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A B S T R A C T

Background. Sarcopenia increases as renal function declines
and is associated with higher morbidity and mortality.
Myostatin is a negative regulator of muscle growth. Its ex-
pression in response to exercise is unclear. In this
prespecified substudy of the Renal Exercise (RENEXC) trial,
we investigated the effects of 12 months of exercise training
on sarcopenia, muscle mass and plasma myostatin and the

relationships between physical performance, muscle mass
and plasma myostatin.

Methods. A total of 151 non-dialysis-dependent patients (average
measured glomerular filtration rate 23 6 8 mL/min/1.73 m2), ir-
respective of age or comorbidity, were randomly assigned to ei-
ther strength or balance in combination with endurance training.
Body composition was measured with dual-energy X-ray absorp-
tiometry. Plasma myostatin was analysed using enzyme-linked
immunosorbent assay kits.

G R A P H I C A L A B S T R A C T

RCT: substudy
CKD 

In patients with CKD (mean GFR 22 ml/min) undergoing strength
or balance training, sarcopenia did not progress over 12 months.
Myostatin (an inhibitor of myogenesis) increased in both groups
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N = 53
72%
67±14 years
23±9 ml/min

N = 59
64%
66±13 years
22±7 ml/min

CKD 12 months
Balance training

Strength training

Sarcopenia Lean mass Fat mass Myostatin

+0.9 kg
p=0.006

–1.3 kg
p=0.04

+0.81 ng/ml
p<0.001

–1.0 kg
p=0.03

+1.42 ng/ml
p<0.001
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Results. After 12 months, the prevalence of sarcopenia was
unchanged, leg and whole-body lean mass increased signifi-
cantly in the balance group and was unchanged in the strength
group. Whole fat mass decreased significantly in both groups.
There were no significant between-group differences in sarcope-
nia or body composition. Plasma myostatin levels increased sig-
nificantly in both groups, with a significant difference in favour
of the strength group. Plasma myostatin was significantly posi-
tively related to muscle mass and physical performance at base-
line, but these relationships were attenuated after 12 months.
Conclusions. Exercise training seems to be effective in prevent-
ing sarcopenia and maintaining muscle mass in non-dialysis-
dependent patients with chronic kidney disease (CKD).
However, the role of plasma myostatin on muscle mass and phys-
ical performance in patients with CKD warrants further study.

Keywords: body composition, chronic kidney disease, exercise
training, myostatin, sarcopenia

I N T R O D U C T I O N

Sarcopenia is defined as a loss of muscle strength and muscle
mass as well as a decline in functional quality [1]. Sarcopenia
develops with aging, with loss of renal function and is related to
a greater risk of morbidity and mortality [1–3]. Loss of physical
performance [3] and muscle mass [4] has been shown to start
during chronic kidney disease (CKD) Stage 3 and is associated
with a decline in glomerular filtration rate (GFR) [4, 5]. To
counteract this decline, Kidney Disease: Improving Global
Outcomes guidelines recommend exercise training for patients
with CKD [6]. Some randomized controlled trials (RCTs) have
reported that exercise not only increases muscle strength, but
also can increase muscle mass in patients with CKD [7–9].
However, these studies were performed in relatively small
groups of patients (10–20 patients in each group) and with
short periods of exercise training (12 weeks) [7–9].

Myostatin is a myokine and a negative regulator of muscle
growth [10]. It is predominantly expressed in skeletal muscle
[10] and has been found to be overexpressed in uraemic sarco-
penia [5, 11]. Consequently, inhibition of myostatin expression
has been suggested as a strategy to treat muscle wasting in CKD
[11, 12]. However, the literature presents conflicting evidence
on the relationship between myostatin and muscle mass both in
patients on dialysis and in people in general [13–15].
Furthermore, myostatin was suggested to decrease after exercise
training in some studies [16, 17], but the opposite results were
found in other studies [18, 19]. We hypothesized that exercise
training could increase muscle mass and decrease plasma
myostatin.

RENEXC is a RCT with two active exercise training arms,
balance or strength training, both in combination with endur-
ance training. The primary hypothesis of RENEXC was that
strength training would be superior to balance training in im-
proving physical performance in non-dialysis-dependent
patients with CKD Stages 3–5. However, we found that both ex-
ercise training groups improved or maintained all aspects of
physical performance after 12 months of training without any
between-group differences [20].

