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Abstract: Multi-factors, such as anorexia, activation of renin-angiotensin system, inflammation, and
metabolic acidosis, contribute to malnutrition in chronic kidney disease (CKD) patients. Most of
these factors, contributing to the progression of malnutrition, worsen as CKD progresses. Protein
restriction, used as a treatment for CKD, can reduce the risk of CKD progression, but may worsen
the sarcopenia, a syndrome characterized by a progressive and systemic loss of muscle mass and
strength. The concomitant rate of sarcopenia is higher in CKD patients than in the general population.
Sarcopenia is also associated with mortality risk in CKD patients. Thus, it is important to determine
whether protein restriction should be continued or loosened in CKD patients with sarcopenia. We
may prioritize protein restriction in CKD patients with a high risk of end-stage kidney disease (ESKD),
classified to stage G4 to G5, but may loosen protein restriction in ESKD-low risk CKD stage G3
patients with proteinuria <0.5 g/day, and rate of eGFR decline <3.0 mL/min/1.73 m2/year. However,
the effect of increasing protein intake alone without exercise therapy may be limited in CKD patients
with sarcopenia. The combination of exercise therapy and increased protein intake is effective in
improving muscle mass and strength in CKD patients with sarcopenia. In the case of loosening
protein restriction, it is safe to avoid protein intake of more than 1.5 g/kgBW/day. In CKD patients
with high risk in ESKD, 0.8 g/kgBW/day may be a critical point of protein intake.

Keywords: malnutrition; protein energy wasting (PEW); sarcopenia

1. Introduction

Nutritional adverse derangement is often observed in patients with chronic kidney
disease (CKD), and common in advanced CKD and dialysis patients. The International
Society of Renal Nutrition and Metabolism (ISRNM) defines protein energy wasting (PEW)
as a “the state of decreased body protein and fat masses” [1]. The pathogenesis of PEW
in CKD is multifaceted. Decreased protein and energy intake due to dietary restriction or
anorexia, increased protein catabolism due to activation of renin-angiotensin system or
hyperparathyroidism, decreased anabolism due to insulin resistance, chronic inflammation,
metabolic acidosis, and hormonal imbalances have been reported to be associated with
PEW [2] as well as sarcopenia [3] (Figure 1). These two concepts share the same criteria
and have similar causes and outcomes, but they are defined differently [4]. PEW focuses
on protein and energy loss associated with inflammation, whereas sarcopenia focuses on
muscle mass and strength loss associated with aging. CKD patients often belong to both
conditions to varying degrees.

Dietary protein intake gradually decreases during the progression of kidney injury,
even in the CKD patients with minimal dietary intervention [5]. This trend was simi-
larly observed for urinary creatinine excretion, a marker of muscle mass [5]. Food intake
progressively and spontaneously decreases with decline of renal function [6]. Infusion of
angiotensin II in rats was shown to induce skeletal muscle wasting via proteolysis [7,8], and
in turn, angiotensin converting enzyme inhibitor [9] or angiotensin receptor blocker [10]
preserved muscle strength. Parathyroid hormone (PTH) was reported to drive adipose tis-
sue browning and malnutrition via PTH receptor in fat tissue [10]. Systemic inflammation,
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including elevated cytokines, such as tumor necrosis factor (TNF)-α, interleukin (IL)-6, IL-8,
and so on, is often observed in CKD patients, and this tendency becomes more pronounced
as the CKD stage progresses [11]. The inflammation in uremic milieu induces cardiovascu-
lar diseases and malnutrition [12,13]. Metabolic acidosis increases protein catabolism via
up-regulation of ubiquitin-proteasome system in CKD patients [14,15]. Anemic patients
were more frequently malnourished or at risk of malnutrition, and albumin levels are
strongly associated with anemia in the elderly [16]. Vitamin D is associated with muscle
weakness in older people [17], and pre-dialysis CKD patients [18].
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As mentioned above, many factors contribute to malnutrition in CKD. Most of these
factors, such as hyperparathyroidism, activation of renin-angiotensin system, metabolic
acidosis, and insulin resistance, worsen as CKD progresses. Thus, nutritional condition
in CKD patients deteriorates as CKD progresses. In fact, protein energy wasting (PEW)
assessed by clinical global assessment was observed in 2% of CKD stage G1-2, 16% of CKD
G3-4, 31% of CKD G5 without dialysis, and 44% of CKD G5D [19]. On the other hand,
protein restriction is used as a treatment for CKD, but it may lead to sarcopenia, assessed
by loss of muscle strength or mass [20]. Energy-adjusted protein intake was associated with
three-year changes in lean mass body. Participants in the highest quintile of protein intake
lost approximately 40% less lean mass than did those in the lowest quintile of protein
intake [20].

