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Going micro in CKD-related cachexia
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Muscle wasting in chronic kidney diseases (CKDs), sometimes
referred to as protein energy wasting or cachexia, has been
widely studied, yet much remains to be understood about the
underlying pathophysiology. CKD-related changes in cell sig-
naling disrupt proteostasis by activating muscle proteolysis [e.g.
ubiquitin–proteasome system (UPS), autophagy and caspase-3]
and negatively impacting protein synthesis and muscle regener-
ation. Muscle mass is controlled by a variety of signaling path-
ways, the most prominent being the insulin-GF-1)/
Phosphatidylinositide 3-kinase (PI3K)/Protein Kinase B (Akt)
pathway, which provides a point of intersection for protein syn-
thesis, protein degradation and myogenesis. Akt phosphory-
lates and activates mTOR, which in turn stimulates key
components of the protein synthesis and myoblast differentia-
tion machineries. In contrast, Akt phosphorylates and inhibits
the Forkhead box class O (FOXO) transcription factors, which
increase the expression of several atrophy-inducing proteins in-
cluding atrogin-1/MAFbx and Muscle RING finger 1 (MURF1)
[1]. Other important signaling pathways include the Janus ki-
nase/signal transducers and activators of transcription (JAK/
STAT) and Activin receptor-IIB (ActRIIB)/SMAD pathways,
which mediate the effects of cytokines [e.g. interleukin-6 (IL-6)]
and the muscle-specific autocrine factor, myostatin (also called
GDF-8), respectively [2].

In the past decade, we have begun to understand how
changes in cell signaling and metabolic pathways are coordi-
nately regulated by microRNAs (miRNAs), small RNAs that
bind to complimentary sequences in messenger RNA (mRNA)
30-untranslated regions. This interaction can either facilitate
mRNA degradation or silence translation of the mRNA into
protein [3, 4]. Emerging evidence indicates that miRNAs play
important roles in the development and repair of muscle as well
as the normal maintenance of mature muscle fibers. Because of
their small ‘functional’ or seed unit of six to eight nucleotides,
miRNAs typically target multiple proteins, and frequently, the
targets are in the same signaling pathway. This is particularly
true for the IGF-1/PI3K/Akt and myostatin/SMAD pathways,
both of which modulate key steps in protein synthesis and
degradation. Expression of YY1 and other regulators of muscle

satellite cell function and differentiation are also modulated
by miRNAs [5]. In this issue of Nephrology Dialysis
Transplantation, Robinson et al. [6] review how miRNAs con-
tribute to normal muscle development, the control of muscle
protein turnover in CKD and CKD-associated interorgan cross
talk. They also discuss how miRNAs represent future potential
therapeutic agents for treating muscle pathologies [6].

Alterations in miRNAs have been linked to dysfunctional
proteostasis in skeletal muscle during CKD [7–10]. MiR1, miR-
133 and miR-206 are increased in CKD and negatively regulate
the early steps of the IGF-1/PI3K/Akt pathway. In contrast,
miR-23a, miR-27a and miR-486 are decreased and modulate
cell signaling mediators and atrogenes (i.e. atrogin-1/MAFbx).
Interestingly, miR-23a and miR-27a, along with miR-24a, are
located in a single cluster on the chromosome (chromosome 19
in humans and chromosome 8 in mice) [9, 11]. They are tran-
scriptionally controlled by a single promoter and transcribed as
a single RNA that is processed into individual miRNAs. miR-
23a and miR-27a target muscle-specific atrophy-inducing
enzymes associated with the UPS. They also target suppressors
of the IGF-1/PI3K/Akt pathway including myostatin, a
proteostasis-disrupting myokine member of the Transforming
Growth Factor-b (TGF-b) superfamily that activates the
SMAD pathway. In addition to direct actions on muscle, myo-
statin impairs muscle precursor cell proliferation and the regen-
erative capacity of muscle, which is decreased in CKD. miR-133
similarly impacts myoblast proliferation differentiation through
actions on IGF-1 and IGF-1R [3].