In this prespecified substudy of RENEXC, we aimed to investi-
gate the effects of 12 months of exercise training on sarcopenia,
muscle mass and plasma myostatin and the relationships between
physical performance, muscle mass and plasma myostatin.

M A T E R I A L S A N D M E T H O D S

Study design

This is a prespecified substudy of RENEXC. RENEXC is a
randomized controlled, parallel-group, interventional, single-
centre trial with two treatment arms and a 1:1 allocation ratio
in patients with CKD not on renal replacement therapy. There
were no changes to methods after trial commencement. It is
registered as NCT02041156 at www.ClinicalTrials.gov, ap-
proved by the Regional Ethical Review Board in Lund (Ref
2011/369) and adheres to the Declaration of Helsinki.
Complete study design and primary data analysis of RENEXC
have been presented previously [4, 20, 21]. Some information
on study design and methods is repeated here for clarity. The
inclusion criteria were incident and prevalent patients at the
Department of Nephrology, Skåne University Hospital, Lund,
Sweden with an estimated GFR <30 mL/min/1.73 m2, age
�18 years, all renal diagnoses and any number of comorbidities.
The exclusion criteria were orthopaedic impediment, severe
neurological dysfunction, inability to understand the patient in-
formation, renal replacement therapy and estimated start of di-
alysis within 12 months of study start.

Randomization and blinding

Random allocation was generated by SAS ProcPlan (SAS
Institute, Cary, NC, USA). The permutation of the blocks and
the size of each block were known by only one investigator
(P.H.), who had no contact with the patients. Patients were in-
cluded and allocated sequential treatment according to a list to
which only the research physiotherapist had access. The ran-
dom allocation sequence was generated by P.H., the nephrolo-
gists enrolled the patients and the research physiotherapist
assigned the intervention. All the recruitment staff except the
research physiotherapist were blinded to the randomization.

Intervention

A total of 151 patients, irrespective of age or comorbidity,
were randomly assigned to either strength or balance training,
both in combination with endurance training. Both groups
were prescribed 150 min/week of self-administered exercise
training for an intervention period of 12 months and 60 min/
week of endurance training was part of the prescription in both
groups and was combined with 90 min/week of either strength
or balance training.

The primary outcomes were the measures of physical perfor-
mance at baseline and after 12 months. The prespecific second-
ary outcomes were body composition and plasma myostatin
at baseline and after 12 months as well as the relationships
between body composition, physical performance and plasma
myostatin. There were no changes to trial outcomes after the
trial had commenced.
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Physical performance

All physical performance tests have been presented previ-
ously in detail [22]. In this study, handgrip strength and isomet-
ric quadriceps strength represent strength, functional reach and
Berg’s balance test represent balance and the 6-min walk test
represents endurance.

Definition of sarcopenia

Sarcopenia was defined as low muscle strength and low mus-
cle mass [1]. Handgrip strength<27 kg for men and <16 kg for
women were defined as low muscle strength [1]. An appendicu-
lar skeletal muscle index <7 kg/m2 for men and <6 kg/m2 for
women was defined as low muscle mass [1].

Dual-energy X-ray absorptiometry

Body composition was measured with dual-energy X-ray ab-
sorptiometry and was conducted in a standardized manner at
the Department of Diagnostic Radiology, Skåne University
Hospital, which is accredited by the Swedish Board for
Accreditation and Conformity Assessment (SWEDAC; ISO
15189:2012). The hospital changed from Lunar Prodigy to
Lunar iDEXA during the study period, as Lunar iDEX has a su-
perior camera. The analysis software was identical.

Comorbidity

M.H. evaluated comorbidity using the Davies comorbidity
score [23].

Laboratory analyses

All laboratory analyses were performed at the Department
of Clinical Chemistry, Laboratory Medicine Skåne, which is
accredited by SWEDAC (ISO 15189:2012). Measured GFR
(mGFR) was assessed with iohexol clearance [24, 25].

