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Introduction: Early studies have shown that patients with chronic kidney disease (CKD) are able to

maintain nitrogen balance despite significantly lower protein intake, but how and to what extent muscle

protein metabolism adapts to a low-protein diet (LPD) or to a supplemented very LPD (sVLPD) is still

unexplored.

Methods: We studied muscle protein turnover by the forearm perfusion method associated with the

kinetics of 2H-phenylalanine in patients with CKD: (i) in a parallel study in subjects randomized to usual diet

(1.1 g protein/kg, n ¼ 5) or LPD (0.55 g protein/kg, n ¼ 6) (Protocol 1); (ii) in a crossover, self-controlled

study in subjects on a 0.55 g/kg LPD followed by a sVLPD (0.45 g/kg þ amino/ketoacids 0.1 g/kg, n ¼ 6)

(Protocol 2).

Results: As compared with a 1.1 g/kg containing diet, a 0.55 g/kg LPD induced the following: (i) a 17% to

40% decrease in muscle protein degradation and net protein balance, respectively, (ii) no change in muscle

protein synthesis, (iii) a slight (by approximately 7%, P < 0.06) decrease in whole-body protein degrada-

tion, and (iv) an increase in the efficiency of muscle protein turnover. As compared with an LPD, an sVLPD

induced the following: (i) no change in muscle protein degradation, and (ii) an approximately 50%

decrease in the negative net protein balance, and an increase in the efficiency of muscle protein turnover.

Conclusion: The results of these studies indicate that in patients with CKD the adaptation of muscle protein

metabolism to restrained protein intake can be obtained via combined responses of protein degradation

and the efficiency of recycling of amino acids deriving from protein breakdown.
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A
lthough protein restriction has been used for
decades in the treatment of patients with chronic

kidney disease (CKD), there are still several unad-
dressed issues on the metabolic effects of low-protein
diets (LPDs). A major issue is our still incomplete
knowledge of the response of muscle protein meta-
bolism to protein restriction in humans.1 Skeletal mus-
cle is a highly adaptive tissue that responds to nutrient
supply, exercise, and hormones, with changes in pro-
tein metabolism and, ultimately, in fiber composition
and size.1 However, how muscle protein metabolism
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adapts to a low protein intake in humans is still an
open question. Nitrogen (N) balance studies have
shown that healthy young subjects can maintain
neutral or slightly positive balance with protein intakes
as low as 0.55 to 0.6 g/kg.2–5 Whole-body leucine
kinetics studies have shown that adaptation to dietary
protein restriction involves a reduction in the rate of
leucine flux and oxidation, leading to more efficient
use of dietary amino acids (AAs) and reduced ureagen-
esis.3–6 Of note, the concept of “adaptation” to low pro-
tein intakes has been separated from the concept of
“accommodation”; the latter term implying a decrease
in protein synthesis, with development of wasting,
when dietary protein intake becomes inadequate (i.e.,
beyond the limits of the adaptive mechanisms).2,5–7

In CKD, an impaired ability to activate an adaptive
response might impair N conservation when an LPD is
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Table 1. Baseline (run-in) characteristics of patients participating to
Protocols 1 and 2

Patients
Protocol 1

LPD (0.55 g/kg)
Protocol 1

1.1 g protein/kg Protocol 2

Number of patients 6 5 6

Age (yr) 62 � 8 66 � 7 69 � 4

Gender (Male/Female) 4/2 4/1 5/1

BMI (kg/m2) 23 � 5 25 � 1 25 � 2

eGFR (ml/min per 1.73 m2) 17 � 4 17 � 5 12 � 5a

Etiology of CKD, n (%)

Hypertension 2 (33) 2 (40) 1 (17)

Glomerulonephritis 3 (50) 2 (40) 3 (50)

Interstitial nephritis 1 (17) 1 (20) 2 (33)

Diuretic use
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prescribed.8 Nevertheless, studies obtained by the
whole-body tracer leucine kinetics have shown that,
provided metabolic acidosis is corrected, patients with
CKD can efficiently adapt protein turnover to an LPD
containing 0.6 to 0.7 g protein/kg.9–11 The amount of
dietary protein can be reduced further to 0.3 g protein/kg
per day with a very low protein diet (VLPD) if a ketoacid
(KA) supplement is added to dietary proteins and the
essential AA (EAA) skeletons are sufficient to synthesize
body proteins.12–17 EAA/KA supplements contain sub-
stantial amounts of the ketoacid of leucine, which may
decrease protein degradation.14 In addition, EAA, mainly
leucine, can increase protein synthesis in muscle.13–15

Experimental evidence based on whole-body leucine
kinetics shows that a neutral body N balance on a
supplemented VLPD (sVLPD) can be attained by
long-term reduction ofwhole-body leucine oxidation and
postprandial inhibition of protein degradation.16,17

