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Abstract

Previous studies have demonstrated that circulating microRNA (miR)-210 levels are elevated 

in peripheral artery disease (PAD) patients. MiR-210 is known to be a negative regulator of 

mitochondrial respiration; however, the relationship between miR-210 and mitochondrial function 

has yet to be studied in PAD. We aimed to compare skeletal muscle miR-210 expression of 

PAD patients to non-PAD controls (CON) and to examine the relationship between miR-210 

expression and mitochondrial function. Skeletal muscle biopsies from CON (n=20), intermittent 

claudication (IC) patients (n=20), and critical limb ischemia (CLI) patients (n=20) were analyzed 

by high-resolution respirometry to measure mitochondrial respiration of permeabilized fibers. 

Samples were also analyzed for miR-210 expression by real-time PCR. MiR-210 expression 

was significantly elevated in IC and CLI muscle compared to CON (p=0.008 and p<0.001, 

respectively). Mitochondrial respiration of electron transport chain (ETC) Complexes II (p=0.001) 

and IV (p<0.001) were significantly reduced in IC patients. Further, CLI patients demonstrated 

significant reductions in respiration during Complexes I (state 2: p=0.04, state 3: p=0.003), 

combined I and II (p<0.001), II (p<0.001), and IV (p<0.001). The expression of the miR-210 

targets, cytochrome c oxidase assembly factor heme A:farnesyltransferase (COX10) and iron-

sulfur cluster assembly enzyme (ISCU) were down-regulated in PAD muscle. MiR-210 may play 
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a role in the cellular adaptation to hypoxia and may be involved in the metabolic myopathy 

associated with PAD.
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hypoxia

INTRODUCTION

Peripheral artery disease (PAD) most commonly presents as a result of atherosclerosis in 

the femoropopliteal or infrapopliteal arteries of the legs [1]. The main manifestation of 

the disease is intermittent claudication (IC), or exertion-induced pain or discomfort in the 

muscles distal to the occluded artery that is relieved by rest [1]. Less commonly, patients 

with the most advanced stage of PAD, critical limb ischemia (CLI), experience ischemic 

rest pain and ulcerations/gangrene [1]. PAD is associated with major reductions in walking 

performance, as well as accelerated decline of functional status over time [2].

Beyond altered hemodynamics due to arterial obstruction, other factors also play a 

role in the pathophysiological disabilities associated with PAD. One of the well-studied 

mechanisms believed to be linked to the exercise limitations in PAD is mitochondrial 

dysfunction [3]. Previous studies using high-resolution respirometry (the gold standard 

method to evaluate mitochondrial function) in permeabilized gastrocnemius myofibers have 

demonstrated reduced respiration in PAD muscle compared to non-PAD controls (CON) 

[4–6]. Furthermore, preclinical studies in murine hindlimb ischemia models support a causal 

role of mitochondrial dysfunction in PAD pathology, as different models of limb ischemia 

induced in mice by constriction or arterial ligation/excision result in impaired mitochondrial 

respiration as well [7–9].

One of the emerging factors that is increasingly being linked to regulation of mitochondrial 

function is post-transcriptional modulation by microRNAs (miRs) [10]. MiRs, endogenous 

noncoding RNAs ~21–25 nucleotides in length, are considered negative regulators of post-

transcriptional gene expression, silencing mRNA molecules with complementary sequences 

by cleavage, destabilization, or reduced translation efficiency [10]. MiRs have also recently 

been studied as biomarkers in PAD patients [11–15]. For example, one miR that has 

been implicated in PAD is miR-210. Specifically, miR-210 expression was shown to be 

up-regulated in human atherosclerotic plaques [16], increased in PAD serum compared 

to CON, and inversely associated with pain-free walking distance [11, 15]. Interestingly, 

miR-210 is a target of Hypoxia-Inducible Factor 1-α (HIF1α), which directly activates 

miR-210 transcription under low oxygen tension, earning the miR its title as the “master 

hypoxamir” [17]. Activated miR-210 targets several transcripts involved in multiple aspects 

of cellular response to hypoxia, including repressing mitochondrial metabolism [18, 19]. In 
vitro, miR-210 was shown to decrease mitochondrial function and upregulate glycolysis by 

targeting and downregulating iron-sulfur cluster scaffold homolog (ISCU) and cytochrome 

c oxidase assembly protein (COX10) genes [20]. The iron sulfur clusters are major 

components of the ETC, and suppression of human ISCU inactivates mitochondrial enzymes 
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[21]. Furthermore, COX10 encodes a heme that is required for the expression of a functional 

cytochrome c oxidase protein, the terminal component of the ETC. COX10 deletion results 

in loss of Complex IV activity, and subsequent reductions in Complex I respiration [22].