Nutritional assessment

Each patient was prescribed continued normal protein in-
take or a protein-restricted diet consisting of 0.8 or 0.6 g/kg
body weight/day by their physician and referred to a renal dieti-
tian for dietary counselling. Subjective global assessment (SGA)
[26] and normalized protein catabolic rate (nPCR) were used to
describe the patients’ nutritional status. SGA is a subjective
evaluation, classifying nutritional status as A (well-nourished),
B (moderately, or suspected of being, malnourished) or C (se-
verely malnourished). nPCR was calculated using the equation
6.25� [(0.028� urine urea� 24-h urine volume)þ (0.031� -
weight)]/body weight.

Plasma myostatin

Plasma myostatin was measured using enzyme-linked immu-
nosorbent assay kits (R&D Systems, Minneapolis, MN, USA) at
the Nephrology Laboratory, Biomedicine Centre, Lund
University. Three samples of known concentration were tested 20
times on one plate to assess the intra-assay precision of the kits.
The intra-assay coefficient variants were 5.4, 2.5 and 1.8%, respec-
tively. Three samples of known concentration were tested in 20
separate assays to assess interassay precision. Assays were per-
formed by at least three technicians using two lots of components.

The interassay coefficient variants were 6.0, 3.6 and 3.1%, respec-
tively. The plasma was collected fasting and stored at�80�C.

Statistical analysis

To detect 60% differences at a standard deviation (SD) of 5%
and 80% power, we calculated that we needed to include 75
patients in each group to achieve complete data for 50 patients
at the end of the intervention. Continuous variables are pre-
sented as mean 6 SD or median (25th–75th percentiles).
Categorical variables are given as frequencies and percentages.
Paired t-test was used to compare parametric variables,
Wilcoxon signed-rank test was used to compare non-paramet-
ric variables and Fisher’s exact test was used to compare binary
variables. Linear regression analysis was used to analyse the
relationships between variables. In our previous study analysing
the primary outcomes of RENEXC, mixed model analyses
showed that there were no significant differences between
groups for changes in any measures of physical performance af-
ter 12 months of exercise training among the 151 randomized
patients [20]. In this study, comprising the 112 completers, the
results for measures of physical performance were similar to
those for the entire group. Therefore we pooled the patients
from the two groups to increase the power of the linear regres-
sion analyses. A P-value <0.05 was considered statistically sig-
nificant. Data were analysed using R software (R Foundation
for Statistical Computing, Vienna, Austria).

R E S U L T S

A total of 217 patients were screened, of whom 151 patients
were randomized and 112 patients (76 men, 36 women) com-
pleted 12 months of exercise training. The recruitment period
started in October 2011 and ended in May 2016. The trial ended
in May 2017, when the final patient had completed 12 months
of exercise training. The 112 completers were included, with a
mean age of 67 6 13 years (range 22–87): 59 patients in the bal-
ance group and 53 patients in the strength group. The
Consolidated Standards of Reporting Trials (CONSORT) flow
diagram is presented in Figure 1. The average mGFR was
23 6 8 mL/min/1.73 m2. Two patients were in CKD Stage 3a, 8
in Stage 3b, 77 in Stage 4 and 24 in Stage 5. Clinical characteris-
tics are presented in Table 1. The causes of CKD were hyperten-
sive kidney disease [47 (42%)], diabetes nephropathy [21
(19%)], interstitial nephritis [18 (17%)], chronic glomerulone-
phritis [12 (11%)], polycystic kidney disease [6 (5%)] and other
[8 (6%)]. No exercise training–related side effects, unintended
effects or harm was reported by the participants during the in-
tervention period in either group.

Prevalence of sarcopenia and mGFR

The prevalence of sarcopenia was unchanged without a be-
tween-group difference. The prevalence of sarcopenia for the
whole group was 10 (10%) at baseline and 11 (11%) after
12 months (Table 2). mGFR decreased significantly in both
groups without significant between-group difference (Table 2).
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Nutritional status

SGA, nPCR and body mass index (BMI) for both groups at
baseline and after 12 months are presented in Table 2. After
12 months of exercise training, BMI decreased significantly in
the whole group. Neither SGA nor nPCR changed significantly.

