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ABSTRACT: Unacylated ghrelin (UnAG) may lower skeletal muscle oxidative stress, inflammation, and insulin 
resistance in lean and obese rodents. UnAG-induced autophagy activation may contribute to these effects, likely 
involving removal of dysfunctional mitochondria (mitophagy) and redox state maintenance. In chronic kidney 
disease (CKD) oxidative stress, inflammation and insulin resistance may negatively influence patient outcome by 
worsening nutritional state through muscle mass loss. Here we show in a 5/6 nephrectomy (Nx) CKD rat model that 
4 d s.c. UnAG administration (200 mg twice a day) normalizes CKD-induced loss of gastrocnemius muscle mass and a 
cluster of high tissue mitochondrial reactive oxygen species generation, high proinflammatory cytokines, and low 
insulin signaling activation. Consistent with these results, human uremic serum enhanced mitochondrial reactive 
oxygen species generation and lowered insulin signaling activation in C2C12 myotubes while concomitant UnAG 
incubation completely prevented these effects. Importantly, UnAG enhanced muscle mitophagy in vivo and si-
lencing RNA-mediated autophagy protein 5 silencing blocked UnAG activities in myotubes. UnAG therefore 
normalizes CKD-induced skeletal muscle oxidative stress, inflammation, and low insulin signaling as well as 
muscle loss. UnAG effects are mediated by autophagy activation at the mitochondrial level. UnAG administration 
and mitophagy activation are novel potential therapeutic strategies for skeletal muscle metabolic abnormalities and 
their negative clinical impact in CKD.—Gortan Cappellari, G., Semolic, A., Ruozi, G., Vinci, P., Guarnieri, G., 
Bortolotti, F., Barbetta, D., Zanetti, M., Giacca, M., Barazzoni, R. Unacylated ghrelin normalizes skeletal muscle 
oxidative stress and prevents muscle catabolism by enhancing tissue mitophagy in experimental chronic 
kidney disease.
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In chronic kidney disease (CKD), oxidative stress has been
described in various tissues and at the whole-body level
(1–8), possibly due at least in part to uremic toxins, the
circulating levels of which increase as a result of reduced
renal excretion (9). Reports in experimental models have

shown that uremic toxins such as indoxyl sulfate greatly
contribute to CKD-related muscle atrophy by increasing
total skeletal muscle superoxide production and causing
mitochondrial dysfunction, whereas uremic toxin in-
activation may improve energy metabolism and muscle
function (1, 10, 11). Oxidative stress may further syner-
gistically enhance skeletal muscle catabolism and muscle
mass loss by promoting tissue inflammation and insulin
resistance, thereby contributing to worsened patient
morbidity and mortality (2, 12, 13). Primary reactive oxy-
gen species (ROS) sources and their potential regulators in
CKD remain largely undefined, however. To our knowl-
edge, to date, no studies are available on potential CKD-
induced changes in skeletal muscle mitochondrial ROS
production and their potential interaction with tissue in-
flammation, insulin signaling, and muscle weight.

Autophagy is a key intracellular degradation system,
the generalized activation of which contributes to skeletal
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muscle atrophy in various acute and chronic conditions
(14–16). Autophagy activation at mitochondrial level
(mitophagy), however, results in selective removal of
damaged organelles and thereby reduces cell and tissue
ROS production. Mitophagy is therefore an emerging
relevant player in the maintenance of tissue redox state
and metabolic homeostasis (17), and defective mitophagy
in various tissues has been accordingly hypothesized to
favor the onset of oxidative stress (18). No information
is available on the potential impact of altered mitophagy
in modulating CKD-induced skeletal muscle metabolic
alterations.

Ghrelin is a gastric peptide hormone, the octanoy-
lated form (acylated ghrelin, AG) of which is a major
hypothalamic orexigenic signal (19–22). We previously
demonstrated that AG may enhance skeletal muscle
mitochondrial enzyme activities while reducing loss of
body weight in experimental CKD in rodents (23), but
sustainedAGadministrationmay lead to blood glucose
elevationandunfavorable changes in cardiometabolic risk
profile (24, 25). Higher total ghrelin levels are, however,
interestingly associated with higher insulin-mediated
glucose disposal and lower systemic inflammation in
nondiabeticmaintenancehemodialysispatients (26), anda
more comprehensive understanding of the metabolic im-
pact of ghrelinhasbeenallowedby reportsof independent
metabolic effects of its unacylated form (UnAG). In particu-
lar, although no specific UnAG receptor has been yet iden-
tified (21), we recently showed that UnAG independently
reduces skeletal muscle mitochondrial ROS generation (27),
and UnAG-induced stimulation of whole-tissue autophagy
was directly involved in this activity (17, 27, 28).