As mentioned above, the more advanced CKD becomes, the more severe the malnutri-
tion becomes. Inflammation and other conditions that cause PEW become more serious as
CKD progresses. On the other hand, protein intake and exercise therapy are factors that can
intervene in CKD patients with sarcopenia. In CKD patients with sarcopenia, increasing
protein intake may prevent worsening of sarcopenia and improve life expectancy. On the
other hand, increased protein intake may accelerate the progression of CKD. Considering
these two opposing effects, it is important to consider the appropriate protein intake for
CKD patients with sarcopenia. As the other section in this issue describes the pathogenesis
of malnutrition in dialysis patients, this paper will focus on the optimal protein intake and
exercise on pre-dialysis CKD patients with sarcopenia.

2. Definition and Epidemiology of Sarcopenia in CKD

Sarcopenia is a syndrome characterized by a progressive and systemic loss of muscle
mass and strength, which is associated with physical dysfunction, poor quality of life, and
risk of death. It is diagnosed when the loss of muscle mass is accompanied by a loss of
muscle strength or physical performance [21]. In addition to common risk factors such
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as aging and physical inactivity, inadequate protein intake as well as energy deficiency is
thought to play a major role in the development and progression of sarcopenia in CKD
patients. Furthermore, various factors, such as inflammation [22], metabolic acidosis [23],
natural vitamin D deficiency [24], or diuretics treatment [25,26] may contribute to the
development and progression of sarcopenia in CKD patients [3]. There are multiple
diagnostic criteria for sarcopenia, which are not standardized internationally. The European
Working Group on Sarcopenia in Older People (EWGSOP) definition is often used in
Western countries [21], while the Asian Working Group on Sarcopenia in Older People
(AWGS) [27] is recommended in Asian countries. Recently, the consensus of EWGSOP [27]
and AWGS [28] was updated. Both consensus guidelines emphasize muscle strength
by grip strength, allowing for diagnosis by family physicians and community health
care settings that lack equipment to measure skeletal muscle mass, because low muscle
strength can predict a worse outcome than low muscle mass [29]. For the assessment of
skeletal muscle mass, many of the cutoffs are based on Dual Energy X-ray Absorptiometry
(DEXA), while others are based on the bioelectrical impedance analysis (BIA) method.
There have been reports comparing the incidence of sarcopenia in CKD patients according
to each cutoff value by using BIA, central upper arm circumference and subcutaneous
fat, and subjective global assessment, and it has been reported that the incidence varies
depending on the assessment method [25,30–32]. Reports on the epidemiological frequency
of complications are currently scarce for any of the diagnostic criteria, and there is a wide
range among reports for the same diagnostic criteria. Therefore, we need to choose the
diagnostic criteria by considering the body size or race to diagnose sarcopenia.

According to the National Health and Nutrition Examination Survey (NHANES III,
1994–1998), CKD patients have a high incidence of muscle mass loss [33]. In addition, a
cohort study showed that walking speed and muscle strength decreases as the CKD stage
progressed from creatinine clearance (Ccr) of 90 mL/min or more to 60–89 mL/min and less
than 60 mL/min [34]. In a study of CKD patients with minimal dietary guidance, patients
with lower Ccr had lower protein intake and lower urinary creatinine excretion, suggesting
that appetite decreases and muscle mass decreases as CKD progresses [5]. According to
the Korea National Health and Nutrition Examination Survey, the frequency of sarcopenia
increases with CKD stage, with 2.6%, 5.6%, and 18.1% of men and 5.3%, 7.1%, and 12.6% of
women in CKD stages 1, 2, and 3–5, respectively [30]. Thus, the frequency of sarcopenia is
higher in CKD patients than in the general population, and it increases with the progression
of CKD stage.

The prognosis of CKD complicated by sarcopenia is worse than that of uncomplicated
CKD in terms of mortality and length of hospital stay. In a report examining creatinine
excretion and mortality risk, the risk of mortality increases with decreasing creatinine
excretion and decreasing muscle mass [35]. In patients with stage 3–5 CKD diagnosed with
sarcopenia assessed by BIA, by central upper arm circumference and subcutaneous fat,
and by subjective comprehensive assessment, sarcopenia is associated with poor prognosis
regardless of the diagnostic method [31]. Furthermore, in hemodialysis patients, the
diagnosis of sarcopenia by grip weakness or definition of EWGSOP is associated with
mortality risk [32]. In a report on hemodialysis patients from Japan, the modified creatinine
(Cr) index using pre-dialysis serum Cr, which is correlated with muscle mass, was assessed
by the BIA method, and the lower this value is, the higher the risk of fracture [36].

