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Abstract 

Background: There is still a lack of understanding regarding the role of autophagy and 

autophagy-related genes (ATGs) in peripheral arterial disease (PAD); their involvement 

in PAD could have important implications. Our study aims to examine the associations 

between ATGs, autophagy and PAD, as well as discover potential biomarkers for PAD 

prognosis. 

Methods: ATGs involved in autophagy were analysed using the GSE57691 dataset for 

differential expression in PAD. Quantitative real-time polymerase chain reaction was used 

to validate the expression of these ATGs in our Lauflabor registry. The autophagy activity 

of peripheral blood mononuclear cells (PBMCs) from Lauflabor participants was deter-

mined by the analysis of autophagic markers (beclin-1, P62, and LC3B). The immune 

microenvironment within the artery wall of PAD patients and healthy individuals were 

evaluated by single sample gene set enrichment analysis (ssGSEA). The chemokines in 

participants' plasma were assessed using an antibody array and enzyme-linked immuno-

sorbent assay. Gardner protocol was used to assess participants' walking capacity, in-

cluding pain-free walking distance, maximum walking distance, and walking time. 

Results: A set of 20 marker ATGs were found decreasingly expressed in both GSE57691 

and our PAD participants. PBMCs obtained from PAD patients had significantly reduced 

levels of autophagic marker proteins (beclin-1 and LC3BII) according to Western blot 

analysis. ssGSEA analysis revealed a strong correlation between most ATGs and im-

mune-related pathway, especially the cytokine-and-cytokine receptor (CCR) interactions. 

Notably, the plasma of PAD patients exhibited higher level of chemokines GRO and NAP2, 

which also displayed a noteworthy inverse relationship with walking distance as evaluated 

through Gardner treadmill testing. Finally, NAP2 (the area under the curve of the receiver 

operating characteristic, AUC: 0.743) exhibited higher prognostic efficacy about impaired 

walking capacity compared with GRO (AUC: 0.701). 

Conclusions: In summary, a major finding of these studies is that autophagy and ATGs 

play an important role in PAD and are linked to vascular inflammation (chemokine pro-

duction). Especially, among PAD patients, chemokine NAP2 emerged as a novel bi-

omarker for predicting impaired walking ability. 
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Zusammenfassung 

Hintergrund: Die Rolle der Autophagie und autophagiebezogener Gene (ATGs) bei der 

peripheren arteriellen Verschlusskrankheit (pAVK) ist unklar; Ihre Beteiligung an pAVK 

könnte jedoch eine wichtige Rolle bei der Genese der Krankheit haben. Ziel dieser Studie 

ist es daher, den Zusammenhang zwischen ATGs, Autophagie und pAVK zu untersuchen 

und potenzielle Biomarker für die pAVK -Prognose zu identifizieren. 

Methoden: Eine differentielle Expression der Autophagie-bezogenen Gene (ATGs) in ar-

teriellen -Gewebe wurde für pAVK unter Verwendung des Datensatzes GSE57691 unter-

sucht. Die Expression deregulierter ATGs in mononukleären Zellen des peripheren Blutes 

(PBMCs) wurde dann bei Teilnehmern aus unserem Lauflabor-Register Studie durch 

quantitative Echtzeit-Polymerase-Kettenreaktion (qRT-PCR) validiert. Nachfolgend 

wurde die Autophagieaktivität von Lauflabor -Teilnehmern durch die Analyse von Autoph-

agie-Markerproteinen (Beclin-1, P62 und LC3B) bewertet. Die Immunmikroumgebung in-

nerhalb der Arterienwand von PAD-Patienten und gesunden Personen wurde mithilfe 

einer Single Sample Gene Set Enrichment Analysis (ssGSEA) bewertet. Mithilfe eines 

Chemokin-Antikörper -Arrays und eines enzymgebundenen Immunosorbens-Assays 

(ELISA) wurden die Chemokinkonzentrationen im Plasma der Teilnehmer ermittelt. Die 

Gehfähigkeit der Teilnehmer, einschließlich schmerzfreier Gehstrecke, maximaler 

Gehstrecke und Gehzeit, wurde durch Laufbandtests nach dem Gardner-Protokoll bew-

ertet. 

Ergebnisse: Im GSE57691 Datensatz wurde bei pAVK-Patienten 20 deregulierte ATGs 

mit abnehmender Expression identifiziert. Die Western-Blot-Analyse bestätigte einen 

deutlichen Rückgang der Autophagie -Markerproteine (Beclin-1 und LC3BII) inPBMCs 

von PAD-Patienten. Die ssGSEA-Analyse ergab eine starke Korrelation zwischen den 

meisten ATGs und immunbezogenen Signalwegen, insbesondere für Zytokin - und 

Zytokinrezeptor (CCR)-Wechselwirkungen. Bei pAVK-Patienten zeigten zudem eine 

stärkere Infiltration von Immunzel len und eine erhöhte Aktivität immunbezogener Signal-

wegen. Hier zeigte das Plasma von pAVK-Patienten eine höhere Konzentration der 

Chemokine GRO und NAP2. , die Bemerkenswerterweise zeigten unsere Analysen einen 

umgekehrten Zusammenhang zwischen der Konzentration von GRO und NAP2 und der 

schmerzfreien und maximalen Gehstrecke bei pAVK-Patienten. NAP2 (AUC: 0,743) hatte 
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hier im Vergleich zu GRO (AUC: 0,701) eine höhere prognostische Wirksamkeit hinsicht-

lich der eingeschränkter Gehfähigkeit.  

Schlussfolgerungen: Zusammenfassend unterstreichen diese Ergebnisse eine wichtige 

Rolle von Autophagie und ATGs bei pAVK und bringen sie mit Gefäßinflammation (Ex-

pression von Chemokinen) in Verbindung. Insbesondere das Chemokin NAP2 konnte als 

ein neuer Biomarker für pAVK identifiziert werden, welcher auch zur Vorhersage einer 

beeinträchtigten Gehfähigkeit im Gardner -Laufbandtest verwendet werden kann.
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1.  Introduction 

1.1 Peripheral arterial disease 

Peripheral arterial disease (PAD), often referred to as lower extremity PAD, is a condition 

that quietly steals away the mobility of people worldwide. This illness occurs when the 

arteries in the legs narrow due to atherosclerosis, a buildup of plaque on the artery walls 

that restricts blood flow. As one of the primary causes of atherosclerotic cardiovascular 

morbidity, PAD ranks third only to coronary artery disease (CAD) and stroke in terms of 

its impact on global health (1). 

