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ABSTRACT 

Peripheral artery disease (PAD) is an atherosclerotic condition that impairs blood flow to the lower extremities, 

resulting in myopathy in affected skeletal muscles. Improving our understanding of PAD and developing novel 

treatment strategies necessitates a comprehensive examination of cellular structural alterations that occur in the 

muscles with disease progression. Here we aimed to employ electron microscopy to quantify skeletal muscle ul-

trastructural alterations responsible for the myopathy of PAD. Fifty-two participants (22 controls, 10 PAD Stage 

II, and 20 PAD Stage IV) were enrolled. Gastrocnemius biopsies were obtained to determine mitochondrial respi-

ration and oxidative stress. Skeletal muscle sarcomere, mitochondria, lipid droplets, and sarcoplasm were assessed 

using transmission electron microscopy and focused ion beam scanning electron microscopy. Controls and PAD 

Stage II patients underwent walking performance tests: 6-minute walking test, 4-minute walking velocity, and 

maximum graded treadmill test. We identified several prominent ultrastructural modifications in PAD gastrocnem-

ius, including reduced sarcomere dimensions, alterations in mitochondria number and localization, myofibrillar 

disorientation, changes in lipid droplets, and modifications in mitochondria-lipid droplet contact area. These 

changes correlated with impaired mitochondrial respiration and increased ROS production. We observed progres-

sive deterioration in mitochondrial parameters across PAD stages. Stage II PAD showed impaired mitochondrial 

function and structure, while stage IV exhibited further deterioration, more pronounced structural alterations, and 

a decrease in mitochondrial content. The walking performance of Stage II PAD patients was significantly reduced. 

Our findings suggest that pathological mitochondria play a key role in the skeletal muscle dysfunction of PAD 

patients and represent an important target for therapeutic interventions aimed at improving clinical and functional 

outcomes in this patient population. Our data indicate that treatments should be implemented early and may include 
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therapies designed to preserve and enhance mitochondrial biogenesis and respiration, optimize mitochondrial-lipid 

droplet interactions, or mitigate oxidative stress. 

 

Keywords: Peripheral artery disease, mitochondria, sarcomere atrophy, intramyocellular lipids, sarcoplasm, mus-

cle 

 

Translational Perspective: Peripheral artery disease (PAD) is characterized by skeletal muscle and mitochondrial 

dysfunction. Ultrastructural changes in skeletal muscle myofibers and mitochondria morphology can provide sig-

nificant information on the PAD pathophysiology. Here, we investigated skeletal muscle and mitochondria mor-

phological and functional changes at the sarcomere level and across the disease progression and have found that 

sarcomere lengths and mitochondria count and function are associated with disease progression, indicating loss of 

skeletal muscle contractile and metabolic function. Ultrastructural changes in the PAD skeletal muscle can provide 

significant information in the development of new treatments.  

 

INTRODUCTION 

Peripheral artery disease (PAD) is a con-

dition characterized by atherosclerotic block-

ages affecting the arteries supplying the lower 

extremities (Hiatt et al., 2008; Pipinos et al., 

2008b). PAD has been classified in four 

stages according to Fontaine (Koutakis et al., 

2018; Norgren et al., 2007). Stage I includes 

patients that are asymptomatic. Patients pre-

senting with intermittent claudication (IC) are 

classified as stage II. In Fontaine stage III, 

PAD patients exhibit foot pain at rest, while 

the presence of ulcers and gangrene is indica-

tive of stage IV (Koutakis et al., 2018; 

Norgren et al., 2007). By far, the most com-

mon clinical manifestation of symptomatic 

PAD is intermittent claudication, defined as 

debilitating leg muscle pain and gait dysfunc-

tion induced by walking and relieved by rest 

(Rutherford et al., 1997). Pain during exercise 

is caused by restriction of blood flow to the 

working muscles of the leg (most commonly 

the calf muscles, but also the thigh and but-

tock muscles can be involved), creating a 

painful ischemic environment. In its less com-

mon advanced stages, symptomatic PAD be-

comes limb threatening (known as critical 

limb threatening ischemia), and patients have 

foot pain at rest and/or non-healing ulcers and 

necrosis/gangrene potentially necessitating 

amputation (Rutherford et al., 1997). While 

there are currently no cures for PAD, inter-

ventions like exercise, revascularization, and 

pharmacotherapy are available to slow its pro-

gression and maintain patient quality of life.  

Although PAD starts as a vascular condi-

tion, it progressively impacts the poorly per-

fused skeletal muscles, with a large amount of 

data demonstrating the presence of a charac-

teristic myopathy in the legs of patients that 

contributes to the decline in walking ability 

(McDermott et al., 2020, Pipinos et al., 2007, 

2008a). This myopathy appears to be the 

product of leg ischemia during walking, fol-

lowed by reperfusion at rest. In various tis-

sues, including skeletal muscle, a single I/R 

event can induce the production of reactive 

oxygen species (ROS) and promote mito-

chondrial dysfunction (Cadenas, 2018; 

Kuroda et al., 2020). PAD patients can expe-

rience several I/R events daily (essentially 

every time they walk), initiating a myopathy 

characterized by muscle atrophy, myofiber 

degeneration, mitochondrial dysfunction, ox-

idative damage, inflammation and  mitophagy 

(Casale et al., 2021; Vignaud et al., 2010; 

Weiss et al., 2013; White et al., 2016). Several 

studies have elucidated the myopathy-related 

changes in skeletal muscle in PAD. The pre-

ponderance of these investigations have em-

ployed light microscopy, while a small subset 

has used electron microscopy to qualitatively 

assess the changes in muscle histological 

structure (Farinon et al., 1984; Hedberg et al., 

1988; Koutakis et al., 2015a, b; White et al., 

2016; Wilburn et al., 2024). However, to the 

best of our knowledge, there is a paucity of 

studies which have attempted to evaluate and 

quantify the ultrastructural changes of myofi-

bers, their contractile elements and their orga-

nelles as they occur with the progression of 

PAD stages and the concomitant development 
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of PAD myopathy. This gap in the literature 

presents a significant opportunity for advanc-

ing our understanding of the pathophysiolog-

ical mechanisms underlying PAD-related 

muscle dysfunction. A comprehensive, quan-

titative analysis of these ultrastructural altera-

tions could potentially elucidate the precise 

cellular and subcellular changes that occur 

during disease progression, thereby providing 

valuable insights into the etiology and poten-

tial therapeutic targets for PAD-associated 

myopathy.  