3. CKD with Sarcopenia and Protein Restriction

End-stage kidney disease (ESKD) and death/cardiovascular death (mortality) are
both important as the outcomes of CKD patients, and protein restriction is mainly used to
improve the outcome of the former. In elderly CKD patients, the mortality risk is higher
than the risk of ESKD [37]. Many of CKD patients with sarcopenia have been treated with
protein restriction as a standard therapy. Kidney Disease Quality Initiative—National
Kidney Foundation (KDOQI-NKF) guidelines for nutrition in CKD recommends a protein
intake of 0.6 to 0.8 g/kg/day for patients with CKD in stages 3 to 5 with an energy intake
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of 30 kcal/kg/day [38]. The PROT-AGE Study Group recommends a protein intake of
0.8 g/kg/day and >0.8 g/kg/day for the elderly CKD patients with GFR < 30 mL/min
and 30 to 60 mL/min, respectively [39]. However, in the case of muscle wasting such
as sarcopenia, sufficient energy (30 kcal/kg/day) and protein (0.8–1.0 g/kg/day) are
recommended for nutritional needs [4]. Some CKD patients with sarcopenia are at high
risk for CKD progression to end-stage renal failure, while others have worsening sarcopenia
and are at high risk of shortened life expectancy. In CKD patients with sarcopenia, different
decisions (protein intake or protein restriction) need to be made against the dual outcomes
of the progression of renal damage and the progression of sarcopenia. If the risk of end-
stage renal failure is high, protein restriction is necessary, and if the risk of worsening
sarcopenia is high, protein restriction should be loosened. However, such criteria are not
clear. Thus, it is important to decide whether protein restriction should be continued
or loosened in CKD patients with sarcopenia. CKD patients classified to stage G4 to
G5 are belong to the extremely high risk group of renal replacement therapy, and prone
to complications such as accumulation of uremic toxins, electrolyte abnormalities, and
metabolic disorders [40,41]. Protein restriction can reduce the risk of ESKD in CKD,
especially in patients with a GFR < 30 mL/min/1.73 m2, but does not increase the risk of
death [42], suggesting that protein restriction should be considered a priority for patients
with CKD stage G4 to G5.

The relative risk of ESKD for CKD patients with stage G3 varies greatly depending
on the urinary protein level and rate of eGFR decline. Therefore, the risk of ESKD should
be assessed in each individual case to determine whether protein restriction should be
continued or loosened in CKD patients with stage G3. It has been reported that the risk
of ESKD is low in CKD patients with A1 and A2 severity categories, and the mortality
risk is higher than the risk of ESKD in cases with urinary protein levels <0.5 g/day [43].
On the contrary, it has been reported that proteinuria >1.0 g/gCr [44] or albuminuria >
1.0 g/gCr [45] is associated with a higher risk of ESKD.

With regard to the rate of eGFR decline, it has been reported that CKD patients with
an eGFR decline >3.0 mL/min/1.73 m2/year have a higher risk of ESKD than those with a
lower eGFR decline [46,47]. In a meta-analysis showing that protein restriction suppresses
the rate of GFR decline [48], 12 of the 15 studies showed that the rate of GFR decline
was greater than 3.0 mL/min/1.73 m2/year, suggesting that protein restriction may be
effective in patients with a faster rate of eGFR decline. Thus, it is reasonable to consider
prioritizing protein restriction in CKD patients with stage G4 to G5, but loosening protein
restriction in CKD stage G3 patients with proteinuria <0.5 g/day, and rate of eGFR decline
<3.0 mL/min/1.73 m2/year.

4. Effect of Increased Protein Intake for CKD Patients with Sarcopenia

The supplementation of vitamin D and leucine-enriched diet in elderly patients with
sarcopenia for 13 weeks improved the chair-rise test and limb muscle mass compared with
controls, but there was no difference in grip strength or short physical performance battery
(SPPB) [49]. On the other hand, in a study of sarcopenic older adults using nutritional
supplements with different amounts of protein, lower extremity muscle strength, muscle
quality, grip strength, and walking speed increased in high protein intake groups after
24 weeks [50]. In addition, in a randomized controlled trial (RCT) of protein loading in
elderly people with frailty, protein intake improved short physical performance battery
(SPPB) but not lean mass [51]. As described above, there are a number of RCTs showing
the efficacy of dietary therapy alone, but none of them reported that dietary therapy was
effective for skeletal muscle mass, physical function, or muscle strength. In a meta-analysis
of five RCTs of elderly people diagnosed with sarcopenia, there was no clear effect on
skeletal muscle mass, lean mass, grip strength, knee extensor strength, walking speed, or
Timed Up and Go test at three months [52]. Thus, the effect of increasing protein intake
alone without exercise therapy may be limited in CKD patients with sarcopenia.



