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The Functional, Metabolic, and Anabolic Responses
to Exercise Training in Renal Transplant

and Hemodialysis Patients
Eugénie C. H. van den Ham,1,6 Jeroen P. Kooman,1 Annemie M. W. J. Schols,2 Fred H. M. Nieman,3

Joan D. Does,4 Marco A. Akkermans,4 Paul P. Janssen,4 Harry R. Gosker,2 Kimberly A. Ward,2

Jamie H. MacDonald,5 Maarten H. L. Christiaans,1 Karel M. L. Leunissen,1 and Johannes P. van Hooff1

Background. Exercise intolerance is common in hemodialysis (HD) and renal transplant (RTx) patients and is related
to muscle weakness. Its pathogenesis may vary between these groups leading to a different response to exercise. The aim
of the study was to compare intrinsic muscular parameters between HD and RTx patients and controls, and to assess the
response to exercise training on exercise capacity and muscular structure and function in these groups.
Methods. Quadriceps function (isokinetic dynamometry), body composition (dual-energy x-ray absorptiometry), and
vastus lateralis muscle biopsies were analyzed before and after a 12-week lasting training-program in 35 RTx patients,
16 HD patients, and 21 healthy controls.
Results. At baseline, myosin heavy chain (MyHC) isoform composition and enzyme activities were not different
between the groups. VO2peak and muscle strength improved significantly and comparably over the training-period in
RTx, HD patients and controls (ptime�0.05). The proportion of MyHC type I isoforms decreased (ptime�0.001) and
type IIa MyHC isoforms increased (ptime�0.05). The 3-hydroxyacyl-CoA-dehydrogenase activity increased
(ptime�0.052). Intrinsic muscular changes were not significantly different between groups. In the HD group, changes
in lean body mass were significantly related to changes in muscle insulin-like growth factor (IGF)-II and IGF binding
protein-3.
Conclusions. Abnormalities in metabolic enzyme activities or muscle fiber redistribution do not appear to be involved
in muscle dysfunction in RTx and HD patients. Exercise training has comparable beneficial effects on functional and
intrinsic muscular parameters in RTx patients, HD patients, and controls. In HD patients, the anabolic response to
exercise training is related to changes in the muscle IGF system.

Keywords: Exercise training, Exercise capacity and skeletal muscle strength, Muscle biopsy, Muscle fiber distribution,
Enzyme activity, Insulin-like growth factor system, Renal transplant patients, Hemodialysis patients.

(Transplantation 2007;83: 1059–1068)

In patients with end-stage renal failure (ESRF), physical
functioning is severely impaired (1). Although in some

studies an improvement in exercise capacity after renal trans-
plantation has been observed (2), we recently showed that
exercise capacity was equally reduced in stable renal trans-
plant (RTx) patients and hemodialysis (HD) patients on the
transplant waiting list (3). Moreover, we found skeletal mus-
cle strength and physical activity level to be important deter-
minants of exercise capacity in RTx patients, whereas low

maintenance doses of corticosteroids did not appear to affect
exercise capacity (3).

Skeletal muscle function depends not only on muscle
mass, but also on muscular structure and metabolism. Be-
sides disuse of muscles due to a lack of physical activity,
disease-specific factors such as the use of corticosteroids
(4 –7) and a reduced renal function could influence muscular
mass (3), structure, and metabolism in RTx patients. In HD
patients, these parameters might be further impaired by mal-
nutrition, inflammation, and oxidative stress (8 –10). More-
over, the insulin-like growth factor (IGF) system — a key
endocrine regulator of muscle mass and metabolism (11) —
is altered in HD patients (12, 13). Although there are various
data on intrinsic abnormalities in muscle structure and me-
tabolism in RTx and HD patients (4, 5, 7, 12–15), there are no
direct comparisons on this subject between RTx and HD pa-
tients and controls.

Muscular fibers are basically divided into type I, slow-
twitch, oxidative fibers, and type II fast-twitch, glycolytic fi-
bers. Type II fibers can be further subdivided into type IIx
fibers that are exclusively glycolytic and IIa fibers, which drive
on both glycolytic and oxidative metabolic processes (16). In
general, physical inactivity will predominantly lead to a shift
from type I to type II fibers. Malnutrition, chronic inflamma-
tion, and oxidative stress are predominantly associated with
abnormalities in type II glycolytic muscular fibers (16, 17).
Although corticosteroids induce skeletal muscle atrophy (the
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fast glycolytic fibers most affected) (4, 7), the first hypothesis
of the study is that in RTx patients predominantly type I fibers
will be affected due to the predominant effects of disuse, lead-
ing to a relative shift to type II fibers, whereas in HD patients
a relative shift to type I fibers is expected.