We therefore investigated in vivo and in vitro experi-
mental CKDmodels (23, 29) to test 3 hypotheses: first, that
CKD induces skeletal muscle mitochondrial dysfunction,
as indicated by mitochondrial ROS overproduction and
prooxidative redox state, proinflammatory changes in
tissue cytokine patterns, and impaired insulin signaling
activation with loss of muscle mass; second, that UnAG
normalizes these abnormalities; and third, that UnAG
activities are mediated by mitophagy activation. We con-
sequently hypothesize that UnAG administration and
mitophagy activation arenovel potential strategies to limit
CKD-induced skeletal muscle metabolic abnormalities
and muscle loss.

MATERIALS AND METHODS

Experimental design and protocols

In vivo uremic model and procedures

Experimental protocol and surgery techniquewere approved by
the ItalianMinistryofHealthAnimalExperimentationAuthority
(DM 274/2013-B 07/11/2013) and were in adherence with
National Institutes of Health (Bethesda, MD, USA) guidelines.
A total of 40 male Wistar rats aged 12 wk (Harlan Industries,
Indianapolis, IN, USA) were randomly assigned to 5/6 ne-
phrectomy (Nx; n= 30) or sham surgery (n= 10). Throughout the
whole study, rats were housed in individual cages with a 12-h
light–darkcycle at theUniversityAnimalFacility,withwaterand
standard rat chow (Harlan Industries 2018, 14.2 kJ/g) available

ad libitum. Body weight and food intake were monitored twice a
week. Surgery was performed via a single-step laparotomic ap-
proach (Supplemental Fig. 1) inorder to reduce animal stress and
complications. Procedures were performed under surgical ste-
rility and anesthesia (premedication: dexmedetomidine 0.05
mg/kg, i.p., anesthesia: tiletamine/zolazepam [1:1] 25 mg/kg,
i.p., local antalgic treatment: lidocaine 4mg/kg infiltration).After
xiphopubic incision and median laparotomy, the left colon and
part of the small bowelweremobilized and exteriorized in saline
prewetted pads. The retroperitoneum was opened, and the in-
ferior and superior left kidneypoleswere resected after clamping
the renal artery. Hemostasis was assured by application of he-
mostatic absorbable sponge (Spongostan; Ethicon, Somerville,
NJ, USA) and packing. After unclamping, the right kidney was
also isolated with the same procedure and explanted after liga-
ture of vessels and ureter. After accurate hemostasis check,
packing was removed and the posterior peritoneum continuity
reconstructed. The abdominal wall was reconstructed by mass-
layer single absorbable stitch technique; the skin was sutured
by single stitches. Sham-surgery animals underwent the same
treatment except for kidney removal. During recovery, rats were
monitored and treated twice aday for 3 to 6dwith saline solution
(20ml/kg/d, s.c.) and analgesicmedication (tramadol, 5mg/kg,
s.c.) as necessary. Although no infectious complications were
recorded, 20% of rats removed by chewing 2 or more cutaneous
stiches, requiringmedication twice a day. Tendays after surgery,
all animalswere free of any complications or treatment; 36 d after
surgery, nephrectomized rats were randomly assigned to a 4 d,
twice-dailysubcutaneoussaline (Nx,n=10),AG(Nx-AG,n=10),
or UnAG (Nx-UnAG, n = 10) injection scheme (200 mg ghrelin/
injection).UnAGandAGweresynthesizedbyBachem(Bubendorf,
Switzerland). Sham-surgery animals were also treated with sa-
line. After the last scheduled injection, food was removed and
anesthesia was induced after 3 h (thiobutabarbital 100 mg/kg,
tiletamine/zolazepam [1:1] 40 mg/kg, i.p.). Gastrocnemius and
extensordigitorum longusmuscleswere then surgically isolated
and blood collected by heart puncture.