Nutrients 2021, 13, 1205 5 of 9

5. Increased Protein Intake and Exercise for CKD Patients with Sarcopenia

In a systematic review and meta-analysis of three RCTs of elderly people with sarcope-
nia, exercise therapy improves limb skeletal muscle mass, normal walking speed, maximal
walking speed, and knee extension muscle strength compared with dietary intervention or
health education [52], suggesting that exercise therapy is effective in improving sarcopenia.
In addition, there are several reports that exercise therapy, including resistance exercise,
prolonged six-minute walking distance [53], increases thigh cross-sectional area, volume,
and knee extension muscle strength [54], and increases muscle fiber area and upper and
lower limb muscle strength [55,56]. Furthermore, in a 12-week RCT in CKD patients with
stages G3b to G5, including frailty patients, the combination of resistance exercise and aero-
bic exercise increases muscle mass and strength compared with aerobic exercise alone [57],
and it is important to note that there are no significant changes in renal function in both
groups. These results suggest that exercise therapy is effective in improving muscle mass
and strength in elderly patients with sarcopenia, and that the combination of exercise ther-
apy and diet therapy is more effective than exercise therapy alone in improving sarcopenia
in elderly patients. On the other hand, a large increase in protein intake may worsen the
renal function in CKD patients. Therefore, it is considered safer to increase protein intake
gradually in CKD. Although the amount of energy consumed during exercise therapy
varies widely among individuals, total energy requirements are also expected to increase,
so energy intake should be adjusted accordingly.

6. Excessive Protein Intake in CKD Patients

The GFR increases physiologically and transiently with protein intake. In the elderly,
especially those over 70 years of age, potential glomerular hyperfiltration occurs due to
age-related nephron loss [58], and hypertension, diabetes mellitus, and obesity further
reduce renal reserve [59]. It has been reported that short-term protein loading (average
of 2.0 g/kgBW/day) increases GFR in healthy young adults, but decreases GFR in older
adults (average of 1.8 g/kgBW/day for 10 days) [60]. In a report from the United States on
healthy subjects with an eGFR > 60 mL/min/1.73 m2 without cardiovascular disease or
diabetes for a median of 23 years [61], a report from the Netherlands on healthy subjects
with a mean eGFR of 80 mL/min/1.73 m2 for a mean of 6.4 years [62], and a report
from the United States on healthy women with an eGFR > 80 mL/min/1.73 m2 for 11
years [63], protein intake was not associated with decreased renal function. Thus, in
terms of risk of renal function decline, CKD stage G1 to G2 patients with sarcopenia may
benefit from adequate dietary protein intake. On the other hand, an association between
high protein intake and cardiovascular mortality has been reported in elderly people at
risk for cardiovascular disease [64]. In a Spanish report of elderly subjects at high risk
for cardiovascular disease, the risk of cardiovascular and all-cause mortality was higher
in the group with a protein intake >1.5 g/kgBW/day compared with the group with a
protein intake of 1.0–1.5 g/kgBW/day at a median observation period of 4.8 years [64],
suggesting that protein intake may be an independent risk factor for cardiovascular disease
risk. Therefore, it is safe to avoid protein intake of more than 1.5 g/kgBW/day at least in
elderly people at risk for cardiovascular disease.

In the MDRD (Modification of Diet in Renal Disease) Study A, there was no difference
in glomerular filtration rate (GFR) reduction between usual-protein diet group (1.3 g/kg
body weight (BW)/day) and low-protein diet group (0.58 g/kgBW/day) among CKD
patients (eGFR 25–55 mL/min/1.73 m2) over the entire three-year analysis [65]. In a
subsequent analysis, the rate of GFR decline in the 0.58 g/kgBW/day group was faster
than that in the 1.3 g/kgBW/day group up to four months after the start of the study,
and the rate of GFR decline was slower in the 0.58 g/kgBW/day group after four months,
suggesting the possibility of a long-term renoprotective effect of a low-protein diet [66].
In an RCT of 89 patients with CKD stage G3 and hypertension [67], the GFR decline at
12 months was faster in the unrestricted group (actual intake: 1.54 ± 0.39 g/kgBW/day)
compared with the patients with a protein intake instruction of 0.6 g/kgBW/day (actual
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intake: 0.67 ± 0.21), suggesting that the actual intake of 1.5 g/kgBW/day of protein
worsens the rate of renal function decline compared with 0.6 g/kgBW/day. In this report,
serum albumin and prealbumin levels did not change in the 0.6 g/kgBW/day group,
but energy intake, body weight, and BMI decreased, compared with the unrestricted
group. A French report of CKD (stage G3: 50%) with a median follow-up of 5.6 years
showed that an increase in protein intake of 0.1 g/kgBW/day increased the risk of ESKD
by 1.05 (95% CI, 1.01–1.10) [68]. However, the hazard ratio was even higher in the group
with GFR < 30 mL/min/1.73 m2, but the significance disappeared in the group with
GFR ≥ 30 mL/min/1.73 m2, suggesting that the effect of protein restriction in stage G3 is
not high [68]. Furthermore, the risk of ESKD increases linearly with increasing protein
intake, but there is no threshold for protein intake [68]. Thus, the upper limit of protein
intake for CKD patients who are not at high risk for ESKD is 1.3 g/kgBW/day under the
presence of sarcopenia.