Previous studies found a reduced muscular oxidative
capacity in RTx and HD patients (18 –20). Although the fac-
tors mentioned in the previous paragraph may also be in-
volved, the reasons for this phenomenon are not yet clear, nor
have comparisons between both groups been performed. The
second hypothesis of the study is that the enzyme activity of
oxidative enzymes is reduced in RTx patients compared to
controls, and will be further lowered in HD patients.

Assuming that disuse is the major factor in the reduced
exercise tolerance and muscle strength of RTx patients, exer-
cise training is of great potential benefit for this patient pop-
ulation. Indeed, various studies have found improvements in
muscular strength and exercise capacity after a training pro-
gram in RTx and HD patients (18, 19, 21–29). The response to
exercise training has never been compared between RTx and
HD patients and controls. Due to the possible role of disease
specific factors in the pathogenesis of muscle dysfunction and
exercise intolerance in renal patients, we hypothesize that the
functional response to exercise training is less in RTx patients
compared to controls, and further lowered in HD patients.

Exercise training may also lead to an increase in muscle
mass. In the anabolic response, the muscular IGF system,
which plays a primary role in controlling skeletal muscle pro-
tein synthesis and breakdown, may be of pivotal importance
(11). In HD patients, reduced muscle IGF-I protein and
mRNA levels and resistance to the IGF effects in skeletal mus-
cle have been observed (12, 13). In RTx patients, corticoste-
roids can reduce pituitary growth hormone production and
the local production of IGF-I (30). However, the muscular
IGF system has not been studied in RTx patients so far, nor
have the relation between the anabolic response to exercise
training and changes in the mIGF system been assessed in
renal patients.

The first aim of the study was to compare muscular
fiber distribution and muscular enzyme activities between
RTx patients, HD patients and controls. The second aim was
to compare the functional response, as well as changes in
intrinsic muscular parameters after exercise training between
these three groups, and to assess the relationship between
changes in muscular IGF system and the anabolic response to
exercise training.

PATIENTS AND METHODS

Subjects
Thirty-five RTx patients, 16 HD patients and 21 age-

matched, untrained healthy subjects, were included in the
study. All patients were in clinically stable condition. In RTx
patients, transplantation occurred at least 6 months before
start of the study. HD patients had been treated with hemo-
dialysis for at least 3 months, were receiving renal replace-
ment therapy three times weekly (Kt/V at least 1.2; use of
synthetic or modified cellulose membranes), and were on the
waiting list for renal transplantation. Exclusion criteria were
hemoglobin �10.2 g/dL, diabetes mellitus (because of possi-
ble interfering effects on muscle biopsy parameters), history

of malignancy (except nonmetastatic basal or squamous cell
carcinoma), history of heart disease, organ transplant other
than kidney, use of corticosteroids for other reasons than kid-
ney transplantation, and musculoskeletal problems.

Thirty-three RTx patients, 14 HD patients, and 18 con-
trols fully completed the training and had complete registra-
tion of baseline and follow-up measurements (except for bi-
opsies). Reasons for dropout were hospitalization for cataract
surgery (1) and personal problems (1) in the RTx group, hos-
pitalization for pneumonia (1) and refusal to continue train-
ing (1) in the HD group, and electrocardiogram abnormali-
ties during the baseline cycle-test (2) and suffering from
overstrain (1) in controls. Subject characteristics are given in
Table 1.

Patients who were eligible were asked to participate in
the study at the outpatient clinic of our hospital and six HD
departments in our district. Controls were either patient’s
partners or volunteers recruited by advertisement. Written
informed consent was obtained from each subject prior to
participation. The Ethical Committee of the Maastricht Uni-
versity Hospital approved the study.

Study Design
The design of the training study can be described as a nat-

ural groups cohort study in which differences between a “before”
state without stimulus are compared to the stimulus-induced
“after” state in the three groups as a whole, while at the same time
response differences in time are compared between the three
groups. All subjects underwent extensive medical examination
and baseline measurements before training was started; renal
patients also underwent exercise electrocardiography. Exercise
capacity and muscle function were measured again after 6
weeks of training; if necessary, the training intensity was ad-
justed to maintain a constant relative training intensity. All
baseline measurements were repeated after completion of the
training program.

In HD patients, measurements (except blood sam-
pling) were performed each time on the first nondialysis day
after HD treatment. Training was performed on nondialysis
days.

