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Summary 

Patients with peripheral artery disease (PAD) develop a myopathy in their ischemic 
lower extremities, which is characterized by myofiber degeneration, mitochondrial 
dysfunction and impaired limb function. Desmin, a protein of the cytoskeleton, is central 
to maintenance of the structure, shape and function of the myofiber and its organelles, 
especially the mitochondria, and to translation of sarcomere contraction into muscle 
contraction. In this study, we investigated the hypothesis that disruption of the desmin 
network occurs in gastrocnemius myofibers of PAD patients and correlates with altered 
myofiber morphology, mitochondrial dysfunction, and impaired limb function. Using 
fluorescence microscopy, we evaluated desmin organization and quantified myofiber 
content in the gastrocnemius of PAD and control patients. Desmin was highly 
disorganized in PAD but not control muscles and myofiber content was increased 
significantly in PAD compared to control muscles. By qPCR, we found that desmin gene 
transcripts were increased in the gastrocnemius of PAD patients as compared with 
control patients. Increased desmin and desmin gene transcripts in PAD muscles 
correlated with altered myofiber morphology, decreased mitochondrial respiration, 
reduced calf muscle strength and decreased walking performance. In conclusion, our 
studies identified disruption of the desmin system in gastrocnemius myofibers as an 
index of the myopathy and limitation of muscle function in patients with PAD. (J 
Histochem Cytochem 63:256–269, 2015) 
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Introduction 

Peripheral artery disease (PAD) is a manifestation of atherosclerosis that 
produces progressive narrowing and occlusion of the arteries supplying the lower limb 
muscles. PAD affects approximately 8 million people in the USA, producing a 
considerable public health burden (Roger et al. 2012). The cardinal manifestation of 
PAD is claudication, a severe functional limitation identified as gait dysfunction and 
painful tightness or cramping in the muscles of the leg caused by walking and relieved 
by rest (Norgren et al. 2007). 

Work from several laboratories including our own has demonstrated a myopathy 
in the affected lower extremities of patients with PAD, which is characterized by 
mitochondrial dysfunction, increased oxidative damage, myofiber degeneration, muscle 
fibrosis and decreased muscle force production (Brass and Hiatt 2000; Cluff et al. 2013; 
Hedberg et al. 1989; Hedberg et al. 1988b; Koutakis et al. 2010a; Makitie and 
Teravainen 1977; Makris et al. 2007; Marbini et al. 1986; McDermott et al. 2004; 
McDermott et al. 2012; Pipinos et al. 2007; Pipinos et al. 2003; Regensteiner et al. 
1993; Weiss et al. 2013). This myopathy is closely related to leg function, daily activity, 
quality of life and even mortality of patients with PAD (Anderson et al. 2009; Brass 
1996; Evans et al. 2011; Gardner et al. 2013; Garg et al. 2011; McDermott et al. 2009; 
McDermott et al. 2012; Thompson et al. 2014). Furthermore, worsening of the myopathy 
is associated with progression of PAD from claudication to rest pain and tissue loss 
(Cluff et al. 2013; Weiss et al. 2013). Investigations into the pathophysiology of PAD 
myopathy have focused largely on the myofibers and their contractile elements, with 
very little attention given to the myofiber cytoskeleton. The cytoskeleton is a key 
regulator of shape, size and function of the myofiber and its organelles, especially the 
mitochondria, and cytoskeletal abnormalities are closely associated with muscle 
pathology, including myofiber degeneration, muscle fibrosis, mitochondrial dysfunction 
and decreased muscle force production (Capetanaki 2002; Capetanaki et al. 2007; 
Capetanaki et al. 1997; Clemen et al. 2013; Goebel 1995; Goldfarb et al. 2004; Paulin 
et al. 2004). The cytoskeleton is an integrated network consisting of microfilaments 
(actins), microtubules (tubulins), and intermediate filaments (IFs). Desmin, a 53-kDa 
protein, is the main subunit of IFs in all types of muscle cells: skeletal, cardiac and 
smooth (Lazarides 1980). Desmin IFs invest myofibrils at the Z-disc forming a network 
that connects the myofibrils to proteins of the sarcolemma and acts as a 3D-scaffold 
that anchors and organizes organelles (Fig. 1; Capetanaki et al. 2007; Goldfarb et al. 
2004). Desmin IFs bundle myofibrils such that they are aligned at the Z-discs 
(Capetanaki et al. 2007; Dalakas et al. 2000) and set neighboring myofibers into 
alignment at their Z-discs (Capetanaki et al. 1997; Carlsson and Thornell 2001; 
Lazarides 1980), thereby facilitating translation of sarcomeric contraction into muscle 
contraction (Bloch and Gonzalez-Serratos 2003; Capetanaki et al. 2007; Carlsson and 
Thornell 2001; Goldfarb et al. 2004; Paulin et al. 2004). This same system of IFs 
provides structure to the mitochondrial network (Capetanaki et al. 1997; Milner et al. 
2000). Because of the functional significance of desmin and its potential association 



with many characteristics of PAD myopathy, we tested the hypothesis that cytoskeletal 
damage, which manifests as a disruption of the desmin network, occurs in 
gastrocnemius myofibers of patients with PAD and correlates with decreased 
mitochondrial respiration, altered myofiber morphology and impaired limb function. 