In vitro studies

An in vitro model of uremia was reproduced by cell incubation
with diluted uremic or control human plasma (30, 31). C2C12
myoblasts (ATCC CRL-1772) were differentiated into myotubes
(32). After 4 d, after synchronization by starvation, cells were
treated for 48 hwith 10% (v/v) plasma addedwith heparin (final
concentration 3 U/ml) and UnAG (1 mM), collected, and pro-
cessed. An equimolar dose of AG was added in coincubation
experiments. The potential role of autophagy in UnAG effects
was assessed by silencing RNA (siRNA)-mediated genomic
silencing of autophagy protein 5 (ATG5) or with nontargeting
control siRNA #4 (both from GE Dharmacon, Lafayette, CO,
USA) as previously described (27, 33). ATG5 protein level
knockdown was verified by Western blot analysis.

Analytical methods

Plasma measurements

Plasma glucose, creatinine, and urea were determined by stan-
dard enzymatic–colorimetric assays.

Ex vivo redox state

ROS production in isolated intact mitochondria including both
subsarcolemmal and intermyofibrillar subpopulations fromboth
cells and tissue samples was measured using the Amplex Red
(10mM;ThermoFisherScientific,Waltham,MA,USA)–horseradish
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peroxidase method as previously reported (27, 34) during an in-
cubation of mitochondria at 37°C in different respiratory states.
Results were normalized by citrate synthase activity in the same
mitochondrial preparation. Final concentrations of substrates in
the assay (mM) were: 8 glutamate, 4 malate, 10 succinate, 4 glu-
tamate, 2malate, 10 succinate, 0.05palmitoyl-L-carnitine, 2malate.
Integrity of mitochondrial function was checked by verifying for
each preparation the effects of carbonyl cyanide m-chlorophenyl
hydrazone and antimycin A as well as ADP on H2O2 production
because changes in mitochondrial activity after addition of these
reagents are only possible in the presence of preserved mito-
chondrial function. Ex vivo mitochondrial and nonmitochondrial
superoxide anion production in the gastrocnemius lateralis was
assessed by the lucigenin chemiluminescent method in whole
tissue homogenate (27, 34). Specific superoxide production from
mitochondria was calculated as the reduction in light emission
induced by the addition of mitochondrial uncoupling agent car-
bonyl cyanide m-chlorophenyl hydrazone (5 mM) to samples in-
cubatedwithrespiratorysubstrate succinate (10mM).Superoxide
generation from NADPH and xanthine oxidase was similarly
calculated as the difference in light emission obtained by the
addition of specific enzyme inhibitors on specific substrate-
stimulated production rates (200mMdiphenyleneiodonium on
1 mM NADPH or 200 mM oxypurinol on 500 mM xanthine for
NADPH or xanthine oxidase, respectively). Results were nor-
malized by sample protein content [bicinchoninic acid (BCA)
assay; Pierce, Rockford, IL, USA].

Total and oxidized glutathione

Tissue total and oxidized glutathione were determined as de-
scribedelsewhere (27) on;50mgofgastrocnemiusmuscle.After
sample cleaning and homogenization in ice-cold 5% (w/v)
metaphosphoric acid (20ml/g tissue), glutathionewasmeasured
spectrophotometrically as DTNB [5,59-dithiobis-(2-nitrobenzoic
acid) or Ellman reagent] conversion rate. Oxidated glutathione
(GSSG)wasmeasuredafter sample incubationwith2-vynilpiridin
10% (v/v) and neutralization by addition of triethanolamine
16.6% (v/v). Reduced glutathione was calculated as total minus
GSSG.

Protein analyses

Cytokine profile and insulin signaling protein phosphorylation
at insulin receptor (IRY1162/Y1163), insulin receptor substrate 1
(IRS-1S312), AKTS473, glycogen synthase kinase 3b (GSK-3bS9),
mTOR (mTORS2448), proline-rich AKT substrate protein
(PRAS40T246), ribosomal protein S6 kinase (P70S6KT421/S424),
p38/stress-activated protein kinases (SAPKT180/Y182), MAPK/
ERK 1/2T185/Y187, and c-JunS73 levels were measured by xMAP
technology (Magpix; Luminex, Austin, TX, USA) using com-
mercial kits (Life Technologies, Carlsbad, CA, USA) as described
elsewhere (27). Data analysis was performed by Milliplex
Analyst software (EMD Millipore, Billerica, MA, USA). Phos-
phorylation of insulin signaling mediators is expressed as
phospho-protein units per total picogram of the same protein.
Cytokine levels were normalized by protein content in homog-
enates as measured by bicinchoninic acid assay.