In this study we aim to quantify major ul-

trastructural alterations among three cohorts: 

control subjects, Fontaine stage II PAD pa-

tients, and Fontaine stage IV PAD patients. 

Furthermore, we will investigate whether 

these structural alterations correlate with two 

key parameters of PAD myopathy: decreased 

mitochondrial respiration and increased mito-

chondrial oxidative stress. 

 

MATERIALS AND METHODS 

Fifty-two participants (22 controls, 10 

Stage II; Fontaine Stage II, 20 Stage IV; Fon-

taine Stage IV) were recruited and evaluated 

for lower extremity claudication from PAD in 

order to take part in this study. The de-

mographics of all patients are listed in Table 

1. Each patient was assessed at the Baylor 

Scott and White Medical Center (Temple, 

TX), and the University of Texas Dell Medi-

cal School Austin (Austin, TX). Patients’ 

medical histories, ankle-brachial index (ABI), 

6-min walking test, maximum treadmill walk-

ing test, and 4-meter walking speed were rec-

orded. Muscle biopsies from the center of the 

medial head of the gastrocnemius were col-

lected to compare the alterations in mitochon-

drial respiration and ultrastructural features of 

myofibers. Written informed consent was ob-

tained from each patient who elected to par-

ticipate. Patients were recruited as part of the 

human clinical trial NCT04089943 and sin-

gle-IRB protocol 1624041. All methods im-

plemented comply with the ethical guidelines 

outlined in the Declaration of Helsinki.  

 

Walking performance testing 

Each participant completed a 6-minute 

walk test, a graded treadmill test, and a four-

meter walking speed test. During the 6 min 

walk test, participants were instructed to walk 

around cones spanning a 20 m distance as of-

ten as possible within 6 min. The maximal 

distance covered within the 6 min was rec-

orded in meters. Two cones were placed 4 m 

apart to measure four-meter walking velocity, 

and participants were instructed to walk to the 

next cone as quickly as possible. The time re-

quired to walk the distance was measured and 

used to determine speed (cm/s). Maximum 

walking performance was measured for all 

PAD patients using the graded treadmill test. 

Briefly, patients walked at a constant speed of 

3.2 km/h on a 0° grade that increased 2° every 

2 min. Total claudication distance was meas-

ured during each graded treadmill test.  

 

Mitochondrial respiration 

An Oroboros O2k Oxygraph FluoRespi-

rometer (Oroboros Instruments, Innsbruck, 

Austria) consisting of two temperature-con-

trolled chambers, each containing a polaro-

graphic oxygen sensor and a custom-fitted 

fluorometer (O2k-Fluo LED2 module), was 

used to simultaneously measure mitochon-

drial oxygen consumption (JO2) and H2O2 

emission (JH2O2) in saponin-permeabilized 

muscle fibers as previously described 

(Fletcher et al., 2023; Ismaeel et al., 2022).  

 

Transmission Electron Microscopy (TEM) 

Muscle samples portioned for structural 

analysis were immediately fixed and pro-

cessed as described here (Wilburn et al., 

2022). Imaging was conducted using TEM 

imaging (JEM1010 transmission electron mi-

croscope JEOL, Tokyo, Japan). In total, 104 

electron micrographs of the intermyofibrillar 

(IMF) region of myofibers at 2500x magnifi-

cation (2 per participant) were analyzed, and 

organelle quantification was carried out using 

point tracing with the publicly available soft-

ware Image J (National Institutes of Health, 

Bethesda, Maryland, USA). All sample prep-

aration and image analysis were conducted, 
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Table 1: Patient demographics 
 

Control (n=22) Fontaine 
Stage II 
(n=10) 

Fontaine 
Stage IV 
(n=20) 

p-
value 

Age, y 60.1 ± 6.6 64.3 ± 6.7 63.1 ± 6.6 0.197 

Sex, No. (%)    0.058 

Male 10 (45.5) 9 (90) 11 (55)  

Female 12 (54.5) 1 (10)  9 (45)  

Race, No. (%) 
   

0.054 

White 12 (54.5) 6 (60) 5 (25)   

Black 6 (27.3) 1 (10) 3 (15)  

     White Hispanic 4 (18.2) 3 (30) 15 (60)   

Systolic (mmHg) 132 ± 17 139 ± 25 136 ± 25 0.740 

Diastolic (mmHg) 83 ± 8 70 ± 17 a 65 ± 15 a <0.001 

Comorbidities, No. (%)     

Coronary Artery Disease 3 (13.6) 5 (50)a 10 (50)a 0.025 

Hypertension 7 (31.8) 7 (70) 16 (80)a  0.012 

Obesity 3 (13.6) 2 (20) 6 (30) 0.429 

Dyslipidemia 2 (9) 7 (70)a 12 (60)a <0.001 

Diabetes 4 (18.1) 5 (50)a 15 (75)a 0.001 

Smoking status, No. (%)    0.002 

Never smoked 16 (72.8) 0 (0)a 11 (55)b  

Current smokers 3 (13.6) 7 (70)a 4 (20)b  

Former smokers 3 (13.6) 3 (30) 5 (25)  