Exercise Capacity and Muscle Function
Maximal exercise capacity was measured by symptom-

limited graded cycle-ergometry, as described previously (3).
In short, a progressively increasing work rate test was started
to determine peak work rate (Wpeak) and peak oxygen up-
take (VO2peak). The work rate was increased with 10 –25
W/min in patients and with 10 –30 W/min in controls, so that
the length of the test was comparable for all subjects.
VO2peak was defined as the highest recorded oxygen uptake
at peak exercise and was expressed in absolute terms and rel-
ative to body weight (BW) and muscle mass.

Isokinetic quadriceps strength (dominant leg) was
measured using a Cybex II plus dynamometer (Lumex Inc.),
as described previously (3). Maximal strength was defined as
the highest peak torque of fifteen consecutive maximal con-
tractions (angle velocity 90 degrees/sec) and was expressed in
absolute terms and relative to muscle mass of the legs. More-
over, maximal strength of different muscle groups in the
arms, legs, abdomen, back, and chest was measured with spe-
cific fitness equipment.
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TABLE 1. Subject characteristics at baseline

Renal transplant patients Hemodialysis patients Controls

n 33 14 18

Age (years) 52.1�10.3 48.4�11.9 55.7�10.0

Sex (male/female) 18/15 9/5 9/9

Weight (kg) 74.6�15.1 67.9�14.1i 79.6�12.3

Body mass index (kg/m2) 25.7�3.9 23.1�3.5j 26.5�2.9

Time after transplantation (months) 86.2�82.4f — —

Time on dialysis prior to transplantation (months) 24.9�20.5g — —

Time on hemodialysis (months) — 22.4�15.7h —

Creatinine clearance (mL/min)a 59.7�16.3m — 103.0�22.2

Creatinine clearance (mL/min)b 62.9�18.7 — —

Smoking 4 (12.1%) 5 (35.7%) 4 (22.2%)

Blood parameters

Hemoglobin (g/dL) 13.8�1.5 12.2�1.2k,l 14.3�1.3

Creatinine (�mol/L)c 136�52m 1012�378m,o 75�12

Urea (mmol/L) 8.8�4.1j 23.8�6.8j,l 4.5�0.9

Albumin (g/L) 41.6�3.3 41.0�3.9 41.9�2.3

Glucose (mmol/L)c 5.8�0.9 5.5�1.1 5.5�0.7

C-reactive protein (mg/L) 4.0�3.4 6.4�10.2 3.5�3.4

Sodium (mmol/L) 139.5�1.7 138.0�2.4n —

Potassium (�mol/L) 4.5�0.5 4.9�0.7n —

Calcium (mmol/L) 2.43�0.16 2.32�0.20p —

Phosphate (mmol/L) 1.08�0.32 1.81�0.60o —

Parathyroid hormone (mmol/L) 9.9�4.5 15.8�10.1q —

Causes of renal failure

Chronic glomerulonephritis 16 (48.5%) 6 (42.9%) —

Pyelonephritis/interstitial nephritis 3 (9.1%) 1 (7.1%) —

Nephrosclerosis 3 (9.1%) 2 (14.3%) —

Polycystic kidney disease 7 (21.2%) 3 (21.4%) —

Congenital sphincter sclerosis 1 (3.0%) — —

Unknown 3 (9.1%) 2 (14.3%) —

Medication use

Steroid-based immunosuppressiond 16 (48.6%) — —

Steroid-free immunosuppressione 17 (51.4%) — —

Beta-blockers 23 (69.7%) 6 (42.9%) —

Erythropoietin — 13 (92.9%) —

Data are given as mean�SD or as n (%).
a Calculated by Cockcroft and Gault formula.
b Calculated from 24-hour urine volume and creatinine levels in plasma and 24-hour urine.
c Data not normally distributed.
d Prednisolone (5–10 mg/day) in combination with FK-506 or cyclosporine A.
e FK-506 or cyclosporine A monotherapy.
f Median time after RTx was 46.9 (range 8.7–289.3) months.
g Median time on dialysis prior to RTx (n � 31; two patients pre-emptive RTx) was 19.6 (range 0.7–84.0) months.
h Median time on hemodialysis was 17.1 (range 3.0 –56.3) months.
i P�0.059 versus controls, corrected for sex.
j P�0.05 versus controls, corrected for sex.
k P�0.01 versus controls, corrected for sex.
l P�0.01 versus RTx, corrected for sex.
m P�0.01 versus controls.
n P�0.05 versus RTx.
o P�0.01 versus RTx.
p P�0.058 versus RTx.
q P�0.056 versus RTx.

© 2007 Lippincott Williams & Wilkins 1061van den Ham et al.