Thus, in this study, we aimed to compare miR-210 expression in skeletal muscle tissue of 

PAD patients compared to CON and its association with mitochondrial function.

MATERIALS AND METHODS

Study Participants

Vascular surgeons at Baylor Scott and White Hospital and the University of Texas Health 

Science Center at San Antonio consecutively recruited 20 patients with symptomatic IC 

due to infrainguinal PAD. Additionally, 20 CLI patients with arterial insufficiency with 

gangrene, non-healing ischemic ulcers, or consistent rest pain, undergoing an amputation 

procedure were recruited. All diagnoses were made following physical and medical 

history examination, ankle brachial index (ABI) measurement, and arteriography. Twenty 

CON with normal blood flow to their extremities were also recruited. Patients with 

any musculoskeletal or neurologic symptoms, or acute lower extremity ischemic events 

secondary to thromboembolic disease or trauma, were excluded from the study. This study 

was approved by the Institutional Review Board of Baylor University under IRB Reference 

#1624041 and was carried out in accordance with relevant guidelines and regulations 

governing human research. The study complies with the Declaration of Helsinki, and 

informed consent was obtained from all participants.

Functional Assessment

The six-minute walk test was used to assess the total distance walked over the span of 

6 minutes (6MWD) and pain-free walking time (PFWT) as indicators of lower extremity 

function in CON and IC patients. The 6-minute walk test was performed indoors in a long, 

flat, straight hallway. The walking course measured 15 m in length. The patient was asked to 

walk across the hallway to a turnaround point that was marked, turn around, and walk back. 

Patients were advised to achieve the greatest distance possible for six-minutes. The patients 

were asked to notify the tester of the first sign of claudication symptoms that develop. 

Each minute, the tester also called out the passing of the minute, along with a standardized 

encouragement phrase. Participants were allowed to rest during the test, but the 6-minute 

timer continued during the rest periods. Each lap was marked, and at the end of the test 

the patient was asked to stop walking. The additional distance walked from the last lap was 

measured with a measuring tape. The total distance walked was then calculated, rounding 

to the nearest meter. In CON patients, PFWT was associated with getting tired rather than 

exertional leg pain.

Muscle Biopsy and Blood Collection

Biopsies were obtained from the anteromedial segment of the gastrocnemius, approximately 

10 cm distal to the tibial tuberosity. A fine needle (12G) was used to obtain a total sample of 

~250 mg. Approximately 50 mg of the muscle was stored in ice-cold preservation solution 
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and immediately transferred to the lab for mitochondrial respiration measurements. Another 

200 mg was snap-frozen in liquid nitrogen for later miR analysis.

Thirty mL of blood was obtained from each patient and control following an overnight fast. 

Blood was centrifuged (2000 g, 10 min, 4°C), and serum was aliquoted and stored at −80°C 

until time of analysis.

High-resolution Respirometry

Mitochondrial respiration in saponin-permeabilized muscle fibers was measured with an 

Oroboros O2k Oxygraph (Oroboros Instruments, Innsbruck, Austria). Respiration media 

consisted of 105 mM MES potassium salt, 30 mM potassium chloride (KCl), 10 mM 

potassium dihydrogen phosphate (KH2PO4), 5 mM magnesium chloride, hexahydrate 

(MgCl2.6H2O), and 0.5 mg/mL BSA. High-resolution oxygen consumption was measured at 

25°C in a respiration buffer supplemented with creatine monohydrate (20 mM). A substrate 

inhibitor titration protocol was performed, in which 2 mM malate and 10 mM glutamate 

were added to the chambers to measure Complex I, state 2 respiration. This was followed by 

4 mM ADP addition, to initiate state 3 (ADP-stimulated) respiration. Next, 10 mM succinate 

was added to the chambers to stimulate electron flow through Complex II as well. Rotenone 

(10 μM) was used to inhibit Complex I, and 10 μM cytochrome c was added to test the 

mitochondrial membrane integrity. Finally, Complex IV respiration was determined using 

0.4 mM N,N,N’,N’-tetramethyl-p-phenylenediamine (TMPD), 2 mM ascorbate to prevent 

TMPD auto-oxidation, and 5 μM antimycin A to inhibit electron flow through Complex 

III. All reagents and chemicals were purchased from Sigma Aldrich (St. Louis, MO). A 

Pierce BCA Protein Assay Kit (Thermo Fisher Scientific, Waltham, MA, 23225) was used 

to measure protein concentrations, and the respiration rate was expressed as pmol oxygen 

consumed per second, normalized to protein content (pmols/s/μg protein).