ABI 1.08 ± 0.04 0.46 ± 0.14a 0.28 ± 0.20a,b <0.001 

6-min walking distance, (m)  350 ± 104  252 ± 103 N/A 0.024 

Maximum graded treadmill, (m)  238 ± 93 46.9 ± 21  N/A <0.001 

4-meter walking speed, (cm/s) 105 ± 25 72.7 ± 27.6 N/A 0.001 

Note: a = differences with control, b=differences with Fontaine Stage II 

 

blinded to the condition of each sample until 

the end of the study. In total, 14,307 mito-

chondria, 10,865 sarcomeres, and 797 intra-

myocellular lipids (IMCL) were analyzed by 

all participants in the study. For each partici-

pant total relative mitochondria area, average 

individual mitochondrial CSA, average mito-

chondria per Z-disc, and mitochondria count 

per 250 μm2 were measured. Myofibrils were 

characterized by measuring total relative my-

ofibril area, average m-line length, and Z-disc 

count per 250 μm2. M-line lengths were 

measured across the sarcomeres from one sar-

coplasmic space to the next. Additionally, 

IMCL total relative area, average individual 

IMCL CSA, IMCL count per 250 μm2, 

IMCL-mitochondria contact lengths, and total 

sarcoplasmic area were measured for each 

participant. 

 

Focused Ion Beam Scanning Electron  

Microscopy (FIB-SEM) 

A convenience sample of three-partici-

pants from the original fifty-two patients were 

utilized for FIB-SEM. Muscle samples from 

the control, Fontaine stage II, and Fontaine 

stage IV patient groups were prepared identi-

cally for qualitative mitochondria three-di-

mensional assessments. The individual resin-

embedded samples underwent FIB-SEM 

milling, serial sectioning, and image collec-

tion at 50 nm intervals using the Versa 3D 
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(FEI Company, Hillsboro, OR, USA). The to-

tal volume analyzed for each participant was 

approximately 55 μm3. For each participant, 

50 serially collected micrographs were 

aligned using Image J (National Institutes of 

Health, Bethesda, Maryland, USA), before 

undergoing manual point tracing for three-di-

mensional modeling in IMOD (Kremer et al., 

1996). All mitochondria and lipid droplets 

present in the field of view of the serial sec-

tions were traced to create iso-surface render-

ings for qualitative assessment.  

 

Statistical analysis 

Baseline characteristics of control and 

PAD Stage II and Stage IV participants were 

compared using general linear models for 

continuous variables and chi-square tests for 

categorical variables to determine confound-

ers. Confounding variables were covariates in 

subsequent analyses. All electron micros-

copy, mitochondrial respiration, and oxida-

tive stress variables were statistically assessed 

group differences by analysis of covariance 

(ANCOVA) and evaluated post-hoc by Bon-

ferroni adjusted t-tests. Multiple Pearson cor-

relations were conducted to determine if there 

was an association between the individual mi-

tochondrial function variables and measures 

of mitochondrial morphology quantified 

through TEM. Pearson correlations were con-

ducted for mitochondrial respiration, H2O2 

production, and mitochondrial morphology at 

a significance value of p<0.05. All statistical 

analyses were performed using GraphPAD 

Prism 10 (GraphPad Software, Boston, MA, 

USA).   

 

RESULTS 

Patient demographics 

Data for Control, Stage II, and Stage-IV 

PAD participants are presented in Table 1. On 

average, Stage II and -IV participants had 

lower diastolic pressure (p<0.0001), higher 

incidence of coronary artery disease 

(p=0.025), hypertension (p=0.012), dyslipi-

demia (p<0.001), and diabetes (p=0.001) 

compared to control participants. Further-

more, Stage II participants were more likely 

to be either current or former smokers 

(p=0.002) compared to controls or Stage IV 

participants. ABI was significantly decreased 

with increased disease stage. All of the afore-

mentioned variables were treated as covari-

ates in all subsequent analyses.  

 

Walking performance 

The Stage II PAD group walked a shorter 

distance during the 6-minute walking test 

when compared to the control group 

(p=0.024; Table 1). Similarly, they had signif-

icantly shorter maximal walking distance 

(p=<0.001; Table 1) and decreased four-me-

ter walking speed (p=0.001; Table 1). 

 

Mitochondrial morphology, respiration, 

and oxidative stress 

Qualitative assessments of mitochondrial 

structure across all groups can be found in 

Figure 1. Mitochondria in the control group 

appear to consistently reside in pairs near the 

Z-discs of sarcomeres throughout the entirety 

of the IMF space (Figure 1 A1; black arrows). 

In some instances, the mitochondria in the 

muscle of the control participants extended 

throughout the length of the sarcomere and 

transversely near the locations where a Z-disc 

would typically be present (Figure 1 A2; dot-

ted black arrow). Although the mitochondria 

of stage II PAD participants were also mostly 

found in pairs near the Z-discs (Figure 1 B1), 

certain regional irregularities were noted.  For 

example, specific regions of the IMF space of 

stage II PAD participants showed irregularly 

dense mitochondrial clusters (MC), whereas 

some Z-discs were without a pair of mito-

chondria (Figure 1 B2; MC). There were very 

few mitochondria in the muscle of stage IV 

PAD participants (Figure 1 C1-2). Several 

mitochondria present within the IMF space of 

stage IV PAD participants displayed an elon-

gated appearance, which was rarely noted in 

either the control or stage II PAD participants 

(Figure 1 C1; white arrow).  

