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EDITORIAL

Multiomics Analyses of Peripheral Artery Disease 
Muscle Biopsies
Ishita Jain,* Beu P. Oropeza,* Ngan F. Huang

Peripheral artery disease (PAD) affects 10 mil-
lion people in the United States and >230 million 
worldwide.1,2 It is associated with impaired vascu-

lar perfusion to the lower extremities, leading to limb-
threatening amputation in severe cases of critical limb 
ischemia. Patients with PAD have an inferior prognosis 
and reduced limb function, when compared with patients 
without PAD.3 Very few effective therapies have been 
identified, in part, because the key biologic pathways 
associated with functional impairment remain unclear. 
Current treatments include supervised and home-based 
walking exercise to improve the mobility in patients with 
PAD.4,5 A better understanding of the underlying patho-
logical mechanisms of skeletal muscle damage underly-
ing PAD may help identify new therapeutic opportunities.

Article, see p 1428

In this issue of Circulation Research, Ferrucci et al6 char-
acterized the biological pathways that may be responsible 
for the functional limitations in PAD. The results confirm 
the expected role of hypoxia and also identify novel and 
unexpected findings that may lead to new interventional 
targets for PAD. The authors performed in-depth tran-
scriptomic and proteomic analyses on gastrocnemius 
muscle biopsies from patients with PAD and non-PAD 
control participants. The study consisted of age-matched 
muscle biopsy samples from 31 PAD donors without 
diabetes or chronic limb-threatening ischemia, along 

with samples from 29 non-PAD donors. The inclusion 
criteria for PAD samples consisted of having an ankle-
brachial index <0.90 without chronic limb-threatening 
ischemia. The gastrocnemius muscle biopsy specimens 
were dissected from visible fat tissue. This study com-
bined transcriptomic and proteomic data analysis to per-
form coregulation and network-based analyses to identify 
transcript-protein pairs that were differentially correlated 
in muscle from patients with PAD, compared with non-
PAD participants, which had not been done before.

Gene set enrichment analysis of RNA sequenc-
ing data revealed many pathways that were enriched 
in PAD samples. Such pathways included those that 
were related to hypoxia, including PTEN (phosphatase 
and tensin homolog), PI3K (phosphoinositide 3-kinase), 
and MAPK (mitogen-activated protein kinase) signaling. 
WNT, Hedgehog, and Notch were among the key signal-
ing pathways that were involved in the repair of dam-
age caused by chronic hypoxia or ischemia/reperfusion. 
These pathways are involved in muscle regeneration and 
angiogenesis and may be important for facilitating the 
coregulation of target genes necessary for tissue repair. 
Owing to the chronic hypoxia or ischemia/reperfusion 
that is associated with PAD, the authors showed that 
additional tissue damage was observed in the form of 
increased inflammation. The prolonged hypoxic environ-
ment in ischemic muscle was associated with induced 
mitochondrial damage, reduced ATP production, and 
stimulated inflammatory responses, including the acti-
vation of NF-κB (nuclear factor kappa B). Consistent 
with these findings, protein set enrichment analysis 
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demonstrated that PAD samples were characterized by 
an increase in inflammation and a decrease in glycolysis. 
Compared with non-PAD participants, PAD participants 
had lower levels of rate-limiting glycolytic enzymes like 
hexokinase that was consistent with diminished glucose 
metabolism. This finding was intriguing, as glycolysis is 
critically important for ATP production in hypoxic envi-
ronments, and so this finding should further be validated 
by metabolic assays. The combined multiomics analysis 
suggested the activation of hypoxia compensatory mech-
anisms in PAD muscle, including inflammation, fibrosis, 
apoptosis, angiogenesis, unfolded protein response, and 
nerve and muscle repair (Figure).