Body Composition
Lean body mass (LBM) was measured by dual-energy

x-ray absorptiometry (DEXA; DPX-L, Lunar Radiation
Corp., Madison, WI) (3). LBM was used as an estimate of
muscle mass. The extracellular water (ECW) volume was de-
termined by multifrequency bioelectrical impedance analysis
(4000B, Xitron Technologies Inc, San Diego, CA).

Blood Parameters
Blood samples were taken in patients and controls (in

HD patients before start of HD treatment). All blood tests
except C-reactive protein (high-sensitivity particle-enhanced
immunonephelometry [31]) were performed according to
standard laboratory procedures.

Muscle Fiber Distribution, Metabolic Profile,
and IGF System

Postabsorptive muscle biopsies (vastus lateralis) were ob-
tained under local anesthesia by the needle biopsy technique
(32). Samples were immediately frozen in liquid nitrogen and
stored at �80°C until further processing. Enzyme activity assays
of glycogen phosphorylase (GlyP), phosphofructokinase (PFK),
citrate synthase (CS), and 3-hydroxyacyl-CoA-dehydrogenase
(HAD) (33–36) and MyHC isoform analyses (37) were per-
formed as earlier described by Gosker (38). MyHC isoforms I,
IIa, and IIx were expressed proportionally to each other.

Muscle insulin-like growth factor-I, -II, and binding
protein-3 concentrations (mIGF-I, mIGF-II, mIGFBP-3)
were measured by in house specific radioimmunoassays and
fragmentation of mIGFBP-3 by Western immunoblotting as
previously described by MacDonald (12). Based on the pixel
density of the three revealed bands (43– 46 kDa doublet and
30 kDa fragment), percentage of fragmented IGFBP-3 was
calculated.

Exercise Training Program
The standardized 12-weeks lasting training program

consisted of both endurance and strength training (two
2-hour supervised sessions per week). Each session consisted
of endurance training (cycle-ergometry and treadmill walk-
ing), dynamic strength training of specific muscle groups (fit-
ness equipment), and alternating swimming or gymnastics.
The strength training was composed of both specific resis-
tance training (a small number of repetitions, relatively high
load) and strength-endurance training (a large number of
repetitions, relatively low load). Training-sessions were per-
formed in mixed groups (n�10) of patients and controls.

An individual (standardized) program based on the re-
sults of the cycle- and strength tests at baseline was developed
for each subject. In the first 6 weeks of the training program,
the intensity of the cycle-training gradually increased from
50% to 70% of Wpeak at baseline, the intensity of the
specific resistance training from 2�8 repetitions at 50% to
3�10 repetitions at 60% of the maximal strength at baseline
(Pmaxbaseline), and the intensity of the strength-endurance
training from 1�30 repetitions at 25% to 3�30 repetitions at
35% of Pmaxbaseline. In weeks 7 to 12, the intensity of the
cycle-training increased from 60% of Wpeak measured after
6 weeks of training (Wpeaksix) to finally 70% of Wpeaksix, the

intensity of the resistance training from 2�10 repetitions at
50% to 3�10 repetitions at 60% of Pmaxsix, and the intensity
of the strength-endurance training from 1�30 repetitions at
25% to 3�30 repetitions at 35% of Pmaxsix. Treadmill walk-
ing all the time was performed just below the symptom-
limited rate, at which heart rates were comparable to those
reached during cycle-training.

Statistics

Patient Characteristics and Baseline Comparisons
Kruskal-Wallis tests were used to compare not normally

distributed variables between the groups. Approximately nor-
mally distributed variables were compared by one-way analysis
of variance (ANOVA) with correction for pairwise multiple
comparisons via post-hoc Bonferroni or Dunnett-T3 tests. Two-
way ANOVA was used to determine sex-corrected differences.
Differences in discrete variables were assessed by log-likelihood
chi-square tests.

Effects of Training
Statistical analysis was performed by repeated measures

analysis of (co)variance. In this way, the effects of the factors
“time,” “group,” and of the interaction term “time by group”
could be determined. A significant “time” factor can be inter-
preted such that the parameters, averaged over all groups,
significantly change over the training period; a significant
“time by group” interaction points to differences in the within-
time changes of these parameters between the three groups. If
a significant overall “time by group” interaction was found,
separate paired t-tests were performed to determine changes
over time for each group. Data are expressed as means�SD,
unless indicated otherwise. Statistical analysis was performed
by SPSS for Windows, version 12.0. P values �0.05 were con-
sidered statistically significant.