Quantitative analysis demonstrated that 

the relative mitochondrial area was reduced in 

stage IV PAD participants when compared to 

control (<0.0001) and stage II (p= 0.0052)  
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Figure 1: Mitochondrial morphology is abnormal in PAD patients. In control sarcomeres, mitochondria 
located around the Z-disc (A1-2; black arrows) and in some cases extended throughout the length of 
the sarcomere and transversely near the locations where a Z-disc would typically be present (A2; dotted 
black arrow). In Stage II PAD patients (B1-2), there were less mitochondria per Z-disc (B1-2; black 
arrows) and mitochondrial clusters (MC) were evident (B2). In Stage IV PAD patients (C1-2), there were 
sparse mitochondria around the Z-disc with some mitochondria being present in the IMF (C1; white 
arrows). Quantitative measurements (D-G) demonstrated several abnormalities in the mitochondrial 
morphology in both PAD stages compared to controls.  

 

patients (Figure 1D). However, the average 

mitochondrial CSA (Figure 1E) was signifi-

cantly increased in stage IV participants, but 

only compared to controls (p= 0.0423). This 

increase in mitochondrial CSA in stage IV 

PAD participants was combined with a de-

crease in the number of mitochondria/ 

250 μm2 (Figure 1F) compared to controls 

(p<0.0001) and stage II (p<0.0001). There 

was a significant decrease in the total number 

of mitochondria/Z-disc (Figure 1G) between 

control and stage IV (p<0.0001), and stage II 

and stage IV (p<0.0001) PAD participants.  

There was a significant decrease in the av-

erage rate of oxygen consumption of stage IV 

PAD participants compared to controls 

(p=0.0025) during Complex I state 2 (CI.2) 

and Complex 1 state 3 (CI.3) respiration (Fig-

ure 2A and B). When combined, oxygen 

consumption from complex CI+II (CI+II) was 

significantly lower with disease progression; 

i.e., the rate of oxygen consumption was re-

duced in both stage II (p=0.005) and stage IV 

(p<0.0001) PAD participants compared to 

controls (Figure 2C); however, oxygen con-

sumption was higher in stage II (p=0.042) 

compared to stage IV PAD participants (Fig-

ure 2C). When assessed alone, the rate of ox-

ygen consumption from Complex II (CII) was 

only reduced in stage IV PAD participants 

compared to controls (p<0.0001), and stage II 

(p=0.036) PAD participants (Figure 2D). 

However, the rate of oxygen consumed dur-

ing Complex III (CIII) was significantly de-

creased in both stage II (p<0.0001) and stage 

IV (p=0.0001) PAD participants compared to 

controls (Figure 2E). Complex IV (CIV) oxy-

gen consumption was similarly decreased in 
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Figure 2: Mitochondrial respiration and mitochondrial  H2O2 production demonstrate significant limita-
tions in PAD groups. Mitochondrial respiration was significantly reduced in several parameters (A-F) 
within the PAD stages when compared to controls, while H2O2 production (G-L) was significantly in-
creased.
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stage II (p<0.0001) and stage IV (p=0.0001) 

PAD participants compared to controls (Fig-

ure 2F). 

Mitochondrial JH2O2 was significantly in-

creased at baseline CI.2 and CI.3 states in 

stage IV PAD participants compared to con-

trols (p<0.0001 and p=0.004, respectively), 

and stage IV compared to stage II PAD par-

ticipants (p<0.0001 and p=0.032, respec-

tively) (Figure 2G-H). CI+II demonstrated a 

significant increase of JH2O2 in both stage II 

(p<0.0001) and stage IV (p=0.0007) PAD 

participants compared to controls (Figure 2I). 

No differences were observed for CII (Figure 

2J). CIII JH2O2 rates were significantly in-

creased in stage II (p=0.045) and stage IV 

(p<0.0001) PAD participants compared to 

controls, and stage IV compared to stage II 

PAD participants (p=0.003) (Figure 2K). 

Similarly, CIV JH2O2 rates were significantly 

increased in stage II (p=0.028) and stage IV 

(p<0.0001) PAD participants compared to 

controls, and stage IV compared to stage II 

PAD participants (p=0.0005) (Figure 2L). 

The results of all Pearson correlations (R-

values and significance) between mitochon-

drial morphology values and mitochondrial 

respiration and oxidative stress values can be 

found in Table 2. Briefly, there was a moder-

ate to strong significant positive association 

between number of mitochondria/250 µm2 

and mitochondrial oxygen consumption from 

all the complexes of the electron transport 

chain (ETC). In contrast, the number of 

mitochondria/250 µm2 were negatively asso-

ciated with mitochondrial H2O2 production. 

Further, relative mitochondria area was posi-

tively associated with CI+II, CII, CIII and 

CIV respiration values and negatively associ-

ated with H2O2 CI+II, H2O2 CIII and H2O2 

CIV. Interestingly, the average individual mi-

tochondria CSA was negatively associated 

with CI.3, and CII and positively associated 

with H2O2 CI.2, H2O2 CI.3 and H2O2 CIV. 

Qualitative differences in the sarcomere 

morphology were apparent across groups. 

There was a clear difference in the quality of 

the myofibrils and sarcomeres in the stage II 

and stage IV patients compared to controls 

(Figure 3 A1-C2). M-lines (M) lengths were 

shorter in stage II (Figure 3 B1-2) and stage 

IV (Figure 3 C1-2) patients and did not have 

a consistent ridged Z-disc linear structure 

compared to controls (Figure 3 A1-2). Triads 

(tr) were observed mainly in the controls (Fig-

ure 3 A1-2) and IMF was increased in stage II 

(Figure 3 B1-2) and stage IV (Figure 3 C1-2) 

patients. IMCL were evident in PAD groups 

and more prevalent in stage II compared to 

control and stage IV (Figure 3 A1-C2; white 

arrows). Increased IMCL contact length to 

mitochondria was observed in stage IV PAD 

patients compared to controls (Figure 3 C1, 

C2, K; IMCL). 