Although the focus of the article by Robinson et al. [6] is
largely on the miRNAs that disrupt proteostasis, it is important
to be reminded how other signals such as mitochondrial dys-
function and inflammation play prominent roles in CKD-
related cachexia. Inefficiencies in mitochondrial function lead
to skeletal muscle weakness and decreased exercise capacity in
CKD patients [12] and animals [13]. In CKD, reduced mito-
chondrial number and mass, as well as mitochondrial damage
and dysfunction, are linked to atrophy-inducing responses, in-
cluding increased oxidative stress and autophagy/mitophagy.
Reduced Peroxisome proliferator-activated receptor gamma
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coactivator 1-a (PGC-1a) and an increase in BNIP3 lead to re-
duced mitochondrial biogenesis and ATP production [13].
PGC-1a is a key transcriptional coactivator that is important
for mitochondrial biogenesis [14] and BNIP3 is a pro-apoptotic
protein localized in the outer mitochondrial membrane. It regu-
lates the opening of the mitochondrial permeability pore and is
linked to intrinsic apoptosis [15]. Consistent with an increase in
BNIP3, Du et al. [16] found that elevated caspase-3 activity in
muscle of CKD rats contributed to their excessive proteolysis.
In other studies, Su et al. [13] reported that the level of BNIP3
was linked to the deterioration of mitochondrial function and
decreased ATP production. Using in vivo magnetic resonance
and optical spectroscopy, Roshanravan et al. [17] found that
resting oxygen consumption was elevated and mitochondrial
coupling was lower in early CKD patients. Tamaki et al. [18, 19]
also reported a decline in muscle mitochondria and exercise en-
durance occurs early in CKD mice. These findings, when cou-
pled with the CKD-induced decrease in PGC-1a, are
compelling evidence that mitochondrial dysfunction contrib-
utes to CKD cachexia.

Inflammation is another prominent mediator for the wast-
ing process in CKD. Production of inflammatory cytokines [i.e.
tumor necrosis factor (TNF)-a and IL-6] by myofibers and
other cell types (e.g. macrophages) is increased in CKD and
they act in a paracrine/endocrine fashion on both myofibers
and satellite cells [20]. Inflammatory cytokines (e.g. TNF-a) ac-
tivate nuclear factor-jB, which in turn induces transcription of
key atrogenes in myofibers and inhibits the MyoD differentia-
tion factor in myoblasts [20, 21]. TNF-a also increases myosta-
tin expression and induces apoptotic signaling, both of which
exacerbate the muscle catabolism processes already described.
IL-6 also is a causative agent of CKD cachexia, although its role
in the muscle may be somewhat variable and situational. There
are substantial data indicating that IL-6 induces muscle wasting
[22]. Others have reported that increased IL-6 facilitates local
infiltration of macrophages, which upregulate locally produced
IGF-1 and limited muscle loss in CKD mice [23]. In humans,
an increase in IL-6 was associated with increased muscle pro-
tein synthesis during hemodialysis [24].

Exercise is one of a few interventions shown to help main-
tain muscle mass while also slowing or improving kidney func-
tion in CKD [25, 26]. Recent studies of the mechanisms
underlying the effects of exercise in CKD have revealed an
interesting and powerful communications network between
muscle and other organs, including kidney (i.e. cross talk).
Cross talk between organs provides advantages or disadvan-
tages, depending on the mediators involved. This interorgan
communication typically occurs via production and release of
proteins, lipids, metabolites and/or nucleic acids. In one exam-
ple of protein exchange, Peng et al. [27] uncovered a link be-
tween the CKD-related reduction of the exercise-responsive
PGC-1a transcription coactivator in muscle and irisin, a myo-
kine that impacts oxidative metabolism in muscle and other
organs [27]. Using a folate model of acute kidney injury, they
found less kidney damage in mice that overexpress PGC-1a in
muscle only versus normal controls. The group then used re-
combinant irisin to confirm that the myokine was responsible

for the improvement in mitochondrial respiration, energy me-
tabolism and reduced fibrosis in damaged tubule cells.

As discussed by Robinson et al. [6], there is compelling evi-
dence for a role of miRNAs in the beneficial effects of exercise.
In a recent study, acupuncture with low-frequency electrical
stimulation (Acu/LFES) ameliorated hind limb muscle loss due
to CKD in mice [23]. The mechanism involved the upregulation
of the IGF-1/PI3K/Akt pathway in both myofibers and muscle
satellite cells [23]. In a follow-up study, miR-181 was increased
in hind limb muscles and serum exosomes following Acu/LFES
[28]. Surprisingly, the Acu/LFES procedure also increased renal
blood flow in CKD mice and the response was limited by block-
ing exosome secretion. The group then demonstrated that miR-
181 targets angiotensinogen and that renal angiotensinogen
protein was lower in cachexic mice following Acu/LFES. In an
unrelated study, resistance exercise in the form of synergistic
ablation attenuated CKD-induced muscle loss and increased
the levels of miR-23a and -27a in muscles. Using a streptozoto-
cin model of diabetic muscle atrophy and reduced renal func-
tion, the investigators found that overexpression of miR-23 and
miR-27 in muscle improved renal function as evidenced by a re-
duction in blood urea nitrogen (BUN) and reduced levels of re-
nal fibrosis [29]. As in the Acu/LFES studies, the mechanism
for the improvement in renal function and fibrosis involved
exosome-mediated delivery of miR-23a and miR-27a to the kid-
ney. Together with the irisin study by Peng et al. [27], these
findings provide some of the strongest evidence to date for
muscle–kidney cross talk.