Citrate Synthase Assay

A commercial Citrate Synthase Assay Kit (Sigma Aldrich, CS0720) was used to measure 

citrate synthase (CS) activity in skeletal muscle lysates as a measure of mitochondrial 

content. Specifically, CS activity was determined colorimetrically using the substrate 5,5’-

Dithiobis-(2-nitrobenzoic acid) (DTNB) (10mM). A reaction mix containing the DTNB 

substrate, muscle lysate (8 μg protein), 30 mM acetyl coenzyme A (CoA) and 10mM 

oxaloacetic acid (OAA) was prepared for all samples. In the presence of OAA, CS 

catalyzes the reaction between a thiol group of acetyl CoA and DTNB to produce 5-thio-2-

nitrobenzoic acid (TNB). Thus, CS activity was measured by monitoring the change in 

absorbance (i.e., TNB formation) every 10 seconds for 5 min (25°C) (Varioskan LUX 

microplate reader, Waltham, MA) in 96 well plates. All samples were assayed in duplicate at 

a wavelength of 412 nm with blank values subtracted.

MiR-210 and miR-210 Targets

The RNeasy Mini Kit (74104, Qiagen, Hilden, Germany) and miRNeasy Mini Kit (Qiagen, 

217084) were used to purify total RNA and miR from gastrocnemius tissue homogenates. 

The Quick-cfRNA Serum & Plasma Kit (Zymo Research, Irvine, CA, R1059) was used 

to isolate miR from serum samples. A Taqman® Advanced miRNA cDNA Synthesis Kit 
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(Applied Biosystems, Waltham, MA, A28007) was used to prepare cDNA templates for 

miR assays. MiR-210 gene expression was analyzed by real-time PCR using a Taqman® 

Advanced miRNA Assay kit (Applied Biosystems, A25576) run on a QuantStudio™ 6 PCR 

system (Applied Biosystems). The following miR-210 primer was used: hsa-miR-210-3p, 

mature miR sequence 5’-CUGUGCGUGUGACAGCGGCUGA-3’ (Applied Biosystems, 

477970_mir). Threshold cycle (CT) values between miR-210 and the endogenous control 

U6B small nuclear RNA (RNU6B) (Thermo Fisher Scientific, 001093) gene was used to 

normalize data [23]. The 2^ (-delta delta CT) method was used to calculate fold change.

To determine the relative expression of miR-210 target genes by PCR array, a RT2 First 

Strand Kit (Qiagen, 330401) was used for cDNA synthesis, and the cDNA was used on the 

real-time RT2 Profiler PCR Array PAHS-6009Z (Qiagen, 330231) in combination with RT2 

SYBR® Green qPCR Mastermix (Qiagen, 330513), run on a QuantStudio™ 6 PCR system. 

Data was uploaded to GeneGlobe (Qiagen) for analysis, using the delta delta CT method 

between genes of interest, normalized with the geometric mean of reference housekeeping 

genes (ACTB, B2M, GAPDH, HPRT1, RPLP0).

To determine the relative gene expression of COX10 and ISCU by real-time PCR, total 

RNA was isolated from gastrocnemius samples using the Direct-zol RNA Microprep kit 

(R2062, Zymo Research), and then cDNA was synthesized using an iScript Advanced 

cDNA synthesis Kit (Bio-Rad Laboratories, Hercules, CA, 1725037). PCR reactions 

used the following primers: COX10 (Integrated DNA Technologies, Coralville, IA, 

Hs.PT.58.600173), ISCU (Integrated DNA Technologies, Hs.PT.58.3372427), and the 

housekeeping genes GAPDH (Integrated DNA Technologies, Hs.PT.39a.22214836) and 

ACTB (Integrated DNA Technologies, Hs.PT.39a.22214847), at a final concentration of 

250 nM and 1x PrimeTime Gene Expression Master Mix (Integrated DNA Technologies, 

1055770), run on a CFX Opus Real-Time PCR System (Bio-Rad Laboratories). Table 1 lists 

the primer pair sequences. The quantification cycle (Cq) of target genes was normalized to 

the reference genes (GAPDH and ACTB), and relative normalized expression was calculated 

using the 2^(-delta delta Cq) method. All samples were run in triplicate, and results were 

averaged.

