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Rationale & Objective: Frailty is associated with
increased morbidity and mortality in kidney trans-
plant recipients. We hypothesized that frailty may
be attributable to diminished muscle function
associated with muscle morphologic changes. This
trial in kidney transplant candidates tested the
reversibility of frailty by specifically targeting the
affected major muscle groups.

Study Design: Randomized clinical trial.

Setting & Participants: Kidney transplant
candidates.

Exposure: Supervised, resistance-based muscle
therapy program delivered for 1 hour, 2 times per
week for 1 year.

Outcomes: Baseline, 6-month, and 12-month
Short Physical Performance Battery, gait speed,
grip strength, sit-to-stand in 30 s, 36-item Short
Form Survey, Patient-Reported Outcomes
Measurement Information System-29, and muscle
biopsy light and electron microscopy and
immunohistochemistry.

Analytic Approach: Paired 2-tailed t test, 1-way
repeated measures analysis of variance.

Results: Twenty-nine participants (mean age, 55
years; female, 55%; African American, 65%) were
analyzed: 23 intervention and 6 control. Exercise
intervention participants had significant improve-
ments in Short Physical Performance Battery,
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baseline 5.2 (95% CI, 3.6-6.7) versus 6 months, 6.9
(95% CI, 5.2-8.5; P < 0.001) and 12 months, 7.2
(95% CI, 5.6-8.8; P < 0.001); baseline hand grip,
14.3 kg (95% CI, 10.3-18.4) versus 6 months,
16.9 kg (95% CI, 13.1-20.8; P < 0.05) and 12
months, 17.4 kg (95% CI, 13.9-21.0; P < 0.05); and
baseline sit-to-stand in 30 s, 8.0 (95% CI, 3.8-12.2)
versus 6 months, 12.7 (95% CI, 8.2-17.1;
P < 0.001) and 12 months, 16.2 (95% CI, 10.7-
21.7; P < 0.001). The exercise group 12-month
muscle fiber diameter increased by 18.6 μm (95%
CI, 8.4-28.5; P = 0.003). Expression of
immunohistology markers of muscle atrophy
decreased significantly. The mean difference in
immunohistology score of mitochondrial oxidative
function improved for cytochrome c oxidase
complex IV, 1.00 (95% CI, 0.71-1.29; P < 0.001)
and ATP5I increased by 0.74 (95% CI, 0.49-0.99;
P < 0.001). Increased mitochondrial count did not
achieve statistical significance (P = 0.096).
Controls showed no improvement in either physical
performance or histology.

Limitations: Significant under-enrollment in the
control group required a paired t test analysis of
experimental participants.

Conclusions: One year of muscle rehabilitation
therapy resulted in significant improvements in
physical performance metrics accompanied by
significant improvements in muscle morphology.
Frailty, defined as a state of loss of physiological reserve
related to senescent changes in organ systems, is a

major determinant of adverse outcomes after major sur-
gery. The system proposed by Fried et al1 and modified by
Bandeen-Roche et al2 defines frailty using 5 determinants:
weight loss, exhaustion, low physical activity, slowness,
and weakness. In surgical patients, this is characterized by a
reduced capacity to respond to surgical stress from both
disease-related and age-related factors.3 Frailty is associated
with adverse outcomes following major surgery, including
increased mortality,4 morbidity,5,6 wound infection,7,8

non-home discharge,9 hospital readmission,10 and
increased resource utilization.11-13

There is a strong association between kidney failure
with replacement therapy (KFRT) and low activity levels
and loss of strength and mobility with progressive frailty,
and KFRT patients with low activity levels have higher rates
of disability and mortality.14 Several randomized trials
have sought to reverse frailty with exercise interventions
during or between dialysis sessions.14-21 Importantly, most
have not demonstrated significant benefit. An exception is
a randomized study using a home-based walking inter-
vention that was supervised by dialysis unit staff. The ex-
ercise group had statistically significant improvement in
the 6-minute walking test and the 5-time sit-to-stand test,
and this was accompanied by improvements in cognitive
function and quality of social interaction.16

With the recognition that frailty is associated with
poorer transplant outcome, there is increasing interest in
exercise training as a form of prehabilitation in KFRT pa-
tients and kidney transplant recipients.22 A pilot study of
24 patients at Johns Hopkins who underwent weekly
1
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PLAIN LANGUAGE SUMMARY
Dialysis patients often develop muscle weakness and
frailty that adversely impacts candidacy for and the re-
sults of kidney transplantation. Muscle rehabilitative
therapy was tested in a randomized, controlled clinical
trial in potential kidney transplant recipients. After 1
year of therapy, patients who exercised had marked
improvements in muscle strength, walking speed, and
self-assessed improvements in several domains of health
and wellness; those outcomes did not improve in
control patients. Muscle biopsies performed in exercise
patients showed enlarged muscle fibers and evidence of
improved muscle metabolism along with markedly
decreased biological markers of muscle atrophy. Muscle
rehabilitative therapy dramatically improved percep-
tions of health, objective measurements of strength, and
the microscopic appearance of muscle tissue in kidney
transplant candidates.
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physical therapy sessions at an outpatient center had
promising results. After 2 months of physical therapy,
participants had a 64% improvement in physical activity,
and they reported a high level of patient satisfaction.23

Improvement in frailty indices with exercise is likely
rooted in reversal of pathologic changes in muscle tissue.
Indeed, skeletal muscle loss can occur in several settings,
including disuse, medication-related, cancer cachexia, ag-
ing, diabetes, and cardiovascular disease.24 The University
of Illinois at Chicago has designed a muscle rehabilitative
therapy program based on enhancing the subject’s cognitive
connection with individual muscle groups undergoing
training. Herein, we report the results of a 1-year pilot study
of muscle rehabilitative therapy on physical function and
patient-reported outcomes in 29 kidney transplant candi-
dates. Our results demonstrate objective improvement in
primary physical functioning endpoints along with marked
improvement in self-reported levels of physical function
with dramatic changes in muscle structure and function.
METHODS

Study Design

This pilot study evaluated the effects of a 12-month muscle
rehabilitation therapy program, in addition to standard
care, on pretransplant kidney failure patients undergoing
evaluation for kidney transplantation. The study was
approved by the Institutional Review Board (Protocol
#2017-0784), ClinicalTrials.gov ID: NCT06374537.

Inclusion, Exclusion Criteria, and Randomization

Candidates were kidney transplant candidates who were on
hemo- or peritoneal dialysis or had a glomerular filtration
rate <20 mL/min. Participants were excluded if they were
aged <18 years, had cardiac or pulmonary disease
2

contraindicating exercise training, or were unable to
cognitively cooperate. Consenting candidates had a plan-
ned randomization in a 1:2 ratio of control to intervention.
The study site was the Integrative Physiology Laboratory at
the University of Illinois at Chicago for 3 testing visits at
baseline, 6 months, and 12 months.