Sample Size
The main outcome parameter was the change in

VO2peak during the training period. We estimated the in-
crease in VO2peak after training to be approximately 12.5
mL/min/kg in controls, 8 mL/min/kg in RTx patients, and 3
mL/min/kg in HD patients (18, 39). For an estimated SD of
4.3 mL/min/kg, a two-tailed � of 0.025, and power of 0.80, 14
subjects per group are required. Eighteen subjects per group
would adjust for an assumed 25% dropout (noncompliance,
transplantation, medical complications).

RESULTS

Exercise Capacity, Muscle Function, and Body
Composition

Baseline and posttraining results regarding exercise ca-
pacity, muscle function, and body composition are given in
Table 2. Baseline between-groups comparisons of these pa-
rameters are described elsewhere (3). With regard to the re-
sponse to exercise training, Wpeak of patients and controls
improved over the training period (ptime�0.001). VO2peak
(absolute and adjusted for BW and LBM) also increased
(ptime�0.01), just like the respiratory coefficient (RER) at
Wpeak (ptime�0.05). There were no significant differences in
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TABLE 2. Changes in exercise capacity and skeletal muscle strength (adjusted for age and sex) and changes in body
composition (adjusted for age) in the renal transplant (RTx), hemodialysis (HD), and control (CON) groupsa

RTx HD CON F-ratiob

n 33 14 18

Exercise capacity

Wpeak (Watt)

Baseline 135�50 118�54 179�57

Posttraining 162�60 145�66 210�68 F(2,59) � 1.245; P�0.295

VO2peak (mL/min)

Baseline 1600�567 1539�747 2222�786

Posttraining 1747�515 1668�702 2279�876 F(2,58) � 0.261; P�0.771

VO2peak (mL/min/kg BW)

Baseline 21.6�6.3 21.8�7.8 27.5�7.6

Posttraining 23.8�6.1 23.9�7.4 28.0�8.2 F(2,58) � 0.870; P�0.425

VO2peak (ml/min/kg LBM)

Baseline 33.3�8.1 31.5�9.4 42.6�9.6

Posttraining 36.9�7.9 34.2�8.4 42.6�10.0 F(2,58) � 1.707; P�0.190

RER peak

Baseline 1.15�0.08 1.15�0.11 1.16�0.09

Posttraining 1.19�0.10 1.21�0.10 1.15�0.08 F(2,58) � 1.499; P�0.232

Skeletal muscle strength

Quadriceps (nM)

Baseline 89.6�31.2 86.4�30.7 122.6�34.7

Posttraining 98.8�33.2 89.0�34.1 133.6�42.0 F(2,52) � 1.293; P�0.283

Quadriceps (nM/kg LM legs)

Baseline 5.7�1.3 5.6�1.2 7.0�1.1

Posttraining 6.3�1.2 5.7�1.5 7.4�1.2 F(2,52) � 1.057; P�0.355

Chest (kg)c

Baseline 33.6�13.7 31.7�14.6 39.3�14.6

Posttraining 47.0�18.2 44.7�18.3 53.8�19.3 F(2,59)�0.836; P�0.438

Body composition

Males (n) 18 9 9

BW (kg)

Baseline 77.8�10.5 74.0�12.6 86.9�6.5

Posttraining 77.5�10.5 73.3�12.1d 88.8�8.0e F(2,32) � 10.008; P � 0.001

LBM (kg)

Baseline 54.0�8.2 53.8�8.6 62.2�3.3

Posttraining 54.2�8.2 53.7�8.7 64.5�4.4f F(2,32) � 4.072; P�0.027

Females (n) 15 5 9

BW (kg)

Baseline 70.7�18.9 56.9�9.5 72.3�12.6

Posttraining 70.7�19.4 57.8�9.8 72.1�12.3 F(2,25) � 1.019; P�0.375

LBM (kg)

Baseline 40.7�6.2 34.9�5.9 41.1�6.7

Posttraining 39.9�6.8 36.0�6.1 41.5�6.6 F(2,25) � 2.871; P�0.075

Data given as mean�SD.
a Results of regression analysis, adjusted for age and sex or adjusted for age.
b F-ratio of the effects of “group”.
c Pectoralis major and deltoideus anterior.
d P�0.05 compared to baseline.
e P�0.058 compared to baseline.
f P�0.01 compared to baseline.
W, work load; VO2, oxygen uptake; BW, body weight; LBM, lean body mass; RER, respiratory exchange ratio; LM, lean mass.

© 2007 Lippincott Williams & Wilkins 1063van den Ham et al.



changes of Wpeak, VO2peak, and RER over time between the
three groups (Ptime*group�0.05). Changes of exercise capacity
over time adjusted for age and sex were not significantly dif-
ferent either (Table 2).