 

 
 



Materials & Methods 

Subject Demographics 

The experimental protocol was approved by the Institutional Review Board, of the 
VA Nebraska-Western Iowa and University of Nebraska Medical Centers, and all 
subjects gave informed consent. 

PAD Group. We recruited 30 patients that were evaluatedand diagnosed for PAD 
in the vascular surgery clinic (Table 1). For every patient, the diagnosis of PAD was 
established on the basis of medical history, physical examination, significantly 
decreased ankle-brachial index (ABI) and computerized or standard arteriography. 

Control Group. We recruited 30 patients with normal blood flow to their lower 
limbs, undergoing lower extremity operations for indications other than PAD (Table 1). 
These patients had no history of PAD symptoms, and all had normal lower extremity 
pulses at examination. All controls had normal ABIs at rest and after stress and all led 
sedentary lifestyles. 

Muscle Biopsy 

Gastrocnemius biopsies were obtained one day after limb function evaluation 
from the anteromedial aspect of the muscle belly, 10 cm distal to the tibial tuberosity. All 
biopsies were obtained with a 6-mm Bergstrom needle. The samples were placed 
immediately into cold methacarn. After 48 h in methacarn, the specimens were 
transferred to cold ethanol:H2 O (50:50 v/v) and subsequently embedded in paraffin. 

Western Blot Analysis 

Total protein was extracted from muscle homogenates using MSM/EDTA/1% 
cholate buffer (220 mM Mannitol, 70 mM Sucrose, 5 mM Mops, 2 mM EDTA, pH 7.4) 
containing 1% protease inhibitor cocktail (Sigma-Aldrich; St. Louis, MO). For detection 
of desmin and β-actin (loading control), proteins were separated on a 12% Bis-Tris Mini 
gel (Life Technologies, Molecular Probes; Eugene, OR) using 10 μg of protein per well. 
Separated proteins were then transferred onto an Immuno-Blot PVDF membrane. The 
membrane was blocked for 2 h at room temperature and then incubated overnight in a 
cold room with a rabbit monoclonal anti-desmin antibody (ab32362; Abcam, Cambridge, 
MA), at a 1:500 dilution, and a mouse monoclonal anti-β-actin antibody (AM1829b-ev; 
Abgent, San Diego, CA) at a 1:1000 dilution. The next day the membrane was 
incubated for 1 h  at room temperature with IRDye 680RD goat anti-rabbit IgG and 
IRDye 800cw goat anti-mouse IgG (LI-COR Biosciences; Lincoln, NE). Finally, the 
integrated fluorescence of each spot was determined with the LI-COR Odyssey System 
(LI-COR Biosciences), corrected for background, and the means of each spot were 
normalized against the loading control. 

 



 
Quantification of Desmin Gene Transcripts in Muscle Homogenates by RT-qPCR 

Total RNA was extracted from methacarn-fixed, paraffinembedded tissues that 
had been mounted on slides. Briefly, 4 μm tissue sections from 4–5 slides were 
collected into a nuclease-free, 1.5-ml tube, and were deparaffinized in 200 μl of xylene. 
After 10-min incubation at room temperature, xylene was removed by centrifugation. For 
rehydration, the tissue sections were briefly suspended with 1 ml of absolute ethanol, 
and centrifuged. This step was repeated with 95%,80% and 70% ethanol. Then, the 
pellets were washed twice with 400 μl of PBS. Finally, prior to RNA extraction, the 
tissue pellets were dissociated with 200 μl of proteinase K by incubating at 56°C for 1 h. 
Total tissue RNA was extracted with Trizol Reagent (Invitrogen; Austin, TX) per the 
manufacturer’s instructions. After DNase treatment, the purity and quantity of RNA 
isolated from the samples were determined using an Agilent Bioanalyzer (Agilent 
Technologies, Inc., Santa Clara, CA). Approximately 200ng per sample was used for 
the synthesis of cDNA in a 20 μl reaction volume containing RNA, random hexamers 
(Promega; Madison, WI), 0.5 mM dNTPs, 1 U RNAsin Ribonulcease Inhibitor 
(Promega) and 1 U Improm-II Reverse Transcriptase (Promega) in a buffer containing 
50 mM Tris-HCl, pH 8.3, 75 mM KCl, 3 mM MgCl2 , and 2 mM DTT. RT reactions were 
incubated at 42°C for 1 h, followed by inactivation at 75°C for 15 min. After a brief 
chilling on ice, RNase H (Promega) was added to remove RNA strands from RT 
reactions, which subsequently were diluted 5-fold with nuclease-free water. The 
synthesized cDNA was aliquoted into small volumes and stored at -84°C, and 
subsequently amplified in a qPCR reaction (CFX Connect; Bio-Rad Laboratories, 
Hercules, CA). For qPCR, 10% of the cDNA was used with the desmin or myosin primer 
pairs (below) at 100 pmol each in DyNAmo SYBR Green qPCR reaction mix (Fisher 
Scientific; Pittsburgh PA) according to the manufacturer’s instructions. PCR was carried 
out using a CFX96 connect (Bio-Rad, Hercules, CA, USA). Cycling times were once at 
95°C for 10 min followed by 40 cycles of 95°C for 15 sec and 60°C for 1 min. A melting 