On the other hand, protein restriction should be prioritized in CKD patients at high
risk for ESKD. CKD patients prioritizing protein restriction are considered to be stage
G4-G5 patients and stage G3 patients with proteinuria >0.5 g/day. However, excessive
protein restriction may exacerbate sarcopenia. A systematic review and meta-analysis of
RCTs in stage G3 to G5 CKD reported that protein restriction of <0.8 g/kgBW/day was
associated with a reduced risk of progression to ESKD compared with >0.8 g/kgBW/day,
with no change in the risk of total mortality [69]. In an RCT of CKD in stages G4 to
G5 with strict protein restriction (0.55 g/kgBW/day) versus usual protein restriction
(0.8 g/kgBW/day), there was no difference in survival, non-induction of dialysis, or their
combined outcomes [70], suggesting that protein restriction of 0.8 g/kgBW/day does not
further worsen renal dysfunction compared to 0.55 g/kgBW/day. Thus, 0.8 g/kgBW/day
is considered to be a critical point of protein intake in CKD patients with high risk in ESKD.

7. Conclusions

Reflecting the aging of CKD patients in recent years, malnutrition and sarcopenia
have been the focus of much attention. Although many factors are thought to be involved
in the development of these pathogenesis, inadequate protein intake may contribute to the
progression of sarcopenia. Protein restriction has been used to treat CKD patients for many
years, and protein intake for CKD patients with sarcopenia may improve sarcopenia and
improve life expectancy. On the other hand, excessive protein intake may accelerate the
progression of CKD. For CKD patients with sarcopenia, urinary protein excretion and the
rate of eGFR decline should be evaluated to determine whether protein restriction should
be continued or loosened.

Author Contributions: The author contributed to this review/manuscript. The conceptualization
of the review, the literature search was done by Y.I. The draft and revision of the manuscript was
written by Y.I. The author has read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The author declares no conflict of interest.

References
1. Fouque, D.; Kalantar-Zadeh, K.; Kopple, J.; Cano, N.; Chauveau, P.; Cuppari, L.; Franch, H.; Guarnieri, G.; Ikizler, T.; Kaysen, G.;

et al. A proposed nomenclature and diagnostic criteria for protein–energy wasting in acute and chronic kidney disease. Kidney
Int. 2008, 73, 391–398. [CrossRef]

2. Carrero, J.J.; Stenvinkel, P.; Cuppari, L.; Ikizler, T.A.; Kalantar-Zadeh, K.; Kaysen, G.; Mitch, W.E.; Price, S.R.; Wanner, C.; Wang,
A.Y.; et al. Etiology of the Protein-Energy Wasting Syndrome in Chronic Kidney Disease: A Consensus Statement From the
International Society of Renal Nutrition and Metabolism (ISRNM). J. Ren. Nutr. 2013, 23, 77–90. [CrossRef] [PubMed]

3. Moorthi, R.N.; Avin, K.G. Clinical relevance of sarcopenia in chronic kidney disease. Curr. Opin. Nephrol. Hypertens. 2017, 26,
219–228. [CrossRef] [PubMed]

4. Sabatino, A.; Cuppari, L.; Stenvinkel, P.; Lindholm, B.; Avesani, C.M. Sarcopenia in chronic kidney disease: What have we learned
so far? J. Nephrol. 2020, 1–26. [CrossRef] [PubMed]

http://doi.org/10.1038/sj.ki.5002585
http://doi.org/10.1053/j.jrn.2013.01.001
http://www.ncbi.nlm.nih.gov/pubmed/23428357
http://doi.org/10.1097/MNH.0000000000000318
http://www.ncbi.nlm.nih.gov/pubmed/28198733
http://doi.org/10.1007/s40620-020-00840-y
http://www.ncbi.nlm.nih.gov/pubmed/32876940


Nutrients 2021, 13, 1205 7 of 9

5. Ikizler, T.A.; Greene, J.H.; Wingard, R.L.; Parker, R.A.; Hakim, R.M. Spontaneous dietary protein intake during progression of
chronic renal failure. J. Am. Soc. Nephrol. 1995, 6, 1386–1391.

