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Abstract 7 
 8 

Background:  Skeletal muscle maladaptation accompanies chronic kidney disease (CKD) and 9 

negatively impacts physical function. Emphasis in CKD has historically been placed on muscle 10 
fiber intrinsic deficits, such as altered protein metabolism and atrophy. However, targeted 11 

treatment of fiber intrinsic dysfunction has produced limited improvement, whereas alterations 12 
within the fiber extrinsic environment have scarcely been examined. Methods: We investigated 13 

alterations to the skeletal muscle interstitial environment with deep cellular phenotyping of 14 

biopsies from patients with CKD compared to age-matched control participants and performed 15 
transcriptome profiling to define the molecular underpinnings of CKD-associated muscle 16 

impairments. We further examined changes in the observed muscle maladaptation following 17 
initiation of dialysis therapy for kidney failure. Results: Patients with CKD exhibited a 18 
progressive fibrotic muscle phenotype, which was associated with impaired regenerative 19 
capacity and lower vascular density. The severity of these deficits was strongly associated with 20 

the degree of kidney dysfunction. Consistent with these profound deficits, CKD was associated 21 
with broad alterations to the muscle transcriptome, including altered extracellular matrix 22 
organization, downregulated angiogenesis, and altered expression of pathways related to stem 23 

cell self-renewal. Remarkably, despite the seemingly advanced nature of this fibrotic 24 
transformation, dialysis treatment rescued these deficits, restoring a healthier muscle 25 

phenotype. Furthermore, after accounting for muscle atrophy, strength and endurance improved 26 

after dialysis initiation. Conclusion: These data identify a dialysis-responsive muscle fibrotic 27 
phenotype in CKD and suggest that the early dialysis window presents a unique opportunity of 28 

improved muscle regenerative capacity during which targeted interventions may achieve 29 

maximal impact. Trial Registration: NCT01452412 Funding: NIH 30 
 31 

 32 

 33 
 34 



Introduction 35 
 36 

Chronic kidney disease (CKD) affects nearly 700 million people, or approximately 1 in 11 37 

individuals worldwide (1). Patients with CKD are at markedly increased risk of disability, 38 
hospitalization, and death (2, 3); in 2017, 4.6% of all deaths globally were attributable to CKD 39 

(1). Impaired physical function, which is common in CKD, is a major risk factor for these poor 40 

outcomes (3-5). CKD patients perform substantially below age-predicted norms on a variety of 41 
clinically relevant physical performance tests, such as repeated chair stands, the timed-up-and-42 

go test, and 6-minute walk distance (6-8). Previous studies have established muscle fiber 43 
intrinsic deficits (e.g. alterations in protein metabolism, mitochondrial impairments) (9, 10), but to 44 

date interventions targeting these deficits have only demonstrated marginal success at 45 

improving physical function (11-13). Greater interrogation of muscle fiber extrinsic alterations in 46 
patients with CKD may offer novel therapeutic directions to preserve or enhance muscle 47 
function (14) critical to independent living.  48 

 49 
Recent pre-clinical work underscores muscle-kidney crosstalk (15) and shared fibrogenic 50 
pathophysiology via dysregulation of the extracellular matrix (ECM) in muscle and kidney tissue 51 
(16, 17). Our prior work was the first to translate these findings to humans, showing elevated 52 

collagen density in the quadriceps of patients with severely impaired kidney function (14). 53 
Importantly, we showed that fibrosis severity was associated with poorer leg extension strength 54 

and reduced endurance capacity, suggesting that muscle fibrosis in CKD patients is functionally 55 

significant (14). In skeletal muscle, intact ECM is required for optimal transmission of contractile 56 
force (18-21) and for appropriate regulation of muscle regenerative mechanisms (22-24). ECM 57 

accumulation negatively affects muscle plasticity through alterations in muscle stem cell, also 58 
termed satellite cell, function.  Thickening of the basal membrane due to collagen accumulation 59 

impedes satellite cell interaction with nearby muscle fibers (25), and increased stiffness impairs 60 

proliferation, self-renewal and activation of satellite cells (26, 27).  Intriguingly, satellite cells and 61 
their activated daughter cells actively and concomitantly regulate the composition and 62 

remodeling of the ECM itself (18, 28), likely to promote the health of their niche to facilitate 63 

proper activation and renewal.  64 
 65 

Critical to the development of targeted interventions is whether muscle fibrosis in CKD is a 66 

complication observed only with severe disease or an insidious process that progresses slowly 67 
beginning with early loss of kidney function, similar to well-defined sequelae of CKD such as 68 



anemia and secondary hyperparathyroidism (29).  Furthermore, the responsiveness of the 69 

fibrotic muscle phenotype to renal replacement therapy is unknown. We integrated 70 
transcriptomic profiling and immunohistochemical cellular phenotyping to determine alterations 71 

in skeletal muscle ECM in humans across a broad range of kidney function and in a subset of 72 
patients with end stage renal disease (ESRD) following the initiation of dialysis. Using these 73 

procedures, we compared molecular and cellular alterations in muscle from patients with CKD 74 

to age-matched healthy controls. We tested the hypothesis that skeletal muscle fibrosis 75 
develops progressively as kidney function declines toward advanced CKD, and that this would 76 

be associated with a progressive loss of regenerative capacity and satellite cell homeostasis. 77 

Furthermore, we examined the role of dialysis therapy to restore a healthy muscle phenotype in 78 
patients with advanced CKD.  79 

 80 
 81 

 82 

 83 
  84 



Results 85 

 86 
Participant Characteristics 87 

Thirty-four patients and 16 control subjects participated in this study (Figure 1). At the time of 88 
first muscle biopsy, 29 of the patients with CKD were not receiving dialysis and 5 had ESRD 89 

and were receiving dialysis therapy. Seven of the 29 CKD patients underwent a second muscle 90 

biopsy during follow-up; at the time of the second biopsy, 3 patients had non-dialysis dependent 91 
CKD and 4 had reached ESRD and initiated dialysis. Age and sex were similar between the 92 

CKD and control groups (Table 1). Both groups were highly sedentary. Compared with controls, 93 

participants with CKD were more likely to have hypertension. Control participants did not have 94 
other comorbidities. Among the CKD patients, 55% had diabetes, 14% had cardiovascular 95 

disease, and 7% had peripheral vascular disease. The mean eGFR (estimated glomerular 96 
filtration rate) was 28.0 ± 15.5 mL/min/1.73m2. As expected among the dialysis patients, 97 

hypertension was universal and diabetes and cardiovascular disease were common (Table 1). 98 

Physical function testing and dietary assessments were performed in a subset of the cohort 99 
(Table 1). Performance on functional tests was similar between patients with CKD and controls, 100 

although numerically poorer among the CKD group. In total, scores on the Short Physical 101 
Performance Battery (SPPB) ≤8 were present in 3 CKD patients, 2 controls, and 2 dialysis 102 
patients. Dietary protein intake (DPI) was similar between CKD patients and controls, whether 103 
assessed by food frequency questionnaire (FFQ) or 24-hour urine collection. 104 

 105 
Alterations in skeletal muscle collagen density and organization occur progressively 106 
through end stage renal disease  107 

 108 
We collected vastus lateralis biopsies from participants with CKD and healthy age-matched 109 

controls that were assayed for collagen content via orthogonal histological and biochemical 110 

approaches. We show striking fibrosis in patients with CKD both histologically and 111 
biochemically. Collagen content in the ECM of vastus lateralis was significantly elevated in 112 

patients with CKD compared to healthy controls, quantified by picro-sirius red histological 113 

staining (Fig 2A; p=0.006). A similar elevation was seen even when comparing younger CKD 114 
patients with older control participants (Supplementary Figure 1). Strikingly, lower eGFR (i.e. 115 

more severe impairment in kidney function) was strongly associated with greater skeletal 116 

muscle ECM collagen content measured by picro-sirius red histological staining, explaining 48% 117 
of the variance in muscle collagen (Fig 2B; p<0.0001). Each 10 mL/min/1.73m2 lower eGFR was 118 



associated with 0.6% (95% CI 0.4 to 0.9%, p<0.001) higher muscle collagen content. This 119 

association was independent of age, sex, race, and diabetes, hypertension, and cardiovascular 120 
disease status (0.5% (95% CI 0.1 to 0.9%), p=0.01) (see Supplementary Table 1 for unadjusted 121 

and adjusted associations of eGFR with histological parameters) and additional adjustment for 122 
fiber cross-sectional area (0.5% (95% CI 0.1 to 0.9%), p=0.03). eGFR was independently 123 

associated with skeletal muscle collagen even when restricted to participants without a history 124 

of diabetes, cardiovascular disease, or peripheral vascular disease, in whom every 10 125 
mL/min/1.73m2 lower eGFR was associated with 0.4% (95% CI 0.1 to 0.7%, p=0.01) higher 126 

muscle collagen content after adjustment for age, sex, race, and hypertension status. In the 127 

subset of participants with both accelerometer data and picro-sirius red staining (n=24), 128 
additional adjustment for sedentary time did not alter these results (multivariable model, 0.4%, 129 

95% CI -0.02 to 0.9%, p=0.061; additional adjustment for sedentary time, 0.5%, 95% CI -0.02 to 130 
0.9%, p=0.060). 131 

 132 

Excessive collagen content (fibrosis) impedes muscle contractile function, and collagen 133 
alignment is associated with enhanced muscle passive stiffness (30). Densely packed collagen 134 

content was particularly elevated in skeletal muscle of subjects with CKD (Fig 2C; p<0.001) and 135 
was strongly associated with eGFR (Fig 2D; p<0.001). This association was also unchanged 136 
after multivariable adjustment (unadjusted, 0.3 log units (95% CI 0.2-0.4, p<0.001) vs. adjusted, 137 
0.3 log units (95% CI 0.1-0.4, p=0.01) per 10 mL/min/1.73m2 lower eGFR). Loosely packed 138 

collagen was numerically higher in subjects with CKD but neither this association nor its 139 
correlation with eGFR reached statistical significance (Fig 2E-F; p=0.09 and p=0.069, 140 
respectively). The elevation in particular of densely packed collagen may impair muscle 141 

regenerative capacity, as elevated collagen density and low substrate elasticity suppresses 142 
satellite cell activity and self-renewal (26). Skeletal muscle collagen measured biochemically by 143 

hydroxyproline content was also elevated in patients with CKD (Fig 2H; p=0.026) and was 144 

associated with eGFR (Fig 2I; p=0.0010), independently confirming our histological results. 145 
Furthermore, myofiber cross-sectional area (CSA) was not altered in patients with CKD 146 

(Supplementary Figure 2A) and was not associated with eGFR (Supplementary Figure 2B), 147 

suggesting that alterations to collagen content were not mediated by myofiber atrophy. 148 
 149 

Satellite cell abundance and activity is impaired in skeletal muscle of subjects with 150 

chronic kidney disease  151 
 152 



Satellite cells are the primary skeletal muscle stem cells that enter the cell cycle in the presence 153 

of an activating stimulus (i.e. injury, exercise) and differentiate to fusion-competent myoblasts to 154 
facilitate myonuclear accretion and promote regeneration and/or myofiber growth (31, 32). 155 