curve was analyzed to ensure specificity. The myosin primers (199 bp; NCBI, 
NM_005963) were as follows: forward, 5’-TCCGAAAGTCTGAAAGGGAGCGAA-3’; 
reverse, 5’-GAGGGTTCATGGGGAAGACTTGGT-3’. The desmin primers (184 bp; 
NCBI, NM_001927) were as follows: forward, 5’-AGCCAGGCCTACTCGTCCAGCCA-
3’; reverse, 5’-CCGCCCGACGTGCGCGACACCTG-3’. 
 

Quantitative Fluorescence Microscopy 

Paraffin-embedded biopsy specimens sectioned at 4 microns were labeled with 
fluorescent reagents for quantification of desmin in the myofibers. As a means of 
partitioning, individual myofiber sarcolemmas were labeled with wheat germ agglutinin 
(Kostrominova 2011). For measurement of desmin, specimens were treated with a 
rabbit monoclonal antibody (0.20 μg/ml; ab32362, Abcam) specific for the C-terminus of 
human desmin. For labeling of ATP Synthase (mitochondrial marker), specimens were 
treated with a mouse monoclonal antibody (10 μg/ml; ab14730 Abcam) specific for the 
human complex V beta subunit. Control slides were treated with IgG isotype control 
(0.20 μg/ml) from a non-immunized rabbit (08-6199; Life Technologies, Molecular 
Probes) and IgG isotype from a non-immunized mouse (5 μg/ml; 14-4714; eBioscience, 
Inc., San Diego, CA). After overnight incubation at 5C, the slides were labeled at room 
temperature with a mixture of Alexa Fluor® 488 goat anti-rabbit IgG (H+L) antibody, 
highly crossadsorbed (10 μg/mL; A-11034; Life Technologies, Molecular Probes) and 
Alexa Fluor® 555 goat anti-mouse IgG (H+L) antibody, highly cross-adsorbed (10 
μg/mL; A21424; Life Technologies, Molecular Probes). Myofiber sarcolemmas were 
labeled with Alexa Fluor® 647-conjugated wheat germ agglutinin (10 μg/ml; W32466; 
Life Technologies, Molecular Probes). The specimens were mounted in ProLong® Gold 
anti-fade medium with DAPI nuclear stain (P36931; Life Technologies, Molecular 
Probes).  

Image Acquisition and Analysis 

Desmin quantification within individual myofibers and myofiber morphometry 
were based on three-channel imaging (Huang et al. 2010; Huang et al. 2007; Weiss et 
al. 2013) of each microscopic field. The method has been previously described in detail 
(Cluff et al. 2013; Huang et al. 2007; Koutakis et al. 2014; Weiss et al. 2013). Briefly 
fluorescence images were captured with a 10× objective of a widefield, epifluorescence 
microscope (Leica DMRXA2; North Central Instruments, Plymouth, MN) and a B/W 
CCD camera (Orca ER C4742-95; Hamamatsu Photonics, Bridgewater, NJ), with 
HCImage software (Hamamatsu, Sewickley, PA). All of the tissue that was mounted on 
each slide (150–300 microscopic fields per specimen, corresponding to 5000 to 10,000 
myofibers) was captured in three fluorescence channels corresponding to 1) nuclei 2) 
desmin and 3) myofiber sarcolemma. The fluorescence signal produced by desmin 
within each myofiber was expressed as mean pixel intensity in grayscale units (gsu; on 
a 12-bit gray scale), representing concentration within the myofiber. The fluorescence 



signal was corrected for background (typically near the black level of the camera) and 
the mean of all myofibers in each specimen was determined. 