Despite our understanding of the regulation of whole-
body protein metabolism in response to dietary protein
restriction, no study so far has examined the effect of low
protein intake on muscle protein synthesis and degra-
dation in patients with CKD. The available evidence
deriving from whole-body tracer kinetics cannot
necessarily be extrapolated to muscle, because muscle
protein turnover contributes only 35% to 50% to
whole-body protein turnover18,19 in humans. Remaining
concern is that excessive reduction in dietary protein
might accelerate the risk of muscle wasting.20 In addi-
tion, in elderly, otherwise healthy subjects, an inade-
quately low protein intake may lead to a decline in
muscle protein synthesis, resulting in sarcopenia.21

In this study, we have addressed this issue by
measuring muscle protein turnover in 2 cohorts of
patients with CKD given 2 levels of dietary protein: the
more often used LPD providing 0.55 g protein/kg per
day, or a VLPD providing 0.45 g protein/kg per day,
supplemented (0.1 g/kg) with EAA and KA. Our data
show that in patients with CKD, skeletal muscle
responds to a low protein intake via a marked decrease
in muscle protein degradation and an increase in the
efficiency of muscle protein turnover.
(furosemide 25–50 mg) 1 (17) 1 (17) 2 (33)

SGA 6.5 (1) 7 (1) 7 (1)

BUN (mg/dl) 94 � 7 97 � 6 99 � 4

Albumin (g/l) 42 � 2 43 � 2 41 � 1.5

C-reactive protein (mg/l) 2.6 (0.70) 2.8 (0.80) 2.9 (0.60)

[HCO3�] (mmol/l) 24 � 1.5 25 � 1 25 � 1

Cholesterol (mg/dl) 204 � 35 224 � 23 170 � 23

Hemoglobin (g/l) 111 (7) 114 (8) 112 (9)

Phosphate (mg/dl) 4.9 � 0.32 4.6 � 0.40 4.3 � 1.0

Calcium (mg/dl) 9.3 � 0.34 9.5 � 0.19 9.5 � 0.48

Proteinuria (g/d) 0.82 � 0.21 0.76 � 0.25 1.5 � 0.99

BMI, body mass index; BUN, blood urea nitrogen; CKD, chronic kidney disease; eGFR,
estimated glomerular filtration rate; SGA, Subjective Global Assessment.
Variables are described as mean � SD or median and interquartile range.
aSignificance of difference versus Protocol 1: P < 0.05 or less.
MATERIALS AND METHODS

Study Participants

Subjects were recruited among patients referred for
CKD at the Nephrology Division, Department of In-
ternal Medicine, IRCCS AOU San Martino- IST, Genoa,
Italy. Subject recruitment started in October 2012 and
the study was conducted between January 2013 and
June 2015. Subjects all were nonsmokers and moderate
alcohol users (<10 drinks per week). None of them had
a food allergy, or gained or lost more than 2 kg in the
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6 months before the study. The protocols described
here were approved by the Ethical Committee of the
Department of Internal Medicine of the University of
Genoa-IRCCS AOU San Martino-IST, Genoa. Before the
patients’ participation, the nature, purpose, and risks
of the study were reviewed with all patients and their
voluntary consent was obtained. Procedures were in
accordance with the Helsinki declaration. The
study was registered at ISRCTN with identifier
ISRCTN64383094.

Seventeen patients with CKD were studied in the 2
protocols (Table 1).

Eleven of these patients participated in Protocol 1 and
6 participated in Protocol 2. Overall, patients were
similar for age, sex, race, and laboratory assessments
between the study groups; eGFR was lower in patients
studied in Protocol 2. Patients younger than 18 and older
than 79 years were excluded from the study. The
patients were enrolled in the study on a consecutive
basis if they did not meet the following exclusion
criteria: congestive heart failure or a recent
(<12months) myocardial infarction, liver cirrhosis,
infection, malignancy, inflammatory disease, diabetic
nephropathy, or fast (>5 ml/min per year) decline in
renal function. In addition, patients who did not show
evidence of a deep forearm vein for cannulation and
sampling were also excluded from the studies. All
subjects had a sedentary lifestyle and were instructed
Kidney International Reports (2018) 3, 701–710



Weeks

Run-in 1.1 g protein/kg
LPD

(0.8 g/kg)
LPD

(0.55 g/kg)

12-18 18-24

1.1 g protein/kg

0-6 6-12

Figure 1. The design of the study in Protocol 1. Protocol 1 was a
randomized, parallel design study in which subjects were randomly
divided into 2 groups that received either a 0.55-g/kg low-protein diet
(LPD) or a 1.1-g/kg per day protein diet. During the run-in phase,
patients were instructed on a stable diet. In the LPD arm (n ¼ 6),
forearm protein turnover was evaluated as follows: (i) after a 6-week
period of a 1.1-g/kg per day protein diet, and (ii) 12 weeks after an
LPD (initially 0.8 and subsequently 0.55 g/kg). In the 1.1-g protein/kg
arm (n ¼ 5), muscle protein turnover was studied as follows: (i) after
a 6-week period of a 1.1-g/kg per day protein diet, and (ii) 12 weeks
after the patients continued the same diet. Arrows indicate forearm
protein turnover studies.

