathways related to apoptosis, hy-
poxia, PI3K-AKT-mTOR signaling, TGF-f signaling,
hedgehog signaling, and p53-mediated stress responses
agree with mechanisms of ischemia-reperfusion injury
described in experimental and clinical studies (15, 16).
These pathways are centrally involved in myocyte death,
inflammatory activation, cellular stress adaptation, and
tissue remodeling, reinforcing the relevance of the
miRNA signature to ischemic pathophysiology (17-19).

This study has several limitations. The analysis was
based on cross-sectional transcriptomic data obtained
from chronically ischemic muscle tissue, which may not
fully reflect dynamic molecular changes occurring du-
ring different phases of limb ischemia. However, critical
limb ischemia provides a relevant model of advanced
ischemic injury. In addition, the study focused on tissue-
-derived miRNAs, while circulating miRNA levels were
not evaluated.

Conclusion

This study identifies a four-miRNA signature associa-
ted with advanced ischemic skeletal muscle injury, de-
rived from transcriptomic profiling of CLI. The proposed
sighature includes two microRNAs (miR-3606 and
miR-1244-2) that have not previously been implicated in
this condition. A key finding is the consistent and pro-
portional regulation of these miRNAs across the ische-
mic severity spectrum, enabling discrimination between
viable and severely damaged muscle tissue and reflec-
ting the underlying biological extent of ischemic injury.
From a clinical perspective, the observed miRNA ex-
pression patterns appear to mirror fundamental patho-
logical processes of limb ischemia, including apoptosis,
hypoxic stress, inflammatory activation, and tissue remo-
deling. Although the present analysis is based on tissue-
-derived transcriptomic data, the identified miRNAs con-
stitute biologically plausible candidates for future
blood-based biomarkers, with potential utility in risk
stratification and prognostic assessment of patients fol-
lowing revascularization procedures. Collectively, these
findings provide a focused molecular framework for
further translational studies aimed at validating
miRNA-based markers in clinically relevant ischemic set-
tings.*
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