Histology 

Masson’s Trichrome staining was implemented with a kit from Thermo Fisher 
Scientific (#87019, Waltham, MA) according to the instructions provided with the kit. 
Briefly, paraffin-embedded biopsy specimens, sectioned at 4 μm, were deparaffinized 
and fixed in Bouin’s solution overnight. After incubation in Weigert’s Iron Hematoxylin 
Solution, the slides were stained with Biebrich Scarlet-Acid Fuchsin and Aniline Blue 
and dehydrated in ethanol and xylene. Extensive washes were done between each 
staining. Collagen was stained blue, the nuclei black and the myofibers red. 

Muscle Morphology 

Multiple morphometric parameters were determined for myofibers in each muscle 
specimen as described previously (Cluff et al. 2013). Briefly, we measured: 1) myofiber 
crosssectional area (square microns), determined from the number of pixels enclosed 
within a segmented myofiber; 2) myofiber perimeter (microns), determined from the 
number of pixels on the boundary of the myofiber; 3) equivalent diameter (microns), 
defined as the diameter of a circle that has the same area as the segmented myofiber 
region; 4) roundness, defined as the equivalent diameter × π divided by the perimeter of 
the segmented region; and 5) solidity, defined as the myofiber cross-sectional area 
divided by the area of a fitted convex hull. Fiber density was defined as the area 
occupied by the myofibers divided by the area occupied by the myofibers plus interstitial 
tissue. 

Evaluation of Mitochondrial Electron Transport Chain Complexes 

Respiration of skinned (saponin-permeabilized) gastrocnemius muscle fibers was 
measured with a Clark electrode (YSI) in four separate assays corresponding to the 
following sets of conditions: 1) 5 mM glutamate, 5 mM malate, and 1 mM ADP (complex 
I-dependent respiration); 2) 3 μM rotenone (to inhibit complex I), 1 mM ADP, and 10 mM 
succinate (complex II-dependent respiration); 3) 3 μM rotenone, 1 mM ADP, and 1 mM 
duroquinol (complex III-dependent respiration); and 4) 3 μM rotenone, 1 mM ADP, 10 
mM ascorbate, and 0.2 mM N,N,N′,N′- tetramethyl-p-phenylenediamine (complex IV-
dependent respiration). Respiratory rates (nanoatoms of oxygen per min) were 
normalized to Citrate Synthase (CS) activity (a measure of mitochondrial content) after 
completion of the respiratory measurements. CS activity was measured as the increase 
in absorbance (412 nm) from the reduction of 5,5′-dithiobis-2-nitrobenzoic acid by newly 
formed CoA-SH. 

Muscle Strength Measurement 

Muscle strength production from the ankle plantarflexors (the muscles of the 
posterior compartments of the calf) was measured using a Biodex dynamometer 
(System 4.0; Biodex Medical Systems, Shirley, NY). Thirty PAD and 15 control subjects 



were secured onto the Biodex, with the foot positioned in the standard ankle plantar 
flexion/dorsiflexion position of 90° between the foot and the shank. In order to isolate 
the plantarflexor muscles, the ipsilateral thigh, waist and chest of all subjects were 
secured. The leg was positioned so that the ipsilateral thigh was braced and supported 
with a knee angle of 30°. The parameter of the muscle strength we measured was the 
peak force produced by the ankle plantarflexors during a maximum isometric 
contraction of 10 s. Data are represented in ft*lbs.  

Graded Treadmill Test and 6-Minute Walking Distance 

Claudication onset distance (COD) and peak walking distance (PWD) were 
measured for all PAD subjects using the Gardner graded treadmill test. The patients 
walked at a constant speed of 3.2 km·h−1 on a 0% grade, with a 2% grade increase 
every 2 min. The COD was recorded at the onset of claudication pain and PWD was 
recorded as the maximum distance walked. In addition, all PAD subjects were 
evaluated with the 6-minute walk test. The test was performed in an indoor 20-m 
hallway for 6 min. The procedure was performed under technical supervision and 
patients were instructed to cover as much distance as possible. 

Statistics 

Baseline characteristics of PAD and controls subjects were compared using 
independent t-tests for continuous variables and chi-square tests for categorical 
variables. Categorical variables that were different between the two groups were used 
as covariates in subsequent analyses. Differences between parameters for PAD and 
control subjects were evaluated by analysis of covariance, with adjustments for age and 
smoking status. The relationships of desmin with myofiber morphology, mitochondrial 
respiration, muscle strength and walking distances were evaluated by a Pearson 
correlation. All analyses were implemented with SAS statistical software version 9.3 
(SAS Institute Inc., Cary, NC). Data are presented as the mean and standard deviation 
(SD), unless stated otherwise, and significance was set at p<0.05. 

Results 

Subject Demographics 

The demographic information for both the PAD and control subjects is presented 
in Table 1. Only smoking status (χ2 =17.9, p<0.001), age (t=3.14, p=0.002) and ABI 
(t=15.4, p<0.001) were significantly different between the PAD and control subjects. 