6. Duenhas, M.R.; Draibe, S.A.; Avesani, C.M.; Sesso, R.; Cuppari, L. Influence of renal function on spontaneous dietary intake and
on nutritional status of chronic renal insufficiency patients. Eur. J. Clin. Nutr. 2003, 57, 1473–1478. [CrossRef]

7. Rajan, V.; Mitch, W.E. Ubiquitin, proteasomes and proteolytic mechanisms activated by kidney disease. Biochim. Biophys. Acta
Mol. Basis Dis. 2008, 1782, 795–799. [CrossRef]

8. Song, Y.-H.; Li, Y.; Du, J.; Mitch, W.E.; Rosenthal, N.; Delafontaine, P. Muscle-specific expression of IGF-1 blocks angiotensin
II–induced skeletal muscle wasting. J. Clin. Investig. 2005, 115, 451–458. [CrossRef]

9. Onder, G.; Penninx, B.W.J.H.; Balkrishnan, R.; Fried, L.P.; Chaves, P.H.M.; Williamson, J.; Carter, C.; Di Bari, M.; Guralnik, J.M.;
Pahor, M. Relation between use of angiotensin-converting enzyme inhibitors and muscle strength and physical function in older
women: An observational study. Lancet 2002, 359, 926–930. [CrossRef]

10. Lin, Y.-L.; Chen, S.-Y.; Lai, Y.-H.; Wang, C.-H.; Kuo, C.-H.; Liou, H.-H.; Hsu, B.-G. Angiotensin II receptor blockade is associated
with preserved muscle strength in chronic hemodialysis patients. BMC Nephrol. 2019, 20, 54. [CrossRef]

11. Nakanishi, I.; Moutabarrik, A.; Okada, N.; Kitamura, E.; Hayashi, A.; Syouji, T.; Namiki, M.; Ishibashi, M.; Zaid, D.; Tsubakihara,
Y. Interleukin-8 in chronic renal failure and dialysis patients. Nephrol. Dial. Transplant. 1994, 9, 1435–1442.

12. Meuwese, C.L.; Carrero, J.J.; Stenvinkel, P. Recent Insights in Inflammation-Associated Wasting in Patients with Chronic Kidney
Disease. Contrib. Nephrol. 2011, 171, 120–126. [CrossRef]

13. Utaka, S.; Avesani, C.M.; Draibe, S.A.; Kamimura, M.A.; Andreoni, S.; Cuppari, L. Inflammation is associated with increased
energy expenditure in patients with chronic kidney disease. Am. J. Clin. Nutr. 2005, 82, 801–805. [CrossRef] [PubMed]

14. Boirie, Y.; Broyer, M.; Gagnadoux, M.F.; Niaudet, P.; Bresson, J.-L. Alterations of protein metabolism by metabolic acidosis in
children with chronic renal failure. Kidney Int. 2000, 58, 236–241. [CrossRef] [PubMed]

15. Pickering, W.P.; Price, S.R.; Bircher, G.; Marinovic, A.C.; Mitch, W.E.; Walls, J. Nutrition in CAPD: Serum bicarbonate and the
ubiquitin-proteasome system in muscle. Kidney Int. 2002, 61, 1286–1292. [CrossRef] [PubMed]

16. Frangos, E.; Trombetti, A.; Graf, C.E.; Lachat, V.; Samaras, N.; Vischer, U.M.; Zekry, D.; Rizzoli, R.; Herrmann, F.R. Malnutrition in
very old hospitalized patients: A new etiologic factor of anemia? J. Nutr. Health Aging 2016, 20, 705–713. [CrossRef]

17. Visser, M.; Deeg, D.J.H.; Lips, P. Low Vitamin D and High Parathyroid Hormone Levels as Determinants of Loss of Muscle
Strength and Muscle Mass (Sarcopenia): The Longitudinal Aging Study Amsterdam. J. Clin. Endocrinol. Metab. 2003, 88,
5766–5772. [CrossRef]

18. Saito, A.; Hiraki, K.; Otobe, Y.; Izawa, K.P.; Sakurada, T.; Shibagaki, Y. Relationship between Serum Vitamin D and Leg Strength
in Older Adults with Pre-Dialysis Chronic Kidney Disease: A Preliminary Study. Int. J. Environ. Res. Public Health 2020, 17, 1433.
[CrossRef]

19. Dai, L.; Mukai, H.; Lindholm, B.; Heimbürger, O.; Barany, P.; Stenvinkel, P.; Qureshi, A.R. Clinical global assessment of nutritional
status as predictor of mortality in chronic kidney disease patients. PLoS ONE 2017, 12, e0186659. [CrossRef]

20. Houston, D.K.; Nicklas, B.J.; Ding, J.; Harris, T.B.; Tylavsky, F.A.; Newman, A.B.; Lee, J.S.; Sahyoun, N.R.; Visser, M.; Kritchevsky,
S.B.; et al. Dietary protein intake is associated with lean mass change in older, community-dwelling adults: The Health, Aging,
and Body Composition (Health ABC) Study. Am. J. Clin. Nutr. 2008, 87, 150–155. [CrossRef]