For protein expression analysis by western blotting, muscles were first homogenized in 

lysis buffer consisting of 50 mM Tris-HCl, 150 mM NaCl, 1% NP-40, 0.25% sodium-

deoxycholate, 0.1% SDS, and 1x protease inhibitor cocktail (Sigma Aldrich, P8340) for 

protein isolation. Protein samples were subsequently mixed with premixed 4x Laemmli 

protein sample buffer (Bio-Rad Laboratories, 1610747) and 2-mercaptoethanol reducing 

agent (Bio-Rad Laboratories, 1610710). Using 4–20% Criterion TGX Precast Midi 

Protein Gels (Bio-Rad Laboratories, 5671095), 20 μg of protein were separated using 

electrophoresis in a Criterion Cell Tank (Bio-Rad Laboratories). Proteins were transferred 

to 0.2 μm Amersham Hybond P polyvinylidene difluoride (PVDF) transfer membranes 

(Cytiva, Malborough, MA, 10600021) and incubated in primary antibodies (COX10 

(1:1000): ProteinTech, Rosemont, IL, 10611; ISCU (1:1000): ProteinTech, 14812; GAPDH 

(1:10,000): Protein Tech, 10494) for 90 min at room temperature. Following, membranes 

were incubated with appropriate HRP-conjugated secondary antibody (Goat anti-Rabbit IgG 

(H+L) (1:10,000), Invitrogen, Waltham, MA, 31462). Membranes were visualized using 
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Clarity ECL Substrate (Bio-Rad Laboratories, 1705060), and bands were detected using the 

ChemiDoc MP Imaging System (Bio-Rad Laboratories). Band intensities were quantified 

using Image Lab (Bio-Rad Laboratories), and protein levels were expressed as fold changes 

of the protein adjusted to the loading control, GAPDH, relative to the CON group.

Statistics

Patient demographics and clinical characteristics were compared using analysis of variance 

(ANOVA) for continuous variables and chi-square and Fisher exact tests for categorical 

variables. A one-way analysis of covariance (ANCOVA) was used to test differences in 

miR-210 expression, expression of miR-210 targets, and mitochondrial respiration between 

CON, IC, and CLI groups, adjusting for significant covariates. An independent samples 

t-test was also used to test the difference in miR-210 expression between males and 

females. The assumptions of normality and homogeneity of variances were verified prior to 

analyses. Equal variances were verified using descriptives and Levene’s test. For ANCOVA 

tests, post-hoc analyses were performed with Bonferroni correction. Additionally, Pearson 

correlations were calculated to test the association between miR-210 expression and 6MWD, 

PFWT, and complex-specific mitochondrial respiration. A Pearson correlation was also 

calculated to test the association between circulating and muscle miR-210 levels. All 

analyses were performed using SPSS statistical software version 25 (IBM, Armonk, NY, 

USA). Significance was set at α ≤ 0.05. Sample size analysis (G*Power [24]), calculated 

using reported data on detecting changes in miR-210 expression in PAD patients [11, 15] 

(primary outcome), indicated that 8 patients per group provides adequate study power (1-β = 

0.8).

Data Availability: The datasets generated during and/or analyzed during the current study 

are available from the corresponding author on reasonable request.

RESULTS

Clinical Characteristics

The participant demographics and clinical characteristics are presented in Table 2. As 

expected, ABI values were higher in CON compared to both IC patients and CLI patients 

(p<0.001). Additionally, 6MWD and PFWT were also significantly lower in IC patients 

compared to CON (p<0.001 for both).