Body composition

Body composition in both groups at baseline and after
12 months is presented in Figure 2. In the balance group, leg
lean mass and whole-body lean mass increased by 0.3 kg
(P¼ 0.02) and 0.9 kg (P¼ 0.006), respectively, arm lean mass
and trunk lean mass were unchanged and whole-body fat mass
decreased by 1.3 kg (P¼ 0.04). In the strength group, arm lean
mass, leg lean mass, trunk lean mass and whole-body lean mass
were unchanged, while whole-body fat mass decreased by 1 kg
(P¼ 0.03). In the whole group, leg lean mass and whole-body
lean mass increased by 0.2 kg (P¼ 0.01) and 0.6 kg (P¼ 0.02),
respectively, arm lean mass and trunk lean mass were
unchanged and whole-body fat mass decreased by 1.2 kg
(P¼ 0.003). There were no significant differences between
groups for changes in any measures of body composition.

Plasma myostatin

Plasma myostatin levels at baseline and after 12 months are
presented in Figure 3. After 12 months of exercise training,

plasma myostatin increased by 1.42 ng/mL (P< 0.0001) in the
strength group, 0.81 ng/mL (P< 0.0001) in the balance group
and 1.1 ng/mL (P< 0.0001) in the whole group. There was a
significant difference in favour of the strength group (P¼ 0.03).

Relationships between mGFR, physical performance,
body composition and plasma myostatin

Relationships between plasma myostatin and mGFR are pre-
sented in Table 3. Plasma myostatin showed no significant rela-
tionship with mGFR at baseline or after 12 months. There were
no significant relationships between the change in myostatin
and baseline mGFR.

Relationships between plasma myostatin and physical per-
formance are presented in Table 3. Plasma myostatin showed a
significant positive relationship with all measures of physical
performance at baseline (P< 0.001). After 12 months, myosta-
tin showed significant positive relationships with handgrip
strength (P¼ 0.008) and isometric quadriceps strength
(P< 0.001) only. There were no significant relationships be-
tween the change in myostatin and any measures of baseline
physical performance.

Relationships between plasma myostatin and lean muscle
mass are presented in Table 3. At baseline, plasma myostatin
showed a significant positive relationship with arm lean mass
(P< 0.001), leg lean mass (P< 0.001) and trunk lean mass

Screened, n = 217

Randomized, n = 151

Follow-up 12 months

Balance group, n = 75
(endurance and
balance training)

Strength group, n = 76
(endurance and
strength training)

Balance group
Completed, n = 59

Strength group
Completed, n = 53

Analyzed, n = 59 Analyzed, n = 53

66 subjects did not meet eligibility criteria
or were not interested in participating

Three patients died for reasons unrelated to
the study. 36 patients discontinued because
of concomitant illness, travel, moving to
another town or no motivation to continue

FIGURE 1: CONSORT flow over 12 months.
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(P¼ 0.001). After 12 months, the only significant positive rela-
tionship was with arm lean mass (P¼ 0.01). There were no sig-
nificant relationships between the change in myostatin and
baseline lean muscle mass.

D I S C U S S I O N

In this prespecified substudy of RENEXC, comprising 112
non-dialysis-dependent patients with CKD Stages 3–5 who
completed 12 months of exercise training, the prevalence of
sarcopenia was unchanged after 12 months. Leg lean mass
increased significantly in the balance group and was main-
tained in the strength group. Whole-body fat mass decreased
significantly in both groups. There were no significant dif-
ferences between groups for changes in sarcopenia or body
composition. Plasma myostatin levels increased significantly
in both groups with a significant difference in favour of the
strength group. Plasma myostatin was significantly posi-
tively related to muscle mass and physical performance at
baseline, but these relationships were attenuated after
12 months.

The prevalence of sarcopenia was unchanged in both
groups after 12 months. This suggests that exercise training,
irrespective of whether it is performed as strength or balance
training, seems to prevent the development of sarcopenia in
non-dialysis-dependent patients with CKD. This is

interesting, as during the natural course of CKD, the preva-
lence of sarcopenia has been shown to increase with declining
GFR [27].