Quantitative measurements demonstrated 

a significant decrease in the relative myofibril 

area between control and stage II PAD groups 

 
 

Table 2: Correlations of mitochondrial morphology with mitochondrial function 

Mitochondrial 
Variables 

CI.2 CI.3 CI+II CII CIII CIV H2O2 
CI.2 

H2O2 
CI.3 

H2O2 
CI+II 

H2O2 
CII 

H2O2 
CIII 

H2O2 
CIV 

Number of 
Mitochondria 

/ 250µm2 

 
.376* 

 
.431* 

 
.545* 

 
.581* 

 
.565* 

 
.538* 

 
-.586* 

 
-.474* 

 
-.412* 

 
-.281 

 
-.629* 

 
-.692* 

Average Mi-
tochondria 
CSA (µm2) 

 
-.228 

 
-.326* 

 
-.222 

 
-.302* 

 
-.178 

 
-.206 

 
.349* 

 
.359* 

 
.077 

 
.282 

 
.197 

 
.328* 

Relative Mito-
chondria 
Area (%) 

 
.167 

 
.210 

 
.415* 

 
.331* 

 
.344* 

 
.309* 

 
-.243 

 
-.260 

 
-.368* 

 
-.146 

 
-.472* 

 
-.499* 

Note: *P-value < 0.05 
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Figure 3 demonstrates the differences in sarcomere changes between control (A1-2), stage II (B1-2), 
and stage IV (C1-2) PAD patients. M-lines (M), Z-discs (Z), lipids (white arrows), triad (tr; black arrow), 
and intramyocellular lipids (IMCL). Quantitative measurements of relative myofibril area (D), number of 
z-discs per 250 μm2 (E), sarcomere M-line length (F), relative sarcoplasmic area (G), relative lipid droplet 
area (H), number of lipids droplets (I), average lipid droplet CSA (J), and IMCL-mitochondria contact 
length (K) are demonstrating significant differences between the groups.  

 

(p=0.029; Figure 3D). A significant increase 

in the number of Z-discs/250 μm2 was found 

only between stage II and stage IV (p=0.049). 

Interestingly, both stage II (p=0.023) and 

stage IV (p<0.0001) PAD patients had signif-

icantly shorter sarcomere M-line lengths 

when compared to control participants (Fig-

ure 3F). Both stage II (p=0.025) and stage IV 

(p=0.001) PAD participants showed in-

creased sarcoplasmic areas within the IMF re-

gion when compared to control participants 

(Figure 3G). The relative IMF area occupied 

by lipid droplets was higher in the stage II 

PAD than controls (p=0.039; Figure 3H). The 

number of lipid droplets/250 μm2 was signif-

icantly greater in stage II PAD compared to 

control (p=0.017) and stage IV PAD (0.011) 

participants (Figure 3I). However, stage IV 

PAD patients had larger lipid droplets than 

control (p=0.0006) and stage II (p=0.011) 

participants (Figure 3J). Further, there was a 

significant increase in the mitochondrial-

IMCL contact lengths, but only between the 

stage IV PAD participants and controls 

(p=0.025; Figure 3K).  
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Several regions of both stage II and stage 

IV patients myofibers displayed large struc-

turally distinct regions of wavy z-discs that 

contained relatively fewer mitochondria (Fig-

ure 4A). Additionally, multiple sarcomeres 

were found to have smeared z-discs or unrec-

ognizable internal sarcomere regions (I-band, 

A-band, M-line, and H-Zone) (Figure 4 B-C; 

ASR). In some stage II and stage IV patients 

there was a loss of the myofibrillar structure 

that appeared as granular filamentous mate-

rial within the IMF space (Figure 4 D1-3; 

GFM). These regions contained electron-

dense material that was amorphous and 

lacked distinct structural features (Figure 4 

D3). No mitochondria were visible within 

these regions of perturbed myofibril struc-

tures. One of the most extreme examples of 

myofibril disruptions can be viewed in Figure 

4 E1-3. In Figure 4 E1, the top myofiber dis-

plays misaligned Z-discs and intact myofi-

brils diagonally orientated (Figure 4 E1; d) 

that are not uniformly extending the length of 

the myofiber (Figure 4 E1; lmyo). Further, in 

the lower region of Figure 4 E1, intact myofi-

brils are present. However, a subregion of the 

myofiber (magnified in Figure 4 E3) shows 

both sarcomeres in longitudinal orientation as 

well as the hexagonal lattice structure of the 

thick and thin filaments typically only visible 

on oblique or anatomical cross-section. The 

membrane of the myofiber is unaltered, indi-

cating that the above observation may not be 

an artifact of tissue processing but a structural 

deformity that develops with PAD.  