Satellite cells also communicate with fibrogenic cells to regulate ECM collagen deposition and 156 
subsequent fibrosis of skeletal muscle (33). Immunohistochemically, we determined that 157 

satellite cell abundance was significantly decreased in skeletal muscle of patients with CKD 158 

compared to healthy controls (Fig 3A; p=0.04). Furthermore, there was a graded association of 159 
lower eGFR with lower satellite cell abundance (Fig 3B; p=0.003), which was independent of 160 

age, sex, race, and diabetes, hypertension, and cardiovascular disease status (0.1 log units 161 

(95% CI 0.01-0.2) per 10 mL/min/1.73m2 lower eGFR; p=0.035). Consistent with these results, 162 
fiber type-specific satellite cell abundance was numerically lower in patients with CKD; similarly, 163 

modest correlations were observed with eGFR, although only statistically significant for type 1 164 
satellite cell content (Supplementary Figure 3). 165 

 166 

In healthy skeletal muscle, satellite cells remain reversibly quiescent until presented with an 167 
activating stimulus necessitating myofiber regeneration and/or growth. Using ki67 as a marker 168 

of activation to indicate entrance to the cell cycle, we assessed satellite cell activation status. 169 
We observed a non-significant but suggestive elevation in the mean frequency of Ki67+ satellite 170 
cells in patients with CKD (Control: 6.4% ± 2.2%, CKD: 12.5% ± 3.4%, p=0.196). Separating 171 
CKD patients by disease stage, satellite cell activation was numerically elevated during stage 3 172 

(Fig 3D), but not in stage 4/5. eGFR did not demonstrate a clear relationship with satellite cell 173 
activation status (Fig 3E). Myonuclear density and two-dimensional myonuclear domain  174 
(µm2/myonucleus) were not altered in patients with CKD, and neither was significantly 175 

correlated with eGFR (Supplementary Figure 4).  176 
 177 

Capillary supply to satellite cells and myofibers is lower in skeletal muscle of subjects 178 

with chronic kidney disease 179 
 180 

Capillaries are vital to supply oxygen and nutrients, as well as remove waste products, in 181 

skeletal muscle. Capillary density can be negatively impacted during aging and disuse (34), 182 
which may mitigate the responsiveness of skeletal muscle to anabolic stimuli like resistance 183 

exercise (35). Satellite cell-capillary crosstalk within skeletal muscle is integral to facilitate 184 

satellite cell activation and function (36) as well as support angiogenesis (36). We measured the 185 
distance between satellite cells and the nearest capillary and observed greater satellite cell-186 



capillary distance in participants with CKD (Fig 3G; p=0.048). Additionally, the proximity of 187 

satellite cells to capillaries was correlated with eGFR (Fig 3H; p=0.0017), with lower eGFR 188 
independently associated with a greater distance between a satellite cell and the nearest 189 

capillary (p=0.001 after multivariable adjustment). As with muscle collagen content, this 190 
association remained significant after exclusion of participants with a history of diabetes, 191 

cardiovascular disease, or peripheral vascular disease (p=0.004). 192 

We further interrogated capillary supply to myofibers via the capillary-to-fiber perimeter 193 
exchange index (CFPE), to assess the surface area of contact/exchange between capillaries 194 

and myofibers (37). CFPE was significantly reduced in participants with CKD (Fig 3I; p<0.001), 195 

indicating impaired capillary supply to myofibers. eGFR was strongly associated with CFPE (Fig 196 
3J; p<0.0001; p=0.0009 after multivariable adjustment; p=0.0024 after exclusion of diabetes, 197 

cardiovascular disease, or peripheral vascular disease), demonstrating a similar relationship to 198 
that observed between eGFR and satellite cell-capillary distance. Thus, lower eGFR was 199 

associated with poorer capillary supply to myofibers and greater satellite cell-capillary distance, 200 

even among individuals without clinically apparent vascular disease. 201 
 202 

Skeletal muscle global transcriptomic differences reveal downregulation of angiogenic 203 
and fibrotic pathways in CKD 204 
 205 
To investigate the transcriptomic differences in skeletal muscles isolated from CKD patients, we 206 

profiled their global gene expression (N=7 CKD, 7 Control). Comparison of transcript abundances 207 
in the skeletal muscle between CKD patients and healthy individuals revealed 967 differentially 208 
expressed genes (q-value < 0.05) of the 14995 genes tested (Figure 4A/B, Supplementary Table 209 

2). Of these, 464 genes were upregulated, while 503 genes were downregulated in CKD. Within 210 
the genes identified to be differentially expressed, 10 protein-coding genes displayed an absolute 211 

log2 fold change of >2 (Supplementary Table 3). Principal component analysis demonstrated a 212 

clear shift in the transcriptomic profile of CKD patients compared to healthy individuals 213 
(Supplementary Figure 5). Pathway overrepresentation analyses identified 73 differentially 214 

regulated pathways, including several corresponding to extracellular matrix homeostasis, protein 215 

formation, mitochondrial function, DNA repair, Notch signaling, and cellular metabolism 216 
(Supplementary Table 4). We performed further analyses focusing on pathways closely related 217 

to our pathological findings. These identified that genes differentially expressed between CKD 218 

and controls primarily corresponded to downregulation of VEGF signaling, extracellular matrix 219 
organization and collagen formation (Figures 4C, 4D, 4E, 4F). Importantly, a number of the 220 



downregulated genes within the VEGF signaling pathway are integral to angiogenesis and tissue 221 

vascularization (VEGFR1/FLT1, Cadherin 5/vascular endothelial cadherin, Neuropilin 1, etc.) (see 222 
Supplementary Figures 6-9 for subsets of individual genes related to fibrosis, satellite 223 

cells/myogenesis, angiogenesis, and skeletal muscle atrophy). Gene Set Enrichment Analysis 224 
(GSEA) on the global transcriptome characterized 26 pathways to be significantly different 225 

between CKD patients and healthy individuals, of which 7 pathways were inferred to be 226 

upregulated and 19 pathways were identified as downregulated in CKD (q-value < 0.05) 227 
(Supplementary Table 5). Downregulated pathways in skeletal muscle of CKD patients included 228 

angiogenesis, Notch signaling, interferon alpha response, interferon gamma response, and other 229 

inflammatory response pathways, while oxidative phosphorylation, Myc targets v1 and v2, 230 
reactive oxygen species, fatty acid metabolism etc. were upregulated (Figure 4G). Additionally, 231 

because CKD is associated with systemic inflammation, mitochondrial dysfunction, and oxidative 232 
stress, and pathway analyses identified related pathways as differentially regulated, we show the 233 

impact of CKD on transcription of individual genes related to inflammation (Supplementary Figure 234 

10), DNA repair (Supplementary Figure 11), oxidative phosphorylation (Supplementary Figure 235 
12), and reactive oxygen species (ROS) (Supplementary Figure 13), which are consistent with 236 

overall downregulation of inflammatory response genes and upregulation of DNA repair, oxidative 237 
phosphorylation, and reactive oxygen species genes in the muscle of CKD patients.  238 
 239 
 240 

Dialysis rescues pathological phenotype in skeletal muscle associated with CKD. 241 
 242 
To assess the impact of dialysis on the pathological muscle phenotype we observed in non-243 

dialysis dependent CKD patients, vastus lateralis biopsies were obtained from patients in our 244 
CKD cohort who reached end-stage renal disease (ESRD) and initiated dialysis treatment, as 245 

well as from additional ESRD patients undergoing dialysis. Of the 9 biopsies obtained from 246 

ESRD patients, 4 were from participants who had previously undergone biopsy as part of the 247 
CKD stage 4 and 5 cohort. Biopsies were obtained a median of 107 (range, 36-2600) days after 248 

the initiation of dialysis; 8 patients were receiving hemodialysis and 1 received peritoneal 249 

dialysis. Compared with patients with advanced (stage 4/5) non-dialysis dependent CKD, total 250 
intramuscular collagen content was lower in dialysis patients (Fig5A; p<0.0001 after 251 

multivariable adjustment). This finding was independent of additional adjustment for fiber cross-252 

sectional area (p<0.0001), and decreased to levels similar to controls in all patients who had 253 
also undergone biopsy before dialysis initiation (Supplementary Figure 14). Further, densely 254 



and loosely packed collagen were similarly lower in dialysis patients (Fig 5B; adjusted p=0.002 255 

and Fig 5C; adjusted p=0.112, respectively). Hydroxyproline content as a measure of muscle 256 
collagen content was also lower with dialysis (Fig 5D; adjusted p=0.015). Furthermore, satellite 257 

cell abundance was restored with dialysis treatment (Fig 5E; adjusted p=0.006), along with the 258 
proximity of satellite cells to capillaries (Fig 5F; adjusted p=0.002) and capillary density 259 

measured as CFPE (Fig 5G; adjusted p=0.001). Satellite cell function is regulated by the 260 

surrounding extracellular niche, with greater stiffness of the niche impairing satellite cell self-261 
renewal (26). Strikingly, satellite cell abundance was inversely associated with densely packed 262 

collagen content (p=0.015); this is shown in Fig 5H denoted by control, CKD-stage 3, CKD-263 

stage 4/5, and dialysis subjects, with control and dialysis values demonstrating a close 264 
grouping. Consistent with these results, we show alterations with dialysis to fiber type-specific 265 

satellite cell abundance and myonuclear density, with no differences observed in myofiber CSA 266 
or myonuclear domain (Supplementary Figure 15). 267 

 268 

To explore whether muscle function might improve after dialysis initiation, we examined leg 269 
extension strength and endurance capacity in the 4 patients who underwent biopsy collection 270 

both prior to and after dialysis initiation. Because of the multiple deleterious factors impacting 271 
muscle function in CKD (e.g. muscle atrophy, poor physical activity, mitochondrial dysfunction) 272 
and the potential for dialysis initiation to be associated with further deleterious effects (e.g. 273 
further decline in activity, accelerated muscle atrophy, hospitalization), we considered it unlikely 274 

to observe an overall improvement in function. Unsurprisingly, there was a general trend toward 275 
loss of strength and endurance over time beginning prior to dialysis initiation (Supplementary 276 
Figure 16). However, after adjustment for time and for changes in weight and fiber cross-277 

sectional area as measures of muscle atrophy, dialysis was associated with significantly 278 
increased leg extension strength measured in the right leg (8.1 kg, 95% CI 0.2-16.0, p=0.043). 279 

Similar findings were observed with left leg extension strength (8.7 kg, 95% CI 0.8-16.6, 280 

p=0.031). Endurance capacity, measured by the distance walked in 2 minutes, was also 281 
numerically higher after dialysis initiation when accounting for time, weight, and fiber cross-282 

sectional area (25.3 m, 95% CI -2.4-52.9, p=0.073). These data suggest that amelioration of the 283 

fibrogenic phenotype in CKD might be associated with an improvement in muscle function that 284 
is masked by the multitude of negative inputs affecting these patients. 285 

 286 

Finally, we sought to identify a transcriptomic signature that could account for rescue of the 287 
pathological skeletal muscle phenotype in CKD. The dialysis samples (n=4) included 3 paired 288 