After 12 months, the only significant increase in lean mass
was in the legs and whole body in the balance group, which
also showed a nonsignificant trend towards a greater increase
in trunk lean mass. The balance exercises were predominantly
focused on the legs and trunk, like standing on one leg, tan-
dem stance and single-leg deadlift. The strength group’s exer-
cises involved both the arms and the legs, like quadriceps
extension, push-ups and biceps curls. Both groups were pre-
scribed endurance training, like walking, jogging and cycling,
which also focused on leg muscle. Of note, according to the
patients’ training diaries, patients in the balance group per-
formed more minutes of endurance training per week than
patients in the strength group [21]. Considering that the bal-
ance group spent more time on exercises involving the legs
and the trunk, the greater increase in leg muscle mass in the
balance group is plausible. In a baseline study from RENEXC,
we showed that balance function was related to muscle mass
in the legs and trunk [4], which was corroborated by this
study. However, most importantly, neither group showed a
decrease in muscle mass, suggesting that both strength and
balance training in combination with endurance training can
attenuate muscle wasting and reduce fat mass in this group of
patients. In a previous RCT, compared with usual care,

Table 1. Clinical characteristics of the 112 patients who completed 12 months of exercise training

Characteristics Units n Balance group n Strength group n Whole group

Age years 59 66 6 13 53 67 6 14 112 67 6 13
Male/female n (%) 59 38 (64)/21 (36) 53 38 (72)/15 (28) 112 76 (68)/36 (32)
Weight kg 59 79 6 16 53 84 6 19 112 81 6 17
Height m 59 1.71 6 0.09 53 1.72 6 0.1 112 1.72 6 0.09
mGFR mL/min/1.73 m2 55 22 6 7 49 23 6 9 104 23 6 8
P-creatinine mmol/L 59 242 6 90 53 251 6 92 112 247 6 91
P-urea mmol/L 59 16 6 5 53 15 6 5 112 15 6 5
P-PTH pmol/L 59 11 (9–17) 53 10 (7–16) 112 11 (8–17)
P-albumin g/L 59 37 6 4 53 38 6 3 112 37 6 3
B-hemoglobin g/L 59 129 6 14 53 128 6 14 112 128 6 14
P-potassium mmol/L 59 4.3 6 0.6 53 4.1 6 0.5 112 4.2 6 0.5
P-calcium mmol/L 59 2.3 6 0.1 53 2.3 6 0.1 112 2.3 6 0.1
P-Ca�P mmol2/L2 59 2.6 6 0.7 53 2.5 6 0.5 112 2.6 6 0.6
P-phosphate mmol/L 59 1.2 6 0.2 53 1.1 6 0.2 112 1.1 6 0.2
Base excess mmol /L 59 �1.2 (�2.3 to 0.1) 53 �1.4 (�3.2 to 0.0) 112 �1.2 (�2.8 to 0.1)
P-CRP mg/L 59 2.9 (1.3 to 5.9) 53 3.5 (1.5 to 6.9) 112 3.1 (1.3 to 6.1)
Medication, n (%)

Antihypertensive medication 55 (93) 50 (94) 105 (94)
Calcium channel blocker 33 (56) 32 (60) 65 (58)
b-blocker 36 (61) 37 (70) 73 (65)
RAAS blocker 37 (63) 34 (64) 71 (63)
Central antiadrenergic medication 8 (14) 5 (9) 13 (12)

Comorbidity, n (%)
Malignancy 8 (14) 8 (15) 16 (14)
Ischaemic heart disease 11 (19) 11 (20) 22 (20)
Peripheral vascular disease 10 (17) 13 (25) 23 (21)
Left ventricular dysfunction 8 (14) 3 (6) 11 (10)
Diabetes mellitus 13 (22) 17 (32) 30 (27)
Systemic collagen vascular disease 5 (8) 5 (9) 10 (9)
Others (e.g. hypertension) 43 (73) 40 (75) 83 (74)

Data presented as mean 6 SD or median (25th–75th percentiles) unless stated otherwise.
P, plasma; B, blood; PTH, parathyroid hormone; Ca�P, calcium phosphate product; RAAS, renin–angiotensin–aldosterone system.
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4 months of caloric restriction only or in combination with
aerobic exercise was reported to significantly decrease fat
mass in patients with moderate to severe CKD, while
4 months of aerobic exercise only did not [28]. With a longer
intervention period of 12 months, we showed that exercise
alone could lead to a decrease in fat mass.