Mitochondrial Function

The oxygen consumption rate was significantly lower in permeabilized muscle fibers from 

IC patients and CLI patients during Complex II respiration (CII) (p=0.001 and p<0.001, 

respectively) and Complex IV respiration (CIV) (p<0.001 for both), relative to CON muscle 

(Figure 1). CLI patients demonstrated further reductions in respiration during Complex I, 

state 2 (CI.2) (p=0.04), Complex I, state 3 (CI.3) (p=0.003), and combined Complex I and 

II (CI+II) respiration (p<0.001). CS activity was not different between groups (p=0.64), 

suggesting similar mitochondrial content across samples (Figure 1F).
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MiR-210 and miR-210 Target Expression

Gastrocnemius miR-210 expression was significantly higher in IC and CLI patients relative 

to CON (1.69 ± 0.64-fold, p=0.008 and 2.12 ± 0.49-fold, p<0.001, respectively) (Figure 

2A). Although miR-210 levels were higher in CLI patients compared to IC, the difference 

was not statistically significant (p=0.15). Since the CON group included more females, we 

assessed for biological sex differences within groups in miR-210 expression. There were no 

significant differences in miR-210 expression between male and female patients in any of 

the groups (CON male: 0.97 ± 0.27-fold, CON female: 1.07 ± 0.26-fold, p=0.65; IC male: 

1.69 ± 0.64-fold, IC female: 1.67 ± 0.16-fold, p=0.95; CLI male: 2.23 ± 0.41-fold, CLI 

female: 2.04 ± 48-fold, p=0.85).

Circulating levels of miR-210 were also significantly higher in IC and CLI patients 

relative to CON (1.53 ± 0.16-fold, p=0.003 and 2.23 ± 0.38-fold, p<0.001, respectively) 

(Figure 2B). Furthermore, circulating levels of miR-210 were significantly higher in CLI 

patients compared to IC patients as well (p<0.001). Skeletal muscle expression of miR-210 

correlated significantly with circulating miR-210 levels (R2=0.67, p<0.001) (Figure 2C). 

Interestingly, skeletal muscle miR-210 expression significantly correlated with CI+II 

(R2=0.33, p=0.001), and CIV respiration (R2=0.28, p=0.004) (Figure 3A–B). Furthermore, 

miR-210 levels also significantly correlated with 6MWD (R2=0.45, p=0.001) (Figure 3C), 

but not with PFWT (p=0.54).

The PCR array of miR-210 targets identified the following differentially expressed genes 

in IC muscle (n=6) relative to CON (n=3): COX10 (p=0.005), glycerol-3-phosphate 

dehydrogenase 1 like (GPD1L) (p<0.001), ISCU (p<0.001), Clustered Mitochondria 

Homolog (CLUH) (p=0.02), Lysosomal Associated Membrane Protein 1 (LAMP1) 

(p<0.001), MID1 Interacting Protein 1 (MID1IP1) (p<0.001), NADH Dehydrogenase 1 

Alpha Subcomplex 4 (NDUFA4) (p<0.001), and Zinc Finger AN1-Type Containing 3 

(ZFAND3) (p<0.001).

COX10 (p=0.003), GPD1L (p<0.001), ISCU (p<0.001), NDUFA4 (p=0.01), and ZFAND3 

(p=0.002), were also differentially expressed in CLI tissue (n=3) relative to CON, along with 

Cholinergic Receptor Nicotinic Beta 1 Subunit (CHRNB1) (p=0.02). The complete list of 

the miR-210 targets assessed by the PCR array is presented in Figure 4, and the complete 

PCR array data are provided in Supplementary Table 1.

To confirm the PCR array results for COX10 and ISCU, we determined the mRNA 

levels of these genes in a larger sample of CON (n=10), IC (n=10), and CLI patients 

(n=10). The gastrocnemius mRNA expression of both COX10 and ISCU were significantly 

down-regulated in IC patients (COX10: 0.53 ± 0.30-fold, p=0.01; ISCU: 0.42 ± 0.37-fold, 

p<0.001) relative to CON (Figure 5A). In CLI patients, ISCU was significantly down-

regulated (0.35 ± 0.13-fold, p<0.001), and although COX10 levels trended towards down-

regulation (0.71 ± 0.40-fold, p=0.15), differences were not statistically significant relative to 

CON. The protein expression of COX10 and ISCU was also significantly lower in IC (0.23 

± 0.23-fold, p=0.01 and 0.44 ± 0.36-fold, p=0.01, respectively) and CLI (0.37 ± 0.36-fold, 

p=0.04 and 0.52 ± 0.31, p=0.049, respectively) compared to CON (Figure 5B,C).
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DISCUSSION