 

Atherosclerosis, the underlying culprit of PAD, is a progressive condition that begins with 

the accumulation of fats, cholesterol, and other substances on the inner walls of the ar-

teries. Over time, this buildup hardens and forms plaque, narrowing the vessel cavity and 

hindering the smooth flow of blood. In the legs, this narrowing can lead to decreased 

blood supply to the muscles, causing pain and discomfort, especially during physical ac-

tivity. 

 

PAD often goes undiagnosed due to its subtle symptoms, which may include leg pain or 

discomfort while walking (claudication) that resolves with rest. However, it can cause sig-

nificant damage if left untreated. Without adequate blood supply, the muscles of the legs 

can atrophy, and the tissue may become critical limb ischemia (CLI). The main symptoms 

of CLI are chronic ischemia, gangrene, and ulcers in the lower extremities, contributing 

substantially to limb amputation and cardiovascular death (2). 

 

The risk of developing PAD increases with age, as atherosclerosis is a chronic process 

that accumulates over time. Other factors that contribute to the development of PAD in-

clude smoking, diabetes, hypertension, high cholesterol levels, and a lack of physical 

activity. The comprehensive impact of these risk factors enhanced the probability of de-

veloping PAD and worsens its clinical symptoms (3). Around 20% of individuals aged >55 

years are estimated to have PAD, and this percentage increases to approximately 40% 

in populations aged >80 years (4). Approximately 1.8 million individuals in Germany ex-

perience symptomatic PAD, with an annual occurrence of CLI ranging from 50,000 to 

80,000 patients (4). This not only significantly impacts the prognosis of PAD patients but 

also imposes a tremendous economic burden on society's development. 
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Early detection and treatment of PAD are crucial to prevent further damage and improve 

patient outcomes. Diagnostic tests such as the ankle-brachial index measurement and 

ultrasound can help identify narrowed arteries. Prompt diagnosis and treatment are es-

sential to halt the progression of the disease and prevent irreversible damage to the legs. 

Once diagnosed, treatment options may include lifestyle modifications, such as adopting 

a healthy diet, increasing physical activity, and quitting smoking, medication to control 

risk factors, and in some cases, surgical procedures to restore blood flow. 

 

1.2 Autophagy in the cardiovascular system 

Autophagy is a highly conserved catabolic process that occurs within cells. It involves the 

formation of autophagosomes, which phagocytose cytoplasmic components such as pro-

tein aggregates and damaged organelles. These autophagosomes then fuse with lyso-

somes, acidic compartments filled with enzymes that digest the engulfed materials. 

Through this process, cells can recycle nutrients and eliminate waste, maintaining home-

ostasis and promoting cell survival (5). 

 

The autophagy pathway within cells recycles nutrients in response to stress factors such 

as oxidative stress, hypoxia, and starvation. It has a vital function in multiple biological 

processes, encompassing aging, immune response, cellular growth and death, cancer 

formation, and vascular disorders (6). Autophagy serves as a crucial controller of home-

ostasis in the cardiovascular system, reacting to both normal and abnormal stimuli to 

maintain homeostasis. Although autophagy activity is typically advantageous, dysregula-

tion of autophagy, whether it is inadequate or excessive, can result  in premature cell 

apoptosis (7). 

 

Recent evidence has suggested that basal autophagy is essential for protecting endothe-

lial cells and smooth muscle cells from cell death, and also the progression of cardiovas-

cular diseases, such as heart failure and atherosclerosis (5, 8). Furthermore, autophagy 

is increasingly recognized as a crucial mechanism for preserving cardiovascular system 

homeostasis, and impacting the progression of aging (9).  

 

Autophagy may play a protective role by helping cells cope with the stress induced by 

artery narrowing and ischemia. As blood flow is restricted, cells in the affected limbs may 
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experience hypoxia, a state of low oxygen tension. Under hypoxic conditions, autophagy 

is activated as a survival mechanism, enabling cells to recycle their internal components 

and generate energy through catabolism. Moreover, autophagy may also play a role in 

clearing away damaged or dysfunctional proteins that accumulate during ischemia. Ac-

cumulation of these proteins can further exacerbate cellular stress and lead to apoptosis, 

or programmed cell death. By removing these harmful proteins, autophagy may help cells 

survive the ischemic insult and promote tissue recovery.  

 

However, the exact participation of autophagy in PAD remains elusive and the specific 

role it plays in the pathogenesis and progression of PAD is still unknown (10). Further 

studies are needed to elucidate the precise mechanisms underlying the autophagy re-

sponse in PAD and to explore potential therapeutic strategies that target this pathway. 

 

Autophagy represents a promising area of research for a deeper understanding of PAD. 

To gain a deeper understanding of the role of autophagy in PAD, it is crucial to investigate 

whether autophagy is indeed involved in the disease process and to identify the autoph-

agy-related genes (ATGs) that may be involved. Studying the involvement of autophagy 

in PAD could provide valuable insights into the molecular processes and mechanisms 

underlying vascular pathophysiology. For instance, understanding how ATGs are regu-

lated in PAD could reveal novel targets for therapeutic intervention. Additionally, identify-

ing autophagy-related biomarkers could aid in the evaluation of disease risk and progno-

sis in PAD patients. Finally, uncovering the functional connections between ATGs and 

relevant molecular pathways in the context of PAD could provide crucial information for 

monitoring disease progression. By understanding how autophagy interacts with other 

cellular processes, researchers could develop more effective strategies for diagnosing 

and treating PAD. 

 

1.3 Aim of the study 

In a recent study by Biros et al. (11) they published the gene expression omnibus (GEO) 

dataset GSE57691 (12), This study revealed that genes were expressed differently in the 

artery wall tissue of 49 patients with abdominal aortic aneurysms (AAA), 9 patients with 

CLI, and 10 healthy controls. For the current study, we reassessed this data set from the 

perspective of CLI and healthy controls to conduct a newly comprehensive analysis. 
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Initially, we examined the differentially expressed ATGs in PAD patients with CLI using 

gene expression information from GSE57691. After identifying ATGs, peripheral blood 

samples collected from Lauflabor participants were examined for their expression levels. 

To gain insights about the biological roles of these ATGs, we conducted analyses on 

protein-protein interactions (PPI), as well as enrichment analyses on Gene Ontology (GO) 

and Kyoto Encyclopedia of Genes and Genomes (KEGG). 

 

Afterwards, to assess the degradation of autophagic marker proteins, including beclin-1, 

P62, and LC3B, western blot analysis of peripheral blood mononuclear cells (PBMCs) 

from Lauflabor participants was conducted. Given that the pro-inflammatory phenotype 

and immune activation associated with PAD (13), the immune microenvironment of PAD 

patients was further investigated through single sample gene set enrichment analysis 

(ssGSEA). This analysis aimed to establish links between molecular inflammatory pro-

cesses and ATGs. 