Tissue glucose uptake

Measurement of tissue glucose uptake was performed using the
ex vivo nonradioactive 2-deoxyglucose method as described
elsewhere (27). Twomuscle sectionswere incubated for 30min at
37°C under constant oxygenation with or without insulin
(Humulin-R600pM) in isotonicbuffer, addedwithbovine serum

albumin (1 mg/ml) and pyruvate (2mM). After a further 20min
incubationwhen pyruvate was substitutedwith 2-deoxyglucose
(1 mM), samples were snap frozen and kept at 280°C. Quanti-
fication of 2-deoxyglucose-6-P in tissue homogenates was then
performed using the method developed by Yamamoto et al. (35)
by fluorometric measurement of resazurin conversion and nor-
malized by protein concentration in sample homogenate. Tissue
2-deoxyglucose-6-P uptake was expressed in micromoles of
2-deoxyglucose/mg protein per 30 min.

Protein degradation marker analysis

Muscle proteolysis was assessed by measuring actin cleavage as
the relative ratioof 14-kDaactin fragmentoverb-actin expression
by Western blot analysis (36). Briefly, frozen gastrocnemius
samples were homogenized and pellets with insoluble fraction
resuspended in Laemmli buffer and separated by 12% PAGE
under denaturing conditions. After transfer and antibody-
mediated (A3853, 1:1000; Sigma-Aldrich, St. Louis, MO, USA)
detection, densitometric analysis was performed and the results
expressed as the ratio between optical densities of actin bands at
14 and 42 kDa.

Analysis of autophagy and mitophagy in skeletal muscle

Tissue sampleswere fixed in 4% formaldehydeandembedded in
paraffin for immunofluorescence to highlight muscle fibers,
autophagic flux, and mitophagy. After paraffin removal and
tissue hydration, sections were permeabilized for 5 min in 0.1%
Triton–PBSandblocked for 1hwith 5%bovine serumalbumin in
PBS; autophagic vesicles were stained with anti-microtubule-
associated protein light chain 3 (LC3) B antibody (L7543, 1:200;
Sigma-Aldrich) and anti–cytochrome c oxidase (COX) IV
(ab33985, 1:200; Abcam, Cambridge,MA,USA). Alexa Fluor 594
donkey anti-rabbit (R37118, 1:500; Life Technologies) and Alexa
Fluor 488 donkey anti-mouse (A-21202, 1:500; Thermo Fisher
Scientific) were used as secondary antibodies. Endothelial cells
were detected using FITC-conjugated lectin fromTriticumvulgaris
(L4895, 1:200; Sigma-Aldrich). Nuclei were stained with DAPI
(H-1,200; Vector Laboratories, Burlingame, CA, USA). Cells were
imaged using an Eclipse Ti confocal laser-scanning microscope
(Nikon, Tokyo, Japan). The percentage of fibers showing numer-
ous LC3 puncta was quantified to evaluate the autophagic re-
sponse after different treatment. Five randomly chosen fields per
tissue transversal section were quantified by ImageJ software
(Image Processing and Analysis in Java; NIH; http://imagej.nih.
gov/). To estimate the degree of colocalization of COX IV and
LC3, Pearson’s coefficientwas calculated using the JACoPplug-in
in ImageJ.

Statistical analysis

Groups were compared by the Student’s t test, or in case of
multiple comparisons, by 1-way ANOVA followed by appro-
priate post hoc tests. Bonferroni correction for multiple compari-
sonswas applied.Avalue ofP, 0.05was considered statistically
significant.

RESULTS

Animal characteristics and phenotype

As expected, Nx resulted in higher plasma creatinine
and urea concentration (37), and exogenous 4 d UnAG
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administration did not modify these parameters.
Total calorie intake measured during the whole study
period or during the 4-d UnAG or saline treatments
was comparable in all groups. Physiologic increments
in body weight and body mass index during the
40 d study period were impaired in both Nx groups
compared to sham-surgery groups. Plasma glucose
concentrations were comparable among Nx groups
(Table 1).