The human genome codes for over 1000 miRs, and a third of all mRNAs may be targeted by 

miRs [25]. Since miRs can affect cellular and physiological processes, miR levels have been 

studied in the context of different pathological processes. With relevance to atherosclerosis, 

five different miRs have been found to be upregulated in human atherosclerotic plaque, 

compared to non-atherosclerotic arteries [16]. Of these, miR-210 was also shown to be 

significantly increased in serum samples of PAD patients in two studies [11, 15]. Here, we 

corroborate these findings and show that miR-210 is also elevated in ischemic muscle of 

PAD patients. Additionally, Signorelli et al. showed that miR-210 levels inversely correlated 

with PFWD [11], and in our study we demonstrate a negative association between skeletal 

muscle miR-210 and 6MWD. Taken together, these results suggest that miR-210 may 

represent a potential biomarker for the diagnosis and prognosis of PAD.

MiR-210 may be especially important in ischemic conditions due to its induction by HIF-1α 
during hypoxia [26] (Figure 6). In fact, HIF-1α directly binds to a hypoxia response element 

(HRE) on the proximal miR-210 promoter [27]. The HRE is located upstream of miR-210’s 

transcription start site, which suggests that the HRE is responsible for hypoxic induction 

of pri-miR-210 [27]. Interestingly, the HRE site on the miR-210 promoter region is also 

highly conserved across species, further exemplifying the role of hypoxia in miR-210 

expression. Other transcriptional factor binding sites that are also highly conserved that are 

located in close proximity to miR-210’s HRE site include transcription factors involved 

in energy metabolism, such as E2F1 and peroxisome proliferator-activated receptor-γ 
[27]. This observation is consistent with the importance of hypoxia in the regulation 

of energy metabolism. Due to a limited oxygen supply, hypoxia suppress mitochondrial 

energy metabolism, and this process is known to involve induction of several proteins 

including pyruvate dehydrogenase kinase, lactate dehydrogenase A, and COX4–10 [28]. 

Recent evidence suggests that miR-210 induction may also play a role in the cellular energy 

production shift under hypoxia. Mechanistically, this occurs via repression of ISCU and 

COX10 [20]. Thus, since the identification of the HIF-1α/miR-210/ISCU-COX10 regulatory 

axis, this axis has been studied in several conditions ranging from cancer and ischemic 

heart disease to preeclampsia [29–31]. Notably, other potential targets of miR-210 have 

also been identified that may further explain miR-210-mediated reductions in mitochondrial 

activity, including Succinate Dehydrogenase Complex Subunit D (SDHD) [31, 32] and 

NADH dehydrogenase ubiquinone 1 alpha subcomplex 4 (NDUFA4) [33]. Several studies 

have shown that miR-210 is sufficient to reduce Complex I [18, 29, 34], Complex II [32, 35–

37], and Complex IV [29, 33] activity. Interestingly, our work also demonstrated negative 

associations between miR-210 expression and Complex I+II, and Complex IV respiration.

One of the well-studied features of PAD is an associated skeletal muscle metabolic 

myopathy that is characterized by histological alterations as well as mitochondrial 

dysfunction [3]. One of the primary treatment goals for PAD patients is to improve 

walking performance, and targeting the mitochondria is recognized as a promising approach. 

Recently, two studies by Gratl et al. showed improvements in mitochondrial function by 

interventional revascularization of arteriosclerotic lesions [38, 39]. These studies suggest 

an underlying mechanism of improved mitochondrial performance related to re-established 
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blood and oxygen supply. Thus, recovered mitochondrial respiration after successful 

invasive revascularization for PAD may involve normalization of miR-210 levels. Future 

studies should assess the effect of different interventions that improve mitochondrial 

function and walking performance, such as surgical revascularization, on miR-210 levels 

in PAD patients.

One important noteworthy point is that in addition to the effects on mitochondrial 

respiration, miR-210 may also play a role in other biological mechanisms relevant to PAD. 