 

 

Figure 4: Common abnormal structural features within stage II and stage IV PAD patients. A) Shows 
compartmentalized regions of linear z-discs (LZ) and wavy Z-discs (WZ) found directly adjacent to each 
other within a single fiber. B) Shows disorganization and disruption of individual myofibers that appear 
to have Z-disc smearing and a loss of normal identifiable features (arrows). C) Shows a larger region of 
sarcomere that appear to have also lost their identifiable features (arrows). D1-D3) Regions that display 
granular filamentous (GFM) material that is disorganized and electron dense (*) in the intermyofibrillar 
space. E1-E3) Shows irregular myofibril alignment (Imyo) with myofibrils displaying an oblique/anatom-
ical orientation (O/A) directly adjacent to longitudinally oriented myofibrils. In E3, the lattice structure of 
the actin and myosin (A&M) filaments is visible next to sarcomeres in longitudinal orientation. 
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The mitochondrial three-dimensional 

models of both the control (Figure 5A; sup-

plemental Video 1) and the stage IV patient 

(Figure 5C, supplemental Video 2) show ex-

tensions of the mitochondria transversely 

across the myofibrils in pairs near the I-band 

space. These transverse mitochondria col-

umns that appear present in both conditions 

have occasional branches extending from one 

column to an adjacent column of mitochon-

dria near a neighboring myofibril. The control 

condition does appear to have more mito-

chondria that span the length of individual 

sarcomeres in the longitudinal direction com-

pared to the stage IV patient. Strikingly, stage 

II patients appear to have a segmented mito-

chondrial structure that is not connected (Fig-

ure 5B, supplemental Video 3). The stage IV 

patient appeared to have IMCL, which had a 

circular shape and was accompanied by mito-

chondrial columns that encased the outer bor-

der of the IMCLs. The mitochondria that were 

in direct proximity of these IMCL appeared to 

have a similar appearance as the outer surface 

area of the IMCL (like a shell), possibly due 

to increased IMCL-mitochondria surface 

area.   

 

DISCUSSION 

In this study, we used electron micros-

copy to quantify cellular alterations in skeletal 

muscle ultrastructure and to explore their as-

sociation with the deterioration of muscle me-

tabolism and function in PAD patients. Our 

analysis identified several ultrastructural mo-

difications in the PAD gastrocnemius, includ-

ing reduced sarcomere dimensions, altera-

tions in mitochondria number and localization 

in the z-disc, accumulations of granular fila-

mentous material, myofibrillar disorientation, 

changes in the quantity of lipid droplets, vari-

ations in lipid droplet cross-sectional area, 

and modifications in mitochondria-lipid drop-

let contact area. These ultrastructural changes 

correlated with impaired mitochondrial respi-

ration and increased mitochondrial ROS pro-

duction. Furthermore, we found that in-

creased content of mitochondria in the muscle 

tissue (per EM measurements) is associated 

with improved mitochondrial respiration and 

reduced oxidative stress. Additionally, we ob-

served a progressive deterioration in our mi-

tochondrial parameters across the stages of 

PAD. In stage II PAD we observed impaired 

mitochondrial function and structure while in 

stage IV PAD we observed further deteriora-

tion of mitochondrial function, more pro-

nounced alterations in mitochondria structure 

and, a unique for stage IV finding of, a de-

crease in mitochondrial content. Our findings 

suggest that pathological mitochondria play a 

key role in the development of the myopathy 

of PAD and the skeletal muscle dysfunction 

of PAD patients and represent an important 

target for therapeutic interventions aimed at 

improving clinical and functional outcomes in 

PAD patients. Potential approaches should be 

instituted early and may include therapies de-

signed to preserve and enhance mitochondrial 

biogenesis and respiration, improve mito-  

 

Figure 5: Video still image of the mitochondrial network (green) and IMCL (blue) in control (A), stage II 
(B), and stage IV (C) PAD patients. The mitochondrial network of Stage II PAD patients seems to be 
segmented compared to control and stage IV PAD patients.
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chondrial-lipid droplet interactions, or miti-

gate oxidative stress. 

 

Factors beyond blood perfusion contribute 

to walking limitations in patients with stage 

II PAD 

Walking performance during the 6-minute 

walking test indicated that stage II patients 

covered significantly shorter distances than 

control participants within the same time 

frame. This impairment was further corrobo-

rated by the significantly lower walking dis-

tance observed in stage II PAD patients dur-

ing the graded treadmill test. Similarly, the 

average 4 m walking speed for the stage II pa-

tients was about two-thirds of the control par-

ticipants. The walking impairments found in 

stage II PAD, along with the ultrastructural 

and metabolic alterations in skeletal muscle 

we demonstrate in this study, indicate that 

factors beyond just blood perfusion may con-

tribute to the diminished walking ability. This 

is in line with other studies demonstrating a 

correlation between parameters of the PAD 

myopathy like abnormalities of the cytoskel-

eton, altered myofiber morphology and den-

sity, mitochondrial dysfunction and impaired 

walking ability of patients with PAD (Kou-

takis et al., 2015a, b). Furthermore, several 

studies in gait biomechanics have demon-

strated significant alterations in walking pat-

terns that could explain the walking impair-

ment in PAD (Bapat et al., 2023; Koutakis et 

al., 2010a, b, Leutzinger et al., 2022; Rahman 

et al., 2022; Wurdeman et al., 2012). Stage II 

patients have been previously shown to have 

fibrosis and disorganized cytoskeletal struc-

tures, which could decrease the efficiency of 

muscle force transfer during walking (Kouta-

kis et al., 2015a, b). The decreased 4 m walk-

ing velocity in these patients may be largely 

due to the damaged intracellular and extracel-

lular structures. In the current study, the aver-

age sarcomere M-line lengths for PAD pa-

tients were shorter than control participants. 

The limiting factors present during short 

walking distances may be caused by intra- 

and extracellular pathology as they are re-

flected in PAD myopathy, while longer 

distances are limited by perfusion. Previous 

studies, using Focused Ion Beam Scanning 

Electron Microscopy, have shown that mouse 

myofibrils exist within a myofibrillar matrix 

within a muscle fiber (Willingham et al., 

2020). Assuming enough sarcomeres were 

measured in the correct orientation, our find-

ing of a reduction of the average individual 

sarcomeres size across PAD progression may 

represent a decrease in the size (or volume) of 

the myofibrillar matrix and myofiber CSA. 