Intervention

Muscle Rehabilitation
All participants underwent a personalized, 1-hour, 1-on-1
rehabilitative muscle therapy session, 2 days a week, for 12
months. The sessions consisted of a low-impact, resis-
tance-based rehabilitation regime. The main aim of the
intervention was to increase muscle strength and func-
tionality by focusing on isolating each targeted muscle
without increasing the patient’s fatigue or pain level.
Targeted muscle groups were shins (dorsiflexion), calves
(plantarflexion), hamstring, quadriceps, deltoids, biceps,
triceps, latissimus dorsi, gluteus, and rectus abdominis. All
sessions were supervised by trained research personnel.
Control group participants continued to receive standard of
medical care management for end-stage kidney disease, as
directed by their health care team.

Variables Measured

During each visit, participants were assessed for the
following variables. The primary outcome was the Short
Physical Performance Battery (SPPB).24,25 The SPPB test
requires assessment of the walking speed, a balance test,
and a sit-to-stand test. Gait speed was determined by
asking participants to walk 2.44 m as quickly as they could.
Patients unable to walk (ie, wheelchair bound) were
assigned a gait speed of 0.01 m/s. The balance test
included standing in 3 different positions for 10 s each,
tandem, semi-tandem, and side-by-side. The Timed Seated
Chair Stand was performed by asking participants to stand
up and sit down without using their arms for a total of 5
times. The time was recorded in seconds. Patients unable
to perform this test were assigned a chair stand score of
32 s, the 99th percentile value among patients who were
able to perform this test. Scoring was based on a scale of 0-
12, with lower numbers representing worse performance
and greater frailty.

Grip strength was measured in kilograms for each
subject’s dominant hand using a hand dynamometer
(Jamar Hydraulic Hand Dynamometer, model 5030J1).26

Contractions were performed in the seated position with
the dominant arm at a 90� angle. The grip strength was
recorded as an average of 3 attempts.

The 36-item Short Form Survey27 was administered to
assess 8 domains: physical functioning, bodily pain, role
limitations due to physical health problems, role limita-
tions due to personal or emotional problems, emotional
well-being, social functioning, energy/fatigue, and general
health perceptions. Scoring is on a scale of 1-100. A high
score defines a more favorable health state.
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The Patient-Reported Outcomes Measurement Infor-
mation System (PROMIS)-29 global health survey was
administered to all patients. The PROMIS-29 short form
contains items from PROMIS domains (depression, anxi-
ety, physical function, pain interference, fatigue, sleep
disturbance, and ability to participate in social roles and
activities) along with a single item on pain intensity.28

Muscle Biopsy
Subjects were separately consented for an optional biopsy
of the forearm flexor muscle at baseline and 12 months.
This biopsy was performed to measure muscle diameter;
mitochondrial number; protein markers of muscle degra-
dation, Atrogin-1, and MuRF-1; inflammation markers,
NF-κB, Phospho-NF-κB, and mitochondrial markers, cy-
tochrome c oxidase complex IV (COX IV) and ATP5I.The
muscle biopsy was performed under local anesthesia by
the study surgeon, JA, in the ambulatory operating room at
the University of Illinois, Chicago. An approximately 600-
mg tissue sample was fixed on a cord board to retain the
resting muscle length. Images of paraffin-fixed, hematox-
ylin and eosin-stained muscle were captured at the same
magnification (scale bar, 50 μm), and the muscle diameter
was calculated from 3 separate measurements, keeping the
scale bar as a reference.

Antibodies and Reagents
Antibodies against human Atrogin-1 (dilution 1:100),
MuRF-1 (dilution 1:200), and COX IV (dilution: 1:1,000)
were purchased from Abcam. Phospho-NF-κB antibody
(1:100) was purchased from Santa Cruz Biotechnology.
Anti-human RelA/NF-κB p65 antibody (dilution:
1:2,000) was procured from Novus Biologicals. Anti-
human ATP5I antibody (dilution 1:500) was purchased
from Invitrogen. Secondary antibodies, horseradish
peroxidase-conjugated goat anti-rabbit IgG polymer,
horseradish peroxidase-conjugated horse anti-mouse IgG
polymer, and 3, 30-diaminobenzidine were purchased
from Vector Laboratories.

Immunohistochemistry Staining
Human muscle tissues were fixed in 4% formaldehyde and
incubated in 70% ethanol for 48 hours. As described
previously, immunohistochemistry (IHC) staining of
paraffin-embedded muscle sections was conducted.
Briefly, muscle tissue sections were rehydrated, followed
by heat-induced antigen retrieval with sodium citrate
buffer (10 mM sodium citrate, 0.05% Tween 20, pH 6.0)
in a decloaking chamber (Biocare Medical). After blocking,
tissue sections were incubated with primary antibodies
overnight at 4�C and in secondary antibodies for 3 hours at
room temperature. Images were captured using a fluo-
rescence microscope (Nikon). Muscle fiber diameter was
measured using hematoxylin and eosin images following
the previously described method. IHC images were
captured using bright field microscopy (Nikon). IHC
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scoring criteria were as follows: 0: no staining, 1+: weakly
positive, 2+: moderate positive, and 3+: strongly positive.

Transmission Electron Microscopy
Muscles were analyzed by transmission electron micro-
scopy (TEM) (University of Illinois at Chicago electron
microscopy core) to determine the impact of exercise on
the mitochondrial numbers. Briefly, the muscle tissues
were fixed overnight in 2.5% buffered glutaraldehyde. The
muscle tissues were then postfixed in osmium tetroxide
(1% buffered) for 1 hour, followed by gradual dehydra-
tion. Ultrathin muscle sections were prepared for TEM
imaging. Mitochondria were counted and compared in
electron micrographs (magnification 25,000×) of patient
muscle samples from visit-1 and visit-2.

Data Analysis

All data analyses were performed using IBM SPSS Statistics
version 29.0.2.0. We provide descriptive statistics as
mean ± standard deviation (SD) and/or mean difference
with upper and lower 95% confidence interval (CI) in
parentheses, unless otherwise noted (eg, median or per-
centage). The data analyses were performed separately per
group (ie, intervention and control), as the greatly un-
balanced sample sizes per group created problems for
performing mixed-factor analysis of variance consisting of
within (time) and between (group) participant factors; the
imbalance and small sample sizes further created problems
for applying a linear mixed model. The missing data for 6-
or 12-month postintervention assessments were replaced
using last value carried forward for a modified intention-
to-treat analysis. We replaced missing 6-month data with
baseline values and missing 12-month data with 6-month
values. The performance and patient-reported outcome
measure data were analyzed using a general linear model
with repeated measurements over time (baseline, 6
months, 12 months), and follow-up analyses using pair-
wise comparison were performed separately per group (ie,
intervention and control). P ≤ 0.05 indicated statistical
significance for all analyses. The histology data were
analyzed using paired-samples t tests performed separately
per group (ie, intervention and control), and changes are
reported as the mean difference with 95% CI.
RESULTS

Sample Characteristics

The Consolidated Standards of Reporting Trials diagram in
Figure 1 illustrates the flow of participants through the
study. Enrollment began on May 22, 2019. With enroll-
ment ongoing, the last patient analyzed was enrolled on
March 20, 2024. We screened 204 patients, and of 117
who expressed interest, 48 participants meeting the eligi-
bility criteria were consented and randomized. The
intended randomization ratio of 1:2 control to interven-
tion resulted in only 7 controls and 41 in the
3