 

In addition, we identified and validated potentially predictive biomarkers for PAD risk and 

walking capacity impairment using the Gardner treadmill test. Among the gold standards 

to diagnose PAD is Gardner treadmill testing, which is widely considered the gold stand-

ard for assessing physical performance. However, due to the requirement for specialized 

equipment, time, and a trained team, its implementation in routine clinical practice is lim-

ited. 

 

To summarize, the aim of this study will be to 1) obtain understanding of the associations 

between PAD and ATGs as well as autophagy, 2) link autophagy with inflammatory pro-

cesses in PAD development, and 3) discover novel biomarkers that can accurately predict 

PAD clinical outcomes. 

 

Citations: 

Dai M, Li K, Sacirovic M, Zemmrich C, Buschmann E, Ritter O, Bramlage P, Persson AB, 

Buschmann I, Hillmeister P. Autophagy-related genes analysis reveals potential bi-

omarkers for prediction of the impaired walking capacity of peripheral arterial disease. 

BMC Med. 2023 May 18;21(1):186. 
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Dai M, Hillmeister P. Exercise-mediated autophagy in cardiovascular diseases. Acta 

Physiol (Oxf). 2022 Nov;236(3): e13890. 
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2. Methods 

2.1 mRNA expression profile of PAD and ATGs datasets 

From the gene expression omnibus (GEO) database (http://www.ncbi.nlm.nih.gov/geo/), 

we obtained a dataset (GSE57691), which contained mRNA expression profiles of PAD. 

This dataset was generated by the Illumina HumanHT-12 V4.0 expression beadchip plat-

form (GPL10558). It involved analyzing the expression of genes in the tissue of the artery 

wall, which collected from 49 AAA patients, 9 CLI patients, and 10 healthy controls. To 

investigate ATGs in PAD, 232 ATGs were retrieved from The Human Autophagy Data-

base (http://www.autophagy.lu/index.html). 

 

2.2 Differential expression analysis of ATGs in PAD 

From the GSE57691 dataset, we downloaded the normalized expression matrix. Subse-

quently, the annotation files from the dataset were used to annotate the probes. In order 

to guarantee the dependability of GSE57691, a principal component analysis (PCA) was 

conducted to evaluate its consistency. 

 

To identify the differentially expressed ATGs, we used the "limma" package in R software. 

ATGs that exhibited differential expression were identified based on an adjusted P-value 

<0.05 and an absolute log2 fold change (FC) Ó 1. The identified ATGs were presented 

with heatmap and volcano plots using the "heatmap" and "ggplot2" package in R software. 

 

2.3 PPI analysis of the identified ATGs 

In order to investigate the PPI network among the identified ATGs, a comprehensive PPI 

analysis was conducted using the STRING database (https://string-db.org/). The STRING 

database integrates known and predicted protein-protein interactions from various 

sources, providing a valuable resource for exploring protein interactions in a network con-

text. The obtained PPI data were further visualized using the "igraph" package in R. 

 

2.4 GO and KEGG pathway enrichment analysis of the identified ATGs 

To gain further insights of the potential biological functions and pathways associated with 

the identified ATGs, we performed GO and KEGG pathway enrichment analyses. The 
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GO analysis provides a systematic annotation of genes based on their cellular component, 

biological process, and molecular function. This analysis helps to uncover the functional 

roles and involvement of the identified ATGs in various cellular processes. 

 

In order to obtain additional understanding of the possible biological roles and pathways 

linked to the identified ATGs, we conducted enrichment analyses of GO and KEGG path-

ways. GO analysis offers a comprehensive annotation of genes according to their cellular 

location, biological activity, and molecular role. This analysis helps to uncover the func-

tional roles and involvement of the identified ATGs in various cellular processes. 

 

2.5 Immune microenvironment in PAD 

In order to investigate the immune micro-environment in PAD, we utilized ssGSEA to 

assess the levels of immune activity. ssGSEA was a method for measuring immune func-

tion. It was able to estimate the activity of immune-related pathways and the levels of 

immune cell infiltration in individual samples. ssGSEA was conducted via R packages 

'GSVA' and 'GSEABase' (14, 15), which were known for their reliable and precise calcu-

lation of normalized enrichment scores. This analysis offers a numerical assessment of 

the levels of enrichment for 13 type of immune-related pathways and 16 types of immune 

cells in each sample (16). The results were represented with immune scores.  

 

The visualization of the immune landscape in PAD involved various R packages. The 

"pheatmap" package was employed to create a visually informative heatmap, presenting 

the involvement of specific immune cell types and immune-related pathways in PAD. To 

compare the levels of immune function between PAD and healthy controls, boxplots were 

generated using the "ggpubr" and "reshape2" packages. These boxplots provided a clear 

visual representation of the differences between the two groups. Furthermore, to check 

the relationship between the identified ATGs and immune function, "psych" and "ggcor-

rplot" package was employed. This enabled the analysis of the associations between the 

expression levels of ATGs and immune-related parameters, revealing potential connec-

tions between autophagy and immune function in the context of PAD. 
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2.6 Participants and clinical characteristics 

This study included 179 participants from the Lauflabor Registry database. These indi-

viduals sought medical treatment at the Lauflabor in Brandenburg an der Havel, Germany, 

between 10/2020 and 08/2022. The Lauflabor specializes in providing comprehensive 

screening, diagnosis, and follow-up services for patients with cardiovascular diseases 

(www.lauflab.de). The study protocol for the Lauflabor register trial was reviewed and 

approved by the ethics committee of the Cottbus Medical Association (Landesärztekam-

mer Cottbus). Based on the principles of the Helsinki Declaration, this study was con-

ducted.  

 

2.7 PBMCs isolation, RNA Extraction and quantitative real-time polymerase chain 

reaction (qRT-PCR) 

Blood samples were obtained from each participant to isolate peripheral blood mononu-

clear cells (PBMCs) using a previously described method (17). In summary, a total of 15 

ml of blood from the peripheral veins was collected using 3 EDTA tubes. Then, 10 ml of 

the blood samples were mixed with equivalent volume of phosphate-buffered saline (PBS) 

and gently placed onto Ficoll-Paque density gradient media (GE Healthcare) in a 4:3 ratio. 

After centrifuged with 400 g and 25 minutes. The PBMCs layer was carefully collected, 

rinsed two times with PBS, and preserved at -80 °C. Additionally, another 5 ml of blood 

samples were centrifuged with 1000 g and 10 minutes to isolate plasma, which was stored 

at -80 °C for future use.  