CKD samples from the same patient obtained prior to starting dialysis, and 1 unpaired sample 289 

after dialysis initiation. No genes were found to be differentially expressed (q-value < 0.05) after 290 
starting dialysis. However, GSEA identified 3 pathways in which the regulation after starting 291 

dialysis changed gene expression toward control levels, consistent with possible rescue of the 292 
pathway (Supplementary Table 6). Specifically, in the skeletal muscle of dialysis patients there 293 

was upregulation of the interferon alpha response and interferon gamma response pathways, 294 

which were downregulated in CKD patients; in contrast, Myc targets v1 was upregulated in CKD 295 
but downregulated with dialysis (Figure 4G).  296 

 297 

Sequelae of CKD and associated medications do not explain increased muscle collagen 298 
nor its regression after dialysis initiation. 299 

 300 
We considered that muscle fibrosis could be due to complications of CKD such as mineral-bone 301 

disease, metabolic acidosis, and anemia, or that its severity or regression might be impacted by 302 

medications commonly prescribed to CKD patients. We calculated a CKD severity score 303 
integrating the severity of perturbations in serum bicarbonate, potassium, calcium, phosphate, 304 

parathyroid hormone, and hemoglobin (see Supplementary Table 7 for laboratory data). There 305 
was a clear interrelationship between lower eGFR, greater muscle collagen, and higher CKD 306 
severity (Supplementary Figure 17). However, muscle collagen content was not significantly 307 
correlated with the CKD severity score (r=0.43, p=0.068) after excluding one highly influential 308 

observation representing a patient with the most extreme laboratory values for each parameter 309 
(except serum potassium) and the highest muscle collagen burden. When these parameters 310 
were examined individually, muscle collagen content was significantly correlated only with 311 

serum calcium (r= -0.54, p=0.017) and hemoglobin (r= -0.64, p=0.0001). However, these 312 
associations were not statistically significant after adjustment for eGFR (p=0.63 for serum 313 

calcium, p=0.54 for hemoglobin), suggesting that lower kidney function per se accounted for 314 

these associations.  315 
 316 

The association of eGFR with muscle collagen content remained significant and quantitatively 317 

unchanged after additional adjustment in multivariable models for blockade of angiotensin 318 
signaling with angiotensin-converting enzyme inhibitors or angiotensin receptor blockers (ARBs) 319 

(0.5% (95% CI 0.2 to 0.9%) higher muscle collagen per 10 mL/min/1.73m2 lower eGFR, 320 

p=0.005). eGFR association with muscle collagen content remained when also adjusting for the 321 
use of vitamin D or activated vitamin D compounds (0.5% (95% CI 0.1 to 0.9%), p=0.023); the 322 



same was true for the decrement in muscle collagen content in dialysis patients (p<0.0001 after 323 

adjustment for angiotensin blockade or vitamin D use, respectively). Furthermore, 2 patients 324 
who were taking ARBs at the time of their first biopsy had stopped these medications during the 325 

transition to starting dialysis, prior to their second biopsy demonstrating regression of fibrosis. 326 
We were unable to statistically examine the impact of erythropoietin-stimulating agents, which 327 

are prescribed nearly universally to patients beginning dialysis, as no patients received these 328 

agents prior to dialysis initiation. However, one patient who experienced a 33% reduction in 329 
muscle collagen content after initiating dialysis had not been treated with an erythropoietin-330 

stimulating agent (ESA), indicating that ESA use is unlikely to account for the rescue of this 331 

muscle phenotype. Finally, because essential amino acid (EAA) supplementation attenuated 332 
muscle atrophy, increased satellite cell abundance, and improved function in older adults 333 

following total knee arthroplasty (38, 39), we investigated changes in diet following the initiation 334 
of dialysis. Although we did not have information on specific amino acids, we did not find 335 

evidence of increased DPI after patients started dialysis to suggest increased EAA consumption 336 

(Supplementary Table 8). 337 
 338 

339 



Discussion 340 

 341 
Our findings demonstrate progressive alteration of the skeletal muscle ECM in association with 342 

increasing severity of CKD, manifesting as fibrosis, capillary rarefaction, and loss of muscle 343 
stem cells. Accumulating collagen was enriched with densely packed collagen, suggesting 344 

stiffer ECM (30, 40); furthermore, greater densely packed collagen was associated with a 345 

reduction in satellite cell abundance, consistent with increased stiffness and dysregulation of the 346 
ECM negatively regulating the satellite cell niche (26). This phenotype was associated with 347 

broad alteration of the skeletal muscle transcriptome, including downregulated angiogenesis, 348 

alteration of ECM organization, and altered regulation of pathways related to stem cell renewal. 349 
Importantly, our findings demonstrate that alterations in skeletal muscle architecture are not 350 

simply complications of kidney failure (41-44) but instead begin early in the course of CKD and 351 
are exacerbated with disease progression. Surprisingly, initiation of dialysis was associated with 352 

regression, and indeed near-normalization, of muscle collagen content, collagen density, and 353 

satellite cell abundance, suggesting improved regenerative capacity. Taken together, we 354 
provide evidence for a dysregulated myofiber extrinsic environment that likely impairs plasticity 355 

and regenerative capacity (17) and contributes to decreased muscle performance (14, 45). 356 
These results identify a new fibrotic phenotype in patients experiencing an increasingly common 357 
chronic disease, and we find its reversal upon initiation of extracorporeal therapy. 358 
 359 

Previously, we reported skeletal muscle fibrosis in patients with severe chronic kidney disease 360 
(14). Excessive collagen content was associated with reduced muscular strength and 361 
endurance capacity, underscoring the functional impact of muscle fibrosis in patients with CKD. 362 

The functional relevance of muscle fibrosis is further supported by the relative improvement in 363 
physical function, after accounting for muscle atrophy that accompanied regression of fibrosis 364 

following dialysis initiation. Although optimal force transduction within muscle is reliant on the 365 

ECM, an overabundance of collagen together with abnormal collagen architecture in skeletal 366 
muscle results in a stiffer matrix in which transmission of contractile force may be impaired (19-367 

21, 30). Progressive post-transcriptional modification of ECM components, namely collagens, 368 

promotes increased crosslinking of collagen fibers and results in a stiffer muscle, evidenced by 369 
a 4-fold elevation of Young’s modulus (40). Importantly, eGFR explained 48% of the variability 370 

in muscle collagen in our cohort, supporting a robust relationship between severity of kidney 371 

dysfunction and worsening fibrosis. Our transcriptome profiling showed downregulation of 372 
collagen formation pathways in CKD muscle despite the advanced nature of the fibrotic 373 



phenotype. Similar findings have been shown in severe fibrosis of the liver (cirrhosis) (46) and 374 

kidney (CKD) (47). In patients with CKD, we observed an overarching fibrotic muscle phenotype 375 
characterized by excessive accumulation of total and densely packed collagen that may be 376 

indicative of a stiffer matrix.  377 
 378 

In addition to regulating force transmission and subsequent muscle function, skeletal muscle 379 

ECM is an integral controller of muscle regeneration through regulation of the satellite cell niche 380 
(48). Muscle damage and impaired repair mechanisms lead to fibrotic transformation of the 381 

ECM, which increases the susceptibility to injury and further impairs muscle repair (49). 382 

Specifically, satellite cell activity is suppressed when substrate elasticity is low (26), suggesting 383 
that muscle stiffness via excessive collagen accumulation and crosslinking may impede satellite 384 

cell function and result in low satellite cell abundance, as we report in patients with CKD. 385 
Satellite cells are also reciprocal regulators of their own niche, regulating collagen biosynthesis 386 

by interstitial fibrogenic cells via extracellular vesicle paracrine action (28). In patients with CKD, 387 

we propose that a fibrotic muscle phenotype impairs satellite cell function and abundance, 388 
thereby limiting muscle regenerative capacity. Whether satellite cells in this environment are 389 

compromised and less able to regulate their own niche is unknown but represents an alternate 390 
regulatory mechanism of CKD associated muscle fibrosis.   391 
 392 
Muscle fibrosis is speculated to result in reduced density and direct contact of capillaries with 393 

individual muscle fibers (50, 51). Work in other fields such as cancer shows an inverse 394 
relationship between the density of the ECM and perfusion of the tumor (52). Recent evidence 395 
has underscored synergism between hypoxia and the initiation of a fibrotic phenotype in skeletal 396 

muscle; in vitro evidence supports hypoxia-induced fibrogenic signaling within myofibers 397 
themselves (51). Intramuscular hypoxia occurs also in CKD: complementary methods have 398 

demonstrated reduced muscle oxygen uptake and oxygen supply dependence (53, 54), 399 

indicative of a hypoxic environment. This is mediated at least partially by progressive capillary 400 
rarefaction (53); the extent of capillary dropout increases with loss of kidney function (53, 55, 401 

56), and is independent of changes in blood pressure (57). Capillary dropout in the setting of 402 

severe CKD has been observed even in children (58). We report markedly lower muscle 403 
capillarization in patients with CKD, and a direct association with eGFR across a wide range of 404 

kidney function. Additionally, we report angiogenic signaling was downregulated. Similar 405 

downregulation of hypoxia- and angiogenesis-related pathways is found in CKD animal models 406 
(53, 55, 56), and rescue of hypoxia inducible factor (HIF)-1α activates pro-angiogenic vascular 407 



endothelial growth factor (VEGF) target genes and prevents the loss of capillary density (56). In 408 

sum, these results suggest that impaired angiogenesis drives the loss of skeletal muscle 409 
capillary networks in CKD.  410 

 411 
Further, microvascular rarefaction and satellite cell depletion likely have synergistic effects on 412 

the development of muscle fibrosis in CKD. Loss of capillary networks and ensuing hypoxia 413 

would be expected to activate signaling via the HIF-Notch axis (59), which promotes satellite 414 
cell self-renewal and enhances muscle regeneration (59, 60). However, in patients with CKD, 415 

Notch signaling was downregulated; absence of this renewal stimulus could contribute to 416 

exhaustion of satellite cell pools. Moreover, the physical distance between satellite cells and 417 
endothelial cells was significantly elevated in the muscle from patients with CKD, further 418 

impacting muscle reparative processes (61). The proximity of satellite cells and capillaries is 419 
associated with satellite cell self-renewal, as endothelial cells deliver the Notch ligand DII4, 420 

maintaining appropriate quiescence of satellite cells (62). An increased distance between each 421 

satellite cell and the nearest capillary likely limits delivery of DII4, impairing maintenance of 422 
satellite cell quiescence in the absence of a regenerative stimulus and ultimately resulting in the 423 

reduction in satellite cell abundance that we observe with CKD progression. Thus, our data 424 
indicate a failure of counterregulatory, homeostatic responses in patients with CKD, likely 425 
facilitating further fibrotic transformation and impairment of the regenerative capacity of skeletal 426 
muscle. 427 

 428 
Remarkably, despite the seemingly advanced nature of this fibrogenic phenotype, it was 429 
responsive to dialysis initiation. Regression of organ fibrosis in humans has been reported only 430 

rarely (63). However, we documented reductions in muscle collagen deposition using 431 
orthogonal methods and found concomitant decrements in collagen density; satellite cell 432 

abundance and capillarization also increased toward control levels. Such a salutary response to 433 

dialysis initiation, although unexpected, is supported by prior work in aging. Aged skeletal 434 
muscle, like that in CKD, is characterized by diminished regenerative capacity and loss of Notch 435 

signaling (64); aging-induced impairment of muscle progenitor cell function is restored by 436 

exposure to the circulation of young mice, preventing fibrosis (60, 65). Thus, the effects of 437 
dialysis on the muscle interstitium could be due to removal of a circulating factor. Although 438 

dialysis does not restore a “youthful” milieu, it clears from the systemic circulation a number of 439 

potentially toxic solutes that accumulate due to kidney failure (66), likely beginning early in CKD 440 
(67, 68). For example, certain uremic toxins—which accumulate systemically with decreased 441 