21. Cruz-Jentoft, A.J.; Baeyens, J.P.; Bauer, J.M.; Boirie, Y.; Cederholm, T.; Landi, F.; Martin, F.C.; Michel, J.-P.; Rolland, Y.;
Schneider, S.M.; et al. Sarcopenia: European consensus on definition and diagnosis: Report of the European Working Group on
Sarcopenia in Older People. Age Ageing 2010, 39, 412–423. [CrossRef]

22. Tuttle, C.S.; Thang, L.A.; Maier, A.B. Markers of inflammation and their association with muscle strength and mass: A systematic
review and meta-analysis. Ageing Res. Rev. 2020, 64, 101185. [CrossRef]

23. Jehle, S.; Krapf, R. Effects of acidogenic diet forms on musculoskeletal function. J. Nephrol. 2010, 23, 77–84.
24. Tajar, A.; Lee, D.M.; Pye, S.R.; O’Connell, M.D.L.; Ravindrarajah, R.; Gielen, E.; Boonen, S.; Vanderschueren, D.; Pendleton, N.;

Finn, J.D.; et al. The association of frailty with serum 25-hydroxyvitamin D and parathyroid hormone levels in older European
men. Age Ageing 2013, 42, 352–359. [CrossRef] [PubMed]

25. Ishikawa, S.; Naito, S.; Iimori, S.; Takahashi, D.; Zeniya, M.; Sato, H.; Nomura, N.; Sohara, E.; Okado, T.; Uchida, S.; et al. Loop
diuretics are associated with greater risk of sarcopenia in patients with non-dialysis-dependent chronic kidney disease. PLoS
ONE 2018, 13, e0192990. [CrossRef] [PubMed]

26. Mandai, S.; Furukawa, S.; Kodaka, M.; Hata, Y.; Mori, T.; Nomura, N.; Ando, F.; Mori, Y.; Takahashi, D.; Yoshizaki, Y.; et al. Loop
diuretics affect skeletal myoblast differentiation and exercise-induced muscle hypertrophy. Sci. Rep. 2017, 7, 46369. [CrossRef]

27. Chen, L.-K.; Liu, L.-K.; Woo, J.; Assantachai, P.; Auyeung, T.-W.; Bahyah, K.S.; Chou, M.-Y.; Hsu, P.-S.; Krairit, O.; Lee, J.S.; et al.
Sarcopenia in Asia: Consensus Report of the Asian Working Group for Sarcopenia. J. Am. Med. Dir. Assoc. 2014, 15, 95–101.
[CrossRef] [PubMed]

28. Chen, L.-K.; Woo, J.; Assantachai, P.; Auyeung, T.-W.; Chou, M.-Y.; Iijima, K.; Jang, H.C.; Kang, L.; Kim, M.; Kim, S.; et al. Asian
Working Group for Sarcopenia: 2019 Consensus Update on Sarcopenia Diagnosis and Treatment. J. Am. Med. Dir. Assoc. 2020, 21,
300–307.e2. [CrossRef]

29. Leong, D.P.; Teo, K.K.; Rangarajan, S.; Lopez-Jaramillo, P.; Avezum, A.; Orlandini, A.; Seron, P.; Ahmed, S.H.; Rosengren, A.;
Kelishadi, R.; et al. Prognostic value of grip strength: Findings from the Prospective Urban Rural Epidemiology (PURE) study.
Lancet 2015, 386, 266–273. [CrossRef]

http://doi.org/10.1038/sj.ejcn.1601713
http://doi.org/10.1016/j.bbadis.2008.07.007
http://doi.org/10.1172/JCI22324
http://doi.org/10.1016/S0140-6736(02)08024-8
http://doi.org/10.1186/s12882-019-1223-3
http://doi.org/10.1159/000327228
http://doi.org/10.1093/ajcn/82.4.801
http://www.ncbi.nlm.nih.gov/pubmed/16210709
http://doi.org/10.1046/j.1523-1755.2000.00158.x
http://www.ncbi.nlm.nih.gov/pubmed/10886568
http://doi.org/10.1046/j.1523-1755.2002.00276.x
http://www.ncbi.nlm.nih.gov/pubmed/11918735
http://doi.org/10.1007/s12603-015-0641-6
http://doi.org/10.1210/jc.2003-030604
http://doi.org/10.3390/ijerph17041433
http://doi.org/10.1371/journal.pone.0186659
http://doi.org/10.1093/ajcn/87.1.150
http://doi.org/10.1093/ageing/afq034
http://doi.org/10.1016/j.arr.2020.101185
http://doi.org/10.1093/ageing/afs162
http://www.ncbi.nlm.nih.gov/pubmed/23111338
http://doi.org/10.1371/journal.pone.0192990
http://www.ncbi.nlm.nih.gov/pubmed/29447254
http://doi.org/10.1038/srep46369
http://doi.org/10.1016/j.jamda.2013.11.025
http://www.ncbi.nlm.nih.gov/pubmed/24461239
http://doi.org/10.1016/j.jamda.2019.12.012
http://doi.org/10.1016/S0140-6736(14)62000-6