For example, miR-210 has been studied in the context of acute hindlimb ischemia (HLI) in 

mice, where miR-210 overexpression has been shown to improve angiogenesis and blood 

perfusion recovery and increase arteriolar and capillary density [40–42]. These effects are 

thought to result via miR-210-mediated inhibition of ephrin A3 [43] and protein tyrosine 

phosphatase 1B [44]. In other preclinical studies, increasing miR-210 levels in endothelial 

cells has also been shown to protect against hypoxia/reoxygenation injury by reducing 

reactive oxygen species (ROS) production [45]. Likewise, in acute HLI models, miR-210 

overexpression has been found to decrease ROS production, and miR-210 antagonism was 

shown to increase oxidative stress [42, 46]. However, the effects of miR-210 have yet to be 

studied under chronic hypoxia, which emphasizes the importance of further investigations 

into miR-210 using prolonged, in-vitro and in-vivo ischemia models.

The role of miR-210 in human PAD remains unclear. While the present identified inverse 

associations between miR-210 expression and mitochondrial respiration in PAD, these 

findings are only correlational. Importantly, miR-210 up-regulation in PAD may play a 

role in cellular adaptation to hypoxia and may represent a mechanism for protection against 

low oxygen conditions. Thus, a limitation of this work is the descriptive nature of the study, 

and therefore, cause and effect linkages between miR-210 and mitochondrial dysfunction 

in PAD cannot be established. Future studies should confirm and further analyze these 

associations in preclinical models. Further, the sample size of the study was relatively small, 

so external validation from a larger sample may improve the translational impact of the 

study results.

In conclusion, miR-210 may represent a potential novel biomarker for the diagnosis and 

prognosis of PAD and a start point for individualized treatment. Our findings warrant 

future studies to understand the role of miR-210 in regulating mitochondrial and oxidative 

metabolism across the spectrum of the disease.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Brief Commentary

Background:

Peripheral artery disease (PAD) is characterized by a metabolic myopathy, 

and mitochondrial dysfunction significantly contributes to PAD pathophysiology. 

MicroRNA-210 (MiR-210) has been identified as a negative regulator of mitochondrial 

respiration during hypoxia. We compared skeletal muscle miR-210 expression of PAD 

patients to non-PAD controls and examined the relationship between miR-210 and 

mitochondrial function.

Translational Significance:

MiR-210 levels were increased in PAD patients and negatively associated with 

mitochondrial respiration and walking performance. MiR-210 may play a role in cellular 

adaptation to hypoxia in PAD. Future studies should clarify the role of miR-210 in the 

metabolic myopathy associated with PAD.
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Figure 1. Skeletal muscle mitochondrial respiration is reduced in PAD patients.
Oxygen consumption rate (JO2) in permeabilized muscle fibers from non-PAD control 

(CON) patients (n=20), intermittent claudication (IC) patients (n=20), and critical limb 

ischemia (CLI) patients (n=20). JO2 measured during (A) Complex I, state 2 respiration 

(CI.2), (B) Complex I, state 3 respiration (CI.3), C, combined Complex I and II respiration 

(CI+II), (D) Complex II respiration (CII), and (E) Complex IV respiration (CIV). (F) 
Mitochondrial content was assessed by citrate synthase (CS) activity. One-way ANCOVA 

with post-hoc Bonferroni test used for analysis, ns represents no significant difference 

between groups, ns represents no significant difference between groups, * represents p<0.05, 

** represents p<0.01, and *** represents p<0.001.
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Figure 2. MiR-210 expression is elevated in PAD muscle.
(A) Relative miR-210 levels in gastrocnemius muscle of non-PAD control (CON) (n=10), 

intermittent claudication (IC) patients (n=10), and critical limb ischemia (CLI) patients 

(n=10) and (B) relative miR-210 levels in serum. One-way ANCOVA with post-hoc 

Bonferroni test used for analysis, ** represents p<0.01, and *** represents p<0.001. (C) 
Association between circulating levels of miR-210 and skeletal muscle levels of miR-210, 

correlation tested by Pearson correlation, coefficient of determination (R2) and p-value for 

relationship shown.
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Figure 3. Skeletal muscle miR-210 expression is associated with mitochondrial respiration and 
walking performance.
(A) Association between combined Complex I and II (CI+II) respiration and skeletal muscle 

miR-210 relative expression in non-PAD control (CON), intermittent claudication patients, 

and critical limb ischemia (CLI) patients, (B) association between Complex IV (CIV) 

respiration and muscle miR-210 relative expression, and (C) association between 6-minute 

walk distance (6MWD) and muscle miR-210 relative expression. Correlations tested by 

Pearson correlation, coefficient of determination (R2) and p-values for relationships shown.
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Figure 4. Skeletal muscle miR-210 target expression in PAD.
(A) Heatmap analysis of gastrocnemius tissue expression of miR-210 target genes, color 

legend represents calculated relative expression of intermittent claudication (IC) (n=6) and 

critical limb ischemia (CLI) patients (n=3) compared to non-PAD controls (CON) (n=3), 

(B) Volcano plot identifying significant gene expression changes in IC and (C) in CLI, 

by plotting the log2 of the fold changes in gene expression on the x-axis versus their 

statistical significance on the y-axis. The center vertical line indicates unchanged gene 

expression, while the two outer vertical lines indicate the selected fold regulation threshold. 