Abnormal Accumulation of Desmin in Gastrocnemius Myofibers of PAD Subjects 

Previous studies identified abnormal accumulations of desmin in myofibers of 
patients with desminopathies (Carlsson and Thornell 2001; Claeys and Fardeau 2013; 
Clemen et al. 2013; Goldfarb et al. 2008; Goldfarb et al. 2004). Accumulated desmin 
was seen as cytoplasmic aggregates and was associated with myofibril fragility that 
produces severe muscle dysfunction (Capetanaki et al. 2007; Dalakas et al. 2000; Li 



and Dalakas 2001). Using wide-field fluorescence microscopy, we examined the 
distribution of desmin in longitudinal sections and cross-sections of myofibers in the 
gastrocnemii from PAD and control subjects and present representative images of these 
sections (Fig. 2). As seen in longitudinal sections, labeling of Z-disk desmin in control 
muscle revealed a regular pattern of striation representing the Z-disks of aligned 
myofibrils (Fig. 2A–2C). In contrast, longitudinal sections of PAD myofibers (Fig. 2D–2F) 
revealed an irregular pattern with intense labeling in some areas and desmin cross-links 
that appeared to connect multiple Z-disks. Desmin cross-links between adjacent Z-disks 
occurred frequently throughout these myofibers and wereassociated with desmin 
aggregates. In addition, large cavities lined with intense desmin labeling were observed. 
Desmin aggregates and desmin-lined cavities were not seen in control myofibers. In 
cross-sections, control myofibers (Fig. 2G–2I) exhibited a highly regular honeycomb 
pattern with even labeling, representing numerous myofibril bundles. In contrast, PAD 
myofibers (Fig. 2J–2L) exhibited an irregular honeycomb pattern with uneven, intense 
labeling. Using quantitative fluorescence microscopy, we found that myofibers of PAD 
(n=30) muscle contained, on average, 21.5% more desmin as compared with the 
control (n=30) muscle (mean: 1306 ± 41 gsu vs 1075 ± 40 gsu at p<0.001; median: 
1242 (1009–2049) gsu vs 1023 (599–1453) gsu, at p<0.001). These results were 
supported by western blot analyses (Fig. 3A), which also identified in the PAD 
specimens a second desmin band at approximately 42 kDa, suggesting post-
translational modification of the protein and/or protein degradation (Winter et al. 2014). 
The increased accumulation of desmin in PAD myofibers was associated with a mean 
126-fold increase (SD, ±36) and median 124.5-fold increase (range, 8 to 288; p<0.001) 
in desmin gene transcripts as compared with the control (Fig. 3B). The disparity 
between the abundances of desmin protein and gene transcripts may reflect inefficient 
translation and/or a high rate of desmin degradation and proteolysis in the damaged 
myofibers. 

Myofiber Morphology and Density Change in association with Desmin Accumulation in 
PAD Myofibers 

Previous studies have demonstrated that myofiber crosssectional area is 
reduced in PAD myofibers as compared with controls (Regensteiner et al. 1993; Weiss 
et al. 2013). To evaluate the relationship between desmin accumulation and myofiber 
morphology, we compared multiple parameters of myofiber morphology in cross-
sections of gastrocnemius biopsies from the same PAD (n=30) and control (n=30) 
subjects whose myofibers exhibited significant differences in quantities of desmin 
protein and gene transcripts. In PAD gastrocnemius as compared with controls, 
myofiber cross-sectional area, major axis, minor axis, equivalent diameter and 
perimeter, and measures of myofiber size were all significantly reduced (Table 2). 
Moreover, myofiber roundness was increased and solidity was decreased in PAD 
muscle, indicating an abnormal morphology (Table 2). Finally, we observed a decrease 
in myofiber density per unit area of cross-sectioned specimens associated with 
increased fibrosis in PAD muscle (Fig. 4), and this was consistent with reduced 



myofiber size. These changes are characteristic of desminopathies (Abraham et al. 
1998; Clemen et al. 2013; Selcen et al. 2004).  

 

 



 
 

The observed differences between PAD and control gastrocnemii specimens 
suggested that the abnormal accumulation of desmin in PAD myofibers may correlate 
with myofiber morphometrics. We evaluated correlations between desmin protein, as 
quantified by quantitative fluorescence microscopy, and parameters of myofiber 
morphology in the PAD subjects (n=30). Cross-sectional area (r = -0.405; p=0.027), 
perimeter (r = -0.480; p=0.007), solidity (r = -0.594; p=0.001) and fiber density (r = -
0.549; p=0.002) decreased with increasing myofiber content of desmin. Roundness, 
representing abnormal myofiber morphology, increased (r = 0.372; p=0.049) with 
increasing desmin content. 