Recruitment

Enrollment

Screening

Analysis

Total Individuals Contacted (n=204)

Assessed for Eligibility (n=117)

Enrolled in study (n=48)

Analyzed (n=29)

Analyzed from Intervention (n=23)

Analyzed from Control (n=6)

Excluded from Analysis (n=0)

• Individuals expressing interest (n=117)
• Contacted via e-mail or voicemail, but have not 

heard back (n=58)
• Individuals not interested (n=29)

• Eligible, ready for consent agreement (n=48)
• Ineligible (n=69)

o Did not meet inclusion criteria (n=13)
o Declined to participate (n=56)

Completed Baseline Follow-up (n=41)

• Completed 6-months Follow-up (n=21)
• Missed 6-months Follow-up (n=2)
• Discontinued before 6-months Follow-up: 

o Medical (n=4)
o Time available (n=6)
o Job (n=1)
o Lost to follow-up (n=3)
o Deceased (n=4)

• Completed 12-months Follow-up (n=20)
• Discontinued before 12-months follow up: 

o Time available (n=1)
o Lost to follow-up (n=2)

Allocation Randomized (n= 48)

Allocated to Intervention (n=41)Allocated to Control (n=7)

Completed Baseline Follow-up (n=7)

• Completed 6-months Follow-up (n=5)
• Missed 6-months Follow-up (n=1)
• Discontinued before 6-months Follow-up: 

o Lost to follow-up (n=1)

• Completed 12-months Follow-up (n=5)
• Discontinued before 12-months follow up: 

o Time available (n=1)

Figure 1. Consolidated Standards of Reporting Trials diagram: 204 patients were contacted, 117 were assessed for eligibility, 48
were enrolled and randomized; 23 intervention and 6 control patients completed the study and were the basis for analysis. One con-
trol patient did not have 6-month follow-up data due to COVID but did complete the 12-month follow-up. Six intervention patients had
missing values at baseline, 6, or 12 months. Our intent-to-treat analysis used the last value carried forward method.
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interventional arm, a 1:5.8 ratio. A detailed investigation
by the 2 senior authors (STB, RWM) did not identify a
procedural error leading to the imbalance in enrollment.
The results of this investigation are detailed in Supplement
Item S1.

Of the 41 participants in the intervention arm, 21
completed 6 months and 20 completed 12 months of the
exercise program. Between 0 and 6 months, the inter-
vention group participants completed a mean of 35 of 48
(73%) scheduled exercise sessions; from 6 to 12 months,
adherence to scheduled exercise sessions declined to a
mean of 26 of 48 (54%) scheduled sessions. Of the 23
who dropped out of the study before 12 months, 20
(87%) were non-White minorities, 14 African American,
and 6 Hispanic. The reasons for discontinuing included
4

insufficient time to complete the study (8), lost to follow-
up (6), deceased (4), medical contraindication (4), and
full-time employment (1). The characteristics of the 23
participants completing the study are provided in Table 1.
Additional descriptive statistics for the subjects are pro-
vided in Table S1.

Patient Subjective Scores
Regarding the 36-item Short Form Survey subscales there
were significant main effects of time for the intervention
condition, but not control, on 7 of 8 subscales. The values
generally improved from baseline at the 6- and 12-month
assessments for the intervention condition. Regarding
PROMIS composites, there were significant main effects of
time for the intervention condition, but not control, on
Kidney Med Vol 7 | Iss 4 | April 2025 | 100978



Table 1. Descriptive and Clinical Characteristics of the
Participants in the Interventional and Control Conditions

Variable
Intervention
(N = 23)

Control
(N = 6)

Age, y 55.3 (12.2) 52.7 (14.0)
Female, n (%) 13 (56.5%) 50 (3%)
African American, n (%) 16 (69.6%) 50 (3%)
Height, cm 170.5 (9.9) 165.8 (8.9)
Weight, kg 99.5 (23.4) 83.7 (35)
Using assistive device, n (%) 14 (60.9%) 2 (33.3%)
Median dialysis duration, mo
(25th, 75th percentile)

26 (6, 72) 34 (21, 76.5)

Systolic blood pressure,
mm Hg

132.6 (21.9) 158 (33)

Diastolic blood pressure,
mm Hg

77.3 (13.5) 89 (7.9)

Note: Data shown as mean (SD) unless otherwise specified.
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physical, but not mental, health. The value for physical
health improved from baseline at the 6-and 12-month
assessments in the intervention group. Regarding
PROMIS-29 subscales, there were significant main effects
of time for the intervention condition, but not control, on
4 of 7 subscales, namely physical function, depression,
fatigue, and satisfaction (Table 2).

Physical Performance

The physical performance testing results are shown in
Table 3. There was a statistically significant improvement
in the SPPB (baseline, 5.2 [95% CI, 3.6-6.7] versus 6.9
[95% CI, 5.2-8.5] at 6 months [P < 0.001] and 7.2 [95%
CI, 5.6-8.8] at 12 months [P < 0.001]); hand grip strength
(baseline, 14.3 kg [95% CI, 10.3-18.4] versus 16.9 kg
[95% CI, 13.1-20.8] at 6 months [P < 0.05] and 17.4 kg
[95% CI, 13.9-21.0] at 12 months [P < 0.05]); and 30-s
sit-to-stand (baseline, 8.0 [95% CI, 3.8-12.2] versus 6
months, 12.7 [95% CI, 8.2-17.1; P < 0.001] and 12
months, 16.2 (95% CI, 10.7-21.7; P < 0.001]). The 2.44-
m walking speed improved but did not reach statistical
significance (P = 0.06).

Muscle Biopsy Data

Exercise Increases Muscle Fiber Diameter
Muscle fiber diameter increased significantly between the
baseline biopsy (59.8 ± 18.3 μm) (mean ± SD) and the
biopsy performed at 12 months (78.3 ± 24.1 μm). The
mean difference increase, 18.6 μm (95% CI, 8.4-28.5),
in muscle fiber size was highly significant (P = 0.003)
(Fig 2A). None of the intervention participants’ muscle
fiber diameters decreased during the study period. The
growth of muscle fiber size at 12 months indicated a
positive impact of exercise on the muscle health of
transplant candidates. The control biopsies (n = 3) are
shown in Figure S1. There was no improvement in the
control muscle fiber size, IHC, or mitochondria number;
however, given the small sample size, n = 3, the sig-
nificance of this data is diminished.
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Exercise Decreases Atrophy Markers in End-Stage
Renal Disease Patients’ Muscle
The IHC analyses of Atrogin-1 and MuRF-1 protein
expression in visit-1 and visit-2 muscle samples showed a
consistent decrease from visit-1 at baseline to visit-2 at 12
months (Fig 2B). The Atrogin-1 baseline of 2.22 ± 0.37
(mean ± SD) decreased to 0.89 ± 0.44; the mean differ-
ence from baseline to 12 months, 1.33 (95% CI, 0.79-
1.87; P = 0.001), was highly significant. The MuRF-1
score decreased from 1.96 ± 0.45 at baseline to
0.67 ± 0.41 at 12 months. The mean difference, 1.30
(95% CI, 0.81-1.79; P < 0.001), was highly statistically
significant. The decreased protein expression of Atrogin-1
and MuRF-1 at 12 months indicated that exercise signifi-
cantly decreases muscle atrophy through pathways leading
to muscle degeneration.