Nx leads to high skeletal muscle
mitochondrial ROS generation with
proinflammatory cytokine changes, low
insulin signaling, protein–catabolic changes,
and loss of muscle mass

Compared to sham-surgery animals, untreated Nx
had higher mitochondrial superoxide and H2O2 pro-
duction as well as higher oxidized-to-total glutathi-
one ratio, a validated marker of tissue redox state, the
elevation of which indicates oxidative stress (Fig.
1A–E). Interestingly, NADPH oxidase- and xanthine
oxidase–mediated ROS production was also higher in
the Nx group than in the sham-surgery group (Fig.
1C). Tissue cytokine patterns also shifted in Nx to-
ward a proinflammatory profile with higher IL-1a,
IL-1b, and TNF-a and lower antiinflammatory IL-10
(Fig. 1F). Nx decreased activating phosphorylation
of insulin signaling proteins involved in glucose
uptake activation (including AKTS473 and GSK-3bS9;
Fig. 2A) and low insulin action was confirmed by
low insulin-stimulated ex vivo muscle glucose uptake
(Fig. 2B). Insulin-modulated protein anabolic signal-
ing (mTOR, PRAS40T246, and P70S6KT421/S424) was
notably also inhibited in Nx animals (Fig. 3A), and
activation of protein catabolismwas further indicated
by higher content of 14-kDa actin fragment, an
established marker of muscle protein breakdown (36)
(Fig. 3B). These clustered effects were notably asso-
ciated with higher activating phosphorylation of

inflammation-induced, uremia-associated master regu-
lator of muscle protein homeostasis p38/SAPK (38,
39) as well as lower gastrocnemius muscle weight
(Fig. 3C, D).

UnAG treatment normalizes Nx-induced
metabolic abnormalities and muscle weight

Compared to Nx, Nx-UnAG animals had completely
normalized skeletalmusclemitochondrialROSgeneration
and oxidized-to-total glutathione ratio (Fig. 1) despite lack
of impact of NADPH and xanthine oxidases. UnAG
treatment further normalized skeletal muscle cytokine
patterns, insulin signaling protein activating phosphory-
lation, and insulin-stimulated muscle glucose uptake
(Fig. 2). These effects were associated with reduced
p38/SAPK phosphorylation and normalized gastrocne-
mius muscle weight (Fig. 3C, D).

UnAG increases activation of mitophagy in Nx
skeletal muscle

To assess the in vivo impact of nephrectomy and
UnAG on skeletal muscle autophagy and mitophagy,
we analyzed the relative count of LC3-positive fibers
in the gastrocnemiusmuscle by immunofluorescence.
Nx enhanced autophagy but not mitophagy, thereby
supporting a generalized activation of the autophagic
process (Fig. 4A, B) without selective targeting of
mitochondrial homeostasis (Fig. 4D, E). UnAG fur-
ther increased LC3-positive fibers and caused a sub-
stantial increment of mitophagy, thereby indicating
that UnAG-induced autophagy activation predomi-
nantly occurs at mitochondrial level (Fig. 4D, E). c-Jun,
an important activator of the autophagy regulator ATG5
involved in JNK-modulated autophagic andmitophagic
pathways (40–43), was accordingly unaffected by Nx,
but it was markedly higher in Nx animals treated with
UnAG (Fig. 4C).

TABLE 1. Animal characteristics

Parameter Time Sham Nx Nx-UnAG

Body weight (g) T0 364 6 5a 365 6 7a 365 6 8a

D Body weight (g) T0–T40 94 6 4a 63 6 4b 72 6 5b

BMI (g/cm2) T0 0.66 6 0.01a 0.72 6 0.04a 0.67 6 0.02a

D BMI (g/cm2) T0–T40 0.11 6 0.04a 20.04 6 0.05b 0.03 6 0.02b

WC (cm) T0 18.3 6 1.2a 18.7 6 0.3a 18.2 6 0.3a

D WC (cm) T0–T40 3.1 6 0.6a 0.2 6 0.6b 1.3 6 0.2c

Average food intake (g/d) T0–T40 19.6 6 0.4a 20.2 6 0.6a 19.8 6 0.5a

Average food intake (g/d) T36–T40 19.3 6 0.5a 20.1 6 0.8a 19.9 6 0.6a

Plasma glucose (mg/dl) T40 122 6 11a 92 6 6b 94 6 3b

Plasma urea (mg/dl) T40 21.54 6 2.06a 34.32 6 0.96b 30.96 6 2.22b

Plasma creatinine (mM) T40 19.40 6 0.87a 27.82 6 1.59b 25.91 6 1.00b

Effects of 4 d unacylated (UnAG) ghrelin treatment (200 mg, s.c. injection twice a day) in Nx rats on
body weight, body mass index (BMI), waist circumference at tissue collection, and their variation over
time from surgery (D); average daily food intake after surgery and during UnAG or vehicle treatment;
and plasma glucose, urea, and creatinine levels at tissue collection. a,b,c P , 0.05 between groups with
different letters for each parameter; means 6 SEM, n = 8–10 per group.
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UnAG activities are independent of AG in Nx
skeletal muscle