However, the direct ultrastructural changes 

that facilitate changes in myofibrillar hyper-

trophy and atrophy are still poorly understood 

and represent a large area of ongoing research 

(Jorgenson et al., 2020; Roberts et al., 2023; 

Schwartz, 2019). Decreased sarcomere size 

would directly contribute to reduced walking 

ability and decreased isometric force through 

fewer possible actin and myosin cross 

bridges. Future studies are warranted to fur-

ther assess sarcomere morphology to identify 

whether the myofibril CSA in anatomical 

cross-section, or sarcomere volumes are re-

duced with increased disease severity.  

 

Ultrastructural aberrations in PAD  

myopathy: decreased sarcomere size,  

Z-disc irregularities, filamentous accumu-

lations, and myofibrillar disorientation 

In addition to the quantified changes in 

sarcomere morphology, there were specific 

regions within the muscle fibers of both stage 

II and stage IV patients that had irregular Z-

disc morphologies such as Z-disc smearing, 

Z-disc misalignment, and wavy Z-discs. 

Some participants had noticeable small re-

gions of granular filamentous material present 

within the IMF space, while others had larger 

regions of granular filamentous material that 

occupied the entire field of view. Both quali-

tative changes in Z-discs and granular fila-

mentous material in the IMF space have been 

documented previously (Farinon et al., 1984; 

Hedberg et al., 1988) and confirm the accu-

mulation of such material, likely because of 

increased damage coupled with failed autoph-

agy, as a significant mechanism in the gener-

ation of PAD myopathy. A unique finding in 
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the current study showed myofibers of PAD 

patients that contained abnormal localization 

of myofibrils in both anatomical and longitu-

dinal orientations within the same field of 

view. Such a severe loss of the myofibril ori-

entation within this population would contrib-

ute to inadequate force production and may be 

related to, or caused by, major disruptions of 

the cytoskeleton or protein degradation sys-

tems within the compromised fiber (Aweida 

et al., 2018; Cohen et al., 2012; Koutakis et 

al., 2015a; Volodin et al., 2017).  

 

Progressive deterioration in mitochondrial 

structure, function, and content in PAD  

The current study observed reduced mito-

chondrial respiration and increased ROS pro-

duction across all mitochondrial ETC com-

plexes when comparing control subjects to 

patients with PAD at different stages. Nota-

bly, in the stage II patients, mitochondrial 

complexes CI+II, III, and IV exhibited de-

creased respiratory capacity and increased 

ROS production without concomitant reduc-

tions in mitochondrial content. In contrast, 

Stage IV PAD patients demonstrated reduced 

respiratory activities across all complexes of 

the mitochondrial ETC, increased mitochon-

drial ROS production and significant reduc-

tions in the mitochondrial content. These 

findings suggest that in early PAD, mitochon-

drial function may be compromised without 

immediate impact on mitochondrial content 

while as the disease progresses both function 

and content of the organelles are compro-

mised. Recent studies employing electron mi-

croscopy techniques have shown that skeletal 

muscle mitochondria in non-pathological 

conditions form an interconnected grid-like 

reticular structure (Bakeeva et al., 1978; 

Glancy et al., 2015, 2017; Ogata and Yama-

saki, 1985). More recent studies have shown 

that uncoupling a region of this reticular 

structure leads to rapid segmentation of the 

uncoupled region and the interconnectedness 

of the mitochondrial network may be contin-

gent upon maintenance of mitochondrial 

membrane potential (Glancy et al., 2015, 

2017). Qualitative assessments of three-

dimensional models of mitochondria in our 

study revealed fewer instances of mitochon-

dria extending the length of the sarcomere, 

potentially indicating a more segmented mi-

tochondrial network in PAD-affected mus-

cles. This segmentation could have significant 

implications for cellular respiration, as it may 

further limit the rate of ATP production by 

impeding the diffusion of gases through the 

myofiber required for mitochondrial respira-

tion. However, studies with larger sample 

sizes utilizing three-dimensional imaging 

techniques are necessary to determine quanti-

tative differences and changes in structural 

patterns of functional and non-functional mi-

tochondria within PAD patients. Such com-

prehensive analyses would provide a more ro-

bust understanding of the relationship be-

tween mitochondrial structure, function, and 

disease progression in PAD. 

The analysis of associations between mi-

tochondrial morphological variables and their 

physiological functions demonstrated several 

noteworthy relationships. Generally, an in-

crease in the number of mitochondria per EM 

measurements was associated with enhanced 

respiration and decreased ROS production 

across nearly all ETC complexes. This find-

ing suggests a positive correlation between 

mitochondrial abundance and overall healthy 

mitochondrial function, with PAD damage on 

mitochondria reflected in both a decrease in 

mitochondrial abundance and a decline in mi-

tochondrial function (specifically including 

ATP production and ROS regulation). Signif-

icant associations were also identified be-

tween mitochondrial function and both aver-

age individual mitochondria CSA and relative 

mitochondrial area. Specifically, an increase 

in individual mitochondrial CSA correlated 

with decreased CII respiration and increased 

H2O2 production in CI.2, CI.3, and CIV indi-

cating that the presence of enlarged individual 

mitochondria in PAD muscles is indicative of 

physiological dysfunction. Furthermore, an 

increase in relative mitochondrial area corre-

lated with enhanced respiration for CI+II, CII, 

CIII, and CIV and decreased ROS production 

from complexes CI+II, CIII, and CIV. These 
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findings suggest that a greater proportion of 

mitochondrial area within the muscle tissue is 

associated with improved mitochondrial res-

piration and reduced oxidative stress. Taken 

together, these results demonstrate that mito-

chondrial structure and function correlate and 

that when attempting to utilize two dimen-

sional variables associated with changes in 

mitochondrial structure to infer alterations in 

mitochondria function, mitochondrial content 

may be the morphological parameter most re-

flective of mitochondrial physiological func-

tion within skeletal muscle tissue.  