The horizontal line indicates the selected p-value threshold. Genes with data points in the 

far upper left (down-regulated) and far upper right (up-regulated) sections meet the selected 

fold regulation and p-value thresholds. By combining the fold change results with the 

p-value statistical test results, genes with both large and small expression changes that are 

statistically significant are easily visualized.
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Figure 5. Skeletal muscle COX10 and ISCU expression are reduced in PAD.
(A) Relative fold change of mRNA expression detected by real-time PCR. COX10 and ISCU 

gene expression measured in skeletal muscle homogenates of intermittent claudication (IC) 

(n=10), critical limb ischemia (CLI) (n=10) patients, and non-PAD controls (CON) (n=10). 

(B) Western blot of COX10 and ISCU, GAPDH used as loading control, (C) fold change 

of COX10 and ISCU protein expression. One-way ANCOVA with post-hoc Bonferroni test 

used for analyses, * represents p<0.05 and *** represents p<0.001.
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Figure 6. Potential mechanisms of miR-210 mediated mitochondrial dysfunction in PAD.
In ischemic conditions, hypoxia-inducible factor 1-alpha (HIF-1α) binds to the hypoxia 

response element (HRE) on the miR-210 promoter, increasing the transcription of pri-

miR-210. After cleavage of excess base pairs by RNAse III Drosha, pre-miR-210 is exported 

from the nucleus. RNAse III Dicer further cleaves the loop structure, separating the 2 

strands of RNA, leaving a single stranded mature miR-210. The mature miR-210-RNA-

induced silencing complex (RISC) complexes can target and repress iron-sulfur cluster 

scaffold homolog (ISCU) and cytochrome c oxidase assembly protein (COX10) genes. 

The downregulation of these genes can lead to reduced activity of mitochondrial electron 

transport chain Complex I and reduced expression of functional cytochrome c oxidase 

protein.
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Table 1.

Primers for Quantification of mRNAs by qPCR.

mRNA 5’—————3’ Forward/Reverse RefSeq
a
 Number Exon Location

COX10 AACATGAATAGGACAAAGAACAGAC Forward NM_001303 5–6

AAGGTCAGAATGGCAACTCC Reverse

ISCU GGAAGATTGTGGATGCTAGGT Forward NM_213595 4–5

CTCCTTGGCGATATCTGTGTT Reverse

GAPDH 
b ACATCGCTCAGACACCATG Forward NM_002046 2–3

TGTAGTTGAGGTCAATGAAGGG Reverse

ACTB 
b ACAGAGCCTCGCCTTTG Forward NM_001101 1–2

CCTTGCACATGCCGGAG Reverse

a
NCBI Reference Sequence database number

b
Reference mRNA
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Table 2.

Patient Clinical Characteristics

Non-PAD Control (n=20) Intermittent Claudication 
(IC) (n=20)

Critical limb ischemia 
(CLI) (n=20) P-value

a

Age (years) 54.67 ± 13.59 61.25 ± 6.18 62.40 ± 9.05 0.07

Sex (male/female) 4/16 12/8 12/8 0.01

Ethnicity (White/Hispanic/African 
American) 9/7/4 5/0/5 12/8/0 -

Ankle brachial index (ABI) 1.09 ± 0.01 0.79 ± 0.30 0.34 ± 0.16 <0.001

6-minute walk distance (6MWD) 
(m) 332.34 ± 86.53 184.54 ± 76.18 - <0.001

Pain-free walking time (PFWT) 
(sec) 720 ± 47.20 53.25 ± 12.62 - <0.001

a
The values presented in the column “p-value” represent the overall difference between groups as determined by analysis of variance (ANOVA) for 

continuous variables or chi-square and Fisher exact tests for categorical variables.
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