Weeks

Run-in
LPD

0.8 g/kg
LPD

0.55 g/kg

VLPD
(0.45 g/kg) + 

AA/KA 
(0.1 g/kg)

LPD
0.55 g/kg

0-6 6-12 12-18 18-24 24-30

Baseline Treatment Wash-out 

Figure 2. The design of the study in Protocol 2. Protocol 2 was
designed to study the muscle metabolic responses to an amino acid/
ketoacid (AA/KA)-supplemented (0.1 g/kg) very low protein diet
(VLPD) (0.45 g/kg), as compared to a 0.55-g/kg low-protein diet (LPD).
This protocol was a prospective, crossover trial, with patients
serving as their own controls. The study consisted of three 6-week
consecutive periods: the baseline period (LPD, 0.55 g/kg), the
treatment period (VLPD 0.45 g/kg þ AA/KA 0.1 g/kg), and the
washout period (LPD, 0.55 g/kg). Arrows indicate forearm protein
turnover studies.
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to refrain from physical exercise during the studies.
Drugs prescribed as appropriate for each individual
were also continued during the studies. All patients
received B vitamins and folic acid. Two subjects in
Protocol 1 and 2 subjects in Protocol 2 received diuretic
therapy (furosemide 25–50 mg/d). Sodium bicarbonate
(2–4 g/d) was supplemented as required to maintain
plasma bicarbonate into normal ranges. At the time of
the studies, all subjects were edema free. Patients did not
experience any catabolic event or treatment during the
studies. At the run-in, patients received a diet that
contained 1.1 to 1.3 g/kg protein and 31 to 34 kcal/kg per
day. Residual renal function persisted to be stable
(difference between serum creatinine at inclusion and at
the end of the studies <65 mmol/l) during the studies.

Experimental Protocols and Nutritional

Assessment

Calculation of the required sample size was based on
the effect size and variance observed in previous
studies from our laboratory.22–24 Both the qualitative
and quantitative effects of an LPD on muscle protein
turnover in patients with CKD are unknown. Based on
preliminary observations, the sample size calculation
suggested a target of 10 subjects per protocol, to have
an 80% chance to detect changes in protein degrada-
tion and net protein balance. We used the same
approach for Protocol 2, although we had no pre-
liminary data on the effects of sVLPD on muscle protein
turnover. The studies were terminated after having
collected 6 cases per protocol, because the primary
objectives of the studies were met.

Schematic diagrams of the protocols used are
depicted in Figures 1 and 2. The 2 protocols did not run
simultaneously. Protocol 2 followed the completion of
studies from Protocol 1. Protocol 1 was designed to
study changes of muscle protein metabolism induced
by LPD (Figure 1), and was a randomized, parallel
design in which subjects were randomly divided into 2
groups that received either a 0.55 g/kg LPD or a 1.1 g/kg
per day protein diet.

During the run-in phase, patients were instructed on
a stable diet. In the LPD arm, forearm protein turnover
was evaluated as follows: (i) after a 6-week period of a
1.1 g/kg per day protein diet, and (ii) 12 to 14 weeks
after an LPD (initially 0.8 and subsequently 0.55 g/kg).
The amount of dietary protein provided to replace
urinary protein excretion was maintained constant
during both dietary regimens. On usual protein intake,
dietary carbohydrate and lipid represented 40% and
25% of the total energy intake, respectively. On low
protein intake, the contribution of lipid to total energy
was increased to 35%, by increasing the amount of
unsaturated fat, mainly olive oil. At least half of protein
Kidney International Reports (2018) 3, 701–710
of the diet was of high biological value. In the 1.1-g
protein/kg arm muscle protein turnover was studied
as follows: (i) at the baseline, and (ii) 12 to 14 weeks
after the patients continued on a stable, standard 30 to
32 kcal, 1.1 g/kg per day protein diet.