Quadriceps strength (absolute and adjusted for lean
mass legs) increased significantly over time in patients and
controls (ptime�0.001 and ptime�0.05, respectively). The
change of quadriceps strength over time was not significantly
different between the groups (Ptime*group�0.05), even if cor-
rected for age and sex (Table 2).

The maximal strength of the other measured muscle
groups (results not all shown) also improved significantly in
patients and controls (ptime�0.05). Changes in strength of
these muscle groups (both nonadjusted [Ptime*group�0.05]
and adjusted for age and gender [Table 2]) were not signifi-
cantly different between the groups.

Because of a significant interaction between sex and
group in the statistical analysis, separate analyses were per-
formed for males and females. In males, body weight (BW)
did not change significantly over time in patients and controls
(ptime�0.248), but the LBM increased significantly
(ptime�0.028). Changes in BW and LBM over time were sig-
nificantly different among the groups (ptime*group�0.001 and
ptime*group�0.020, respectively), also after adjustment for age
(pgroup�0.001 and pgroup�0.027, respectively; Table 2). Con-
trols had significantly higher gains of BW and LBM than RTx
(P�0.001 and P�0.05, respectively) or HD patients
(P�0.001 and P�0.05, respectively), but changes in BW and
LBM were not significantly different between the patient
groups. In females, BW and LBM did not significantly change
over time in patients and controls, neither differences be-
tween the groups were observed. Both in males and females,
ECW did not change significantly over time. In-time changes
in ECW were also not significantly different between the
groups.

In RTx patients, the use of corticosteroids had no sig-
nificant interaction with the response to training.

Muscle Fiber Distribution and Metabolic Profile
At baseline, muscle biopsy specimens were available in

25 RTx patients, 14 HD patients, and 19 controls. In 20 RTx
patients, 10 HD patients and 12 controls, muscle biopsy spec-
imens were successfully obtained before and after the training-
program. In the RTx group, reasons for missing baseline samples
were contraindications (6), patient refusal (1), and unsuc-
cessful sampling of muscle tissue (3). One RTx patient had a
contraindication for the follow-up biopsy, another one re-
fused, and in a third one sampling was not successful. In the
HD group, missing samples at baseline were due to unsuc-
cessful sampling (2); reasons for missing follow-up samples
were contraindication (1) and renal transplantation (1). In
controls, one baseline sample was missing as a result of com-
plications (bleeding) and five follow-up samples were miss-
ing due to unsuccessful sampling (4) and contraindication
(1). The sampling process did not yield enough tissue in all
patients to enable execution of all analyses.

At baseline, MyHC isoform composition and muscular
enzyme activities were not significantly different between the
groups (Table 3). The proportion of MyHC type I decreased
significantly over the training period (ptime�0.001), while the
proportion of MyHC type IIa increased (ptime�0.05) and the
proportion of MyHC type IIx did not change significantly.
Changes in MyHC isoforms were not significantly different
between groups (Fig. 1), also not after adjustment for age and
sex. HAD activity seemed to increase over time (ptime�0.052;
Fig. 1), while the activity of GlyP, PFK, and CS did not change
significantly (data not shown). Changes in enzyme activities
over time were not significantly different between the groups
(data not all shown). In RTx patients, no significant interac-

TABLE 3. Skeletal muscle fiber distribution, enzyme activity, and IGF system in the renal transplant (RTx),
hemodialysis (HD), and control groups at baseline

RTx HD Controls P valuea

Fiber distribution (%)

MyHC type I 31.6�5.6 35.1�5.5 34.5�6.8 ns

MyHC type IIa 46.5�7.3 43.5�5.7 44.8�7.9 ns

MyHC type IIx 21.9�10.4 21.4�7.3 20.7�10.7 ns

Enzyme capacity (U/mg protein)

Glycogen phosphorylase 156.9�78.9 132.7�100.6 158.4�66.9 ns

Phosphofructokinase 378.1�175.2 336.5�217.1 388.2�215.0 ns

Citrate synthase 33.3�25.9 22.9�15.8 32.7�21.1 ns

3-hydroxyacyl-CoA-dehydrogenase 31.3�16.1 22.7�16.1 34.7�22.9 ns

Insulin-like growth factor (ng/mg protein)

mIGF-I 2.3�1.3 2.9�3.1 2.4�1.6 ns

mIGF-II 12.1�7.9 15.5�10.4 18.3�9.5 ns

mIGFBP-3 12.4�6.5 14.0�8.8 13.0�4.9 ns

Percentage fragmented mIGFBP-3 33.2�14.9 51.7�26.7b 31.1�15.5 �0.05

Data are given as mean�SD.
a Result of two-way ANOVA.
b P�0.05 versus other groups, corrected for sex.
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tion between the use of corticosteroids, or the level of renal
function, and the studied parameters was observed.

