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A Pegylated Leptin Antagonist Ameliorates
CKD-Associated Cachexia in Mice
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Arieh Gertler,§ and Robert H. Mak*

*Division of Pediatric Nephrology, University of California, San Diego, La Jolla, California; †Division of Nephrology,
The Fifth People’s Hospital of Shanghai, Fudan University, Shanghai, China; ‡BioLine Innovations, Jerusalem, Israel;
and §Institute of Biochemistry, Food Science and Nutrition, Hebrew University of Jerusalem, Rehovot, Israel

ABSTRACT
Elevated serum leptin levels correlate with inflammation and predict changes in lean bodymass in patients
with CKD, and activation of the melanocortin system by leptin signaling mediates the pathophysiology of
CKD-associated cachexia.We testedwhether treatment with a pegylated leptin receptor antagonist (PLA)
attenuates cachexia in mice with CKD. CKD and Shammice received vehicle or PLA (2 or 7mg/kg per day).
At these doses, PLA did not influence serum leptin levels in mice. Treatment with 7 mg/kg per day PLA
stimulated appetite and weight gain, improved lean mass and muscle function, reduced energy expendi-
ture, and normalized the levels of hepatic TNF-a and IL-6mRNA inmicewith CKD. Furthermore, treatment
with 7 mg/kg per day PLA attenuated the CKD-associated increase in the transcriptional and protein abun-
dance of uncoupling proteins that mediates thermogenesis, and it normalized the molecular signatures of
processes associated with muscle wasting in CKD, including proteolysis, myogenesis and muscle regenera-
tion, and expression of proinflammatory muscle cytokines, such as IL-1a, -1b, and -6 and TNF-a. Our results
suggest that leptin antagonism may represent a viable therapeutic strategy for cachexia in CKD.

J Am Soc Nephrol 25: 119–128, 2014. doi: 10.1681/ASN.2013040432

Cachexia is prevalent among patientswithCKDand
associated with high mortality and morbidity.1

Leptin regulates energy homeostasis and is a key
immunomodulatory cytokine.2 Leptin induces a neg-
ative energy balance by inhibiting food intake and
increasing energy expenditure. Leptin inhibits food
intake through hypothalamic signaling and increases
energy expenditure through upregulation of uncou-
pling proteins (UCPs).3 Elevated serum leptin levels
in CKD patients predict longitudinal changes in lean
body mass and correlate with inflammation.4,5

Leptin crosses the blood–brain barrier, and its recep-
tors are found both centrally and peripherally.2,6 Leptin
binds to its hypothalamic receptor and inhibits orexi-
genic signaling pathways while it stimulates anorexi-
genic signaling pathways. We previously reported that
activation of the melanocortin system through leptin
signaling is a key step in the pathophysiology of CKD
cachexia.7 Blockade of leptin activity may provide a
novel therapeutic strategy for cachexia in CKD. The
pegylated leptin receptor antagonist (PLA), BL5040,

binds but does not activate the leptin receptor.8,9 PLA
treatment stimulates food intake and weight gain in
normal mice.8,10 In this study, we tested the efficacy of
this PLA in amousemodel ofCKD-associated cachexia.

RESULTS

PLA Treatment Ameliorates Anorexia and
Weight Loss and Improves Muscle Function
in CKD
Schematic representation of the experimental de-
sign is shown in Figure 1. CKD mice received
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treatment with either the PLA (2 or 7mg/kg per day) or vehicle
(V). CKD/PLA and CKD/V mice were fed ad libitum. To in-
vestigate the beneficial effects of PLA treatment beyond its
nutritional effects, we included another group of CKD mice
that was supplemented with additional nutrients (CKD/Supp)
to match the calorie intake in CKD/PLA (7 mg/kg per day)
mice. Sham mice received the PLA (7 mg/kg per day) or V.

CKD mice were uremic. CKD/V, CKD/PLA (2 mg/kg per
day), CKD/PLA (7 mg/kg per day), and CKD/Supp mice had
higher serumcreatinine andBUNthan Sham/Vmice (Table 1).
Serum leptin levels were higher in CKD than Sham mice and
were not changed by PLA treatment. Serum leptin levels in
CKD/PLA mice were not different than levels in CKD/V and
CKD/Suppmice. In addition, serum leptin levels in Sham/PLA
mice were not different from those levels in Sham/V mice.

Serum levels of total protein, albumin, globulin, albumin/
globulin ratio, and triglyceride in both CKD and Sham mice
did not change after PLA treatment (Table 1).

PLA treatment ameliorated anorexia in CKDmice. Average
daily calorie intake inCKD/PLA (2mg/kg per day) andCKD/V
mice (11.560.7 and 10.960.4 kcal/d, respectively) was signif-
icantly lower than average daily caloric intake in Sham/Vmice
(13.760.4 kcal/d) (Figure 2). Average daily calorie intake was
normalized in CKD/PLA (7 mg/kg per day) mice (13.060.5
kcal/d).