Protocol 2 (Figure 2) was a crossover self-controlled
study, which was designed to study the muscle meta-
bolic responses to a supplemented (0.1 g/kg Alfa-
Kappa; Fresenius Kabi, Isola, Italy) VLPD (0.45 g/kg),
as compared with a 0.55-g/kg LPD. We chose a
3-period, 2-treatment crossover trial because with
equivalent treatments a paired analysis provides better
power than a parallel group study.25,26 Calorie intake
was set at 33 kcal/kg per day. One Alfa-Kappa tablet
contains 607 mg of a mixture of calcium salts of keto
and hydroxy acids (keto-leucine, -isoleucine, -valine,
-phenylalanine, and hydroxymethionine), plus 4 EAAs
703



Table 2. Compliance, serum biochemistry, and body composition
during the adaptation to a low (0.55 g/kg) protein diet in Protocol 1
Parameter 1.1 g/kg 0.8 g/kg 0.55 g/kg

Energy Intake (kcal/kg per day) 33 � 3 32 � 3 34 � 3

Urinary urea (mmol/d) 394 � 73 277 � 51 168 � 38a

nPNA (g/kg per day) 1.26 � 0.15 0.95 � 0.20 0.66 � 0.14a

Body weight (kg) 64.7 � 9 64.9 � 9 64.9 � 9

BMI (kg/m2) 23.0 � 2 22.9 � 2 22.8 � 2

Mid-arm muscle area (cm2) 52.0 � 6 51.6 � 6 51.7 � 6

LTM (kg) 44 � 3 45 � 3 45 � 3

eGFR (ml/min per 1.73 m2) 17 � 5 18 � 5 17 � 5

[HCO3�]a (mmol/l) 24 � 1 24 � 2 24 � 2

Albumin (g/l) 41 � 2.2 42 � 2.7 41 � 2.6

BMI, body mass index; eGFR, estimated glomerular filtration rate; LTM, lean tissue
mass; nPNA, normalized protein nitrogen appearance.
aSignificance of difference versus 1.1 g/kg diet: P < 0.01 or less.
Data are mean � SD. Estimation of energy intake was performed through a 3-day di-
etary record.
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(lysine acetate, threonine, histidine, and tyrosine).
The ketoacid prescription was divided into 3 doses
taken during meals. After the run-in period (during
which patients were instructed on a stable diet), the
study consisted of three 6-week consecutive periods:
the baseline period (LPD, 0.55 g/kg), the treatment
period (VLPD 0.45 g/kg þ AA/KA 0.1 g/kg), and the
washout period (LPD, 0.55 g/kg). Measurements of
forearm and whole-body protein turnover were made
at the end of each experimental period. Compliance to
supplements was assessed by pill count.

Supplementary Figure S1 shows the CONSORT flow
diagram for study 1. After the exclusion of 7 subjects, 6
subjects were randomized to an LPD (0.55 g/kg) or to a
1.1 g protein/kg diet (Protocol 1). All 6 subjects
completed the study in the LPD arm, whereas 1 subject
dropped out (we were not able to place the catheters) in
the 1.1-g protein/kg diet arm. The CONSORT flow di-
agram for Protocol 2 is shown in Supplementary
Figure S2. After the exclusion of 3 subjects, 7 sub-
jects were included into the study. Six subjects
completed the study, and 1 subject dropped out
(inability to cannulate veins).

For both protocols, dietary interviews were con-
ducted every 2 weeks with each patient before and
after the inclusion. Residual renal function persisted to
be stable (difference between serum creatinine at in-
clusion and at the end of the studies <65 mmol/l)
during the 2 protocols. The dietary surveys included a
3-day food record and a 24-hour urine collection for
urea measurement. Lean body mass was evaluated us-
ing bioelectrical impedance analysis that was per-
formed using a BCM-Body Composition Monitor (FMC,
Bad Homburg, Germany).

Protein Turnover Studies

Muscle protein metabolismwas estimated by the forearm
perfusion technique associated with 2H-phenylalanine
kinetics.22,27–29 The studies were performed in the post-
absorptive, overnight-fasted state, at rest, by using a
continuous infusion of L-(ring-2H5)-phenylalanine
(D5-Phe) (Euriso-top, Saint Aubin, France) (0.035mmol/kg
per minute) and forearm arteriovenous difference. Blood
flow across the forearm was determined after each
arteriovenous sampling.22

Anthropometric Data, Assays, and Calculations

Anthropometric data analysis, assays, and calculations
are reported elsewhere and in Supplementary File S1.

Statistical Analyses

Data normality was checked by Kurtosis and Skewness.
All data are presented as mean � SE or median
(interquartile range). Subject clinical characteristics in
different groups were compared using the Wilcoxon
704
rank sum test for continuous variables. Variables found
to deviate from normality were log-transformed before
applying statistical tests. The 2-tailed t test was used to
compare arterial with venous data. In Protocol 1, when
the arteriovenous difference was different from 0 (P <
0.05), a 2-factor repeated-measures analysis of variance
was used to assess differences over time and between
treatments for protein turnover. In Protocol 2, a
repeated-measures analysis of variance was used to
compare the overall changes during the phases of the
study. When analysis of variance indicated statistical
significance (P < 0.05), a post hoc F-based test was
performed between phases (StatView Statistical Pack-
age; Abacus, Berkeley, CA).
RESULTS

Compliance to LPD

Compliance to the diets was obtained after training
during the run-in period and thereafter. As shown in
Tables 2 and 3, the energy intake of patients was kept
within 31–33 kcal/kg per day.