Exercise Decreases NF-κB Pathway Protein Expression
in End-Stage Renal Disease Patients’ Muscles
Both NF-κB and Phospho-NF-κB staining decreased
significantly from baseline to 12 months (Fig 2C). NF-κB
expression decreased from 2.22 ± 0.53 at baseline to
1.07 ± 0.49 at 12 months; the mean difference, 1.14 (95%
CI, 0.61-1.67; P = 0.003), was highly statistically signifi-
cant. Phospho-NF-κB expression decreased from
2.07 ± 0.57 at baseline to 1.04 ± 0.61 at 12 months. The
mean difference, 1.04 (95% CI, 0.40-1.68; P = 0.013),
was statistically significant. These results indicate that ex-
ercise might be downregulating the NF-κB pathway due to
decreased inflammatory signaling.

Exercise Increases Mitochondrial Function
rBetween visit-1 and visit-2, COX IV expression increased
significantly from 1.44 ± 0.37 to 2.44 ± 0.33. The mean
difference between baseline and 12 months, 1.00 (95%
CI, 0.71-1.29; P < 0.001), was highly statistically sig-
nificant (Fig 3A). Mitochondrial count (baseline,
9.0 ± 3.2; 12 months, 11.8 ± 5.4) increased; however,
the mean difference, 2.85 (95% CI, −0.10 to 5.80;
P = 0.096), did not achieve statistical significance (Fig
3B). ATP5I protein expression increased from baseline
to 12 months from 1.74 ± 0.46 to 2.44 ± 0.33. The mean
difference, 0.74 (95% CI, 0.49-0.99; P < 0.001), was
highly statistically significant. These results suggest that
exercise plays an important role in regulating mito-
chondrial function (Fig 3C).
DISCUSSION

Our results demonstrate that rehabilitative muscle ther-
apy results in significant improvement in physical
functioning, strength, and several self-assessed wellness
domains including physical health, emotional well-
being, and social functioning. Given the connection
between emotional well-being, social functioning,
cognition, and executive functioning, additional studies
that directly assess the effect of muscle therapy on
5



Table 2. Changes in Short-Form 36 and PROMIS-10 and -29 Subscale Scores Over the 12-Month Period for Intervention and Control Conditions

Measure/Subscale

Intervention (N = 23) Control (N = 6)

0 mo 6 mo 12 mo P 0 mo 6 mo 12 mo P
Short Form-36 Subscales (T-scores 0-100)
Physical function 35.0 (22.5, 47.5) 49.8 (38.5, 61.0)a 52.2 (40.6, 63.8)a <0.001 47.5 (10.3, 84.8) 63.3 (24.9, 101.9) 57.5 (27.1, 87.9) 0.35
Role limitation physical 18.5 (6.2, 30.8) 37.0 (20.7, 53.2)a 46.7 (32.8, 60.7)a <0.01 33.3 (−2.5, 69.2) 54.2 (0.6, 107.7) 41.7 (2.2, 81.2) 0.55
Role limitation emotional 62.3 (44.8, 79.9) 73.9 (58.3, 89.5)a 68.1 (50.5, 85.7)a 0.49 66.7 (22.4, 111.0) 72.2 (25.7, 118.7) 44.4 (8.3, 80.5) 0.36
Energy/fatigue 45.7 (35.4, 56) 56.7 (48.3, 65.2)a 52.2 (41.3, 63.0) <0.05 47.5 (24.0, 71.0) 50.0 (28.2, 71.8) 45.0 (23.8, 66.2) 0.80
Emotional wellbeing 69.9 (60.9, 79.0) 71.5 (64.1, 79.0) 76.0 (69.0, 83.0)a <0.05 78.7 (62.4, 95.0) 78.7 (67.5, 89.8) 72.7 (52.4, 93.0) 0.34
Social function 58.2 (44.3, 72.0) 74.5 (61.4, 87.5)a 70.1 (57.1, 83.1) <0.05 70.8 (29.6, 112.0) 81.3 (54.0, 108.5) 58.3 (16.3, 100.4) 0.42
Pain 50.1 (39.9, 60.3) 71.1 (60.5, 81.6)a 64.8 (52.7, 76.9)a <0.001 60.8 (42.4, 79.3) 78.8 (66.3, 91.3) 67.1 (37.2, 97.0) 0.10
General health 39.1 (32.2, 46.0) 47.8 (40.3, 55.4)a 44.6 (35.3, 53.9) <0.05 54.2 (30.4, 78.0) 59.2 (45.3, 73.0) 53.3 (30.7, 76.0) 0.80

PROMIS-10 Composites (T-scores)
Physical health 37.7 (34.7, 40.8) 42.7 (39.9, 45.6)a 42.6 (39.2, 46.0)a <0.001 42.1 (34.1, 50.2) 45.2 (35.2, 55.2) 42.6 (30.3, 55.0) 0.71
Mental health 45.3 (41.1, 49.5) 46.6 (42.4, 50.8) 47.6 (43.4, 51.8) 0.14 47.3 (36.9, 57.7) 46.9 (40.3, 53.4) 44.1 (34.2, 53.9) 0.47

PROMIS-29 Subscales (T-scores 0-100)
Physical function 35.3 (31.6, 39.1) 38.7 (34.6, 42.7)a 38.3 (34.6, 42.1)a <0.05 42.6 (27.7, 57.5) 42.2 (27.2, 57.1) 43.7 (31.9, 55.5) 0.86
Anxiety 53.5 (48.6, 58.4) 51.7 (47.7, 55.6)a 50.5 (46.3, 54.7) 0.21 54.0 (41.0, 67.0) 50.1 (40.6, 59.7) 53.9 (45.1, 62.7) 0.66
Depression 53.1 (48.2, 58.0) 50.9 (46.0, 55.7) 49.3 (44.3, 54.3)a <0.05 54.0 (45.1, 62.9) 50.6 (41.9, 59.3) 50.1 (38.6, 61.7) 0.62
Fatigue 55.9 (51.8, 60.0) 51.4 (46.9, 56.0)a 53.1 (49.0, 57.2) <0.05 54.2 (43.8, 64.5) 48.2 (43.2, 53.2) 47.6 (41.1, 54.0) 0.12
Sleep disturbance 52.0 (48.2, 55.8) 51.4 (47.1, 55.6) 53.5 (48.7, 58.3) 0.48 54.9 (44.8, 65.0) 49.2 (35.4, 63.1) 48.6 (35.9, 63.2) 0.48
Satisfaction 42.7 (38.6, 46.8) 46.6 (42.1, 51.0)a 48.5 (44.7, 52.2)a <0.01 47.3 (32.6, 62.1) 48.0 (37.9, 58.2) 46.5 (35.1, 58.0) 0.96
Pain interference 56.1 (51.5, 60.8) 51.9 (47.8, 56.0) 55.8 (51.2, 60.4) 0.08 52.9 (45.9, 59.9) 50.7 (42.5, 58.8) 52.2 (42.7, 61.7) 0.74
Note: The P value column reflects the statistical significance of the overall time main effect from the general linear model using a 1-way, repeated measures analysis of variance performed separately per group.
Abbreviations: PROMIS, Patient-Reported Outcomes Measurement Information System; SF-36, 36-item Short Form Survey.
aDenotes a significant difference in the mean value for either 6 or 12 months compared with the baseline mean value based on follow-up analyses using pairwise comparisons performed separately per group. The descriptive data
are reported as mean (95% confidence interval).
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objective measures of cognitive performance in the
pretransplant population are warranted. Our study was
not structured to determine whether muscle therapy can
change the patient’s candidacy for transplantation from
exclusion due to frailty to inclusion after intervention.
Thus, although significant improvement in objective
physical performance was observed, enrollment was not
limited to patients who had been deemed unacceptable
candidates based on frailty.