We next determined whether UnAG activities are in-
dependent of the acylatedhormone form (AG). To exclude
the possibility that UnAG-induced changes result from

nonspecific activation of AG-regulated pathways, equi-
molar AG doses were administered to Nx animals under
identical experimental conditions (n = 8; twice-daily
4 d 200 mg, s.c. AG). AG was unable to reproduce the
effects of UnAG on skeletal muscle mitochondrial ROS
production, inflammatory markers, insulin and protein
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Figure 1. UnAG and skeletal muscle redox state and inflammation in Nx rats. A, B) Effects of 4 d of unacylated (UnAG) ghrelin
treatment (200 mg, s.c. injection twice a day) in Nx rats on mitochondrial superoxide generation in gastrocnemius whole muscle
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anabolic signaling, and glucose uptake as well as gas-
trocnemius muscle weight (Fig. 5A–I). In addition, the
impact of AG on both autophagy activation and

mitophagy was markedly and statistically significantly
lower than that of UnAG (Fig. 5J–L and Supplemental
Figs. 2 and 3; all P = NS vs.Nx; P, 0.05 vs. UnAG).
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Figure 5. Differential impact of UnAG and AG on skeletal muscle metabolism in Nx rats. A–F) Effects of 4 d UnAG or AG ghrelin
treatment (200 mg s.c. injection twice a day) in Nx rats on gastrocnemius muscle H2O2 production in intact isolated mitochondria
with different respiratory substrates (A; GMS, glutamate + succinate + malate; S, succinate; GM, glutamate + malate; PCM,
palmitoyl-L-carnitine + malate), total (B), and GSSG over total (C) tissue glutathione, tissue protein expression of IL-1a, IL-1b,
TNF-a, IL-6, and IL-10 (D), relative phosphorylation of IRY1162/Y1163, IRS-1S312, AKTS473, and GSK-3bS9 (E), and on extensor
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UnAG activities are confirmed in vitro in
C2C12myotubes, and autophagy inhibition by
genomic silencing abolishes UnAG-mediated
effects on ROS production and insulin
signaling in HUS-treated myotubes

To confirm that UnAG acts directly in muscle tissue, we
performed in vitro experiments in C2C12 myotubes in-
cubated with human uremic serum (HUS), thereby
reproducing an established in vitro uremia model. In ex-
cellent agreement with in vivo findings (30, 31), HUS in-
cubation resulted in highermitochondrial ROS generation
and globally reduced insulin signaling activation. Also
consistent with in vivo findings, HUS also led to enhanced
phosphorylation of p38/SAPK, although not that of
MAPK/ERK. Addition of UnAG notably normalized mi-
tochondrial ROS generation and insulin signaling as well
as p38/SAPK activation in HUS-treated cells (Fig. 6). In
agreement with in vivo differential effects for AG, all
UnAG activities were unaffected by equimolar AG coin-
cubation (Supplemental Fig. 4). In order to further de-
termine themechanistic role of UnAG-induced changes in
autophagy, HUS-treated myotubes were incubated with
UnAG in the absence or presence of siRNAagainst the key
mediator of autophagosome formation ATG5. siRNA-
mediated genomic silencing of ATG5 completely pre-
vented theUnAG-induceddecrease ofmitochondrial ROS
production as well as normalization of insulin signaling
protein and p38/SAPK activating phosphorylation (Fig. 6).

DISCUSSION

The current results demonstrated the following: 1) 4 d of
UnAG administration normalizes nephrectomy-induced
skeletal muscle mitochondrial ROS overproduction and
catabolic abnormalities with reduced muscle weight;
2) UnAG activities are confirmed inmyotubes in vitro and
are not reproduced by AG in vivo, thereby demonstrating
that UnAG acts at least in part directly and independently
ofAG-regulatedpathways; and3)UnAGenhances skeletal
musclemitophagy, and its effects are abolished in vitro by
silencing of the autophagosome component ATG5, fur-
ther demonstrating a direct role of mitophagy in mediat-
ing UnAG activities.