Myostatin is a myokine that negatively regulates muscle
growth [10]. Interestingly, plasma myostatin increased in
both groups after 12 months of exercise training, concomi-
tantly with an increase in whole-body lean mass in the bal-
ance group and unchanged muscle mass in the strength
group. The increase in plasma myostatin was not related to
the small yet significant decline in mGFR. Moreover, the
higher levels of plasma myostatin were associated with more
lean mass and better physical performance at baseline.
Myostatin gene expression has been reported to be directly
associated with Interleukin 6 and upregulated by inflamma-
tion [29, 30] and is thus considered to be a major cause of
protein wasting in patients with CKD and inflammation.
However, in noninflamed subjects, irrespective of whether
they suffered from CKD or not, myostatin levels have been
shown to be within the normal range [31]. Interestingly, in
this study, our patients had normal C-reactive protein and al-
bumin levels and thus were not inflamed and consequently
had levels of myostatin within the normal range at baseline.
There was a significant increase in myostatin after exercise in
both groups, which remained within the normal range [32,
33]. This increase in myostatin might well be a normal physi-
ological response to increased muscle mass, since myostatin
is mainly expressed in skeletal muscle [10].

Similar results to ours have been reported previously [18, 19]
and have been explained by the ‘accelerator–brake’ model,
where myostatin and insulin-like growth factor 1 (IGF-1) act as
counterregulatory molecules for muscle hypertrophy [34]. In vi-
tro experiments have shown that myostatin expression is in-
creased in coronary myocytes when stretched and that the
expression was dependent on IGF-1 [35]. Thus training leads to
muscle growth partly due to increased levels of IGF-1 that in
turn increase the ‘brake’ function of myostatin. Interestingly,
the increase in plasma myostatin was significantly greater in the
strength group. In strength training, muscle is stretched more
intensively than during balance training, which could have trig-
gered a greater ‘brake’ response, explaining the higher levels of
plasma myostatin in the strength group. Consequently one
could hypothesize that higher ‘brake’ activity would attenuate
an increase in muscle mass in the strength group. In contrast,
several studies have shown lower levels of myostatin after train-
ing [16, 17, 36–38]. Besides differences in inflammatory status,
these conflicting results might be due to differences in training
programs, duration and intensity, as well as the degree of
uraemia.

The relationships between myostatin, muscle mass and
strength have also been studied by other investigators.
However, here too the results are far from congruent. Positive
relationships between serum myostatin and muscle mass and
strength have been shown in healthy men, patients with heart
failure and patients on peritoneal dialysis [13, 39, 40]. InT
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contrast, other studies have shown that plasma myostatin
was negatively related to muscle mass and strength in elderly
women, while in patients on haemodialysis, no significant re-
lationship with muscle mass was found [14, 15, 41]. These
contradictory results indicate that the relationships hitherto
described between plasma myostatin and muscle mass or
physical performance are not robust or clear. The relation-
ships seem to vary depending on the subjects studied.

Consequently, one cannot claim that plasma myostatin is a
simplistic marker of muscle mass or physical performance.
Nor can these findings be entirely explained by the accelera-
tor–brake model and further studies are needed to fully un-
derstand the dynamics of plasma myostatin and IGF-1
expression.

Our study has several strengths. Firstly, this exercise training
study comprises, to date, the largest group of non-dialysis-de-
pendent patients with CKD Stages 3–5. Second, they are repre-
sentative of the typical non-dialysis-dependent patient, as the
majority are elderly and suffer from a number of comorbidities.
Finally, the duration of exercise training was 12 months, which
is a rather long period. Our study also has limitations. First,
there was no sedentary control group. Second, we did not assay
muscle myostatin, which could have provided more accurate
myostatin levels than plasma myostatin since myostatin is
expressed in skeletal muscle. Finally, since our patients showed
no signs of inflammation, and had normal myostatin levels, it
would be unlikely that myostatin would have a negative role on
muscle mass.

In conclusion, 12 months of either strength or balance
training in combination with endurance training seemed
to prevent the development of sarcopenia, maintain or in-
crease muscle mass, decrease fat mass and increase plasma
myostatin in patients with non-dialysis-dependent CKD
Stages 3–5. Higher levels of plasma myostatin, although still
within the normal range, were related to more muscle mass
and better physical performance, but these relationships
were attenuated after 12 months of exercise training.
However, the role of plasma myostatin in muscle mass and
physical performance in patients with CKD warrants further
study.

FIGURE 2: Body composition at baseline and after 12 months. Data are presented as mean 6 SD. *P< 0.05, **P< 0.01.

FIGURE 3: Plasma myostatin at baseline and after 12 months. Data
are presented as median 6 interquartile range. *P< 0.05,
****P< 0.0001.
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