Overall, patients in Protocol 1 progressively reduced
their daily protein intake by approximately 50%
(Table 2). Their body weight, body mass index, fat-free
mass, and muscle area did not change during the
experimental periods.

Table 3 shows dietary compliance and body
composition during Protocol 2.

nPNA declined from 0.67 g/kg when patients were
on an LPD to 0.58 g/kg under the sVLPD. The overall
AA/KA supplement dose per patient was 0.149 � 0.01
tablets/kg body weight per day (i.e., w91% of pre-
scribed dose). No change in body weight, body mass
index, muscle area, and fat-free mass was observed
during the study.
Kidney International Reports (2018) 3, 701–710



Table 3. Compliance and body composition during the 0.55 g/kg low-
protein diet (LPD) and the AA/KA-supplemented (0.1 g/kg) very low
protein diet (VLPD) (0.45 g/kg)
Parameter Basal-LPD VLPD D AA/KA Washout-LPD

Energy intake (kcal/kg per day) 32 � 2 32 � 2 31� 3

Urinary urea (mmol/d) 195 � 31 156 � 25a 181 � 30

nPNA (g/kg per day) 0.67 � 0.2 0.58 � 0.2a 0.64 � 0.2

Body weight (kg) 73 � 13 73 � 14 73 � 14

BMI (kg/m2) 24.5 � 3.7 24.5 � 3.7 24.4 � 3.6

Mid-arm muscle area (cm2) 51 � 7 51 � 6 50 � 6

FFM (kg) 51 � 9 51 � 10 51 � 9

eGFR (ml/min per 1.73 m2) 12 � 5 11 � 4 12 � 4

[HCO3� ](mmol/l) 25 � 2 26 � 2 24 � 2

Albumin (g/l) 41 � 3.8 41 � 5.2 42 � 4.2

AA/KA, amino acid/ketoacid; BMI, body mass index; eGFR, estimated glomerular
filtration rate; FFM, fat-free mass; nPNA, normalized protein nitrogen appearance. nPNA
was estimated by a 24-hour urea collection using Maroni’s formula.
aSignificance of difference versus basal and washout LPD diets: P < 0.05. Data are
mean � SD. Estimation of energy intake was performed through a 3-day dietary record.
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Effects of an LPD on Skeletal Muscle Protein

Synthesis and Degradation

Table 4 shows the effects of the LPD on muscle protein
turnover. Individual data are reported in
Supplementary Table S1.

At the baseline, protein turnover data were similar in
the LPD and 1.1-g protein/kg groups (P ¼ NS). In the
postabsorptive, basal state, protein degradation excee-
ded protein synthesis and net protein balance was
negative. This negative balance was markedly decreased
(from�17 to�10 nmol/min per 100 ml forearm,�40%,
P < 0.02) by the LPD (Table 3). This effect was entirely
accounted for by a 17% decrease in muscle protein
degradation (from 51.0 to 42.5 nmol/min per 100 ml
forearm, P < 0.02), whereas muscle protein synthesis
was not affected by the 0.55-g/kg LPD.

In patients with CKD under the 1.1-g/kg diet, there
was no change over time with regard to net protein
balance, protein synthesis, and degradation (Table 3).

Effect of an LPD on the Efficiency of Muscle Protein

Turnover

In accordance with previous studies,22–24 in the basal
period, 66% of phenylalanine that appeared from
Table 4. Effects of a 0.55-g/kg low-protein diet (LPD) on muscle protein syn
kidney disease (CKD) (phenylalanine uptake or release, nmol/min per 100

Diet

1.1 g/kg

Protein synthesis Protein degradation Net protein balance Effi

CKD-LPD (n ¼ 6) 34 (6.0) 51 (5.0) �17 (2.0)a 6

1.1 g/kg

CKD- 1.1 g protein/kg (n ¼ 5) 33 (5.6) 48 (9.75) �16 (3.5)a 6

aSignificance of the arterial-venous difference: P < 0.01 or less.
bTreatment effect: P < 0.02 versus the 1.1-g protein/kg diet.
cTreatment effect: P < 0.05.
CKD-LPD subjects were studied after a 6-week period on a 1.1-g protein/kg protein diet and afte
were studied twice, at 6-week time points, while they were on a 1.1-g protein/kg diet.
Data are expressed as median (interquartile range).
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muscle protein degradation was cycled back into
protein synthesis (Table 3 and Figure 3). During the
LPD, this value increased to 76% (P < 0.05). No
change in the efficiency of protein turnover was
observed in patients with CKD who maintained the
1.1-g/kg diet.