There are challenges with using miRNAs as therapeutic
agents. Free RNAs are rapidly degraded and miRNAs need to
be targetable to minimize undesirable side effects.
Encapsulation of miRNAs into extracellular vesicles makes
them more stable and provides a means to target them. Wang et
al. developed a novel approach to this challenge [7, 10]. They
maintained muscle satellite cells in culture and used molecular
biological tools to provide the cells with a desired miRNA and
to produce exosomes with cell-targeting peptides embedded in
their membranes [7, 10]. These ‘engineered’ exosomes were col-
lected from the media of the satellite cells and then injected into
a single hind limb muscle of mice with unilateral ureteral
obstruction-induced kidney injury and muscle atrophy. The
therapy reduced both muscle loss and renal fibrosis.
Fluorescent tags from the collected and labeled exosomes were
found in both uninjected muscles and kidneys of treated mice.
This approach has the potential to serve as a foundation for in-
dividualized treatments in patients using their own satellite
cells.

In conclusion, Robinson et al. [6] provide a thoughtful over-
view of the emerging role of miRNAs in skeletal muscle wasting
of CKD. In some cases, inconsistencies in study outcomes
diminish our ability to draw strong conclusions. For example,
levels of total and specific miRNAs in CKD patient serum have
been reported to either increase or decrease [30, 31]. Outcome
variability may result from the use of different analytic method-
ologies or different underlying etiologies. These discrepancies
underscore the need for more comprehensive studies in cell
models, animals and especially in patients to validate and
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confirm how specific miRNAs change with CKD. Such studies
will better enable us to fully evaluate the therapeutic potential of
miRNAs as a modality to limit the progression of CKD and the
associated cachexia.
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(See related article by Robinson et al. Skeletal muscle wasting in
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R E F E R E N C E S

1. Wang XH, Mitch WE. Mechanisms of muscle wasting in chronic kidney
disease. Nat Rev Nephrol 2014; 10: 504–516

2. Wang XH, Mitch WE. Muscle wasting from kidney failure - a model for
catabolic conditions. Int J Biochem Cell Biol 2013; 45: 2230–2238

3. Wang XH. MicroRNA in myogenesis and muscle atrophy. Curr Opin Clin
Nutr Metab Care 2013; 16: 258–266

4. Mak RH, Cheung WW. MicroRNAs: a new therapeutic frontier for muscle
wasting in chronic kidney disease. Kidney Int 2012; 82: 373–374

5. Wang XH, Hu Z, Klein JD et al. Decreased miR-29 suppresses myogenesis
in CKD. J Am Soc Nephrol 2011; 22: 2068–2076

6. Robinson KA, Baker LA, Graham-Brown MPM et al. Skeletal muscle wast-
ing in chronic kidney disease: the emerging role of microRNAs. Nephrol
Dial Transplant 2020

7. Wang B, Zhang A, Wang H et al. miR-26a Limits muscle wasting and
cardiac fibrosis through exosome-mediated microRNA transfer in chronic
kidney disease. Theranostics 2019; 9: 1864–1877

8. Xu J, Li R, Workeneh B et al. Transcription factor FoxO1, the dominant me-
diator of muscle wasting in chronic kidney disease, is inhibited by
microRNA-486. Kidney Int 2012; 82: 401–411

9. Wang B, Zhang C, Zhang A et al. MicroRNA-23a and microRNA-27a
mimic exercise by ameliorating CKD-induced muscle atrophy. J Am Soc
Nephrol 2017; 28: 2631–2640

10. Wang H, Wang B, Zhang A et al. Exosome-mediated miR-29 transfer
reduces muscle atrophy and kidney fibrosis in mice. Mol Ther 2019; 27:
571–583

11. Kong KY, Owens KS, Rogers JH et al. MIR-23A microRNA cluster inhibits
B-cell development. Exp Hematol 2010; 38: 629–640 e621