GFR—impair myogenic progenitor proliferation and differentiation (69), blunting muscle 442 

regenerative capacity. Removal of these and other toxins by dialysis treatment may mediate a 443 
restoration of satellite cell activity and result in the rescued satellite cell abundance we observed 444 

in subjects with CKD upon initiation of dialysis, supporting restoration of muscle regeneration 445 
and a healthier skeletal muscle phenotype. 446 

 447 

In addition, our data provide further support for the notion of CKD as a state of accelerated 448 
aging (70). Myc signaling was upregulated in CKD but downregulated in dialysis patients toward 449 

control expression levels: whereas long-term overexpression of Myc signaling depletes stem 450 

cell populations (71), reduction in Myc activity extends healthspan and reduces organ fibrosis 451 
(72). Our data also parallel that from aging studies in documenting a decoupling of muscle-452 

specific inflammation from systemic inflammation. We previously found lower inflammatory 453 
marker gene expression and fewer pro-inflammatory, or M1-type, macrophages in the skeletal 454 

muscle of CKD patients compared with age-matched controls, despite greater systemic 455 

inflammation in CKD (14); our transcriptome profiling confirms a broad downregulation of 456 
inflammatory pathways in CKD muscle. Similarly, aged skeletal muscle is characterized by a 457 

relative paucity of M1-type macrophages (73), which fail to respond appropriately to anabolic 458 
stimuli (74). In addition, compared with young mice, the skeletal muscle of aged mice exhibits 459 
downregulation of interferon-response genes following injury (75). Absence of interferon-γ 460 
signaling following muscle injury impairs regeneration (76), whereas restoration of interferon 461 

activity enhances satellite cell activation, promotes muscle regeneration, and inhibits a fibrotic 462 
response (75, 77). Hence it is notable that interferon signaling was upregulated in dialysis 463 
patients. Over the past two decades numerous studies have linked ESRD and the dialysis 464 

procedure itself with inflammation (78, 79); and in particular, the T cell secretome of patients 465 
receiving hemodialysis is characterized by an elevated interferon-γ profile (80). Lastly, our 466 

transcriptomic data are consistent with prior work showing broad metabolic dysfunction in CKD, 467 

including effects of oxidative stress and altered muscle bioenergetics (9, 81-83); these 468 
abnormalities are also implicated in aging-induced muscle dysfunction (84, 85). Whether these 469 

also contribute to muscle fibrosis and impaired regeneration in CKD requires further study; 470 

however, because metabolic dysfunction is well-documented in ESRD patients (86-88), the 471 
regression of fibrosis in dialysis patients likely requires alternate mechanistic pathways. Taken 472 

together, these data suggest that dialysis may reverse the CKD muscle fibrogenic phenotype by 473 

partially counteracting mechanisms common to aging and CKD. 474 
 475 



The reversal of this chronic fibrotic process was unexpected, especially given the poor physical 476 

performance often reported in chronic dialysis patients (89, 90). Our work indicates that uremic 477 
myopathy is a complex process with distinct components not affected uniformly by dialysis 478 

therapy. For example, mitochondrial dysfunction is associated with CKD severity but not 479 
ameliorated in patients receiving dialysis (9, 87). Thus, improvements in one aspect of muscle 480 

quality may be masked by other deficits. Remarkably, alterations of the ECM were uncoupled 481 

from muscle fiber atrophy following the initiation of dialysis, suggesting distinct regulatory 482 
programs driving these processes. The disconnect between atrophy and fibrosis in the current 483 

study is unique; while the molecular processes governing fibrogenesis and atrophy are fairly 484 

distinct, their pathophysiology is often entangled in chronic conditions like aging (91) and 485 
muscular dystrophy (92). Another consideration is that most studies of physical function in 486 

ESRD have failed to capture changes that occur during the transition period of dialysis initiation. 487 
Two recent studies which, like ours, investigated this transition period point toward 488 

improvements in muscle mass and physical function in some patients (93, 94). In addition, a 489 

recent study of ESRD patients demonstrated intact satellite cell function in response to high 490 
intensity exercise (95), consistent with the restoration of satellite cell abundance and the muscle 491 

interstitial niche reported here. Revitalization of the satellite cell pool and restoration of vascular 492 
density in the transition period may serve as critical cellular effectors to enhance 493 
responsiveness to exercise interventions, prior to the adverse sequelae that accrue after years 494 
of dialysis treatment. Therefore, based on the improvement in muscle regenerative potential, the 495 

period following dialysis initiation may be an optimal time for exercise and nutritional 496 
interventions to enhance muscle function.  497 
 498 

Finally, a major unmet need in nephrology is the development of biological indicators to optimize 499 
the timing of dialysis initiation. As the eGFR has proven unsatisfactory (96), current practice 500 

guidelines suggest basing the decision to start dialysis on signs and symptoms of kidney failure 501 

(97, 98), which puts patients at risk for malnutrition, sarcopenia, and frailty. Therefore, 502 
identification of a dialysis-responsive, functionally relevant complication of CKD has important 503 

implications. Although dialysis initiation is complicated by potential harms, the risk-benefit ratio 504 

may soon shift due to technological innovations including the introduction of wearable 505 
technologies (99, 100). In the setting of a lower-risk landscape, a novel biological indicator to 506 

guide the timing of dialysis initiation would maximize patient benefit. Additional investigation is 507 

warranted to determine if skeletal muscle fibrosis is such an indicator.  508 
 509 



Strengths of the current investigation include transcriptome profiling, complementary measures 510 

of skeletal muscle collagen abundance, evaluation of both a dialysis and non-dialysis CKD 511 
population, and demonstration of associations between kidney function and primary outcomes 512 

independent of age, sex, diabetes and cardiovascular disease status, and medication use. 513 
However, our study has limitations, which should be noted. One is the relatively limited number 514 

of CKD patients who have both pre- and post-dialysis biopsies. Notably, few studies have 515 

followed patients through the transition period of dialysis initiation, and doing so while employing 516 
invasive procedures such as muscle biopsies presents substantial challenges. To our 517 

knowledge, this study is one of the first to do so using detailed clinical, histological, and 518 

molecular phenotyping. Future longitudinal studies will yield additional information on changes 519 
in muscle collagen and physical function in both the presence and absence of dialysis initiation. 520 

Transcriptomic profiling was performed in patients with advanced CKD; future work should 521 
examine alterations in relevant pathways in early CKD. Finally, another limitation of our study is 522 

the sole use of eGFR as an index of kidney function. eGFR measures one aspect of kidney 523 

function – filtration by the glomerulus – but does not account for secretion of organic solutes that 524 
accumulate in CKD patients and are likely toxic (101-103).  525 

 526 
In conclusion, we demonstrate a progressive fibrotic muscle phenotype in patients with CKD 527 
that is associated with reduced regenerative capacity and is restored with dialysis treatment. 528 
Impairments within the interstitial muscle cellular environment may underlie poor physical 529 

performance (14, 45), leading to loss of muscle strength, reduced exercise capacity, and the 530 
development of mobility impairment, disability and frailty (104-108). Having identified skeletal 531 
muscle fibrosis as a sequela of progressive CKD, these results provide the foundation for future 532 

research to further define cellular and molecular mechanisms and to determine its utility in CKD 533 
care. 534 

  535 



Methods 536 

 537 
Study Population  538 

 539 
The population of this study is drawn from two studies which have been previously described 540 

(see Supplementary Appendix for full details) (14, 109). Participants with CKD stages 4 and 5 541 

and ESRD and healthy sedentary controls were recruited between March 2015 and January 542 
2020 from a prospective cohort study of patients with an eGFR <30 ml·min−1·1.73 m−2 (14). 543 

Healthy, sedentary individuals without evidence of kidney disease (eGFR>60 mL/min/1.73m2 544 

and urine albumin:creatinine ratio <30 mg/g) were recruited as control participants. Dietary 545 
protein and energy intake were assessed using the Dialysis FFQ (110), which is a modified 546 

version of the Block FFQ (111). FFQs were analyzed by NutriQuest (Berkeley, CA) using the 547 
Minnesota Nutrition Data System for Research (112). In addition, 24-hour urine urea nitrogen 548 

(UUN) was used to calculate DPI among CKD patients and controls as follows: DPI=6.25 x 549 

(UUN (g/d) + weight (kg) x 0.031) (113). Unilateral knee extensor strength was measured using 550 
isometric dynamometry with a handheld dynamometer (Manual Muscle Test System, Lafayette 551 

Instrument, Lafayette, IN). To ensure assessment of maximum strength, subjects were 552 
instructed to perform a maximal exertion contraction, and two trials were recorded. The highest 553 
result achieved in each leg was used for analysis. Endurance capacity was measured by the 2-554 
minute walk test (114): Participants were asked to walk back and forth over a 50-foot course as 555 

far as possible over 2 minutes. The distance covered is highly correlated with 6-minute walk 556 
distance (115). The SPPB is an established measure of mobility in older adults (116). It includes 557 
a 4-meter walk test, a standing balance test, and a 5-repetition sit-to-stand test, and is scored 0-558 

12, with higher scores indicating better function. Handgrip strength was measured twice in each 559 
hand using a handheld dynamometer (North Coast Medical, Morgan Hill, CA). The maximum 560 

value attained using the dominant hand was used for analysis. Physical activity level was 561 

measured using triaxial accelerometers (Actigraph GT3X-BT, Actigraph, Pensacola, FL) worn 562 
around the waist for 7 consecutive days. Wear-time validation was performed as previously 563 

described (117). Intensity levels were defined based on counts-per-minute (118, 119). 564 

Sedentary time was classified according to daily time spent in sedentary bouts of 10 or more 565 
consecutive minutes, excluding sleep time (117). We previously reported ECM collagen content 566 

by picro-sirius red staining in a subset of these participants (10 CKD patients and 10 control 567 

participants). Additional participants with CKD stages 3 and 4 were enrolled in a multicenter, 568 
double-blind, randomized, placebo-controlled trial of sodium bicarbonate therapy 569 



(ClinicalTrials.gov identifier NCT01452412) and underwent muscle biopsy between September 570 

2011 and May 2015 (109). Only participants enrolled at the Albert Einstein College of Medicine 571 
were eligible for the biopsy component of the study. Data reported here, including muscle 572 

biopsy results, were collected at baseline prior to initiating study treatment. Lower extremity 573 
performance was assessed using a 10-repetition sit-to-stand test; the split time required to 574 

complete 5 repetitions was also recorded. Handgrip strength was measured as described 575 

above. All laboratory tests were conducted in the clinical laboratory of Montefiore Medical 576 
Center. eGFR was calculated by the Chronic Kidney Disease Epidemiology Collaboration (CKD-577 

EPI) equation (120). Study data were collected and managed using REDCap (Research 578 

Electronic Data Capture) electronic data capture tools hosted at the Albert Einstein College of 579 
Medicine (121). 580 