Effect of an LPD on Whole-Body Protein Degradation

and on the Contribution of Skeletal Muscle to

Whole-Body Protein Turnover

As a next step, we compared the effects of an LPD on
muscle and whole-body protein degradation. In the
postabsorptive state, there is no entry of AAs from
dietary sources, and the flux of phenylalanine in the
body is derived from entry of phenylalanine released
from protein breakdown. Therefore, the measurement
of the whole-body rate of appearance of phenylala-
nine in the postabsorptive state is a measure of the
whole-body proteolysis.30 In accordance with previ-
ous observations,9,10 an LPD induced a slight decrease
in whole-body protein degradation (0.64 � 2 vs. 0.69
� 2 mmol/kg per minute per 1.73 m2 LPD vs. usual
protein diet, P < 0.06). Considering that the mean
fraction of muscle tissue is approximately 0.6,31,32 that
blood flow in muscle is 70% of total flow, and that
muscle is on average 40% of body weight, one could
estimate the contribution of skeletal muscle to whole-
body degradation to decline from 48% to 39% (P <
0.03) during an LPD (Figure 4). Accordingly, extra-
muscle tissues appear to be scarcely sensitive to a
decrease in protein intake, in comparison with muscle
tissue.

Effects of an sVLPD on Skeletal Muscle Protein

Synthesis and Degradation and Efficiency of Protein

Turnover

The effect of the sVLPD on protein turnover is shown
in Table 5. Individual data points are reported in
Supplementary Table S2.

At the baseline, when patients were studied under
the LPD, protein degradation rates exceeded protein
synthesis rates; however, muscle protein degradation
rates were low and not different from those observed
thesis, degradation, and net protein balance in patients with chronic
ml)

0.55 g/kg

ciency (%) Protein synthesis Protein degradation Net protein balance Efficiency (%)

6 (6.1) 32 (5) 42.5 (4.0)b �10 (5.0)a,b 76 (7.8)c

1.1 g/kg

7 (4.9) 35 (5.75) 51 (4.25) �17 (3.5)a 68 (8.8)

r 6 weeks on a 0.55-g protein/kg protein diet. Patients with CKD on a 1.1-g protein/kg diet
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MUSCLE

CKD  
Protein intake: 1.1 g/kg per day

Synthesis

Degradation

66% recycled

MUSCLE

CKD 
Protein intake: 0.55 g/kg per day

76% recycled

Synthesis

Degradation

34%  lost 24%  lost

Figure 3. The magnitude of daily protein turnover requires reutili-
zation of amino acids released by protein breakdown for protein
synthesis. In patients with chronic kidney disease (CKD) and diets
containing 1.1 g/kg protein, 64% of amino acid phenylalanine is
recycled into protein synthesis. During a low-protein diet (0.55 g/kg),
the entity of amino acid recycling increases to 75%, indicating
greater efficiency of protein turnover.
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in the Protocol 1 study (P ¼ NS). The ingestion of the
sVLPD was followed by a less catabolic state,
expressed by an approximately 55% decline of
the net muscle protein balance (P < 0.02) (Table 4)
and a further (19%) (P < 0.05) increase in the effi-
ciency of muscle protein turnover (Table 4 and
Figure 5). This effect was likely the consequence of a
combination of mechanisms, including as trend
(P < 0.06), an 18% increase in muscle protein
synthesis, combined with no significant change in
muscle protein degradation.

Effects of an sVLPD on Whole-Body Protein

Degradation

As compared with the LPD, whole-body protein
degradation was not changed by the sVLPD (0.63 � 0.1
vs. 0.66 � 0.1 and 0.64 � 0.2 mmol/kg per min per 1.73
m2 in the 3 study periods, P ¼ NS).
0
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100

1.1 g/kg       

%

Figure 4. The contribution of muscle to whole-body protein degradation d
1.1-g/kg diet.
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DISCUSSION

In the basal, postabsorptive state, muscle protein bal-
ance is negative because protein degradation exceeds
protein synthesis. The first new observation made from
this study is that in patients with CKD in the post-
absorptive state, skeletal muscle responds to an LPD
through a change in muscle protein dynamics, which is
characterized by a less negative protein balance due to
the combined effects of reduced protein degradation,
unchanged protein synthesis, and overall increased
efficiency of protein metabolism. Clearly, these changes
serve to minimize muscle N losses and may result in N
and muscle mass preservation in response to decreased
N intake.