CKD-induced skeletal muscle
metabolic abnormalities

The current combined in vivo and in vitro results demon-
strate that skeletal muscle mitochondrial ROS over-
production is a novel CKD-induced alteration associated
withcatabolic abnormalities and lossofmusclemass (8, 44,
45). These findings are in excellent agreement with the

emerging concept that kidneydiseasemay induce a global
increase in muscle ROS generation through yet un-
identified biochemical mechanisms that likely involve
accumulation of uremic toxins, such as indoxyl sulfate
(1, 10). Our study further indicates a pivotal role of mito-
chondria in the onset of CKD-induced muscle oxida-
tive stress; this conclusion is supported by normalized
oxidized-to-total glutathione ratio, reflecting global tissue
redoxbalance in thepresenceofnormalizedmitochondrial
ROS production in UnAG-treated animals despite re-
sidual ROS overproduction from alternative sources. In
addition, the study strongly suggests a primary role of
mitochondrialROSoverproductionandoxidative stress in
the onset of CKD-induced skeletal muscle inflammation
and insulin resistance. This conclusion is consistent with
the lack of normalization of inflammation and insulin
signaling in the absence of mitochondrial ROS normali-
zationafterAGtreatment in vivoorATG5silencing in vitro.
Also, interestingly,we found aCKD-induced activation of
p38/SAPK that paralleled global CKD-inducedmetabolic
alterations. Effects of p38/SAPK on skeletal muscle ho-
meostasis and anabolism are reportedly complex and in-
cludemyogenesis,with aputative role in exercise-induced
muscle hypertrophy (46, 47). Paradoxical p38/SAPK in-
volvement in inflammation-induced muscle catabolic
changes had been also notably reported in human CKD
(38), and the current in vivo and in vitro findings are in
excellent agreementwith this concept, thereby confirming
that lowering p38/SAPK activity could also contribute to
ameliorate CKD-induced muscle catabolism.

UnAG metabolic activities

The study tested the following two hypotheses: first, that
CKD-induced muscle metabolic abnormalities are ame-
liorated byUnAGadministration; and second, thatUnAG
activities involve mitophagy activation. Consistent with
these hypotheses, 4 d of UnAG treatment normalized tis-
sue mitochondrial ROS overproduction, redox state, in-
flammation, and insulin action, as well as muscle mass.
Activation of p38/SAPK in untreated CKD animals was
also notably normalized by UnAG, thereby further sup-
porting a relevant role of p38 in CKD-induced muscle
catabolism. In vitro experiments including UnAG-AG
coincubation aswell as AG administration in vivo indicate
that UnAG acts at least in part directly in muscle cells
and independently of AG-regulated signaling pathways.
UnAG activities in experimental CKD are notably in ex-
cellent agreementwith our recent report thatUnAGexerts
antioxidative mitochondrial effects in healthy and obese
rodent skeletal muscle (27). It should be pointed out that
AG was reported to improve insulin signaling in healthy
rat skeletal muscle (48) and was previously shown by us

digitorum longus muscle glucose uptake in presence or absence of insulin coincubation (F). G–L) Differential impact of UnAG
or acylated (AG) ghrelin treatment on phosphorylation of p38/SAPK T180/Y182, MAPK/ERK 1/2T185/Y187 (G), mTORS2448,
PRAS40T246, and P70S6KT421/S424 (H) on gastrocnemius muscle mass (I), on relative count of LC3 positive fibers (J ), on c-JunS73

phosphorylation (K), and on colocalization of mitochondrial marker COX IV with LC3 (L) in gastrocnemius muscle samples.
U CS, units of citrate synthase; GSH, reduced glutathione; p/T, phosphoprotein to total protein ratio; TP, total protein content.
Different letters (a–c) indicate P , 0.05 between groups; means 6 SEM, n = 6–10 per group.

GHRELIN AND MUSCLE METABOLISM 5167

Downloaded from www.fasebj.org by Univ Degli Studi Di Trieste Biblioteca Dr Scienze Chimiche (140.105.49.39) on April 10, 2018. The FASEB Journal Vol. 31, No. 12, pp. 5159-5171.