 

The extraction of total RNA from PBMCs was performed using Trizol methods (Thermo 

Fisher Scientific) following guidelines provided by the manufacturer. The concentration 

and purity of the isolated RNA were assessed with a NanoDrop-2000 spectrophotometer 

(NanoDrop Technologies). High quality RNA was characterized by a 260/280 ratio rang-

ing from 1.8 to 2.0. Regarding cDNA synthesis, the QuantiTect Reverse Transcription Kit 

(QIAGEN) was used to reverse transcribe 1ɛg of total RNA. The expression levels of the 

target genes were measured by qRT-PCR using the LightCycler® 96 Real-Time PCR 

System (Roche). In order to calculate the relative expression of mRNA, we used the 

2^īȹȹCT method. Eurofins Genomics Germany GmbH synthesized and purchased all 

primer sequences. Table 1 displayed the exact primer sequences. 
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Table 1. Primer sequences used for qRT-PCR (own table: Mengjun Dai). 

Genes Nucleotide sequence (5ǋ-3ǋ) 

BAG3   Forward TGGGAGATCAAGATCGACCC   Reverse GGGCCATTGGCAGAGGATG 

BNIP3   Forward CAGGGCTCCTGGGTAGAACT   Reverse CTACTCCGTCCAGACTCATGC 

CCL2   Forward CAGCCAGATGCAATCAATGCC   Reverse TGGAATCCTGAACCCACTTCT 

CTSB   Forward GAGCTGGTCAACTATGTCAACA   Reverse GCTCATGTCCACGTTGTAGAAGT 

CX3CL1   Forward ACCACGGTGTGACGAAATG   Reverse TGTTGATAGTGGATGAGCAAAGC 

EEF2   Forward AACTTCACGGTAGACCAGATCC   Reverse TCGTCCTTCCGGGTATCAGTG 

EEF2K   Forward CACCTGGAAGATATTGCCACC   Reverse GCTTCGCCACGTAGTTGGA 

FOXO1   Forward TCGTCATAATCTGTCCCTACACA   Reverse CGGCTTCGGCTCTTAGCAAA 

HSPA5   Forward CATCACGCCGTCCTATGTCG   Reverse CGTCAAAGACCGTGTTCTCG 

HSPB8   Forward CTCCTGCCACTACCCAAGC   Reverse GGCCAAGAGGCTGTCAAGT 

KLHL24   Forward ATATTGGGACGCAGACTAAACAG   Reverse TGTCAGAGATTTGGGGTCCAT 

MAP1LC3B   Forward GATGTCCGACTTATTCGAGAGC   Reverse TTGAGCTGTAAGCGCCTTCTA 

PEA15   Forward GGAGAGCCACAACAAGCTG   Reverse CCATAGTGAGTAGGTCAGGACG 

PTEN   Forward TGGATTCGACTTAGACTTGACCT   Reverse GGTGGGTTATGGTCTTCAAAAGG 

RAB11A   Forward CAACAAGAAGCATCCAGGTTGA   Reverse GCACCTACAGCTCCACGATAAT 

RB1CC1   Forward ATCGAAGAGTGTGTACCTACAGT   Reverse GCAGGTGGACGATCACATAAGAT 

RPS6KB1   Forward CGGGACGGCTTTTACCCAG   Reverse TTTCTCACAATGTTCCATGCCA 

SAR1A   Forward ATAATGCAGGCAAAACCACTCT   Reverse TGATGTCGGATGTAGTGTTGGAA 

ST13   Forward AACGAGCTTCGGGCCTTTG   Reverse TCTGAGTAGCAGGTGGTACTTT 

VAMP3   Forward GTGGTGGACATAATGCGAGTT   Reverse CGTCTGCACGGTCGTCTAAC 

RPLPO   Forward ACGGGTACAAAACGAGTCCTG   Reverse AGCCACAAAGGCAGATGGAT 

 

2.8 Western blotting 

RIPA lysis buffer (Thermo Fisher Scientific) was used to lyse PBMCs, and the protein 

concentrations were determined using the BCA Protein Assay kit (Thermo Fisher Scien-

tific) following the instructions provided by the manufacturer. Afterward, 20 µg of protein 

per well were separated by SDS-PAGE gels with 12% or 15% concentration. After elec-

trophoresis, transferring proteins onto nitrocellulose membranes with a steady current of 

250 mA for 15 to 60 minutes. Next, the membranes were blocked using 5% non-fat milk 
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powder in TBST (Tris-buffered saline containing 0.1% Tween 20) for 2 hours at room 

temperature. Afterwards, the membranes were left to incubate overnight at 4°C on a low -

speed shaker with primary antibodies (P62, beclin1, LC3B, and GAPDH) acquired from 

Abcam. Following first antibody incubation, the membranes underwent three times 

washes with TBST and were subsequently exposed to the secondary antibody (HRP) 

with 2 hours and room temperature. After three times additional washes, the nitrocellulose 

membrane was treated with an ECL substrate, and the VWR Imaging Capture System 

was used to detect the signal. The density of the band was measured using the ImageJ 

software. 

 

2.9 Human chemokines antibody array 

Human chemokines antibody array membranes from Abcam were used to identify 38 

chemokines in plasma. In summary, membranes coated with chemokine antibody were 

incubated with diluted plasma overnight at 4°C. Following the necessary washing and 

incubation with the supplied reagents, the VWR Imaging Capture System was utilized to 

capture images of the membranes. ImageJ MicroArray Profile plugin was used to analyse 

chemokine spots for density. 

 

2.10 Enzyme-linked immunosorbent assay (ELISA) 

Human GRO and NAP2 levels were determined using ELISA kits from RayBio and Abcam 

according to manufacturer's instructions. 

 

2.11 Flow mediated dilation (FMD) measurement 

The measurement of FMD is widely acknowledged as a reliable method for evaluating 

endothelial function. FMD was assessed using the AngioDefender medical device (Ever-

ist Health). This device employs an oscillation technique, providing a precise, standard-

ized, and automated assessment of FMD. 
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2.12 Gardner treadmill testing 

Patients' walking capacity was evaluated using a treadmill with the Gardner treadmill pro-

tocol, as described in previous studies (17). In brief, the velocity of the treadmill was ad-

justed to 3.2 kilometers per hour, while the incline increased by 2 degrees every 2 minutes. 

To ensure the safety of the patients, the testing was conducted under the supervision of 

a physician, and the patients were secured using a drop stop device. During the test, the 

pain-free walking distance, maximum walking distance, and walking time were recorded. 