The molecular mechanisms underlying the response
of muscle protein metabolism to changes in nutrient
intake are only in part known in humans. The modu-
lation of intracellular pathways of protein degradation
by changes in AA or protein availability are conserved
across different species, including insects and verte-
brates.1,33 In chicken muscle, daily variations in di-
etary lysine content alter the expression of several
proteolysis-related genes, including atrogin-1 and
MuRF-1.34 Similarly, in soleus muscles from growing
rats, an LPD decreases muscle protein degradation, an
effect that is associated with reductions in the mRNA
levels of atrogin-1 and MuRF-1, proteasome, and
caspase-3 activity.35 Besides an effect due to reduced
AA availability from ingested protein, it is suggested
that a decrease in muscle protein degradation pathways
follows an increase in insulin sensitivity, with an
upregulation of insulin receptor and phosphorylation
of Akt.36,37 Contrariwise, high protein intakes inhibit
other actions of insulin at multiple levels, including the
insulin-stimulated tyrosine phosphorylation of insulin
receptor-substrate-1 and -2, and insulin-stimulated
phosphatidylinositol 3-kinase.38
0.55 g/kg
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eclines markedly during a low-protein diet. a ¼ P < 0.05 versus the
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Table 5. Effects of an AA/KA-supplemented very low protein diet (VLPD) versus a low-protein diet (LPD) on muscle protein synthesis,
degradation, and net protein balance in patients with CKD (phenylalanine uptake or release, nmol/min per 100 ml)

Patients

LPD (0.55 g/kg) VLPD (0.45 g/kg) D EAA/KA (0.1 g/kg) LPD (0.55 g/kg) washout

Protein synthesis
Protein

degradation
Net protein
balance Efficiency (%)

Protein
synthesis

Protein
degradation

Net protein
balance Efficiency (%) Protein synthesis

Protein
degradation

Net protein
balance Efficiency (%)

CKD (n ¼ 6) 32 (4) 45 (5.0) �12 (1.0) 72 (2.3) 38 (8) 44 (6) �6.5 (4)a 86 (8.3)b 32 (4.0) 48 (6) �15 (5) 67 (8.3)

AA/KA, amino acid/ketoacid, CKD, chronic kidney disease; EAA, essential AA.
aTreatment effect: P < 0.01 or less versus LPD and LPD washout periods.
bP < 0.02 or less versus LPD and LPD washout periods.
Six subjects with CKD were studied after a 6-week period on a 0.55-g protein/kg protein diet (LPD), after 6 weeks on a 0.45-g protein/kg VLPD supplemented with 0.1 g/kg amino and
ketoacids, and again after 6 weeks on a 0.55-g protein/kg protein diet (LPD washout). Data are expressed as median and interquartile range.
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As a second new finding, we observed that muscle
protein turnover after an LPD proved to be more effi-
cient than during a normal protein intake. The
magnitude of daily protein turnover, with AA flux
several-fold greater than intake,2,3 needs large reutili-
zation of AA released by protein breakdown for protein
synthesis. According to the model studied here, as
much as 60% to 65% of phenylalanine deriving from
proteolysis is cycled back into protein synthesis in
CKD, a figure similar to what is observed in the normal
condition.22,27,28 In our study, this percentage
increased by 12% when patients ate an LPD, and
increased further with an sVLPD. Therefore, during the
adaptation to an LPD, protein turnover is more efficient
in AA recycling. This observation is in keeping with
the preserved nutritional conditions of patients studied
here and is part of the response to an LPD. It must be
underlined that in patients studied here, metabolic
acidosis was corrected by bicarbonate supplementa-
tion. One could speculate that the marked decrease in
muscle protein degradation observed after the LPD
could have been hindered by uncorrected acidosis.

Preservation of muscle protein synthesis is a neces-
sary component of the “adaptation” to a low protein
MUSCLE

CKD  
Protein intake: 0.55 g/kg per day

Synthesis

Degradation

72% recycled

MUSCLE

CKD 
Protein intake: 0.45 g/kg per day

+AA/KA 0.1 g/kg

86% recycled

Synthesis

Degradation

14%  lost28%  lost

Figure 5. In patients with chronic kidney disease (CKD) and diets
containing 0.55 g/kg protein, 72% of amino acid (AA) phenylalanine is
recycled into protein synthesis. During a very low–protein diet (0.45
g/kg) supplemented with AA and ketoacids (AA/KA) (0.1 g/kg), the
entity of AA recycling increases to 83%, indicating greater efficiency
of protein turnover.
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intake.5,6 In our study, muscle protein synthesis was
unaffected by a 0.55-g/kg LPD, showing that changes
occurring in muscle at this protein intake are truly
adaptive. However, it is unclear which protein intake
levels may be safe for skeletal muscle, even in healthy
subjects. Hursel et al.7 observed that a 10% to 12%
decrease in whole-body protein synthesis and degrada-
tion took place during the adaptation to a low (0.4 g/kg)
versus high (2.4 g/kg) protein intake; however, the 0.4-
g/kg protein diet did not lower fractional muscle protein
synthesis. These data suggest that muscle protein syn-
thesis in some healthy young individuals may be un-
expectedly maintained at very low protein intakes.
However, if not supplemented, a 0.45-g/kg day is not
sufficient to maintain protein synthesis and muscle mass
in elderly subjects,39,40 who now constitute a large ma-
jority of patients with CKD in many countries.