The high study drop-out rate is noteworthy, particularly
among minority patients. Of the 21 study patients who
enrolled and did not complete the study, 20 of 23 (87%)
were either African American or Hispanic. As noted, the
incidence of KFRT among African Americans is 2.4-2.9
times that in non-Hispanic Whites, and the incidence of
KFRT in Hispanics is 1.5 times. The high drop-out rate
among minority enrollees further compounds the preex-
isting disparity in KFRT incidence. Future intervention
studies for frail potential transplant recipients should adopt
strategies to retain minority enrollees through the
conclusion of the clinical trial. Importantly, the group
from Calabria, Italy used a patient navigator role to assure
adherence to the exercise program. We believe that
culturally competent, same-language navigators will be
critically important to retain minority patients in exercise
therapy programs.

This study is unique in that it is the first study of a
frailty intervention in pre-transplant patients that
included muscle biopsy data. In a study of moderate to
severe chronic kidney disease Castaneda et al found that
12 weeks of resistance training led to improvement in
strength and an increase in Type I and Type II muscle
fiber cross sectional area.29 Castaneda et al identified
the “malnutrition-inflammatory complex” in these pa-
tients as their study showed that the high levels of the
proinflammatory cytokine IL-6 observed in the atten-
tion controls were ameliorated in the intervention arm.
Our study extends these findings because we found that
not only are strength and muscle fiber size increased as
noted by Castaneda et al, but we also observed sig-
nificant decreases in expression of multiple proteins
associated with muscle atrophy and evidence of
increased protein synthesis associated with mitochon-
drial ATP production.

The mechanisms of muscle catabolism and anabolism
are well-established in the muscle physiology literature.
The muscle-specific E3 ubiquitin ligases, Atrogin-1 and
muscle RING finger 1 (MuRF1), are upregulated during
muscle degeneration/loss.30-33 MuRF1 and muscle atrophy
F-box (MAFbx)/Atrogin-1 are 2 muscle-specific E3 ubiq-
uitin ligases that are increased in skeletal muscle under
atrophy-inducing conditions. Therefore, MuRF1 and
Atrogin-1 are known as markers of muscle atrophy. The
NF-κB pathway has been reported to induce muscle pro-
tein loss via the E2 ubiquitin carrier protein, UbcH2/
E220.34 Many transcription factors are activated/overex-
pressed during muscle atrophy.34 NF-κB, STAT3, and
7



Figure 2. (A) Representative bright field images of hematoxylin and eosin (H&E) staining of patient muscle samples for visit-1 and
visit-2. Patient GHD58 is shown. The scale bar is 50 μm. Measurement of muscle fiber diameter for visit-1 vs visit-2 (n = 9), paired
samples t test, P = 0.003. Immunohistochemistry (IHC) staining and IHC score for (B) Atrogin-1, P = 0.001 and MuRF-1, P < 0.001;
(C) NF-κB, P = 0.003 and Phospho-NF-κB, P = 0.013.

Bartlett et al
FOXO3A are either overexpressed or activated in atrophic
muscles.35,36 Data available from patients with muscle at-
rophy/cachexia showed upregulation in circulating TNFα,
IL-1β, IL-6, and IFNγ levels and acute phase proteins.37
8

These proinflammatory cytokines and acute phase pro-
teins activate NF-κB and other signaling pathways. Acti-
vation of NF-κB signaling regulates downstream pathways
that control muscle catabolism.
Kidney Med Vol 7 | Iss 4 | April 2025 | 100978



Figure 3. (A) Representative immunohistochemistry (IHC) images and quantification of COX IV expression in visit-1 and visit-2 muscle
samples from patient GHD58. Scale bar is 50 μm. IHC scoring criteria: 0: no staining, 1+: weakly positive, 2+: moderate positive, and
3+: strongly positive. Data are presented as mean ± SD. Visit-1 vs visit-2, P < 0.001, paired samples t test. (B) Representative electron
micrographs showing mitochondria (yellow arrows) in visit-1 and visit-2 muscle samples from patient GHD37. Magnification: 25,000×.
Data are presented as mean ± SD. Visit-1 vs visit-2, P = 0.096, t test. (C) Representative IHC images and quantification of ATP5I in
visit-1 and visit-2 muscle samples from patient GHD58. Scale bar is 50 μm. IHC scoring criteria: 0: no staining, 1+: weakly positive,
2+: moderate positive, and 3+: strongly positive. Data are presented as mean ± SD. Visit-1 vs Visit-2, P < 0.001, paired samples t test.

Bartlett et al
Mitochondria are the primary source of energy supply
for skeletal muscle,38 and their dysfunction is associated
with skeletal muscle atrophy. Mitochondria have also been
reported to play an important role in skeletal muscle
Kidney Med Vol 7 | Iss 4 | April 2025 | 100978
remodeling.39 COX IV is a marker of mitochondria, and its
expression is indicative of mitochondrial oxidative capac-
ity.40 The protein, ATP5I, regulates ATP synthesis in the
mitochondria.41,42 For example, ATP5I is implicated in
9



Bartlett et al
mitigating high glucose-induced myocardial injury.43 In
agreement with this, our results suggest that ATP5I might
be involved in improving muscle health in KFRT patients
post exercise. Our data demonstrated a strong trend away
from muscle atrophy markers to markers of muscle growth
after 1 year of therapy.

The highly favorable results in this pilot study are
encouraging and justify a clinical trial examining 2 pivotal
questions. First, can interventions that include exercise
therapy and prehabilitation favorably alter patients’ clinical
status from inactive to active transplant candidacy? Simi-
larly, do patients who were previously frail and whose
physical functioning consequently improves after inter-
vention subsequently have a positive outcome after kidney
transplantation? Although it is logical that resolution of
frailty predicts a favorable clinical outcome, it is possible
other factors play a role at a more fundamental level. Based
on the immunochemistry evidence presented here, we
hypothesize that biochemical markers of frailty may be
discernable and validated in this target population.
Biochemical markers of frailty will assist with transplant
patient selection and identify those that needed additional
pretransplant intervention. A longitudinal clinical trial
should assess whether resolution of frailty carries forward
into a positive clinical result with kidney transplantation.
For this reason, because the resources required to apply
exercise therapy to pretransplant patients are substantial, a
controlled clinical trial designed to test resistance exercise
therapy on transplant outcome is needed. A second critical
question is whether this muscle rehabilitation therapy
program can be easily implemented elsewhere. The
equipment needed is widely available in most health sys-
tems that perform transplantation. The training needed for
physical therapists is minimal because the exercises are part
of physical therapy training. The details of resistance-based
muscle training can be taught to others with demonstra-
tion videos. An example of the muscle therapy in shown in
Supplement Item S2.The methodology for scoring patient
performance can be shared as well. In short, wider
implementation of this method is feasible. Our future
studies will include facilitators and researchers experienced
with community engagement and development.