 

2.13 Statistical analysis 

The statistical analyses and plots were conducted using R software (version 4.1.0) and 

R Studio. The t-test was used if the data distribution met the normality criteria; otherwise, 

the Wilcoxon rank sum test was employed. A significance level of P < 0.05 was consid-

ered statistically significant. 
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3. Results 

3.1 Differentially expressed ATGs in PAD 

Initially, the data quality of GSE57691 was evaluated through PCA. The results demon-

strated satisfactory data repeatability in GSE57691 (Fig. 1A). Subsequently, a compre-

hensive analysis of the gene expression profiles was carried out to identify differentially 

expressed ATGs within the GSE57691 dataset. With the selection criteria of adjusted P-

value < 0.05 and |log2FC|Ó 1, a set of 20 ATGs was identified, comprising 1 up-regulated 

gene and 19 down-regulated genes. These findings were visualized through a heatmap 

and volcano plot (Fig. 1B and C). 

 

 

Figure 1. ATGs differentially expressed in PAD. (A) PCA result of GSE57691. (B) 

Heatmap of the 20 differentially expressed ATGs. (C) Volcano plot of the 20 differen-

tially expressed ATGs (from Dai, M. et al., 2023). 
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3.2 PPI network of the identified ATGs 

To investigate the interactions among the identified ATGs, a PPI analysis was conducted. 

The analysis revealed that the proteins encoded by these ATGs exhibited biochemical 

interactions with each other through various pathways, ranging from one to ten distinct 

interactions (Fig. 2A-B). 

 

Figure 2. The PPI among the 20 identified ATGs. (A)Network plot. (B) The number of 

PPI (modified from Dai, M. et al., 2023). 

3.3 Validate the differentially expressed ATGs in Lauflabor registry PAD patients 

We further validated the expression levels of these 20 ATGs through qRT-PCR analysis 

of PBMCs obtained from Lauflabor registry. The cohort consisted of 18 PAD patients and 

18 non-PAD controls. Our findings demonstrated significant down regulation of BNIP3, 

EEF2, FOXO1, HSPA5, KLHL24, MAP1LC3B, PEA15, PTEN, RAB11A, RB1CC1, 

RPS6KB1, SAR1A, ST13, and VAMP3 genes in PAD patients compared to non-PAD 

controls (Fig. 3). Besides, the expression levels of the BAG3, CCL2, CSTB, and EEF2K 

genes showed a trend towards of reduction in PAD, without statistical significance ob-

served. Furthermore, the CX3CL1 and HSPB8 genes were excluded from the statistical 

analysis due to their extremely low expression levels. 
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Figure 3. mRNA expression levels of ATGs in Lauflabor participates. *P < 0.05; 

**P < 0.01; ***p < 0.001; ns, non-significant (modified from Dai, M. et al., 2023). 

 

3.4 GO and KEGG enrichment analysis of the identified ATGs 

We performed GO and KEGG enrichment analyses to reveal the potential biological func-

tions and involved pathways of these differentially expressed ATGs. The results showed 

significant enrichment in several GO terms, including response to nutrient levels, pro-

cesses utilizing autophagic mechanisms, and autophagy (biological process, BC). Addi-

tionally, enriched terms were observed in cellular components (CC) such as transport 

vesicles, aggresomes, and chaperone complexes. In addition, cell adhesion molecule 

binding, GTPase activity, and ubiquitin-like protein ligase binding were enriched in mo-

lecular functions (MF). Finally, according to the KEGG enrichment analysis, these ATGs 

are mainly involved in autophagy and AMPK signaling. 

 

3.5 Autophagy activity in PAD 

We have observed decreased levels of mRNA expression of these identified ATGs in 

PBMCs of PAD patients so far. Furthermore, GO and KEGG analyses have indicated that 

these genes are primarily involved in autophagy-related biological processes. To further 

explore the autophagy activity in PAD, key autophagy markers, such as p62, beclin1, and 

LC3B, were examined for mRNA and protein expression levels. 

 

A preliminary analysis was conducted on the GSE57691 to determine the mRNA levels 

of p62, beclin1, and LC3B. There were no significant differences between PAD and 
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healthy controls in p62 and beclin1. Patients with PAD had a significant decrease in LC3B 

gene expression (Fig. 4A). To validate these findings, we performed qRT-PCR analysis 

on PBMCs obtained from participants in the Lauflabor cohort. Consistent with results from 

GSE57691 dataset, we observed reduced expression of LC3B in PAD patientsô PBMC in 

the Lauflabor cohort (Fig. 4B). 

 

Following that, we tested the protein levels of LC3B, p62, and beclin1 in PBMCs of Lau-

flabor participants. Western blot analysis revealed a significant decrease of beclin1 and 

LC3BII in PAD (Fig. 4C). Moreover, there was a tendency of raising p62 level in PAD 

patients, but it did not reach statistical significance. In all, our findings demonstrated there 

were decreased mRNA and protein levels of LC3BII in PAD patientsô PBMC. 

 

Figure 4. Autophagy levels in PAD patients and healthy controls (HC). (A) mRNA levels 

of autophagy markers (p62, Beclin1, and LC3B) in GSE57691. (B) qRT-PCR analysis of 

mRNA levels of autophagy marker LC3B in Lauflabor participates. (C) Western blotting 

analysis of protein levels of autophagy markers (p62, Beclin1, and LC3B) in Lauflabor 

participates. *p < 0.05, **p < 0.01, ***p < 0.001, ns, non-significant (from Dai, M. et al., 

2023). 
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3.6 Quantitative analysis of immune microenvironment 

As a systemic arterial disease, PAD primarily affects the legs and feet. However, it typi-

cally affects multiple arteries throughout the body, making it a widespread systemic dis-

ease(18). In addition to its peripheral manifestations, PAD is also characterized by signif-

icant inflammation, with systemic inflammation levels often surpassing those observed in 

CAD due to the extensive involvement of arteries(18). 

 

Here, we conducted ssGSEA to quantify the immune microenvironment within artery 

walls in PAD patients and compared them with healthy controls. The ssGSEA revealed 

the immune score of 16 immune cell types and 13 immune-related pathways in each 

sample, as depicted in the heat map (Fig. 5A). In comparison to healthy controls, PAD 

exhibited higher levels of immune cell infiltration, including aDCs, iDCs, mast cells, neu-

trophils, NK cells, pDCs, T helper cells, Tfh, Th1 and Th2 cells (Fig. 5B). Furthermore, 

increased activity of immune-related pathways, such as APC co-stimulation, cytokine-

cytokine receptor (CCR) interaction, checkpoint signaling, MHC class I presentation, and 

T cell co-stimulation, were observed in PAD as compared to healthy controls (Fig. 5C). 