 581 
Muscle Biopsies and Tissue Processing 582 

 583 

Biopsy procedures have been previously described (14). Subjects were admitted to the Clinical 584 
Research Center at 8:00am following an overnight fast. Through an incision site 15 cm proximal 585 

to the superior border of the patella, approximately 100-150 mg of muscle tissue was collected 586 
from vastus lateralis using a 12-gauge biopsy needle (Bard Monopty, Bard Biopsy Systems, 587 
Tempe, AZ). Additional details are available in the Supplementary Appendix. Sample size for 588 
outcomes listed below was dependent on sufficient tissue quantity; certain participant biopsy 589 

samples provided insufficient muscle tissue for all downstream assays.  590 
 591 
Immunohistochemistry 592 

 593 

Seven µm-thick sections were cut with a cryostat at -25°C (HM525-NX, Thermo Fisher 594 

Scientific, Waltham, MA, USA) and air dried on slides for 1 h. Slides were then stored at -20°C 595 
until immunohistochemical/histochemical staining was performed. Immunohistochemical 596 

techniques were performed as previously described by our group (122). Details for individual 597 

assays are available in the Supplementary Appendix. 598 

 599 

Image Acquisition and Analysis  600 

 601 
Images were captured at x100-400 magnification at room temperature using a Zeiss upright 602 

microscope (AxioImager M1; Zeiss, Oberkochen, Germany). Image analysis was performed in a 603 



blinded manner using Image J Fiji or Zen software (v3.1, Zeiss). Picro-sirius red staining was 604 

quantified to measure collagen content of the ECM using Image J Fiji software as previously 605 
described (122). The area of pico-sirius red+ collagen was normalized to the total muscle area 606 

(mm2). Picro-sirius red was also imaged under polarized light to quantify densely packed (red) 607 
and loosely packed (green) collagen relative to total muscle area (124, 125).   608 

 609 

Satellite cell abundance was determined by co-staining of Pax7 and DAPI within the laminin 610 
border. Pax7+/DAPI+ cells within the laminin border were counted as satellite cells and 611 

normalized to total number of myofibers. Proliferation of satellite cells was assessed by 612 

costaining of ki67 and Pax7. Ki67+/Pax7+/DAPI+ cells inside the laminin border were counted 613 
as proliferating satellite cells and normalized to total satellite cell number. Capillaries were 614 

measured as Ulex Europaeus agglutinin‐positive cellular structures outside the myofiber laminin 615 

border, as previously described (126). CFPE was used to assess capillary density relative to 616 
myofiber perimeter and was quantified as the ratio between the number of capillaries of each 617 
myofiber with a correction for capillary sharing and myofiber perimeter, as previously described 618 

(35). CFPE was calculated using at least 50 myofibers for each sample per published 619 

recommendations (127). Myovision software generated automated analysis of myofiber CSA, 620 
myonuclear density (total number of myonuclei normalized to total number of myofibers), and 621 

myonuclear domain (area of each individual myofiber normalized to number of myonuclei within 622 
that same myofiber) using laminin and DAPI (128). 623 
 624 

Hydroxyproline Biochemical Assay 625 
 626 
To assess total muscle collagen content, hydroxyproline was assayed from approximately 10 627 

mg of muscle tissue similar to our prior methods (129) using a modified protocol with a 628 

commercially available Hydroxyproline Assay Kit (MAK008, Millipore Sigma, Darmstadt, 629 
Germany). Details are available in the Supplementary Appendix.  630 

 631 

RNA-Sequencing 632 
 633 

RNA isolation, sequencing, preprocessing and alignment 634 

Total RNA was isolated, and then sequenced on Illumina HiSeq 4000 system at Novogene 635 
Corporation, Chula Vista, CA, using a paired-end 150 bp dual-indexing protocol. Details are 636 

available in the Supplementary Appendix. The raw sequences and the quantified data are 637 



available in the Gene Expression Omnibus (GEO) database under the accession code 638 

GSE157712 (publicly available 03/2021). 639 
 640 

Statistical Modeling, Differential Gene Expression and GSEA 641 
All statistical tests for RNA-Seq analysis were carried out using the R statistical software R 642 

4.0.2. 643 

The raw counts were filtered using a counts-per-million cutoff of 0.5 (10/minimum library size in 644 
millions), in at least 7 samples (number of samples in the smallest group of comparison). The 645 

raw counts were normalized using the trimmed mean of M-values (TMM) normalization in limma 646 

(v3.42.2). The voom function was applied to the normalized data to minimize heteroskedasticity 647 
and include precision weights for the mean-variance relationship for all genes (136). A principal 648 

component analysis was run to visually inspect any evident batch effects within the data, 649 
following which a linear model was fit on the voom-normalized data, while using sample ID as 650 

the blocking variable to account for subject-specific variability between the paired CKD and 651 

dialysis samples. Differential gene expression was calculated for the following contrasts using 652 
the empirical Bayes statistic in limma- 1) CKD patients vs healthy controls; 2) CKD patients pre 653 

vs post dialysis. The raw p-values were adjusted for multiple testing using the Benjamini-654 
Hochberg correction and a threshold of q-value < 0.05 was used to categorize the genes as 655 
differentially expressed. Pathway overrepresentation within the differentially expressed genes 656 
was carried out using ConsensusPathdb (137). Gene Set Enrichment Analysis was carried out 657 

on the voom-normalized gene expression data using the CAMERA algorithm within limma (138). 658 
The Hallmark gene sets for humans curated by the Walter and Eliza Hall Institute were used for 659 
GSEA and downloaded from http://bioinf.wehi.edu.au/software/MSigDB/human_H_v5p2.rdata. 660 

 661 
 662 

Statistics 663 

 664 
Histochemistry, immunohistochemistry and hydroxyproline data were compared between CKD 665 

patients and controls using two-tailed t-tests or Wilcoxon rank-sum tests. Spearman correlation 666 

coefficients and linear regression models were used to test associations of eGFR with muscle 667 
outcome measures. Analyses including data collected from ESRD patients receiving dialysis 668 

were performed using mixed effects models including random intercepts to account for repeated 669 

measures in the subset who had undergone serial biopsies before and after the initiation of 670 
dialysis or who had second biopsies while non-dialysis dependent. Subjects noted as CKD 671 



Stage 4/5 in Figure 4 represent a subset of all CKD subjects, specifically those with an eGFR 672 

<30 mL/min/1.73m2. Satellite cell abundance, satellite cell-capillary distance, densely packed 673 
collagen content, and loosely packed collagen content were log-transformed to satisfy model 674 

assumptions. Multivariable linear regression and mixed effects models were adjusted for age, 675 
sex, race, and history of diabetes, hypertension, and cardiovascular disease unless otherwise 676 

noted. To calculate the CKD severity score, we computed the sum of standardized differences 677 

from the mean for serum bicarbonate, potassium, calcium, phosphate, parathyroid hormone, 678 
and hemoglobin. For serum bicarbonate, serum calcium, and hemoglobin, we input the negative 679 

of the standardized value into the summative score, as progression of non-dialysis dependent 680 

CKD induces a decrease in each parameter. All analyses were performed with Stata 13.1 681 
(StataCorp, College Station, TX).  A p-value <0.05 was considered statistically significant. 682 

 683 
Study Approval  684 

 685 

The study protocols were approved by the Institutional Review Board of the Albert Einstein 686 
College of Medicine. Before inclusion in the study, written informed consent was provided by all 687 

participants. 688 
 689 
 690 
 691 

  692 



Author Contributions 693 

 694 
MH, JEP, CSF and MKA designed and implemented the study. CRB, ASK, WP, KZ, JBP, KJG, 695 

MC, HF, BZ, RP, RSB, YT, MLM, THH conducted experiments and acquired data. CRB, ASK, 696 
WP, KZ, JBP, KJG, CSF, MKA analyzed data. CRB, ASK, CSF and MKA made figures and 697 

drafted the manuscript. CRB, ASK, WP, KZ, JBP, KJG, MC, HF, BZ, RP, RSB, YT, MLM, THH, 698 

JEP, MH, CSF and MKA revised and approved the manuscript.  699 
 700 

 701 

Acknowledgments 702 
 703 

This research was supported by NIH Grants DK099438, DK116023, DK087783, and AR072061; 704 
by Einstein-Montefiore NIH CTSA Grants UL1TR001073 and UL1TR002556 from the National 705 

Center for Research Resources (NCRR); and by the Einstein-Mount Sinai Diabetes  706 

Research Center (5P30DK020541-41).  707 
 708 

 709 
 710 
 711 
 712 

 713 
 714 
 715 

 716 
 717 

 718 

 719 
 720 

 721 

 722 
 723 

 724 

 725 
 726 



References Cited 803 
 804 
1. Bikbov B, et al. Global, regional, and national burden of chronic kidney disease, 1990–805 

2017: a systematic analysis for the Global Burden of Disease Study 2017. The Lancet. 806 
2020;395(10225):709‐33. 807 

2. Bao Y, et al. Frailty, dialysis initiation, and mortality in end‐stage renal disease. Arch 808 
Intern Med. 2012;172(14):1071‐7. 809 

3. O'Hare AM, et al. Decreased survival among sedentary patients undergoing dialysis: 810 
results from the dialysis morbidity and mortality study wave 2. Am J Kidney Dis. 811 
2003;41(2):447‐54. 812 

4. Painter P, and Roshanravan B. The association of physical activity and physical function 813 
with clinical outcomes in adults with chronic kidney disease. Curr Opin Nephrol 814 
Hypertens. 2013;22(6):615‐23. 815 

5. Reese PP, et al. Physical performance and frailty in chronic kidney disease. Am J Nephrol. 816 
2013;38(4):307‐15. 817 

6. Roshanravan B, et al. Association between physical performance and all‐cause mortality 818 
in CKD. J Am Soc Nephrol. 2013;24(5):822‐30. 819 

7. Wesson DE, et al. Long‐term safety and efficacy of veverimer in patients with metabolic 820 
acidosis in chronic kidney disease: a multicentre, randomised, blinded, placebo‐821 
controlled, 40‐week extension. The Lancet. 2019. 822 

8. Padilla J, et al. Physical functioning in patients with chronic kidney disease. J Nephrol. 823 
2008;21(4):550‐9. 824 

9. Kestenbaum B, et al. Impaired skeletal muscle mitochondrial bioenergetics and physical 825 
performance in chronic kidney disease. JCI insight. 2020;5(5). 826 

10. Garibotto G, et al. Insulin sensitivity of muscle protein metabolism is altered in patients 827 
with chronic kidney disease and metabolic acidosis. Kidney Int. 2015;88(6):1419‐26. 828 

11. Zilles M, et al. How to Prevent Renal Cachexia? A Clinical Randomized Pilot Study Testing 829 
Oral Supplemental Nutrition in Hemodialysis Patients With and Without Human 830 
Immunodeficiency Virus Infection. J Ren Nutr. 2018;28(1):37‐44. 831 

12. Macdonald JH, et al. Nandrolone decanoate as anabolic therapy in chronic kidney 832 
disease: a randomized phase II dose‐finding study. Nephron Clin Pract. 833 
2007;106(3):c125‐35. 834 

13. Jeong JH, et al. Results from the randomized controlled IHOPE trial suggest no effects of 835 
oral protein supplementation and exercise training on physical function in hemodialysis 836 
patients. Kidney Int. 2019;96(3):777‐86. 837 