In conclusion, our pilot study demonstrated a signifi-
cant increase in multiple performance and self-report
metrics of physical function in pretransplant patients
with muscle rehabilitation therapy. Successful application
of prehabilitation to expand candidacy for kidney trans-
plantation to those with documented frailty will have a
major impact in several ways. First, the opportunity to
experience an improved quality of life after transplantation
can be expanded to a greater fraction of potential re-
cipients. Second, the national cost burden of KFRT care
will be reduced by increasing the number of successfully
transplanted patients. There is a significant disparity in the
10
waiting time for transplantation for minority transplant
recipients.44 Long wait times are associated with progres-
sive frailty and potential wait-list inactivation related to
progressive frailty. An effective prehabilitation program
would have important implications for addressing the
racial disparity in access to kidney transplantation.
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Figure S1: Control figure.

Item S1: Ad Hoc Analysis of the Randomization and Control Arm
Data.

Item S2: Video of GH Therapy.

Table S1: Intervention and Control Patients’ Exercise Compliance,
Co-morbid Conditions, Transplant Status, Creatinine and Creatinine
Clearance (GFR) at Six and Twelve Months, and Availability of His-
tologic Data.

ARTICLE INFORMATION

Authors’ Full Names and Academic Degrees: Stephen T. Bartlett,
MD, Ilaria Santi, MS, Greg Hachaj, Kenneth R. Wilund, PhD, Ivo
Tzvetanov, MD, Mario Spaggiari, MD, Jorge Almario, MD, Pierpaolo
DiCocco, MD, Francesco Bianco, MD, Zahraa Hajjiri, MD, Lorenzo
Gallon, MD, Ajay Rana, PhD, Sandeep Kumar, PhD, Enrico
Benedetti, MD, and Robert W. Motl PhD

Authors’ Affiliations: Department of Surgery, College of Medicine
(STB, IS, GH, IT, MS, JA, PD, FB, AR, SK, EB), Department of
Medicine, College of Medicine (ZH, LG), and Department of
Kinesiology and Nutrition, College of Applied Health Sciences,
University of Illinois at Chicago, Chicago, Illinois (RWM); and
School of Nutritional Sciences and Wellness, University of Arizona,
Tucson, Arizona (KRW).

Address for Correspondence: Stephen T. Bartlett, MD, Division of
Transplantation, Department of Surgery, College of Medicine,
University of Illinois at Chicago, 840 Wood St, Suite 430,
Chicago, IL 60612. Email: stbartle@uic.edu

Authors’ Contributions: Research area and study design: EB, GH,
KRW, AR, LG; data acquisition: IS, GH, IT, JA, MS, FB, SK, PD; data
analysis and interpretation: RWM, STB, IS, AR, SK, ZH; statistical
analysis: RWM, SK; supervision: EB. Each author contributed
important intellectual content during article drafting or revision and
accepts accountability for the overall work by ensuring that
questions pertaining to the accuracy or integrity of any portion of
the work are appropriately investigated and resolved.

Support: This work was funded by the Department of Surgery,
University of Illinois Chicago.

Financial Disclosure: The authors declare that they have no
relevant financial interests.

Acknowledgements: The authors wish to gratefully acknowledge
the support of Piush Srivastava, PhD, and Sunil K. Singh, PhD, in
preparation of the histologic data in this article. Funding for this
study was provided by the Department of Surgery, College of
Medicine, University of Illinois, Chicago. Artificial intelligence (AI)
was not used in the preparation of this article.

Disclosure: The authors of this article have no conflicts of interest to
disclose as described.

Data Sharing: The authors adhere to the FAIR data principles. The
clinical information in this study was collected with the assurance of
Kidney Med Vol 7 | Iss 4 | April 2025 | 100978

https://doi.org/10.1016/j.xkme.2025.100978
mailto:stbartle@uic.edu


Bartlett et al
patient confidentiality and cannot ethically be shared without
violating that assurance. All histologic data is included in either the
main article or supplemental data section.

Peer Review: Received May 13, 2024. Evaluated by 2 external
peer reviewers, with direct editorial input from the Statistical
Editor and the Editor-in-Chief. Accepted in revised form
December 18, 2024.
REFERENCES
1. Fried LP, Tangen CM, Walston J, et al. Frailty in older

adults: evidence for a phenotype. J Gerontol A Biol Sci
Med Sci. 2001;56(3):M146-M156. doi:10.1093/gerona/56.
3.m146

2. Bandeen-Roche K, Xue QL, Ferrucci L, et al. Phenotype of
frailty: characterization in the women’s health and aging
studies. J Gerontol A Biol Sci Med Sci. 2006;61(3):262-266.
doi:10.1093/gerona/61.3.262

3. Dhesi JK, Lees NP, Partridge JS. Frailty in the perioperative
setting. Clin Med (Lond). 2019;19(6):485-489. doi:10.7861/
clinmed.2019-0283

4. George EL, Hall DE, Youk A, et al. Association between patient
frailty and postoperative mortality across multiple noncardiac
surgical specialties. JAMA Surg. 2021;156(1):e205152. doi:
10.1001/jamasurg.2020.5152

5. Arya S, Kim SI, Duwayri Y, et al. Frailty increases the risk of 30-
day mortality, morbidity, and failure to rescue after elective
abdominal aortic aneurysm repair independent of age and
comorbidities. J Vasc Surg. 2015;61(2):324-331. doi:10.1016/
j.jvs.2014.08.115

6. Augustin T, Burstein MD, Schneider EB, et al. Frailty predicts
risk of life-threatening complications and mortality after
pancreatic resections. Surgery. 2016;160(4):987-996. doi:10.
1016/j.surg.2016.07.010

7. Farhat JS, Velanovich V, Falvo AJ, et al. Are the frail destined to
fail? Frailty index as predictor of surgical morbidity and mortality
in the elderly. J Trauma Acute Care Surg. 2012;72(6):1526-
1531. doi:10.1097/TA.0b013e3182542fab

8. George EM, Burke WM, Hou JY, et al. Measurement and vali-
dation of frailty as a predictor of outcomes in women under-
going major gynaecological surgery. BJOG. 2016;123(3):455-
461. doi:10.1111/1471-0528.13598

9. Arya S, Long CA, Brahmbhatt R, et al. Preoperative frailty in-
creases risk of nonhome discharge after elective vascular sur-
gery in home-dwelling patients. Ann Vasc Surg. 2016;35:19-
29. doi:10.1016/j.avsg.2016.01.052