 

Further investigation was conducted on  the associations between the 20 identified ATGs 

and immune function in PAD. Our analysis revealed that most ATGs (with the exception 

of KLHL24, HSPB8, CX3CL1, and CCL2) exhibited associations with immune cell infiltra-

tion and immune-related pathways (Fig. 5D). Notably, RB1CC1 and FOXO1 genes dis-

played the highest number of associations with the immune micro-environment. Further-

more, CCR interactions emerged as the top immune-related pathways associated with 

the identified ATGs, with 10 genes participating in these pathways, as depicted in Fig. 5D. 
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Figure 5. The landscape of immune microenvironment of PAD on ssGSEA. (A) A 

heatmap showing 16 immune infiltration cells and 13 immune-related pathways. (B-C) A 

Boxplot comparing cell enrichment scores and pathways enrichment scores. (D) Corre-

lation analysis between the identified ATGs and immune micro-environment. *p < 0.05, 

**p < 0.01, ***p < 0.001, ns, non-significant (modified from Dai, M. et al., 2023). 

 

3.7 Plasma chemokine expression of PAD 

The ssGSEA analysis has revealed that CCR interaction is the most active immune-re-

lated pathway associated with ATGs, along with the observed decrease in ATGs level 

and autophagy activity in PAD. Our hypothesis is that CCR interaction plays a significant 

role in the progression of PAD. Particularly, chemokines within the CCR interactions are 
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known to stimulate leukocyte migration. The role of chemokines might be especially vital 

in PAD because leukocytes play a critical role in the disease's progression. 

 

Therefore, we examined plasma chemokine concentrations in three patients with PAD 

and three individuals without any medical condition using the human chemokine antibody 

array. Growth-related oncogene (GRO) and neutrophil activating protein 2 (NAP2) 

showed the highest FC expression in the study (Fig. 6A-C). Following this, we measured 

the plasma levels of GRO and NAP2 among 179 participants in Lauflabor registry with 

ELISA kits. The findings showed considerably higher concentrations of GRO and NAP2 

in PAD, with NAP2 (AUC 0.752) displaying superior diagnostic accuracy for PAD in com-

parison to GRO (AUC 0.670) (Fig.6D-E). The propensity scores matching analysis cohort 

confirmed similar results, when excluding any potential age-related influences (Fig.6F). 

 

Figure 6. Chemokine levels in PADs and controls. (A) Human chemokine expression 

profiles in plasma from PAD patients and health controls in Lauflabor. Chemokines are 

ranked based on their log2-fold changes. (B-C) GRO and NAP2 protein levels in PAD 

and healthy controls. (D-E) GRO and NAP2 plasma levels and their diagnostic values 

for PAD in 179 participants. (F) Plasma levels of GRO and NAP2 in the propensity 

score matching cohort. *P < 0.05; **P < 0.01; ***p < 0.001; ns, non-significant (modified 

from Dai, M. et al., 2023). 
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3.8 The relationship between ATGs, chemokines, and endothelial function 

The Spearman correlation analysis revealed that ATGs of KLHL24, VAMP3, HSPA5, and 

ST13 exhibited moderate inverse association with the chemokine GRO (|Correlation co-

efficient, Cor| > 0.4) (Fig. 7A), and slight to moderate inverse associations with the chem-

okine NAP2 (|Cor| > 0.3) (Fig. 7B). Furthermore, fourteen ATGs exhibited moderate pos-

itive associations with FMD (Cor > 0.4) (Fig. 7C). FMD was not significantly associated 

with GRO or NAP2 (P > 0.05) (Fig. 7D).  

 

Figure 7. The relationship between ATGs, chemokines and endothelial function. (A-C) 

The relationship between ATGs and chemokines GRO, NAP2, and FMD. (D) The rela-

tionship between chemokines and FMD (modified from Dai, M. et al., 2023). 

3.9 The relationship between ATGs, GRO/NAP2, and treadmill walking capacity 

Gardner treadmill testing is recognized as a gold standard for assessing symptomatic 

PAD patients, providing valuable diagnostic and prognostic information(19). Spearman 

correlation analysis indicated significant associations between GRO/ NAP2 levels and the 
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walking capacity in Gardner treadmill testing. Specifically, there was a slight inverse as-

sociation between GRO and pain-free walking distance (Cor = -0.331) as well as maxi-

mum walking distance (Cor = -0.340). NAP2 level also showed a slight to middle inverse 

association with pain-free walking distance (Cor = -0.387) and maximum walking distance 

(Cor = -0.403). Additionally, thereôs a middle positive association observed between GRO 

and NAP2 (Cor = 0.434). The correlation network plot showing the pairwise association 

among them were presented in Fig. 8A (all P < 0.05). 

 

Moreover, participants with walking time Ƌ6 minutes during the Gardner treadmill test 

exhibited increased concentrations of GRO and NAP2 proteins (Fig. 8B-C). ROC analysis, 

which evaluates the predictive ability for a walking time of 6 minutes, showed that NAP2 

(AUC 0.743) was better than GRO (AUC 0.701) (Fig.8D). 

 

Additionally, Spearman correlation analysis revealed that walking distance was signifi-

cantly associated with the identified ATGs, except for CCL2 and CSTB genes. There were 

moderate to strong correlations (0.40 < Cor < 0.73) (Fig. 7E-F). It is notable that the 

MAP1LC3B gene is strongly associated with both pain-free walking distance and maxi-

mum walking distance (Cor = 0.70, 0.73). 

 

 



Results 23 

  

Figure 8. The relationship between ATGs, chemokines, and walking capacity. (A) Walk-

ing distance, GRO and NAP2 are plotted as a pairwise correlation network. (B-C) GRO 

and NAP2 levels were higher in participants who walked less than 6 minutes on the 

Gardner treadmill. (D) Predictive values of GRO and NAP2 for impaired walking capac-

ity. (E-F) The relationship between ATGs and walking distance. *P < 0.05; **P < 0.01; 

***p < 0.001; ns, non-significant (from Dai, M. et al., 2023). 

 

 

Citations: 

Dai M, Li K, Sacirovic M, Zemmrich C, Buschmann E, Ritter O, Bramlage P, Persson AB, 

Buschmann I, Hillmeister P. Autophagy-related genes analysis reveals potential bi-

omarkers for prediction of the impaired walking capacity of peripheral arterial disease. 

BMC Med. 2023 May 18;21(1):186. 