9

http://FJ.fasebj.org/lookup/suppl/doi:10.1096/fj.201700126R/-/DC1


and others to improve insulin signaling and nutritional
status in the nephrectomized rodent model (23). Orexi-
genic AG doses were, however, used in those studies
(23), and enhancement of insulin signaling activation
at AKT level was only observed in the presence of
AG administration with enhanced food intake, and
not in pair-feeding experiments. The current findings
therefore collectively demonstrate that UnAG is a
novel modulator of CKD-induced skeletal muscle
metabolic abnormalities, and they provide a strong

rationale for strategies involving UnAG administra-
tion to treat CKD-induced muscle metabolic compli-
cations. Identification of UnAG receptor or receptors
and its downstream signaling pathways could pro-
vide further therapeutic targets and should be in-
tensively pursued in future research.

Also in agreement with the working hypotheses,
UnAG-treated animals had higher skeletal muscle auto-
phagy activation at the mitochondrial level (mitophagy)
compared to both untreated and sham-surgery groups.
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Figure 6. Impact of UnAG on autophagy in in vitro model of uremia. Effects of UnAG and of autophagy mediator ATG5 genomic
silencing vs. nontargeting NT4 siRNA transfection, with representative blot, after 48 h incubation with 10% (v/v) plasma from uremic or
control subjects on isolated mitochondria H2O2 synthesis rate with different respiratory substrates (A; GMS, glutamate + succinate +
malate; S, succinate; GM, glutamate + malate; PCM, palmitoyl-L-carnitine + malate) and on relative phosphorylation of IRY1162/Y1163,
IRS-1S312, AKTS473, GSK-3bS9 (B), p38/SAPK T180/Y182, MAPK/ERK 1/2T185/Y187 (C), mTORS2448, PRAS40T246, P70S6KT421/S424 (D),
and c-JunS73 (E) in C2C2 myotubes. U CS, units of citrate synthase; p/T, phosphoprotein to total protein ratio; TP, total protein
content. Different letters (a–c) indicate P , 0.05 between groups; means 6 SEM, n = 3 independent samples for each condition.
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UnAG effects on mitochondrial ROS production and in-
sulin signaling were importantly abolished in vitro by
coincubation with silencing RNA inhibiting the autopha-
gosome component ATG5. On the other hand, less pro-
nounced incrementsof autophagymarkerswere observed
in vivo in skeletal muscle fibers from untreated nephrec-
tomized animals only at the nonmitochondrial level. The
current findings collectively demonstrate that selective
activation of skeletal muscle mitophagy mediates at least
in part the beneficial metabolic effects of UnAG, likely by
reducingROSoverproduction bydamagedmitochondria.
It should be pointed out that the role of autophagy in the
maintenance of muscle mass is still controversial (49), and
whole-tissue autophagy activation is notably considered
to be a relevant contributor to skeletalmuscle loss through
lysosomal protein degradation in acute and chronic dis-
ease conditions (2, 15). The current results in experimental
CKD imply that localization of autophagic activities plays
akey role indefining their impacton tissueoxidative stress
and catabolic changes. A strong anticatabolic impact ap-
pears to be mediated by mitophagy activation, whereas
enhanced autophagy at nonmitochondrial level might
directly contribute to muscle depletion in untreated
nephrectomizedanimals (14–16, 49). Interestingly,UnAG-
induced improvement of high p38/SAPK phosphoryla-
tionwasalsodependent fromitsmitophagicactivities, and
this observation is indirectly in good agreement with the
potential roles of oxidative stress and inflammation in
MAPK/ERK-p38/SAPKactivation invariousmodels and
conditions (50).Moreover, under the current experimental
conditions, c-Jun, a transcription factor activated by
autophagy/mitophagy-associated JNKs (41–43) and
known to up-regulate the autophagosome regulator
ATG-5 (40), was notably found to be selectively activated
inUnAG-treated animals, suggesting its potential role as a
target of UnAG activities and a contributor to UnAG-
induced mitophagy activation both in vivo and directly
in vitro. Identification of additional potential molecular
pathways for autophagy activation also has a strong
therapeutic potential and should be actively pursued in
future investigations.

In summary, we demonstrated a novel role of
UnAG to normalize a CKD-induced pattern of skeletal
muscle mitochondrial dysfunction with high ROS
production and tissue oxidative stress, catabolic ab-
normalities, and loss of muscle weight. UnAG skeletal
muscle activities appear to be independent and direct,
and they require stimulation of autophagy with
selective mitochondrial localization (mitophagy). The
current findings, taken together, indicate both UnAG
and mitophagy to be potential novel treatments for
CKD-induced skeletal musclemetabolic abnormalities
leading to muscle wasting and its negative impact on
patient morbidity and mortality.
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