 



 
Mitochondrial Respiration Decreases in association with Desmin Accumulation in PAD 
Myofibers 

In skeletal muscle fibers, mitochondria typically are organized around the Z-disc 
of the sarcomere throughout the length of the myofibril (Milner et al. 2000). 
Ultrastructural studies have established a connection between mitochondria topology 
and function and intermediate filaments (Capetanaki et al. 2007; Milner et al. 2000). In 
this study we found that abnormal desmin accumulation in PAD myofibers was 
associated with irregular and patchy distribution of the mitochondria and a characteristic 
absence of mitochondria in the areas of dense desmin accumulation (Fig. 5). 
Mitochondrial function, determined as respiratory activity, which is dependent on 
electron transport chain complexes I and IV normalized to mitochondrial content, was 



reduced in the myofibers of PAD subjects (n=30) as compared with control subjects 
(n=30) (Table 3). These observations suggest that the abnormal accumulation of 
desmin in PAD myofibers may correlate with mitochondrial function in PAD 
gastrocnemius. We evaluated correlations between desmin protein, as quantified by 
quantitative fluorescence microscopy, and respiratory activity dependent on electron 
transport chain complexes I and IV in the PAD subjects (n=30). We found that activity 
dependent on both complex I and complex IV decreased with increasing desmin 
accumulation (r = -0.422, p=0.005; r = -0.414, p=0.006, respectively).  

 

 
 



Plantarflexor Strength Declines with Increasing Desmin Accumulation in PAD Myofibers 

Desmin IFs combine the forces produced by individual myofibrils and transmit 
these to costameres (Ervasti 2003; Grounds et al. 2005), specialized linkage sites in the 
sarcolemma (Fig. 1). These forces are transmitted via the costameres to the 
extracellular matrix (ECM) and towards the tendons (Bloch and Gonzalez-Serratos 
2003; Capetanaki et al. 2007; Paulin et al. 2004). Electron microscopy studies of PAD 
muscles have identified extensive abnormalities of the myofibrils (Makitie and 
Teravainen 1977) and studies by our group have established impairment of 
plantarflexor power of PAD patients (Koutakis et al. 2010a; Koutakis et al. 2010b; 
Wurdeman et al. 2012). We tested the hypothesis that plantarflexor strength decreases 
with increasing desmin accumulation in gastrocnemius myofibers in patients with PAD. 
First, we compared plantarflexor strength of PAD (n=30) and control (n=30) subjects. 
Plantarflexor strength was decreased in PAD subjects as compared with control 
subjects (58.89 ± 3.8 vs. 81.25± 2.8 ft*lbs; p<0.001). This difference suggested that the 
abnormal accumulation of desmin in myofibers may correlate with plantarflexor strength. 
We evaluated the association of desmin protein, as quantified by quantitative 
fluorescence microscopy, and plantarflexor strength in PAD subjects (n=30). We found 
that isometric plantarflexor strength decreased with increasing desmin accumulation (r = 
-0.612, p<0.001) (Fig. 6). There was no association between desmin accumulation and 
isometric plantarflexor strength in the control subjects.  

Six-Minute and Peak Walking Distances Decrease with Increasing Desmin 
Accumulation in PAD Myofibers 

Our finding of a negative correlation between plantarflexor strength and desmin 
accumulation in PAD myofibers suggested that the distances PAD patients can walk 
may be affected by a disruption in the desmin system in myofibers. The average 
distances our PAD subjects were able to walk were: 303 ± 67 m for 6-minute walking 
distance, 76.9 ± 70 m for COD and 235.2 ± 120 m for PWD. We evaluated correlations 
of walking distances with desmin accumulation in the PAD subjects (n=30). PWD and 6-
minute walking distances decreased with increasing desmin accumulation (r = -0.417, 
p=0.022; and r = -0.805, p<0.001, respectively) (Fig. 6). COD exhibited no correlation. 

Discussion 

Our study has established, as part of the myopathy of PAD gastrocnemius, an 
abnormal accumulation of the cytoskeletal protein desmin and extensive disruption of its 
normal registration along Z-discs of the myofibrils, as compared with that observed in 
healthy myofibers (Fig. 2). This pathological change in PAD myofibers correlated with 
altered myofiber morphology, reduced mitochondrial respiration and walking 
impairment. These findings, for the first time, link disruption of the cytoskeleton to the 
myopathy of PAD. Using quantitative fluorescence microscopy, we demonstrated an 
increase in the mean content of desmin in PAD as compared with control myofibers and 



found that, in crosssections of PAD myofibers with increased desmin content, desmin 
was present as an irregular honeycomb and/or amorphous aggregates of varying size. 