Conclusions 24 

4. Discussion 

4.1 The significance of autophagy function in PAD 

Itôs known that autophagy can influence the development and progression of atheroscle-

rosis, a major cause of PAD. Atherosclerosis is characterized by the accumulation of 

plaque within the arterial walls, which is composed of lipids, inflammatory cells, and other 

debris. Autophagy can regulate the clearance of these plaque components, thus influenc-

ing the progression of atherosclerosis. Despite significant progress in the research on 

autophagy in recent years, its specific role in PAD remains unclear. As an important cel-

lular process for maintaining homeostasis and responding to stress, we suspect that au-

tophagy theoretically plays a crucial role in the occurrence and development of PAD.  

 

In the present study, we deepen the understanding of autophagy in PAD. We discovered 

a cohort of 20 ATGs that were significantly associated with PAD through bioinformatic 

analysis. To validate our findings, we examined the expression levels of these genes in 

PBMCs obtained from the Lauflabor registry trial. The expression levels of these ATGs 

were notably lower or exhibited a downward trend in PBMCs of individuals diagnosed 

with PAD. This observation suggests that these genes play a pivotal role in the develop-

ment and progression of PAD. To further elucidate their functional significance, we con-

ducted GO and KEGG enrichment analysis. This analysis revealed a potential involve-

ment of these ATGs in the activity and regulation of autophagy. 

 

To gain further insights, we performed western blot analysis on PBMCs from PAD patients. 

This analysis revealed a significant decline in autophagic marker proteins, specifically 

beclin1 and LC3B. Beclin1 and LC3B are widely recognized as biomarkers for assessing 

autophagy activity. Their reduced expression in PAD patients provides further evidence 

that autophagy function is compromised in this disease state. 

 

These results provided evidence that PAD is linked to lower levels of identified ATGs and 

a decline in autophagy function. This finding suggests that autophagy, a cellular process 
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vital for maintaining cellular health and homeostasis, may play a critical role in the path-

ogenesis of PAD. Next, we further explored the molecular mechanisms underlying the 

involvement of autophagy in PAD and its potential as a diagnostic and prognostic target. 

 

4.2 The role of autophagy mediated chemokines in PAD 

Inflammation plays a crucial role in the development and progression of PAD. When the 

arteries become damaged or injured, the immune system responds by initiating an in-

flammatory process. This inflammatory response involves the recruitment of immune cells, 

such as macrophages and neutrophils, to the site of injury. These cells release inflamma-

tory mediators, such as cytokines and chemokines, which further promote inflammation 

and attract more immune cells to the area.  

 

Autophagy, on the other hand, has a vital function in controlling inflammation through its 

modulation of the growth, balance, and viability of immune cells like macrophages, neu-

trophils, and lymphocytes. On the other hand, autophagy impacts the generation, pro-

cessing, and release of cytokines, a type of protein that plays role in immune responses 

and inflammation (20). By inhibiting inflammasome activation, preventing damage-asso-

ciated molecules from accumulating, and eliminating inflammatory mediators, active au-

tophagy provides relief from excessive inflammatory responses (21). In turn, impaired 

autophagy leads to an intensified inflammatory response (22). Thus, the process of au-

tophagy triggered a responsive and dynamic inflammation, demonstrating a regulatory 

effect on the inflammatory process. In our study, we further elucidate the molecular mech-

anisms underlying the autophagy-cytokine axis and its implications in PAD. 

 

We conducted a comprehensive analysis of the immune micro-environment in the arterial 

tissue of PAD and healthy individuals and investigated its associations with the identified 

ATGs. Our findings revealed a notable increase in immune cell infiltration and hyperacti-

vation of immune-related signaling pathways in the arterial tissue of PAD patients. This 

elevation in immune activity was particularly evident in the CCR interaction pathway, 

which emerged as the most prominently active immune-related pathway. Interestingly, 

we also observed an inverse association between the CCR interaction pathway and the 
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majority of the ATGs identified in our study. These findings suggest that the downregula-

tion of autophagy, as indicated by the reduced expression of ATGs and autophagy activity 

markers, may contribute to the enhanced inflammatory response observed in PAD. The 

inverse association between the CCR interaction pathway and ATGs further underscores 

the complex crosstalk between autophagy and the inflammation in PAD pathogenesis. 

 

Cytokines usually consist of the chemokines, the PDGF family, and the TGF-ɓ family (23). 

Chemokines, as the name suggests, are a subset of cytokines that are primarily involved 

in chemotaxis, the directed movement of cells in response to chemical signals. These 

molecules are secreted by cells and bind to specific receptors on the surface of other 

cells, in particular, chemokines promote leukocyte migration, especially PBMCs (24). In-

flammatory cells are activated and moved to inflammatory areas by chemokines, which 

bind to specific G protein-coupled receptors (25). For instance, elevated levels of chem-

okine RANTES have been associated with CAD severity, serving as a predictive marker 

for plaque in the initial phases of atherosclerosis in patients with stable angina (26).  

 

Hence, we assessed the plasma chemokines in patients with PAD compared to healthy 

individuals. We hypothesized that chemokines may play a significant role in the patho-

physiology of PAD. To test this hypothesis, we employed chemokines antibody array and 

ELISA analysis to measure the levels of various chemokines in the plasma samples of 

PAD patients and healthy controls. We observed significantly higher levels of chemokines 

GRO and NAP2 in the plasma of PAD patients. This finding was further supported by a 

rigorous propensity score-matched analysis, which adjusted for potential confounding 

factors such as age. 

 

Furthermore, our study demonstrated that GRO and NAP2 can be reliable diagnostic bi-

omarkers for PAD, as indicated by their respective AUC values of 0.670 and 0.752. It was 

observed that GRO and NAP2 concentrations were inversely related to the levels of ATGs 

KLHL24, VAMP3, HSPA5, and ST13, indicating a possible connection between disrupted 

autophagy function and the chemokine-induced inflammation in PAD. Nevertheless, ad-

ditional research is necessary to examine the potential association between autophagy 

and GRO/NAP2 signaling in PAD. 
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In recent years, searching for reliable diagnostic biomarkers for PAD has gained signifi-

cant momentum. Since while there are currently methods to diagnose PAD, the availabil-

ity of accurate and reliable biomarkers could greatly enhance early detection and subse-

quent treatment options. In this regard, our study provided the evidence of supporting the 

reliability of GRO and NAP2 as diagnostic biomarkers for PAD, as indicated by their AUC 

values of 0.670 and 0.752. AUC values provide a measure of a biomarker's diagnostic 

accuracy, with higher values indicating better performance. These results suggest that 

GRO and NAP2 have the potential to serve as useful tools in the clinical setting for the 

early detection and monitoring of PAD. Moreover, we found that both GRO and NAP2 

concentrations were inversely related to the levels of several ATGs - KLHL24, VAMP3, 

HSPA5, and ST13. The inverse relationship observed between these ATGs and 

GRO/NAP2 concentrations suggests a possible connection between disrupted autophagy 

function and the chemokine-induced inflammation in PAD. 