However, there was also notable inconsistency in find-
ings between the proteomics and transcriptomics data, 
especially in mitochondrial mRNAs-proteins. Among the 
transcripts-proteins that were significantly differentially 
expressed at both the mRNA and protein levels, 17 of them 
had downregulated transcripts but were at higher protein 
levels in PAD samples, compared with non-PAD samples. 
Interestingly, 9 out of the 17 were mitochondrial proteins 
such as the TRAM (mitochondrial transcription factor A). 
The authors reasoned that the higher abundance of protein 
levels may be due to impaired mitophagy and fragmented 

protein complexes, ultimately leading to transcriptional 
inhibition of related genes. They performed a coregulation 
network analysis of the mitochondrial proteins, in which 
protein complexes were found to be more loosely con-
nected in PAD samples, compared with non-PAD samples. 
In PAD samples, the mitochondrial respiratory proteins had 
abnormal stoichiometric proportions, compared with non-
PAD samples. This stoichiometric imbalance suggested 
that the respiratory proteins were not part of complete 
functional units, but were not removed because of impaired 
mitophagy, and that the accumulation of these proteins 
could impede the transcription of other related genes.

The authors also uncovered additional biological mech-
anisms that were altered in PAD samples. They found 128 
transcript-protein pairs that showed a higher correlation 
of mRNA and the corresponding protein in PAD samples, 
relative to non-PAD. Among the proteins was RBX1 (ring-
box 1), which is a constituent of the multiprotein complex 
that is involved in HIF-1α regulation. Furthermore, gene 
set enrichment analysis of these 128 genes revealed that 
the most highly enriched gene set was microtubulins that 
mediate HIF-1α nuclear translocation and protein local-
ization. Another highly enriched gene set was extracel-
lular organelle that includes extracellular vesicles. Overall, 

Figure. Peripheral artery disease (PAD) muscle biopsy samples experience increased inflammation, aberrant protein folding, 
reduced mitochondrial respiration, and impaired glucose metabolism, compared with samples from non-PAD participants.
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these findings suggest that, as part of the response to 
hypoxia and stress that takes place in the setting of PAD, 
there is notable cytoskeletal remodeling and extracel-
lular vesicle production, as well as a looser association 
between transcription and translation. The finding of cyto-
skeletal reorganization concurs with prior publications, in 
which other cytoskeletal factors like desmin were found 
to be aberrant in PAD muscle.7 However, the pathological 
importance of enhanced extracellular vesicle production 
in PAD is largely unknown and could be a potential target 
for therapeutic intervention.

Although there is a current lack of studies with compre-
hensive proteomic and transcriptomic analysis in patients 
with PAD, the authors compared their findings to other 
existing reports of gene expression differences in patients 
with PAD, compared with non-PAD patients.8–11 The 
authors listed multiple discrepancies between their results 
and those from existing publications. The authors point out 
the differences in the patient characteristics, sample sizes, 
and sequencing depth in the existing studies, in addition to 
the apparent heterogeneity generally seen in PAD patients 
as contributing factors to the observed discrepancies.

The authors also noted limitations and future direc-
tions of this study. They acknowledge that this explor-
ative study had relatively small samples sizes that were 
appropriate for hypothesis generation, but not for sug-
gesting causation, in the absence of subsequent detailed 
investigation. Additionally, multiple avenues for future 
work were discussed, including the need for direct mea-
surements of the biological pathways found to affect 
PAD pathology in the current study. Specifically, studying 
the hypoxia response by quantification of genes/proteins 
such as HIF-1α, AMPK (5'adenosine monophosphate-
activated protein kinase), and PGC-1α would validate 
some of the findings from this study. Data from this study 
also suggest that the modulation of autophagy or glycol-
ysis may be potential therapeutic strategies to treat PAD.

In summary, this study identified numerous biologi-
cal pathways that were differentially expressed in PAD 
muscle biopsies. Salient findings included hypoxia-
induced mechanisms, reduced glucose metabolism due 
to rate-limiting enzymes, cytoskeletal reorganization, 
aberrant mitochondria respiratory proteins, and a looser 
association between transcription and translation. These 
mechanisms each have immense potential for further 
investigation to develop effective interventions for the 
treatment of PAD.
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