 

 
Longitudinal sections revealed uneven labeling of desmin and numerous 

deviations of labeled desmin from Z-disc registration in many PAD myofibers. This was 
in contrast to normal gastrocnemius myofibers that exhibited a highly organized 
registration of evenly labeled desmin along the Z-discs of myofibrils. The observed 
abnormalities of desmin abundance and distribution in PAD myofibers are similar to 
those seen in the myofibers of patients with myofibrillar myopathies (Janue et al. 2007a; 
Janue et al. 2007b; Nakano et al. 1996; Olive et al. 2008; Selcen et al. 2004). 



Myofibrillar myopathies are a clinically and genetically heterogeneous group of muscle 
disorders characterized by degradation of the myofibrils in association with 
disintegration of the Z-disc, accumulation of myofibrillar degradation products and an 
abnormal expression, disorganization and sarcoplasmic aggregation of desmin and 
other proteins of the cytoskeleton, including myotilin, α,β-crystallin and dystrophin 
(Claeys and Fardeau 2013; Winter et al. 2014). The primary clinical feature of 
myofibrillar myopathies is progressive skeletal muscle weakness and, in some patients, 
associated cardiomyopathy and peripheral neuropathy. Desminopathies are a subgroup 
of myofibrillar myopathies, caused by mutations in the desmin gene and are 
characterized by increased content of desmin in the myofibers, disorganization of the 
desmin filament network, accumulation of insoluble desmin-containing aggregates and 
disruption of the sarcomere of striated muscle (Dalakas et al. 2000; Goldfarb et al. 
2004; Selcen et al. 2004). Current information concerning the pathophysiology of PAD 
and myofibrillar myopathies suggests that desmin may be directly damaged by reactive 
oxygen species (ROS). Several groups, including our own, have shown increased 
oxidative damage in PAD muscle (Pipinos et al. 2008). More detailed studies 
established that oxidative damage to myofibers in PAD gastrocnemius increased as the 
hemodynamics of the blood flow to the leg worsened and as the disease advanced from 
Fontaine stage II to stage III and stage IV (Weiss et al. 2013). Studies of myofibrillar 
myopathies have shown that ROS and reactive nitrogen species (RNS) damage 
cytoskeletal and other proteins and impair their processing through the ubiquitin-
proteasome pathway, favoring accumulation of non-degraded damaged proteins as 
protein aggregates (Clemen et al. 2013; Janue et al. 2007a; Janue et al. 2007b). 
Desmin is a key target for oxidative and nitrosative damage in myofibrillar myopathies 
(Janue et al. 2007a; Janue et al. 2007b), leading to inactivation and misfolding of the 
protein and exposing hydrophobic surfaces for protein-protein interactions, which 
promote aggregation (Grune et al. 1997; Janue et al. 2007a; Janue et al. 2007b). 
Furthermore, desmin is a preferred site for the development of advanced glycation end 
products (AGEs) in cardiomyopathies, both in mice and in humans (Diguet et al. 2011). 
Diguet et al. (2011) demonstrated that, in dilated cardiomyopathy, oxidatively damaged 
desmin progressively loses its striated pattern and accumulates in the sarcoplasm. 
Desmin has been found to be particularly susceptible to the formation of AGEs and to 
damage by lipid peroxidation end-products in animal models of tissue ischemia and 
reperfusion (Canton et al. 2004; Janue et al. 2007a; Janue et al. 2007b). AGEs and lipid 
peroxidation end-products accumulate in PAD muscle and, particularly, in PAD 
myofibers (Norgren et al. 2007; Pipinos et al. 2008, 2007). 

Desmin links neighboring myofibrils into bundles through their Z-discs 
(Capetanaki et al. 2007; Dalakas et al. 2000), aligns the Z-discs of neighboring 
myofibers (Capetanaki et al. 1997; Carlsson and Thornell 2001; Lazarides 1980), 
organizes the mitochondria into a welldefined functional network around the myofibrils 
(Capetanaki et al. 1997; Milner et al. 2000) and facilitates transmission of the force of 
sarcomere contraction to the ECM (Bloch and Gonzalez-Serratos 2003; Capetanaki et 
al. 2007; Carlsson and Thornell 2001; Goldfarb et al. 2004; Paulin et al. 2004). 



Mitochondrial dysfunction in PAD skeletal muscle is well documented (Makris et al. 
2007; Pipinos et al. 2006; Pipinos et al. 2003; Pipinos et al. 2000). In the present study, 
we found that mitochondrial Complex I- and Complex IV-dependent respiration 
correlated inversely with desmin accumulation in PAD myofibers. In addition, our 
fluorescence microscopy work revealed an irregular and patchy distribution of 
mitochondria in the myofibers, with a characteristic absence of mitochondria in areas 
where desmin accumulation was high. The distribution of mitochondria was uneven 
throughout the remainder of the sarcoplasm. These findings are consistent with 
previous reports concerning desminopathies (Capetanaki et al. 1997; Milner et al. 
2000). 