As a next step, we studied how muscle protein
metabolism adapts to a 0.45-g/kg per day protein,
supplemented with 0.1 g/kg EAA and KA, as compared
with a 0.55-g/kg LPD. In keeping with previous
studies,41,42 we observed that the sVLPD was not
associated with changes in body weight and composi-
tion; however, in terms of muscle protein kinetics, this
diet was associated with a lower net muscle catabolism,
as compared with the LPD.

The already low muscle protein degradation rates
attained during an LPD were not further reduced by the
sVLPD, suggesting that adaptation to a more restricted
protein intake cannot be attained by further restraining
protein degradation. In our study, the decrease in net
protein catabolism by the sVLPD was likely an effect of
increased efficiency of protein turnover and preserva-
tion of muscle protein synthesis, as compared with the
LPD. These effects are in keeping with studies showing
that higher protein quality intake better stimulates
muscle protein anabolism and protein synthesis.43,44

Leucine, in particular, has been identified as the key
factor stimulating the post-prandial rise in muscle pro-
tein synthesis.45 Recently, autophagy and apoptosis
have been shown to be reduced when an LPD was sup-
plemented with leucine and KA, as compared with an
LPD, in rodents with CKD.46,47 However, we cannot
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exclude the possibility that the persistent suppression of
protein degradation and the decrease in net protein
balance under the sVLPD was, at least in part, a carry-
over effect of previous LPD treatment. In this regard, a
significant carryover effect of exposure to an LPD before
the treatment period appears unlikely, because protein
metabolism fluctuates largely during the day in response
to nutrient ingestion and the effects of dietary protein on
protein turnover are very fast and reversible.48 In
addition, the effects of the sVLPD on net protein balance
were reversed during the washout LPD period.

It is commonly retained that whole-body measure-
ments of protein turnover are not a sensitive metabolic
indicator of adequacy of protein intake.49 In our study,
although muscle protein metabolism showed to be
extremely sensitive to the level of protein intake,
extramuscle tissue seemed to be scarcely affected.
Because splanchnic organs account for as much as 40%
to 50% of whole-body protein degradation, one could
assume that protein turnover in these tissues is less
sensitive to protein intake than in skeletal muscle. This is
also reflected by the finding that liver albumin synthesis
is scarcely influenced by protein intakes varying from
0.5 to 1.0 g/kg, if calorie intake is adequate.50–52

A possible limitation of our study is that patients
studied here were selected for good compliance to
protein-restricted diets. Therefore, the results of our
study cannot be extended to patients who are not
adherent to dietary treatment. Wasting may develop if
not all aspects of the protein-restricted diet are prop-
erly implemented or followed or when dietary intake is
involuntarily reduced during intercurrent illnesses. In
addition, we studied the response to reduced protein
intake only in the basal, postabsorptive state. Previous
studies have shown that neutral body N balance on an
sVLPD can be attained by reduction of whole-body
leucine oxidation and postprandial inhibition of pro-
tein degradation.16,17 However, our study is the first to
address the issue of the adaptation of muscle protein
turnover to LPDs. Further studies are needed to
explore the response of muscle protein turnover to
feeding different diets in patients with CKD. A recent
observation in older, otherwise healthy subjects shows
that the habituation to an LPD (0.7 g/kg) compared
with a high protein diet (1.5 g/kg) augments the
postprandial availability of dietary protein-derived
AAs in the circulation and does not lower basal mus-
cle protein synthesis rates after ingestion of protein.52

However, no information is available for patients with
CKD.

Another possible limitation of this study is that both
methods we used to measure muscle mass, anthro-
pometry and bioimpedance, are influenced by the hy-
dration status. Therefore, it is still possible that during
708
the study subtle changes in muscle mass may have
occurred and passed unnoticed.

In conclusion, we used phenylalanine turnover
methodology to examine how uncomplicated, moder-
ately severe CKD affects the ability of patients to adapt
to dietary protein restriction in skeletal muscle. Our
study demonstrates that both LPD and sVLPD signifi-
cantly affect forearm protein metabolism. Overall, the
results of this study indicate skeletal muscle protein
metabolism adaptation to restrained protein intake can
be obtained via combined responses of reduced protein
degradation and increased efficiency of AA recycling.
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