10. Suskind AM, Walter LC, Jin C, et al. Impact of frailty on com-
plications in patients undergoing common urological proced-
ures: a study from the American College of Surgeons National
Surgical Quality Improvement database. BJU Int. 2016;117(5):
836-842. doi:10.1111/bju.13399

11. Malik AH, Yandrapalli S, Zaid S, et al. Impact of frailty on mortality,
readmissions, and resource utilization after TAVI. Am J Cardiol.
2020;127:120-127. doi:10.1016/j.amjcard.2020.03.047

12. Nakhla M, Eakin CM, Mandelbaum A, et al. Frailty is indepen-
dently associated with worse outcomes and increased
resource utilization following endometrial cancer surgery. Int J
Gynecol Cancer. 2022;32(9):1135-1140. doi:10.1136/ijgc-
2022-003484

13. Koo AB, Elsamadicy AA, Renedo D, et al. Higher Hospital
Frailty Risk Score is associated with increased complications
and healthcare resource utilization after endovascular treat-
ment of ruptured intracranial aneurysms. J Neurointerv Surg.
2023;15(3):255-261. doi:10.1136/neurintsurg-2021-018484
Kidney Med Vol 7 | Iss 4 | April 2025 | 100978
14. Chen JLT, Godfrey S, Ng TT, et al. Effect of intra-dialytic, low-
intensity strength training on functional capacity in adult hae-
modialysis patients: a randomized pilot trial. Nephrol Dial
Transplant. 2010;25(6):1936-1943. doi:10.1093/ndt/gfp739

15. Greenwood SA, Koufaki P, Macdonald JH, et al. Exercise pro-
gramme to improve quality of life for patients with end-stage
kidney disease receiving haemodialysis: the PEDAL RCT.
Health Technol Assess. 2021;25(40):1-52. doi:10.3310/
hta25400

16. Manfredini F, Mallamaci F, D’Arrigo G, et al. Exercise in patients
on dialysis: a multicenter, randomized clinical trial. Published
correction appears in J Am Soc Nephrol. 2018;29(7):2028.
J Am Soc Nephrol. 2017;28(4):1259-1268. doi:10.1681/
ASN.2016030378

17. Johansen KL. The promise and challenge of aerobic exercise in
people undergoing long-term hemodialysis. Clin J Am Soc
Nephrol. 2021;16(4):505-507. doi:10.2215/CJN.01960221

18. Chan D, Green S, Fiatarone Singh MA, Barnard R, Bonder CS,
Cheema BS. Effect of intradialytic resistance training on pulse
wave velocity and associated cardiovascular disease bio-
markers in end stage renal disease. Nephrology (Carlton).
2018;23(11):1055-1062. doi:10.1111/nep.13212

19. Koh KP, Fassett RG, Sharman JE, Coombes JS, Williams AD.
Effect of intradialytic versus home-based aerobic exercise
training on physical function and vascular parameters in he-
modialysis patients: a randomized pilot study. Am J Kidney Dis.
2010;55(1):88-99. doi:10.1053/j.ajkd.2009.09.025

20. Jeong JH, Biruete A, Tomayko EJ, et al. Results from the ran-
domized controlled IHOPE trial suggest no effects of oral
protein supplementation and exercise training on physical
function in hemodialysis patients. Kidney Int. 2019;96(3):777-
786. doi:10.1016/j.kint.2019.03.018

21. Graham-Brown MPM, March DS, Young R, et al. A randomized
controlled trial to investigate the effects of intra-dialytic cycling
on left ventricular mass. Kidney Int. 2021;99(6):1478-1486.
doi:10.1016/j.kint.2021.02.027

22. McAdams-DeMarco MA, Law A, King E, et al. Frailty and
mortality in kidney transplant recipients. Am J Transplant.
2015;15(1):149-154. doi:10.1111/ajt.12992

23. McAdams-DeMarco MA, Ying H, Van Pilsum Rasmussen S,
et al. Prehabilitation prior to kidney transplantation: Results
from a pilot study. Clin Transplant. 2019;33(1):e13450. doi:10.
1111/ctr.13450

24. Jeng B, �Sili�c P, Bollaert RE, Sandroff BM, Motl RW. Physical
function across the lifespan in adults with multiple sclerosis: an
application of the Short Physical Performance Battery. Mult
Scler Relat Disord. 2023;73:104624. doi:10.1016/j.msard.
2023.104624

25. Guralnik JM, Ferrucci L, Pieper CF, et al. Lower extremity
function and subsequent disability: consistency across studies,
predictive models, and value of gait speed alone compared
with the short physical performance battery. J Gerontol A Biol
Sci Med Sci. 2000;55(4):M221-M231. doi:10.1093/gerona/
55.4.m221

26. Bohannon RW. Grip strength: an indispensable biomarker for
older adults. Clin Interv Aging. 2019;14:1681-1691. doi:10.
2147/CIA.S194543

27. Ware JE Jr, Sherbourne CD. The MOS 36-item short-form
health survey (SF-36). I. Conceptual framework and item se-
lection. Med Care. 1992;30(6):473-483.

28. Cella D, Yount S, Rothrock N, et al. The Patient-Reported
Outcomes Measurement Information System (PROMIS):
progress of an NIH Roadmap cooperative group during its first
two years. Med Care. 2007;45(5)(suppl 1):S3-S11. doi:10.
1097/01.mlr.0000258615.42478.55
11

https://doi.org/10.1093/gerona/56.3.m146
https://doi.org/10.1093/gerona/56.3.m146
https://doi.org/10.1093/gerona/61.3.262
https://doi.org/10.7861/clinmed.2019-0283
https://doi.org/10.7861/clinmed.2019-0283
https://doi.org/10.1001/jamasurg.2020.5152
https://doi.org/10.1001/jamasurg.2020.5152
https://doi.org/10.1016/j.jvs.2014.08.115
https://doi.org/10.1016/j.jvs.2014.08.115
https://doi.org/10.1016/j.surg.2016.07.010
https://doi.org/10.1016/j.surg.2016.07.010
https://doi.org/10.1097/TA.0b013e3182542fab
https://doi.org/10.1111/1471-0528.13598
https://doi.org/10.1016/j.avsg.2016.01.052
https://doi.org/10.1111/bju.13399
https://doi.org/10.1016/j.amjcard.2020.03.047
https://doi.org/10.1136/ijgc-2022-003484
https://doi.org/10.1136/ijgc-2022-003484
https://doi.org/10.1136/neurintsurg-2021-018484
https://doi.org/10.1093/ndt/gfp739
https://doi.org/10.3310/hta25400
https://doi.org/10.3310/hta25400
https://doi.org/10.1681/ASN.2016030378
https://doi.org/10.1681/ASN.2016030378
https://doi.org/10.2215/CJN.01960221
https://doi.org/10.1111/nep.13212
https://doi.org/10.1053/j.ajkd.2009.09.025
https://doi.org/10.1016/j.kint.2019.03.018
https://doi.org/10.1016/j.kint.2021.02.027
https://doi.org/10.1111/ajt.12992
https://doi.org/10.1111/ctr.13450
https://doi.org/10.1111/ctr.13450
https://doi.org/10.1016/j.msard.2023.104624
https://doi.org/10.1016/j.msard.2023.104624
https://doi.org/10.1093/gerona/55.4.m221
https://doi.org/10.1093/gerona/55.4.m221
https://doi.org/10.2147/CIA.S194543
https://doi.org/10.2147/CIA.S194543
http://refhub.elsevier.com/S2590-0595(25)00014-7/sref27
http://refhub.elsevier.com/S2590-0595(25)00014-7/sref27
http://refhub.elsevier.com/S2590-0595(25)00014-7/sref27
https://doi.org/10.1097/01.mlr.0000258615.42478.55
https://doi.org/10.1097/01.mlr.0000258615.42478.55