 

In the next content, we investigated other essential aspects of PAD pathophysiology. Key 

factors for assessing PAD include the measurement of endothelial function using FMD 

and the assessment of walking capacity using the Gardner treadmill test. Our findings 

indicated that there was no association between plasma GRO and NAP2 with FMD. But 

we observed a inverse association between GRO, NAP2 and both pain-free walking dis-

tance and maximum walking distance during the Gardner treadmill test. Moreover, NAP2 

(AUC 0.743) exhibited better prognostic value for impaired walking capacity compared 

with GRO. While FMD is a useful clinical parameter, it can be influenced by various ex-

ternal factors such as biological age, dietary habits, or level of physical activity (27). 

Hence, FMD is not utilized as the primary diagnostic criterion for PAD in clinical practice. 

Conversely, the Gardner treadmill test is regarded as the benchmark for precisely as-

sessing the Fontaine classification stage of PAD.  

 

As far as we know, the association between GRO, NAP2, and walking distance or capac-

ity in the context of PAD has not been previously demonstrated. Previous researches 

have mainly concentrated on survey the involvement of GRO and NAP2 in the progres-

sion and metastasis in tumors (28), with limited research investigating their role in cardi-

ovascular diseases and even fewer in PAD. Ku et al. reported a significant association 
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between upregulated NAP2 and the severity of coronary artery stenosis in patients with 

diabetes (29). Wang et al. recently demonstrated an independent association between 

elevated plasma NAP2 levels and CLI, without related to diabetes (30); however, the 

associations with pain-free and maximum walking distance was still unknown. To date, 

there have been no reports on the expression of GRO in PAD. The GRO family, compris-

ing GROŬ, GROɓ, and GROɔ, along with NAP2, have CXCR2 as a shared chemokine 

receptor for binding (31, 32). The upregulation of GROɔ has been reported in acute cor-

onary syndromes and is linked to the intensity of the inflammatory reaction (33). Moreover, 

recent research indicated that the CXCL3 gene, which encodes the GROɔ protein, exhib-

ited higher expression in acute ischemic stroke and functioned as an indicator for a 

greater infarct volume (34). To summarize, our research revealed that chemokines GRO 

and NAP2 served as valuable biomarker in PAD, especially for predicting walking capac-

ity impairment. 

 

4.3 limitations 

The present study, although providing valuable insights into the potential role of autoph-

agy in PAD development and progression, must be viewed with some caution due to 

several limitations. Firstly, the sample size of the study was relatively small, limiting the 

generalizability of the findings. While we observed associations between ATGs, chemo-

kines, and walking capacity, it remains crucial to replicate these results in larger popula-

tions to draw firm conclusions. 

 

Secondly, the study primarily relied on observational data, which cannot establish causal 

relationships. To this end, additional experimental evidence is required to confirm the 

involvement of autophagy in PAD progression and its regulation of chemokines and in-

flammatory processes. Animal models that characterize the human disease condition 

would be particularly useful in this regard, enabling researchers to manipulate specific 

factors and observe their impact on PAD development and progression. 

Additionally, the study did not investigate the mechanistic details of how autophagy might 

regulate chemokines and inflammatory processes in PAD. Future studies should aim to 

elucidate the precise molecular mechanisms underlying these associations, potentially 

through the use of advanced techniques such as proteomics or transcriptomics. 



Conclusions 29 

 

Citations: 

Dai M, Li K, Sacirovic M, Zemmrich C, Buschmann E, Ritter O, Bramlage P, Persson AB, 

Buschmann I, Hillmeister P. Autophagy-related genes analysis reveals potential bi-

omarkers for prediction of the impaired walking capacity of peripheral arterial disease. 

BMC Med. 2023 May 18;21(1):186. 

 

Dai M, Hillmeister P. Exercise-mediated autophagy in cardiovascular diseases. Acta 

Physiol (Oxf). 2022 Nov;236(3): e13890. 

 



Conclusions 30 

5. Conclusions  

In conclusion, our study has uncovered novel insights into the interaction between au-

tophagy, ATGs, chemokines, and the development of PAD. We have identified 20 ATGs 

that exhibit lower expression levels in PAD patients. Moreover, we have demonstrated a 

significant reduction in autophagy activity in PBMCs of PAD patients, highlighting the in-

volvement of autophagy dysregulation in PAD. Besides, our study uncovered an associ-

ation among ATGs, inflammation, and cytokines, specifically chemokines. Increased lev-

els of GRO and NAP2 were detected in the plasma of PAD patients. Our study revealed 

a slight to moderate inverse associations between chemokines GRO and NAP2 and pain-

free walking distance, as well as the maximum walking distance in the Gardner treadmill 

test. Additionally, we identified a similar inverse association between these chemokines 

and ATGs KLHL24, VAMP3, HSPA5, and ST13. This suggesting that decreased ATGs 

and autophagy activity might affect the development and progression of PAD, specifically 

the walking capacity, by influencing chemokines and vascular inflammation. 

 

These can be explained from the following aspects. First and foremost, autophagy helps 

in the clearance of plaque-forming materials within the arteries. As plaque accumulates 

within the arterial walls, it can restrict blood flow and lead to ischemia, a condition where 

tissues do not receive enough oxygen and nutrients. By breaking down these plaque-

forming materials, autophagy can help prevent the further narrowing of arteries and main-

tain blood flow. Furthermore, autophagy is involved in the regulation of inflammatory re-

sponses in PAD.  In addition, autophagy plays a role in cell survival and death in PAD. 

Under conditions of ischemia, cells within the affected tissues can undergo stress and die. 

Autophagy can help cells adapt to these stressful conditions by providing an alternative 

source of energy and nutrients. However, if autophagy is impaired, cells may be unable 

to survive the ischemic insult, leading to tissue necrosis and further disease progression. 

 

To summarize, autophagy function is of utmost significance in PAD. It plays a crucial role 

in the clearance of plaque, regulation of inflammatory responses, and modulation of cell 

survival and death. By understanding the role of autophagy in PAD, we can develop more 

effective treatment strategies that target this process and thereby halt the progression of 
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the disease. Our research provides novel perspectives on the molecular mechanisms that 

underlie PAD and has implications for the development of novel diagnostic and therapeu-

tic strategies in managing PAD. 
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