14. Abramowitz MK, et al. Skeletal muscle fibrosis is associated with decreased muscle 838 
inflammation and weakness in patients with chronic kidney disease. Am J Physiol Renal 839 
Physiol. 2018;315(6):F1658‐f69. 840 

15. Peng H, et al. Myokine mediated muscle‐kidney crosstalk suppresses metabolic 841 
reprogramming and fibrosis in damaged kidneys. Nat Commun. 2017;8(1):1493. 842 

16. Dong J, et al. The pathway to muscle fibrosis depends on myostatin stimulating the 843 
differentiation of fibro/adipogenic progenitor cells in chronic kidney disease. Kidney Int. 844 
2017;91(1):119‐28. 845 



17. Zhang L, et al. Satellite cell dysfunction and impaired IGF‐1 signaling cause CKD‐induced 846 
muscle atrophy. J Am Soc Nephrol. 2010;21(3):419‐27. 847 

18. Fry CS, et al. Regulation of the muscle fiber microenvironment by activated satellite cells 848 
during hypertrophy. The FASEB Journal. 2014;28(4):1654‐65. 849 

19. Gillies AR, and Lieber RL. Structure and function of the skeletal muscle extracellular 850 
matrix. Muscle Nerve. 2011;44(3):318‐31. 851 

20. Lieber RL, et al. Inferior mechanical properties of spastic muscle bundles due to 852 
hypertrophic but compromised extracellular matrix material. Muscle & nerve. 853 
2003;28(4):464‐71. 854 

21. Lund DK, and Cornelison DD. Enter the matrix: shape, signal and superhighway. Febs j. 855 
2013;280(17):4089‐99. 856 

22. Alexakis C, et al. Implication of the satellite cell in dystrophic muscle fibrosis: a self‐857 
perpetuating mechanism of collagen overproduction. American Journal of Physiology-858 
Cell Physiology. 2007;293(2):C661‐C9. 859 

23. Brack AS, and Rando TA. Intrinsic Changes and Extrinsic Influences of Myogenic Stem 860 
Cell Function During Aging. Stem Cell Reviews. 2007;3(3):226‐37. 861 

24. Mann CJ, et al. Aberrant repair and fibrosis development in skeletal muscle. Skeletal 862 
Muscle. 2011;1(1):21. 863 

25. Labat‐Robert J. Age‐dependent remodeling of connective tissue: role of fibronectin and 864 
laminin. Pathologie-biologie. 2003;51(10):563‐8. 865 

26. Gilbert PM, et al. Substrate elasticity regulates skeletal muscle stem cell self‐renewal in 866 
culture. Science. 2010;329(5995):1078‐81. 867 

27. Urciuolo A, et al. Collagen VI regulates satellite cell self‐renewal and muscle 868 
regeneration. Nat Commun. 2013;4:1964. 869 

28. Fry CS, et al. Myogenic Progenitor Cells Control Extracellular Matrix Production by 870 
Fibroblasts during Skeletal Muscle Hypertrophy. Cell Stem Cell. 2017;20(1):56‐69. 871 

29. Thomas R, et al. Chronic kidney disease and its complications. Prim Care. 872 
2008;35(2):329‐44, vii. 873 

30. Brashear SE, et al. Passive stiffness of fibrotic skeletal muscle in mdx mice relates to 874 
collagen architecture. The Journal of physiology. 2020. 875 

31. Lepper C, et al. An absolute requirement for Pax7‐positive satellite cells in acute injury‐876 
induced skeletal muscle regeneration. Development. 2011;138(17):3639‐46. 877 

32. Murach KA, et al. Starring or Supporting Role? Satellite Cells and Skeletal Muscle Fiber 878 
Size Regulation. Physiology (Bethesda). 2018;33(1):26‐38. 879 

33. Fry CS, et al. Regulation of the muscle fiber microenvironment by activated satellite cells 880 
during hypertrophy. Faseb j. 2014;28(4):1654‐65. 881 

34. Arentson‐Lantz EJ, et al. Fourteen days of bed rest induces a decline in satellite cell 882 
content and robust atrophy of skeletal muscle fibers in middle‐aged adults. J Appl 883 
Physiol (1985). 2016;120(8):965‐75. 884 

35. Moro T, et al. Low skeletal muscle capillarization limits muscle adaptation to resistance 885 
exercise training in older adults. Exp Gerontol. 2019;127:110723. 886 

36. Christov C, et al. Muscle satellite cells and endothelial cells: close neighbors and 887 
privileged partners. Mol Biol Cell. 2007;18(4):1397‐409. 888 



37. Hepple RT. A new measurement of tissue capillarity: the capillary‐to‐fibre perimeter 889 
exchange index. Can J Appl Physiol. 1997;22(1):11‐22. 890 

38. Dreyer HC, et al. Essential amino acid supplementation in patients following total knee 891 
arthroplasty. J Clin Invest. 2013;123(11):4654‐66. 892 

39. Muyskens JB, et al. Cellular and morphological changes with EAA supplementation 893 
before and after total knee arthroplasty. Journal of applied physiology (Bethesda, Md : 894 
1985). 2019;127(2):531‐45. 895 

40. Gao Y, et al. Age‐related changes in the mechanical properties of the epimysium in 896 
skeletal muscles of rats. J Biomech. 2008;41(2):465‐9. 897 

41. Ahonen RE. Striated muscle ultrastructure in uremic patients and in renal transplant 898 
recipients. Acta neuropathologica. 1980;50(2):163‐6. 899 

42. Diesel W, et al. Morphologic features of the myopathy associated with chronic renal 900 
failure. Am J Kidney Dis. 1993;22(5):677‐84. 901 

43. Lewis MI, et al. Metabolic and morphometric profile of muscle fibers in chronic 902 
hemodialysis patients. Journal of applied physiology. 2012;112(1):72‐8. 903 

44. Shah AJ, et al. Muscle in chronic uremia‐‐a histochemical and morphometric study of 904 
human quadriceps muscle biopsies. Clinical neuropathology. 1983;2(2):83‐9. 905 

45. Wilkinson TJ, et al. Quality over quantity? Association of skeletal muscle myosteatosis 906 
and myofibrosis on physical function in chronic kidney disease. Nephrol Dial Transplant. 907 
2019;34(8):1344‐53. 908 

46. Lehmann J, et al. Collagen type IV remodelling gender‐specifically predicts mortality in 909 
decompensated cirrhosis. Liver Int. 2019;39(5):885‐93. 910 

47. Rasmussen DGK, et al. Collagen turnover profiles in chronic kidney disease. Sci Rep. 911 
2019;9(1):16062. 912 

48. Dumont NA, et al. Intrinsic and extrinsic mechanisms regulating satellite cell function. 913 
Development. 2015;142(9):1572‐81. 914 

49. Lacraz G, et al. Increased Stiffness in Aged Skeletal Muscle Impairs Muscle Progenitor 915 
Cell Proliferative Activity. PLoS One. 2015;10(8):e0136217. 916 

50. Gueugneau M, et al. Lower skeletal muscle capillarization in hypertensive elderly men. 917 
Experimental Gerontology. 2016;76:80‐8. 918 

51. Valle‐Tenney R, et al. Role of hypoxia in skeletal muscle fibrosis: Synergism between 919 
hypoxia and TGF‐β signaling upregulates CCN2/CTGF expression specifically in muscle 920 
fibers. Matrix Biol. 2020;87:48‐65. 921 

52. Provenzano PP, et al. Enzymatic targeting of the stroma ablates physical barriers to 922 
treatment of pancreatic ductal adenocarcinoma. Cancer Cell. 2012;21(3):418‐29. 923 

53. Prommer H‐U, et al. Chronic kidney disease induces a systemic microangiopathy, tissue 924 
hypoxia and dysfunctional angiogenesis. Scientific Reports. 2018;8(1):5317. 925 

54. Campistol JM. Uremic myopathy. Kidney Int. 2002;62(5):1901‐13. 926 
55. Flisiński M, et al. Decreased hypoxia‐inducible factor‐1α in gastrocnemius muscle in rats 927 

with chronic kidney disease. Kidney & blood pressure research. 2012;35(6):608‐18. 928 
56. Qian F‐Y, et al. Hypoxia‐inducible factor‐prolyl hydroxylase inhibitor ameliorates 929 

myopathy in a mouse model of chronic kidney disease. American Journal of Physiology-930 
Renal Physiology. 2019;317(5):F1265‐F73. 931 



57. Flisiński M, et al. Influence of Different Stages of Experimental Chronic Kidney Disease 932 
on Rats Locomotor and Postural Skeletal Muscles Microcirculation. Renal Failure. 933 
2008;30(4):443‐51. 934 

58. Burkhardt D, et al. Reduced Microvascular Density in Omental Biopsies of Children with 935 
Chronic Kidney Disease. PLoS One. 2016;11(11):e0166050. 936 

59. Yang X, et al. The hypoxia‐inducible factors HIF1α and HIF2α are dispensable for 937 
embryonic muscle development but essential for postnatal muscle regeneration. Journal 938 
of Biological Chemistry. 2017;292(14):5981‐91. 939 

60. Conboy IM, et al. Rejuvenation of aged progenitor cells by exposure to a young systemic 940 
environment. Nature. 2005;433(7027):760‐4. 941 

61. Nederveen JP, et al. The influence of capillarization on satellite cell pool expansion and 942 
activation following exercise‐induced muscle damage in healthy young men. J Physiol. 943 
2018;596(6):1063‐78. 944 

62. Verma M, et al. Muscle Satellite Cell Cross‐Talk with a Vascular Niche Maintains 945 
Quiescence via VEGF and Notch Signaling. Cell Stem Cell. 2018;23(4):530‐43.e9. 946 

63. Zeisberg M, and Kalluri R. Cellular Mechanisms of Tissue Fibrosis. 1. Common and organ‐947 
specific mechanisms associated with tissue fibrosis. Am J Physiol Cell Physiol. 948 
2013;304(3):C216‐C25. 949 

64. Conboy IM, et al. Notch‐mediated restoration of regenerative potential to aged muscle. 950 
Science. 2003;302(5650):1575‐7. 951 

65. Brack AS, et al. Increased Wnt Signaling During Aging Alters Muscle Stem Cell Fate and 952 
Increases Fibrosis. Science. 2007;317(5839):807‐10. 953 

66. Meyer TW, and Hostetter TH. Uremia. N Engl J Med. 2007;357(13):1316‐25. 954 
67. Abramowitz MK, et al. The serum anion gap is altered in early kidney disease and 955 

associates with mortality. Kidney Int. 2012;82(6):701‐9. 956 
68. Wang K, and Kestenbaum B. Proximal Tubular Secretory Clearance: A Neglected Partner 957 

of Kidney Function. Clinical Journal of the American Society of Nephrology. 958 
2018;13(8):1291‐6. 959 

69. Alcalde‐Estévez E, et al. Uraemic toxins impair skeletal muscle regeneration by inhibiting 960 
myoblast proliferation, reducing myogenic differentiation, and promoting muscular 961 
fibrosis. Sci Rep. 2021;11(1):512. 962 