Muscular IGF System and the Anabolic
Response to Training

Muscle IGF-I, IGF-II, and IGFBP-3 concentrations
were not significantly different between the groups at base-
line. The fragmentation of mIGFBP-3 in HD patients was
significantly increased compared to RTx patients and con-
trols (Table 3).

In the total group of patients and controls, changes in
fragmentation of mIGFBP-3 following the intervention were
significantly, inversely related to changes in LBM (r��0.509,
P�0.011, n�24). No significant relations were observed be-
tween changes scores of the other IGF system components
and LBM. In HD patients, changes in mIGF-II, mIGFBP-3,
and fragmentation of mIGFBP-3 following the intervention
were significantly related to changes in LBM (Fig. 2). In the
RTx and control group, no significant relations between
changes scores of the IGF system and LBM were found.

DISCUSSION
In a previous study, we showed that both exercise

capacity and muscular strength adjusted for muscle mass
were significantly reduced in both HD and RTx patients
compared to control subjects, suggesting intrinsic muscu-
lar abnormalities in these patient groups (3). However, the
present study yielded no differences in skeletal muscle
MyHc isoform composition and oxidative and glycolytic
enzyme activity between RTx patients, HD patients, and
healthy controls.

Exercise capacity and muscle strength significantly im-
proved over the training period both in renal patients and
controls, in agreement with earlier published data (18, 19,
21–29). In contrast to the hypothesis of the study, improve-
ment in exercise capacity and muscle strength in response to

training was not significantly different between the RTx, HD,
and control group. This finding underscores the importance
of physical inactivity as a contributory factor to reduced ex-
ercise capacity and muscle strength both in RTx and HD pa-
tients. However, exercise capacity and muscle strength in RTx
and HD patients after the training period generally remained
lower than the baseline levels of controls. Given the pro-
longed inactivity in the patients, the duration of the training
program might have been too short to accomplish a further
increase of exercise capacity and muscle strength.

The absence of differences in MyHC composition —
reflecting skeletal muscle fiber distribution — between
groups of renal patients and controls at baseline are in some
contrast to previous studies, although it should be acknowl-
edged that absolute diameter or the number of muscle fibers
was not assessed in the present study. Some studies in HD
patients reported changes in the ratio of type I to type II fibers
and/or atrophy of type I oxidative and type II glycolytic fibers
(14, 15, 21, 40), whereas Miro did not find differences in mi-
tochondrial function between HD patients and controls (41).
In corticosteroid-treated RTx patients, a shift from type I to
type II fibers, atrophy of type I but especially type II fibers,
and a reduced oxidative capacity were observed, although fi-
ber type distribution in RTx patients withdrawn from ste-
roids was not different from healthy controls (4, 7, 18).

In general, prolonged endurance training leads to in-
creased percentages of type I and type IIa fibers accompanied
by an increased oxidative capacity resulting in a higher fatigue
resistance (42). In the present study, in which both endurance
and strength training was performed, the proportion of type I
MyHC isoforms in patients and controls decreased signifi-
cantly over the training period and the proportion of type IIa
MyHC isoforms increased significantly, without significant
differences between the groups. These training-induced
changes in MyHC isoforms indicate that either the number
and/or diameter of the type IIa fibers might have increased or

FIGURE 1. Changes in proportion of MyHC and HAD activity in the RTx, HD, and control group from baseline to 12 weeks
of training (not adjusted for age and sex). Results of the two-way repeated measures ANOVA. MyHC, myosin heavy chain;
HAD, 3-hydroxyacyl-CoA-dehydrogenase.
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that the number and/or thickness of type I fibers might have
decreased. Due to the composition of the training program,
we believe the latter hypothesis is less likely.

In the present study, we assessed the metabolic profile
by activity measurements of oxidative and glycolytic en-
zymes. Glycogen phosphorylase and phosphofructokinase
are involved in the glycolytic metabolism, 3-hydroxyacyl-
CoA-dehydrogenase (HAD) is an important enzyme in the
oxidation of fatty acids, and citrate synthase is a key enzyme in
the tricarboxylic acid cycle. At baseline, no differences in ox-
idative or glycolytic enzyme activity were observed between
RTx patients, HD patients, and controls. Earlier findings
showed a reduced skeletal muscle oxidative capacity in RTx
and HD patients compared to healthy controls (14, 18, 20).
The results of this study suggest that any perturbations in
muscle oxidative capacity in RTx and HD patients are not due
to abnormalities in muscular enzyme activity.