 

Intramyocellular lipid dynamics in PAD 

IMCL serve as ectopic storage sites of tri-

acylglycerol that interact with mitochondria 

and regulate lipid metabolism. There are gen-

erally two distinct pools of IMCL within skel-

etal muscle fibers: the subsarcolemmal and 

IMF IMCLs. Sedentary lifestyles and over-

consumption of fats lead to an increase in 

IMCL within the subsarcolemmal region and 

are associated with type II diabetes (Bergman 

et al., 2012; Crane et al., 2010; Nielsen et al., 

2010). In our study, the CSA of IMF IMCL 

was significantly increased within the stage 

IV patients. This increase could be attributed 

to a reduction in lipolysis, physical inactivity, 

an increase in dietary fat intake, or a combi-

nation of these factors. Prior research has 

shown decreases in total IMCL content and 

IMF IMCL cell fraction following metabolic 

stress from exhaustive exercise (Badin et al., 

2013; Koh et al., 2017). Paradoxically, exer-

cise typically elicits an anaerobic response in 

PAD patients due to ischemia within the leg 

muscles, potentially dampening the overall li-

polysis occurring within this tissue and con-

tributing to IMCL growth. Interestingly, exer-

cise has also been shown to increase the 

length of contact area between mitochondria 

and lipid droplets within normal, obese/non-

diabetic, and obese/diabetic individuals (de 

Almeida et al., 2023). Additionally, the mag-

nitude of mitochondria-IMCL interface 

length before exercise was also correlated 

with fat oxidation rate during exercise regard-

less of obesity or diabetes status (de Almeida 

et al., 2023). The authors suggest that this in-

crease in contact between the IMCL and mi-

tochondria may occur to facilitate a faster rate 

of lipolysis for ATP production under exer-

cise-induced metabolic stress (de Almeida et 

al., 2023). Our study showed an increase in 

IMCL-mitochondria contact length in the 

stage IV PAD patients compared to controls 

in the rested state, suggesting that these pa-

tients experience intramuscular metabolic 

stress due to ischemia. This enlargement of 

IMCL may indicate either a malfunction of 

the metabolic process of fatty acid oxidation 

or that skeletal muscle fiber fatty acid uptake 

overtakes fatty acid oxidation (Morales et al., 

2017).  

 

Intracellular swelling in PAD skeletal  

muscle 

Within the PAD condition, irrespective of 

disease stage, we observed increases in sarco-

plasmic area indicative of intracellular swell-

ing. Typically, intracellular swelling is ac-

companied by an impaired ability to regulate 

ion transport across cellular membranes. The-

oretically, inhibition of Na+-K+ ATPase 

pumps (NKA) could facilitate myofibril 

swelling due to dysregulated Na+ flux. PAD 

patients experience ischemia, which can limit 

ATP production and increase H+ concentra-

tions within the muscle fiber. Under these 

conditions, Na+-H+ exchangers may become 

activated in response to decreased pH, 

thereby facilitating the influx of Na+ (Juel, 

1998). The reduction in ATP would also lead 

to an inhibition of NKA activity and could 

lead to an influx of Na+ until reperfusion oc-

curs. Foundational work on isolated skeletal 

muscle from rats showed that inhibition of 

NKA with ouabain, severely decreased the 

excitability of the skeletal muscle, resulting in 

rapid reductions in force production, signifi-

cant increases in intracellular Na+, and a more 

positive resting membrane potential (Murphy 

and Clausen, 2007). Taken together, NKA in-

hibition could explain the observed changes 

in the sarcoplasmic areas and contribute to the 

decreased contractile function found in PAD 

patients. Interestingly, to the authors know-
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ledge, there has yet to be a study assessing dif-

ferences in resting membrane potentials, rest-

ing Na+ concentration, or alterations in Na+ 

transport within the skeletal muscle of PAD 

patients before or after a cycle of ischemia-

reperfusion and this represents a significant 

gap in our understanding of the pathophysio-

logical mechanisms underlying muscle dys-

function in PAD. 

This study is not without its limitations. 

All the images analyzed within this study 

were collected when the participants were at 

rest and may not reflect certain changes that 

occur after different modalities, such as exer-

cise or revascularization. Further, two-dimen-

sional micrograph analysis using TEM pro-

vides insight into the cellular structure of a 

specific location of the myofiber and may 

miss certain structural alterations that occur 

within other regions of this tissue. Future 

studies would benefit from sampling alterna-

tive regions of the same muscle and incorpo-

rating samples from other muscle groups to 

see if these changes are constant across mus-

cle groups in each disease stage.  

In conclusion, this study provides a com-

prehensive analysis of the ultrastructural basis 

of PAD-associated myopathy, emphasizing 

the critical role of mitochondrial abnormali-

ties. Our data demonstrate a progressive dete-

rioration of both muscle function and struc-

ture in patients with PAD, that is evident in 

stage II and becomes worse in stage IV of the 

disease. These findings suggest that stage II 

PAD represents a critical phase for imple-

menting therapeutic interventions aimed at 

improving mitochondrial function and struc-

ture, before extensive mitochondrial damage 

occurs, and underscore the importance of 

early detection and intervention in PAD. Po-

tential treatment approaches may include 

therapies designed to: enhance mitochondrial 

biogenesis and respiratory capacity, improve 

mitochondrial-lipid droplet interactions, or 

mitigate oxidative damage. It is possible that 

such interventions, when applied early in the 

course of the disease, could ameliorate the 

myopathy of PAD and this in turn has the 

potential to improve clinical and functional 

outcomes in PAD patients.  
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