70. Stenvinkel P, and Larsson TE. Chronic kidney disease: a clinical model of premature 963 
aging. Am J Kidney Dis. 2013;62(2):339‐51. 964 

71. Eilers M, and Eisenman RN. Myc’s broad reach. Genes & development. 965 
2008;22(20):2755‐66. 966 

72. Hofmann Jeffrey W, et al. Reduced Expression of MYC Increases Longevity and Enhances 967 
Healthspan. Cell. 2015;160(3):477‐88. 968 

73. Cui CY, et al. Skewed macrophage polarization in aging skeletal muscle. Aging Cell. 969 
2019:e13032. 970 

74. Przybyla B, et al. Aging alters macrophage properties in human skeletal muscle both at 971 
rest and in response to acute resistance exercise. Exp Gerontol. 2006;41(3):320‐7. 972 

75. Zhang C, et al. Age‐related decline of interferon‐gamma responses in macrophage 973 
impairs satellite cell proliferation and regeneration. Journal of cachexia, sarcopenia and 974 
muscle. 2020;11(5):1291‐305. 975 



76. Cheng M, et al. Endogenous interferon‐gamma is required for efficient skeletal muscle 976 
regeneration. Am J Physiol Cell Physiol. 2008;294(5):C1183‐91. 977 

77. Foster W, et al. Gamma interferon as an antifibrosis agent in skeletal muscle. Journal of 978 
orthopaedic research : official publication of the Orthopaedic Research Society. 979 
2003;21(5):798‐804. 980 

78. Caglar K, et al. Inflammatory signals associated with hemodialysis. Kidney Int. 981 
2002;62(4):1408‐16. 982 

79. Deger SM, et al. Systemic inflammation is associated with exaggerated skeletal muscle 983 
protein catabolism in maintenance hemodialysis patients. JCI insight. 2017;2(22). 984 

80. Mansouri L, et al. Hemodialysis Patients Display a Declined Proportion of Th2 and 985 
Regulatory T Cells in Parallel with a High Interferon‐gamma Profile. Nephron. 986 
2017;136(3):254‐60. 987 

81. Himmelfarb J. Uremic toxicity, oxidative stress, and hemodialysis as renal replacement 988 
therapy. Semin Dial. 2009;22(6):636‐43. 989 

82. Avin KG, et al. Skeletal Muscle Regeneration and Oxidative Stress Are Altered in Chronic 990 
Kidney Disease. PLoS One. 2016;11(8):e0159411. 991 

83. Gamboa JL, et al. Mitochondrial dysfunction and oxidative stress in patients with chronic 992 
kidney disease. Physiological reports. 2016;4(9). 993 

84. Qaisar R, et al. Oxidative stress‐induced dysregulation of excitation‐contraction coupling 994 
contributes to muscle weakness. Journal of cachexia, sarcopenia and muscle. 995 
2018;9(5):1003‐17. 996 

85. Jang YC, et al. Increased superoxide in vivo accelerates age‐associated muscle atrophy 997 
through mitochondrial dysfunction and neuromuscular junction degeneration. FASEB J. 998 
2010;24(5):1376‐90. 999 

86. Handelman GJ, et al. Elevated plasma F2‐isoprostanes in patients on long‐term 1000 
hemodialysis. Kidney Int. 2001;59(5):1960‐6. 1001 

87. Gamboa JL, et al. Skeletal Muscle Mitochondrial Dysfunction Is Present in Patients with 1002 
CKD before Initiation of Maintenance Hemodialysis. Clinical journal of the American 1003 
Society of Nephrology : CJASN. 2020;15(7):926‐36. 1004 

88. Raj DS, et al. Skeletal muscle, cytokines, and oxidative stress in end‐stage renal disease. 1005 
Kidney Int. 2005;68(5):2338‐44. 1006 

89. Johansen KL, et al. Muscle atrophy in patients receiving hemodialysis: effects on muscle 1007 
strength, muscle quality, and physical function. Kidney Int. 2003;63(1):291‐7. 1008 

90. McIntyre CW, et al. Patients receiving maintenance dialysis have more severe 1009 
functionally significant skeletal muscle wasting than patients with dialysis‐independent 1010 
chronic kidney disease. Nephrol Dial Transplant. 2006;21(8):2210‐6. 1011 

91. Fry CS, et al. Inducible depletion of satellite cells in adult, sedentary mice impairs muscle 1012 
regenerative capacity without affecting sarcopenia. Nat Med. 2015;21(1):76‐80. 1013 

92. Cordova G, et al. Combined Therapies for Duchenne Muscular Dystrophy to Optimize 1014 
Treatment Efficacy. Front Genet. 2018;9:114. 1015 

93. Rivara MB, et al. Changes in symptom burden and physical performance with initiation 1016 
of dialysis in patients with chronic kidney disease. Hemodialysis International. 1017 
2015;19(1):147‐50. 1018 



94. John SG, et al. Natural history of skeletal muscle mass changes in chronic kidney disease 1019 
stage 4 and 5 patients: an observational study. PLoS One. 2013;8(5):e65372. 1020 

95. Molsted S, et al. Fiber type‐specific response of skeletal muscle satellite cells to high‐1021 
intensity resistance training in dialysis patients. Muscle Nerve. 2015;52(5):736‐45. 1022 

96. Cooper BA, et al. A randomized, controlled trial of early versus late initiation of dialysis. 1023 
N Engl J Med. 2010;363(7):609‐19. 1024 

97. Kidney Disease: Improving Global Outcomes (KDIGO) CKD Work Group. KDIGO 2012 1025 
Clinical Practice Guideline for the Evaluation and Management of Chronic Kidney 1026 
Disease. Kidney Int Suppl. 2013;3:1‐150. 1027 

98. KDOQI Clinical Practice Guideline for Hemodialysis Adequacy: 2015 update. Am J Kidney 1028 
Dis. 2015;66(5):884‐930. 1029 

99. Gura V, et al. A wearable artificial kidney for patients with end‐stage renal disease. JCI 1030 
insight. 2016;1(8). 1031 

100. Hojs N, et al. Ambulatory Hemodialysis‐Technology Landscape and Potential for Patient‐1032 
Centered Treatment. Clinical journal of the American Society of Nephrology : CJASN. 1033 
2020;15(1):152‐9. 1034 

101. Abramowitz MK, et al. In: Himmelfarb J, and Sayegh MH eds. Chronic kidney disease, 1035 
dialysis, and transplantation : companion to Brenner & Rector's the kidney. Philadelphia: 1036 
Saunders; 2011:p.251‐64. 1037 

102. Flythe JE, and Hostetter TH. Assessing Clinical Relevance of Uremic Toxins. Clinical 1038 
Journal of the American Society of Nephrology. 2019;14(2):182‐3. 1039 

103. Sirich TL, et al. Numerous protein‐bound solutes are cleared by the kidney with high 1040 
efficiency. Kidney Int. 2013;84(3):585‐90. 1041 

104. Bucar Pajek M, et al. Six‐Minute Walk Test in Renal Failure Patients: Representative 1042 
Results, Performance Analysis and Perceived Dyspnea Predictors. PLoS One. 1043 
2016;11(3):e0150414. 1044 

105. Kurella Tamura M, et al. Functional status of elderly adults before and after initiation of 1045 
dialysis. N Engl J Med. 2009;361(16):1539‐47. 1046 

106. Moore GE, et al. Determinants of VO2peak in patients with end‐stage renal disease: on 1047 
and off dialysis. Med Sci Sports Exerc. 1993;25(1):18‐23. 1048 

107. Jassal SV, et al. Loss of independence in patients starting dialysis at 80 years of age or 1049 
older. N Engl J Med. 2009;361(16):1612‐3. 1050 

108. Painter P, et al. Exercise capacity in hemodialysis, CAPD, and renal transplant patients. 1051 
Nephron. 1986;42(1):47‐51. 1052 

109. Melamed ML, et al. Effects of Sodium Bicarbonate in CKD Stages 3 and 4: A Randomized, 1053 
Placebo‐Controlled, Multicenter Clinical Trial. Am J Kidney Dis. 2020;75(2):225‐34. 1054 

110. Kalantar‐Zadeh K, et al. Design and development of a dialysis food frequency 1055 
questionnaire. J Ren Nutr. 2011;21(3):257‐62. 1056 

111. Block G, et al. Nutrient sources in the American diet: quantitative data from the NHANES 1057 
II survey. II. Macronutrients and fats. Am J Epidemiol. 1985;122(1):27‐40. 1058 

112. Feskanich D, et al. Computerized collection and analysis of dietary intake information. 1059 
Comput Methods Programs Biomed. 1989;30(1):47‐57. 1060 

113. Maroni BJ, et al. A method for estimating nitrogen intake of patients with chronic renal 1061 
failure. Kidney Int. 1985;27(1):58‐65. 1062 



114. Reuben DB, et al. Motor assessment using the NIH Toolbox. Neurology. 2013;80(11 1063 
Suppl 3):S65‐75. 1064 

115. Bohannon RW, et al. Comparison of walking performance over the first 2 minutes and 1065 
the full 6 minutes of the Six‐Minute Walk Test. BMC Res Notes. 2014;7:269. 1066 

116. Guralnik JM, et al. A short physical performance battery assessing lower extremity 1067 
function: association with self‐reported disability and prediction of mortality and 1068 
nursing home admission. J Gerontol. 1994;49(2):M85‐94. 1069 

117. Troiano RP, et al. Physical activity in the United States measured by accelerometer. Med 1070 
Sci Sports Exerc. 2008;40(1):181‐8. 1071 

118. Matthews CE, et al. Amount of time spent in sedentary behaviors in the United States, 1072 
2003‐2004. Am J Epidemiol. 2008;167(7):875‐81. 1073 

119. Freedson PS, et al. Calibration of the Computer Science and Applications, Inc. 1074 
accelerometer. Med Sci Sports Exerc. 1998;30(5):777‐81. 1075 

120. Levey AS, et al. A new equation to estimate glomerular filtration rate. Ann Intern Med. 1076 
2009;150(9):604‐12. 1077 

121. Harris PA, et al. Research electronic data capture (REDCap)‐‐a metadata‐driven 1078 
methodology and workflow process for providing translational research informatics 1079 
support. J Biomed Inform. 2009;42(2):377‐81. 1080 

122. Fry CS, et al. ACL injury reduces satellite cell abundance and promotes fibrogenic cell 1081 
expansion within skeletal muscle. J Orthop Res. 2017;35(9):1876‐85. 1082 

123. Holthofer H, et al. Ulex europaeus I lectin as a marker for vascular endothelium in 1083 
human tissues. Laboratory investigation; a journal of technical methods and pathology. 1084 
1982;47(1):60‐6. 1085 

124. Junqueira LC, et al. Picrosirius staining plus polarization microscopy, a specific method 1086 
for collagen detection in tissue sections. Histochem J. 1979;11(4):447‐55. 1087 

125. Lattouf R, et al. Picrosirius red staining: a useful tool to appraise collagen networks in 1088 
normal and pathological tissues. The journal of histochemistry and cytochemistry : 1089 
official journal of the Histochemistry Society. 2014;62(10):751‐8. 1090 

126. Brightwell CR, et al. Moderate‐intensity aerobic exercise improves skeletal muscle 1091 
quality in older adults. Transl Sports Med. 2019;2(3):109‐19. 1092 