The training intervention appeared to increase HAD
activity in patients and controls, without differences between
the groups. An improvement in HAD activity may be of
clinical importance, as a reduced capacity for fatty acid

oxidation in skeletal muscle seems to play a crucial role in
the etiology of insulin resistance (43, 44), which is com-
mon in renal patients (45).

The change in LBM was significantly larger in controls
compared to the HD and RTx patients. Painter et al. (22) did not
find changes in body composition in RTx patients after twelve
months of cardiovascular exercise training. MacDonald did not
observe changes in LBM of HD patients after 3 months of inten-
sive cycle training either (29), although other studies, which pri-
marily focused on resistance training, have shown impressive
effects on muscular atrophy in renal patients (5, 46, 47). Our
training program consisted of both endurance and strength
training. The anabolic stimulus necessary to counteract the
catabolic effects associated with renal failure might have been
too mild. Moreover, the absolute stimulus was lower in the
patient groups than in controls, due to the standardized train-
ing program that was based on the results of the function tests
at baseline.

Although LBM in the whole group did not increase
significantly in HD and RTx patients, training-induced
changes in LBM were related to mIGF-II and mIGFBP-3, es-

FIGURE 2. Scatter plots of the change scores in the components of the IGF system and changes in LBM following the
exercise intervention in the HD patients. LBM, lean body mass; mIGF, muscle insulin-like growth factor; mIGFBP, muscle
insulin-like growth factor binding protein; % fragmented, percentage of 30 kDa fragment by Western immunoblotting.
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pecially in the HD group. The exact mechanism of this re-
lationship is unclear, but muscle cell lines are known to
produce IGFBP-3, which can have both mediating effects
on mIGFs (increasing IGF half life and potentiating IGF
action), and also independent effects on protein synthesis
(46). Although focus has traditionally been on IGF-I,
IGF-II also plays an important role in physiology (47).
IGF-II is present in excess of IGF-I in various fluids and
tissues (48), it can interact with the IGF-I receptor (49),
decreased IGF-II can reduce IGF-I bioavailability (50) and,
due to its greater half life than IGF-I, it provides a longer-
term reserve IGF pool (48).

Of interest, mIGF-I and II levels were not significantly
different between the three groups. This is in contrast to the
HD patients studied by MacDonald et al., who were signifi-
cantly more muscle wasted compared to our patients (12).
Wang et al. showed increased mIGF-I levels in HD patients
who were not muscle wasted, despite a reduction in muscular
IGF-I and II mRNA levels (13). We observed increased frag-
mentation of both muscular and serum IGFBP-3 in HD pa-
tients compared to controls. Increased fragmentation of
IGFBP-3 has been shown previously in uremic serum (12),
but not yet in muscle. Although the causes and significance of
this finding are not clear, fragmentation has been hypothe-
sized to both enhance (51) and inhibit IGF action (52). Fur-
ther research on the muscular IGF system is needed to provide
adequate explanation for these findings.

Although it was not the primary scope of the study,
exercise training improved quality of life (SF-36 question-
naire) in the renal patients, in particular the scores related to
physical functioning (data not shown) (22, 27, 39, 53, 54). In
RTx patients, no relationship between physical functioning
scores and outcome has yet been established. In HD patients,
the SF-36 Physical Component Scale is a predictor of
outcome (55–57).

In our study, only clinically stable RTx and HD patients
without severe comorbidity and able to perform maximal ex-
ercise testing were included. This limits the generalizability of
the study. Other limitations of our study are the unequal
numbers of males and females in the HD group (solved by
correcting for sex in the analyses) and the wide range in post-
transplantation time and time since starting HD. Regarding
the last, however, no relationships were observed between
these parameters and baseline levels of studied parameters or
the response to training. Although we included RTx patients
with and without corticosteroid treatment, interaction anal-
ysis showed no effect of corticosteroid treatment on studied
parameters in the present study.

Summarizing, although skeletal muscle strength was
significantly reduced both in RTx and HD patients compared
to controls, no differences in muscle MyHC isoform compo-
sition, enzyme activity, and IGF-I and II concentrations were
observed between these three groups. Exercise training has
comparable beneficial effects on both functional and intrinsic
muscular parameters in RTx patients, HD patients, and con-
trols. Especially in HD patients, the anabolic response to
training is related to changes in the muscle IGF system.
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