In the gastrocnemius of PAD subjects, myofibers have reduced size (decrease in 
cross-sectional area, major and minor axes, equivalent diameter and perimeter) and 
altered shape (less polygonal and more rounded) and the endomysium and perimysium 
are expanded, consistent with decreased myofiber density. Studies of muscle in 
patients with desminopathies have demonstrated a similar myopathy characterized by 
rounding of muscle fibers, fiber splitting, internalization of myonuclei, and increased 
connective and fat tissue (Abraham et al. 1998; Clemen et al. 2013; Selcen et al. 2004). 
Loss of normal size and shape of myofibers is indicative of significant damage to the 
myofibrillar, cytoskeletal and membranous components of the myofiber (Bloch and 
Gonzalez-Serratos 2003; Sanger et al. 2004). The present work suggests that the 
cytoskeleton of myofibers in PAD gastrocnemius is also damaged and that this damage 
produces changes in myofiber morphology. 

A finding of the present work, which has clinical and translational relevance, is 
that of a negative correlation between desmin accumulation in the myofibers of PAD 
gastrocnemius and the strength of the ankle plantarflexors and walking performance (6-
minute walk distance and PWD) of PAD patients. The strength of the ankle 
plantarflexors of PAD patients was significantly reduced as compared with controls, 
consistent with myofiber degeneration in the muscles of PAD legs (Hedberg et al. 1989; 
Hedberg et al. 1988a; Koutakis et al. 2010a; Koutakis et al. 2010b; McDermott et al. 
2004; McDermott et al. 2007; McDermott et al. 2001; Regensteiner et al. 1993). Dalakas 
et al. (2000) proposed that accumulation of damaged desmin in association with 
disruption of the filamentous network weakens the sarcomere and causes increased 
mechanical stress within and between myofibrils, myofiber fragility, Z-disc disintegration 
and myofibrillar damage. Similarly, the accumulation and abnormal distribution of 
desmin in PAD myofibers, which signal damage to the cytoskeleton, may contribute to 
decreased strength of leg muscles, impaired limb function and decreased activity in 
patients with PAD (Hedberg et al. 1988b; Koutakis et al. 2010a; Koutakis et al. 2010b; 
McDermott et al. 2004; McDermott et al. 2007; McDermott et al. 2001; Regensteiner et 
al. 1993). Myofibers, in long skeletal muscles, are much shorter than the muscle length 
and, as a result, most of them start and finish without attaching themselves to either 
tendon (Gaunt and Gans 1990; Schejter and Baylies 2010; Trotter 2002). The forces 
generated by myofibrils (the contractile units of myofibers composed mainly of myosin, 



actin, titin, tropomyosin and troponin) are transferred through the cytoskeletal proteins 
to sarcolemma (membrane of the myofiber) proteins and then to the ECM 
(endomysium, perimysium and epimysium) proteins through which they reach the 
tendons (Monti et al. 1999; Patel and Lieber 1997; Turrina et al. 2013). It is apparent 
that the changes we are describing in the non-contractile components (mainly desmin 
and the cytoskeleton, but also the ECM) of PAD muscle can be key factors contributing 
to the functional deterioration of patients with PAD. 

This is a correlational study that identifies damage to desmin as an objective 
measure of the extent of muscle damage and, therefore, a potential biomarker for the 
efficacy of therapeutic intervention and responsiveness of patients with PAD to 
treatment options. The study does not identify cause/effect relationships; however, the 
high-quality human data that we have produced provides a direction for future 
mechanistic studies, which are essential for the development of improved therapy and 
prognosis of PAD. With mechanistic information concerning desmin damage in PAD 
muscle, it will be possible to prioritize, for evaluation, therapies proposed for the 
management of myofibrillar myopathies. These include exercise, nutrition, as well as 
pharmacological, stem cell and gene therapies (Clemen et al. 2013; Goldfarb et al. 
2008; Goldfarb et al. 2004; Segard et al. 2013). 

In summary, our work demonstrated the abnormal accumulation and distribution 
of desmin in the gastrocnemius myofibers of subjects with PAD, indicating damage to 
the cytoskeleton, as compared with control subjects. These changes correlated with 
decreased mitochondrial function, abnormal myofiber morphology and impaired limb 
function. Our findings provide insight into the chronic and progressive nature of PAD, 
where damage to desmin in myofibers may contribute to the myopathy of PAD and 
deterioration of performance of the ischemic lower limb. Finally, our use of muscle 
biopsy specimens for the quantitative microscopic analysis of cell structure and 
biomolecules, such as desmin, which serve high-level cellular functions, is an effective 
translational approach that can identify potential mechanisms of disease and targets for 
therapeutic intervention as well as biomarkers for enhanced diagnosis, treatment and 
prognosis of PAD. 
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