12. Balakrishnan VS, Rao M, Menon V et al. Resistance training increases
muscle mitochondrial biogenesis in patients with chronic kidney disease.
Clin J Am Soc Nephrol 2010; 5: 996–1002

13. Su Z, Klein JD, Du J et al. Chronic kidney disease induces autophagy leading
to dysfunction of mitochondria in skeletal muscle. Am J Physiol Renal
Physiol 2017; 312: F1128–F1140

14. Puigserver P, Spiegelman BM. Peroxisome proliferator-activated receptor-
gamma coactivator 1 alpha (PGC-1 alpha): transcriptional coactivator and
metabolic regulator. Endocr Rev 2003; 24: 78–90

15. Ito K, Oji Y, Tatsumi N et al. Antiapoptotic function of 17AA(þ)WT1
(Wilms’ tumor gene) isoforms on the intrinsic apoptosis pathway.
Oncogene 2006; 25: 4217–4229

16. Du J, Wang X, Miereles C et al. Activation of caspase-3 is an initial step trig-
gering accelerated muscle proteolysis in catabolic conditions. J Clin Invest
2004; 113: 115–123

17. Roshanravan B, Kestenbaum B, Gamboa J et al. CKD and muscle mito-
chondrial energetics. Am J Kidney Dis 2016; 68: 658–659

18. Tamaki M, Miyashita K, Hagiwara A et al. Ghrelin treatment improves
physical decline in sarcopenia model mice through muscular enhancement
and mitochondrial activation. Endocr J 2017; 64: S47–S51

19. Tamaki M, Hagiwara A, Miyashita K et al. Improvement of physical decline
through combined effects of muscle enhancement and mitochondrial acti-
vation by a gastric hormone Ghrelin in male 5/6Nx CKD model mice.
Endocrinology 2015; 156: 3638–3648

20. Carrero JJ, Stenvinkel P, Cuppari L 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

21. Bakkar N, Wang J, Ladner KJ et al. IKK/NF-kappaB regulates skeletal myo-
genesis via a signaling switch to inhibit differentiation and promote mito-
chondrial biogenesis. J Cell Biol 2008; 180: 787–802

22. Du J, Mitch WE, Wang XH et al. Glucocorticoids induce proteasome
C3 subunit expression in L6 muscle cells by opposing the suppression
of its transcription by NF-kappa B. J Biol Chem 2000; 275:
19661–19666

23. Hu L, Klein JD, Hassounah F et al. Low-frequency electrical stimulation
attenuates muscle atrophy in CKD–a potential treatment strategy. J Am Soc
Nephrol 2015; 26: 626–635

24. Raj DS, Moseley P, Dominic EA et al. Interleukin-6 modulates hepatic and
muscle protein synthesis during hemodialysis. Kidney Int 2008; 73:
1054–1061

25. Wang XH, Du J, Klein JD et al. Exercise ameliorates chronic kidney disease-
induced defects in muscle protein metabolism and progenitor cell function.
Kidney Int 2009; 76: 751–759

26. Wilund K, Thompson S, Bennett PN. A global approach to increasing phys-
ical activity and exercise in kidney care: the International Society of Renal
Nutrition and Metabolism Global Renal Exercise Group. J Ren Nutr 2019;
29: 467–470

27. Peng H, Wang Q, Lou T et al. Myokine mediated muscle-kidney crosstalk
suppresses metabolic reprogramming and fibrosis in damaged kidneys. Nat
Commun 2017; 8: 1493

28. Su Z, Yuan Y, Yu M et al. Electrically stimulated acupuncture increases re-
nal blood flow through exosomes-carried miR-181. Am J Physiol Renal
Physiol 2018; 315: F1542-F1549

29. Zhang A, Li M, Wang B et al. miRNA-23a/27a attenuates muscle atrophy
and renal fibrosis through muscle-kidney crosstalk. J Cachexia Sarcopenia
Muscle 2018; 9: 755–770

30. Muralidharan J, Ramezani A, Hubal M et al. Extracellular microRNA signa-
ture in chronic kidney disease. Am J Physiol Renal Physiol 2017; 312:
F982–F991

31. Neal CS, Michael MZ, Pimlott LK et al. Circulating microRNA expression
is reduced in chronic kidney disease. Nephrol Dial Transplant 2011; 26:
3794–3802

Received: 2.12.2019; Editorial decision: 14.1.2020

1464 X.H. Wang and S.R. Price