127. Hepple RT, and Mathieu‐Costello O. Estimating the size of the capillary‐to‐fiber interface 1093 
in skeletal muscle: a comparison of methods. Journal of applied physiology (Bethesda, 1094 
Md : 1985). 2001;91(5):2150‐6. 1095 

128. Wen Y, et al. MyoVision: software for automated high‐content analysis of skeletal 1096 
muscle immunohistochemistry. Journal of applied physiology (Bethesda, Md : 1985). 1097 
2018;124(1):40‐51. 1098 

129. Brightwell CR, et al. Thermal injury initiates pervasive fibrogenesis in skeletal muscle. 1099 
Am J Physiol Cell Physiol. 2020. 1100 

130. Andrews S. 2010. 1101 
131. Ewels P, et al. MultiQC: summarize analysis results for multiple tools and samples in a 1102 

single report. Bioinformatics. 2016;32(19):3047‐8. 1103 
132. Chen S, et al. fastp: an ultra‐fast all‐in‐one FASTQ preprocessor. Bioinformatics. 1104 

2018;34(17):i884‐i90. 1105 



133. Harrow J, et al. GENCODE: The reference human genome annotation for The ENCODE 1106 
Project. Genome Research. 2012;22(9):1760‐74. 1107 

134. Dobin A, et al. STAR: ultrafast universal RNA‐seq aligner. Bioinformatics. 2013;29(1):15‐1108 
21. 1109 

135. Li B, and Dewey CN. RSEM: accurate transcript quantification from RNA‐Seq data with or 1110 
without a reference genome. BMC Bioinformatics. 2011;12:323. 1111 

136. Law CW, et al. voom: Precision weights unlock linear model analysis tools for RNA‐seq 1112 
read counts. Genome Biol. 2014;15(2):R29. 1113 

137. Herwig R, et al. Analyzing and interpreting genome data at the network level with 1114 
ConsensusPathDB. Nat Protoc. 2016;11(10):1889‐907. 1115 

138. Wu D, and Smyth GK. Camera: a competitive gene set test accounting for inter‐gene 1116 
correlation. Nucleic Acids Research. 2012;40(17):e133‐e. 1117 

 1118 



Figure Legends 748 

 749 
 750 

 752 

Figure 1. Flow diagram of study participation. ESRD (end‐stage renal disease) indicates 753 

dialysis patients (transplant patients were not recruited). 754 
   755 



 756 

Figure 2. Collagen content and 
density are progressively elevated in 
skeletal muscle of patients with CKD. 
Proportion of extracellular matrix 

collagen content is elevated in subjects 

with CKD (A) and is negatively 

associated with eGFR (B) (n=33). 

Densely packed collagen content is 

elevated in subjects with CKD (C) and is 

negatively associated with eGFR (D) 

(n=33). Loosely packed collagen 

content was numerically higher but not 

significantly different in subjects with 

CKD (E) and not significantly correlated 

with eGFR (F) (n=33). Representative 

images of picro-sirius red staining in 

Control and CKD muscle under both 

brightfield and polarized light (G). Total 

skeletal muscle collagen content 

assayed biochemically is elevated in 

subjects with CKD (H) and is negatively 

associated with GFR (I) (n=28). 

Comparisons made using two-tailed t-

tests or Wilcoxon rank-sum tests. 

Spearman coefficients calculated to test 

correlations. 

Scale bar=100µm. *p<0.05, control 

compared to CKD. 

 



 757 

 759 
Figure 3. Satellite cell abundance, proximity of satellite cells to capillaries, and capillary 760 

density are lower in skeletal muscle of patients with CKD. Satellite cell abundance is lower 761 



in subjects with CKD (A) and is positively associated with eGFR (B) (n=35). Representative 762 

images of satellite cell and capillary staining (C). Satellite cell activation is numerically, but not 763 
statistically, elevated in subjects with stage 3 CKD only (D) and is not associated with eGFR (E) 764 

(n=34). Representative images of activated satellite cell staining (F). The distance between 765 
satellite cells and nearest capillary is elevated in subjects with CKD (G) and is negatively 766 

associated with eGFR (H) (n=32). Capillary-to-fiber perimeter exchange ratio (CFPE), an index 767 

of capillary density and blood-muscle exchange, is lower in subjects with CKD (I) and is 768 
positively associated with eGFR (J) (n=27). Comparisons made using two-tailed t-tests or 769 

Wilcoxon rank-sum tests. Spearman coefficients calculated to test correlations. 770 

Scale bar=100µm. *p<0.05, control compared to CKD.  771 
  772 



Figure 4. Transcriptomic differences in skeletal muscle of patients with CKD reveal 774 
alteration of genes within angiogenic and fibrotic pathways and rescue of Myc and 775 

interferon pathways post-dialysis. Volcano plot highlighting global gene expression 776 



differences in CKD vs controls (A). Heatmap with the top 100 differentially expressed genes in 777 

CKD (B). Orange bar=CKD, purple bar=Control. Genes involved in VEGF signaling, ECM 778 
organization and collagen formation are downregulated in CKD (C). Heatmaps of genes 779 

belonging to VEGF (D), ECM organization (E), and collagen formation (F) pathways that are 780 
differentially expressed in CKD patients versus controls (n=14). Orange bar=CKD, purple 781 

bar=Control. Gene Set Enrichment Analysis plots reveal differential regulation of Myc, interferon 782 

alpha, and interferon gamma pathways in CKD and rescue (change in regulation toward Control 783 
values) after dialysis (G) (n=3).  784 

  785 



Figure 5. Dialysis rescues pathological phenotype in skeletal muscle associated with 787 

CKD. Extracellular matrix collagen content (A) (n=32), densely packed collagen (B) (n=31), 788 
loosely packed collagen (C) (n=31), and total muscle collagen assayed biochemically (D) (n=29) 789 



are lower in subjects who have undergone dialysis compared to subjects with advanced CKD. 790 

Total satellite cell abundance (E) (n=33), the distance between satellite cells and their nearest 791 
capillary (F) (n=31), and the capillary-to-fiber perimeter exchange (CFPE) ratio (G) (n=27) are 792 

altered in subjects who have undergone dialysis compared to subjects with advanced CKD, with 793 
a restoration toward control values. Note: data in panels A-G include only Control, CKD stage 794 

4/5 and Dialysis subjects. CKD Stage 4/5 represents a subset of total CKD subjects as 795 

presented in Figures 1 and 2 that have an estimated glomerular filtration rate less than 30 796 
mL/min/1.73m2. Comparisons made using mixed effects models. Satellite cell abundance is 797 

negatively associated with densely packed collagen content (H) (n=37). Spearman coefficient 798 

calculated to test correlation. 799 
*p<0.05 compared to CKD-Stage 4/5. 800 

#p<0.05 compared to Control. 801 
  802 



Table 1. Participant Characteristics    

 Control CKD Dialysis* 

Number 16 29 5 

Age (years) 62.2 ± 15.2 61.4 ± 10.0 53.5 ± 10.0 

Sex – n (%)    

   Female 6 (37%) 11 (38%) 4 (80%) 

   Male 10 (63%) 18 (62%) 1 (20%) 

Race/ethnicity – n (%)    

   White 8 (50%) 1 (3%) 0 (0%) 

   Black/African American 4 (25%) 18 (62%) 3 (60%) 

   Hispanic/Latino 2 (13%) 7 (24%) 2 (40%) 

   Asian 1 (6%) 0 (0%) 0 (0%) 

   Multiracial 1 (6%) 3 (10%) 0 (0%) 

eGFR (mL/min/1.73 m2) 79.5 ± 12.1 28.0 ± 15.5 …. 

Hypertension – n (%) 4 (27%) 28 (97%) 5 (100%) 

Diabetes – n (%) 0 (0%) 16 (55%) 3 (60%) 

Cardiovascular disease – n (%) 0 (0%) 4 (14%) 3 (60%) 

Peripheral vascular disease – n (%) 0 (0%) 2 (7%) 0 (0%) 

ACE inhibitor or ARB use – n (%) 1 (6%) 19 (66%) 1 (20%) 

Vitamin D use – n (%)† 5 (31%) 14 (48%) 1 (20%) 

Quadriceps strength (kg) ‡ 16.5 ± 5.4 18.7 ± 8.3 27.2 ± 6.9 

Quadriceps strength/weight (kg/kg) ‡ 0.21 ± 0.08 0.19 ± 0.08 0.40 ± 0.08 

2-minute walk distance (m) ‡ 157 ± 30 130 ± 26 …. 

5-repetition sit-to-stand time (s) ‡ 13.7 (9.9-
19.5) 

13.5 (10.0-
19.5) 

11.4 (10.1-
12.6) 

SPPB‡ 10.5 (9-11) 9 (9-11) 10 (8.5-11.5) 

SPPB <10 5 (36%) 9 (60%) 4 (80%) 

Handgrip strength (kg) ‡ 32.5 ± 11.1 28.8 ± 10.5 26.6 ± 8.6 

Daily Physical Activity (hours/day)§    

Sedentary time 7.4 ± 1.7 9.0 ± 1.8 …. 



Light intensity 4.4 ± 2.1 4.3 ± 1.2 …. 

Moderate intensity 0.5 (0.2, 0.7) 0.1 (0.05, 0.2) …. 

Vigorous intensity 0 (0, 0) 0 (0, 0) …. 

Dietary protein intake (g/day)‖ 69.5 
(59.1,124.6) 

60.1 
(49.5,70.1) …. 

% kcal from protein‖ 14.1 (12.8, 
17.5) 

15.6 (11.8, 
16.8) …. 

Dietary energy intake (kcal/day) ‖ 2260 (1405, 
2533) 

1689 
(1252,2143) …. 

Dietary protein intake from UUN 
(g/day) ‖ 

58.1 (52.8, 
66.9) 

62.4 (48.1, 
69.3) …. 

Data are presented as mean ± standard deviation or median (interquartile range) for 727 
continuous variables. 728 
Abbreviations: CKD, chronic kidney disease; eGFR, estimated glomerular filtration rate; 729 
ACE, angiotensin converting enzyme; ARB, angiotensin receptor blocker; SPPB, Short 730 
Physical Performance Battery; UUN, urine urea nitrogen. 731 
*Dialysis category includes only those participants whose first muscle biopsy occurred 732 
after they had started dialysis. Four participants from the CKD group underwent a 733 
second muscle biopsy after starting dialysis. 734 
†Includes use of Vitamin D2 or D3 or activated vitamin D analogues. 735 
§Accelerometer data were available for 14 Control participants and 15 CKD participants. 736 
Sedentary time was classified according to daily time spent in sedentary bouts of 10 or 737 
more consecutive minutes, excluding sleep time. In total, one minute of very-vigorous 738 
intensity activity was recorded for one participant. 739 
‡Physical function data were available for a subset of participants: Quadriceps strength: 740 
15 Control, 15 CKD, 5 Dialysis; 2-minute walk distance: 15 Control,15 CKD; 5-repetition 741 
sit-to-stand time: 14 Control, 25 CKD, 5 Dialysis; SPPB: 14 Control, 15 CKD, 4 Dialysis; 742 
Handgrip strength: 15 Control, 26 CKD, 5 Dialysis. 743 
‖Dietary data available for 13 Control and 16 CKD participants. 744 
 745 
 746 
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