Nutrients 2021, 13, 1205 8 of 9

30. Moon, S.J.; Kim, T.H.; Yoon, S.Y.; Chung, J.H.; Hwang, H.-J. Relationship between Stage of Chronic Kidney Disease and Sarcopenia
in Korean Aged 40 Years and Older Using the Korea National Health and Nutrition Examination Surveys (KNHANES IV-2, 3,
and V-1, 2), 2008–2011. PLoS ONE 2015, 10, e0130740. [CrossRef]

31. Pereira, R.A.; Cordeiro, A.C.; Avesani, C.M.; Carrero, J.J.; Lindholm, B.; Amparo, F.C.; Amodeo, C.; Cuppari, L.; Kamimura, M.A.
Sarcopenia in chronic kidney disease on conservative therapy: Prevalence and association with mortality. Nephrol. Dial. Transplant.
2015, 30, 1718–1725. [CrossRef] [PubMed]

32. Ren, H.; Gong, D.; Jia, F.; Xu, B.; Liu, Z. Sarcopenia in patients undergoing maintenance hemodialysis: Incidence rate, risk factors
and its effect on survival risk. Ren. Fail. 2016, 38, 364–371. [CrossRef]

33. Foley, R.N.; Wang, C.; Ishani, A.; Collins, A.J.; Murray, A.M. Kidney Function and Sarcopenia in the United States General
Population: NHANES III. Am. J. Nephrol. 2007, 27, 279–286. [CrossRef] [PubMed]

34. Roshanravan, B.; Patel, K.V.; Robinson-Cohen, C.; De Boer, I.H.; O’Hare, A.M.; Ferrucci, L.; Himmelfarb, J.; Kestenbaum, B.
Creatinine Clearance, Walking Speed, and Muscle Atrophy: A Cohort Study. Am. J. Kidney Dis. 2015, 65, 737–747. [CrossRef]
[PubMed]

35. Sinkeler, S.J.; Kwakernaak, A.J.; Bakker, S.J.; Shahinfar, S.; Esmatjes, E.; De Zeeuw, D.; Navis, G.; Heerspink, H.J.L. Creatinine
Excretion Rate and Mortality in Type 2 Diabetes and Nephropathy. Diabetes Care 2013, 36, 1489–1494. [CrossRef]

36. Yamada, S.; Taniguchi, M.; Tokumoto, M.; Yoshitomi, R.; Yoshida, H.; Tatsumoto, N.; Hirakata, H.; Fujimi, S.; Kitazono, T.;
Tsuruya, K. Modified Creatinine Index and the Risk of Bone Fracture in Patients Undergoing Hemodialysis: The Q-Cohort Study.
Am. J. Kidney Dis. 2017, 70, 270–280. [CrossRef] [PubMed]

37. O’Hare, A.M.; Choi, A.I.; Bertenthal, D.; Bacchetti, P.; Garg, A.X.; Kaufman, J.S.; Walter, L.C.; Mehta, K.M.; Steinman, M.A.;
Allon, M.; et al. Age Affects Outcomes in Chronic Kidney Disease. J. Am. Soc. Nephrol. 2007, 18, 2758–2765. [CrossRef]

38. Ikizler, T.A.; Burrowes, J.D.; Byham-Gray, L.D.; Campbell, K.L.; Carrero, J.-J.; Chan, W.; Fouque, D.; Friedman, A.N.; Ghaddar, S.;
Goldstein-Fuchs, D.J.; et al. KDOQI Clinical Practice Guideline for Nutrition in CKD: 2020 Update. Am. J. Kidney Dis. 2020, 76,
S1–S107. [CrossRef]

39. Bauer, J.; Biolo, G.; Cederholm, T.; Cesari, M.; Cruz-Jentoft, A.J.; Morley, J.E.; Phillips, S.; Sieber, C.; Stehle, P.; Teta, D.; et al.
Evidence-Based Recommendations for Optimal Dietary Protein Intake in Older People: A Position Paper From the PROT-AGE
Study Group. J. Am. Med. Dir. Assoc. 2013, 14, 542–559. [CrossRef]

40. Cianciaruso, B.; Pota, A.; Pisani, A.; Torraca, S.; Annecchini, R.; Lombardi, P.; Capuano, A.; Nazzaro, P.; Bellizzi, V.; Sabbatini, M.
Metabolic effects of two low protein diets in chronic kidney disease stage 4–5—A randomized controlled trial. Nephrol. Dial.
Transplant. 2007, 23, 636–644. [CrossRef]
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