Bartlett et al
29. Castaneda C, Gordon PL, Parker RC, Uhlin KL, Roubenoff R,
Levey AS. Resistance training to reduce the malnutrition-
inflammation complex syndrome of chronic kidney disease. Am J
Kidney Dis. 2004;43(4):607-616. doi:10.1053/j.ajkd.2003.12.025

30. Bodine SC, Baehr LM. Skeletal muscle atrophy and the E3
ubiquitin ligases MuRF1 and MAFbx/atrogin-1. Am J Physiol
Endocrinol Metab. 2014;307(6):E469-E484.

31. Aversa Z, Pin F, Lucia S, et al. Autophagy is induced in the
skeletal muscle of cachectic cancer patients. Sci Rep. 2016;6:
30340. doi:10.1038/srep30340

32. Sukari A, Muqbil I, Mohammad RM, Philip PA, Azmi AS. F-BOX
proteins in cancer cachexia and muscle wasting: Emerging
regulators and therapeutic opportunities. Semin Cancer Biol.
2016;36:95-104. doi:10.1016/j.semcancer.2016.01.002

33. YangW, Huang J,Wu H, et al. Molecular mechanisms of cancer
cachexia-induced muscle atrophy (Review). Mol Med Rep.
2020;22(6):4967-4980. doi:10.3892/mmr.2020.11608

34. Guttridge DC, Mayo MW, Madrid LV, Wang CY, Baldwin AS Jr.
NF-κB-induced loss of MyoD messenger RNA: possible role in
muscle decay and cachexia. Science. 2000;289(5488):2363-
2366. doi:10.1126/science.289.5488.2363

35. Judge SM, Wu CL, Beharry AW, et al. Genome-wide identifi-
cation of FoxO-dependent gene networks in skeletal muscle
during C26 cancer cachexia. BMC Cancer. 2014;14:997. doi:
10.1186/1471-2407-14-997

36. Bonetto A, Aydogdu T, Kunzevitzky N, et al. STAT3 activation in
skeletal muscle links muscle wasting and the acute phase
response in cancer cachexia. PLoS One. 2011;6(7):e22538.
doi:10.1371/journal.pone.0022538
12
37. Baazim H, Antonio-Herrera L, Bergthaler A. The interplay of
immunology and cachexia in infection and cancer. Nat Rev
Immunol. 2022;22(5):309-321. doi:10.1038/s41577-021-
00624-w

38. Dong H, Tsai SY. Mitochondrial properties in skeletal muscle
fiber. Cells. 2023;12(17):2183. doi:10.3390/cells12172183

39. Gan Z, Fu T, Kelly DP, Vega RB. Skeletal muscle mitochondrial
remodeling in exercise and diseases. Cell Res. 2018;28(10):
969-980. doi:10.1038/s41422-018-0078-7

40. Li Y, Park JS, Deng JH, Bai Y. Cytochrome c oxidase subunit IV
is essential for assembly and respiratory function of the enzyme
complex. J Bioenerg Biomembr. 2006;38(5-6):283-291. doi:
10.1007/s10863-006-9052-z

41. Sun L, Wan A, Zhou Z, et al. RNA-binding protein RALY
reprogrammes mitochondrial metabolism via mediating miRNA
processing in colorectal cancer. Gut. 2021;70(9):1698-1712.
doi:10.1136/gutjnl-2020-320652

42. Liu P, Cheng Y, Xu H, et al. TRESK regulates Gm11874 to
induce apoptosis of spinal cord neurons via ATP5i mediated
oxidative stress and DNA damage. Neurochem Res.
2021;46(8):1970-1980. doi:10.1007/s11064-021-03318-w

43. Hou Q, Yan F, Li X, Liu H, Yang X, Dong X. ATP5me alleviates
high glucose-induced myocardial cell injury. Int Immuno-
pharmacol. 2024;129:111626. doi:10.1016/j.intimp.2024.
111626

44. Fritz K, Hong J, Basdeo D, et al. United Network for Organ
Sharing (UNOS) database analysis of factors associated with
kidney transplant time on waiting list. Cureus. 2023;15(2):
e34679. doi:10.7759/cureus.34679
Kidney Med Vol 7 | Iss 4 | April 2025 | 100978

https://doi.org/10.1053/j.ajkd.2003.12.025
http://refhub.elsevier.com/S2590-0595(25)00014-7/sref30
http://refhub.elsevier.com/S2590-0595(25)00014-7/sref30
http://refhub.elsevier.com/S2590-0595(25)00014-7/sref30
https://doi.org/10.1038/srep30340
https://doi.org/10.1016/j.semcancer.2016.01.002
https://doi.org/10.3892/mmr.2020.11608
https://doi.org/10.1126/science.289.5488.2363
https://doi.org/10.1186/1471-2407-14-997
https://doi.org/10.1186/1471-2407-14-997
https://doi.org/10.1371/journal.pone.0022538
https://doi.org/10.1038/s41577-021-<?thyc=10?>00624-w<?thyc?>
https://doi.org/10.1038/s41577-021-<?thyc=10?>00624-w<?thyc?>
https://doi.org/10.3390/cells12172183
https://doi.org/10.1038/s41422-018-0078-7
https://doi.org/10.1007/s10863-006-<?thyc=10?>9052-z<?thyc?>
https://doi.org/10.1007/s10863-006-<?thyc=10?>9052-z<?thyc?>
https://doi.org/10.1136/gutjnl-2020-320652
https://doi.org/10.1007/s11064-021-<?thyc=10?>03318-w<?thyc?>
https://doi.org/10.1016/j.intimp.2024.111626
https://doi.org/10.1016/j.intimp.2024.111626
https://doi.org/10.7759/cureus.34679

	Resistance-Based Muscle Therapy, Frailty, and Muscle Biopsy Findings in Kidney Transplant Candidates: A Clinical Trial
	Methods
	Study Design
	Inclusion, Exclusion Criteria, and Randomization
	Intervention
	Muscle Rehabilitation

	Variables Measured
	Muscle Biopsy
	Antibodies and Reagents
	Immunohistochemistry Staining
	Transmission Electron Microscopy

	Data Analysis

	Results
	Sample Characteristics
	Patient Subjective Scores

	Physical Performance
	Muscle Biopsy Data
	Exercise Increases Muscle Fiber Diameter
	Exercise Decreases Atrophy Markers in End-Stage Renal Disease Patients’ Muscle
	Exercise Decreases NF-κB Pathway Protein Expression in End-Stage Renal Disease Patients’ Muscles
	Exercise Increases Mitochondrial Function


	Discussion
	Supplementary Materials
	References