Weight gain in CKD/PLA (2 mg/kg per day) and CKD/V
mice (gain of 3.061.3% and gain of 3.060.8%, respectively)
was significantly lower than weight gain in Sham/Vmice (gain
of 19.261.2%) (Figure 3). Significant weight gain in CKD/
PLA (7 mg/kg per day; gain of 2.461.3%) mice relative to

Figure 1. Schematic representation of the study design.

Table 1. Serum chemistry of mice

Measurements

CKD Sham

V (n=12) Supp (n=12)
PLA (2 mg/kg
per day; n=12)

PLA (7 mg/kg
per day; n=12)

V (n=8)
PLA (7 mg/kg
per day; n=8)

Initial body weight (g) 21.960.3a 20.860.3a 20.960.1a 21.360.3a 24.960.4 24.660.5
Serum chemistry
Creatinine (mg/dl) 0.460.0a 0.660.1a 0.460.0a 0.560.0a ,0.2 ,0.2
BUN (mg/dl) 88.469.9a 96.469.2a 100.5612.0a 100.3610.0a 29.661.1 26.061.1b

Leptin (ng/ml) 8.560.3a 8.960.4a 8.460.4a 8.360.5a 4.560.6 5.760.4
Total protein (g/dl) 4.960.1 5.060.2 5.160.1 5.160.0b 5.060.1 5.160.1b

Total albumin (g/dl) 2.860.0 2.860.2 2.960.0 2.960.0 2.960.0 3.060.1b

Globulin (g/dl) 2.160.0 2.160.0 2.260.0b 2.260.0b 2.160.0 2.260.1
Albumin/globulin ratio 1.460.0 1.360.0 1.460.0 1.360.0 1.460.0 1.460.0
Triglyceride (mg/dl) 93.6612.7 79.565.9 101.1613.9 71.263.2 86.169.3 81.462.4

Six groups of mice were included: CKD/V, CKD/Supp, CKD/PLA (2 mg/kg per day), CKD/PLA (7 mg/kg per day), Sham/V, and Sham/PLA (7 mg/kg per day). All
groups of mice were compared with Sham/V mice. CKD, nephrectomized; Sham, sham-operated; V, vehicle-treated; Supp, nutrient supplemented. Data are
expressed as mean 6 SEM.
aP,0.01.
bP,0.05.
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CKD/V and CKD/Supp mice (loss of 5.061.3% and gain of
0.161.1%, respectively) was observed at day 7, and the trend
remained significant for the rest of the study (Figure 3). Sham/
PLA mice showed a significant weight gain versus Sham/V
controls (gain of 6.760.1% and gain of 1.660.2%, respec-
tively) at day 3, and the trend remained significant for the
rest of the study.

CKD/Vand CKD/PLA (2 mg/kg per day) mice lost fat mass
(loss of 0.260.0 g and loss of 0.160.0 g, respectively) (Figure
4). CKD/PLA (7 mg/kg per day) mice gained fat mass, and it
was not different from the gain in CKD/Supp and Sham/V
mice (gain of 0.460.1 g, gain of 0.460.0 g, and gain of
0.260.1 g, respectively). CKD/V, CKD/PLA (2 mg/kg per
day), and CKD/Supp mice lost lean mass (loss of 1.360.9 g,
loss of 0.960.1 g, and loss of 0.160.2 g, respectively), whereas
CKD/PLA (7 mg/kg per day) mice gained lean mass (gain of
0.260.7 g).

Forelimb grip strength was markedly reduced in CKD/V,
CKD/PLA (2 mg/kg per day), and CKD/Supp mice (30.761.1
g/100 g, 30.463.7 g/100 g, and 33.361.2 g/100 g, respectively)
relative to Sham/Vmice (36.861.5 g/100g) and normalized in
CKD/PLA (7 mg/kg per day) mice (37.361.2 g/100 g) (Figure
5). Similarly, rotarod activity was significantly impaired in
CKD/V, CKD/PLA (2 mg/kg per day), and CKD/Supp mice
(13066 seconds, 14066 s seconds, and 14066 seconds, re-
spectively) and normalized in CKD/PLA (7 mg/kg per day)
mice (17664 seconds).

PLA Treatment Normalizes Energy
Expenditure and Decreases
Expression of UCPs in CKD
Light-phase volume of oxygen consump-
tion (VO2) was significantly elevated in
CKD/V and CKD/Supp mice relative to
Sham/V mice (6276112, 3562679, and
2893683 ml/kg per hour, respectively)
(Figure 6). Light-phase VO2 was normal-
ized in CKD/PLA (2 and 7 mg/kg per day)
mice (32876108 and 31626104 ml/kg per
hour, respectively). Dark-phase VO2 was
significantly increased in CKD/V, CKD/
PLA (2 mg/kg per day), and CKD/Supp
mice (39126103, 3682679, and 3893698
ml/kg per hour, respectively) relative to
Sham/V mice (28936103 ml/kg per
hour). Dark-phase VO2 in CKD/PLA
(7 mg/kg per day) mice (3241689 ml/kg
per hour) was not different than dark-
phase VO2 in Sham/V mice.

Brown adipose tissue (BAT) UCP-1,
white adipose tissue UCP-2, and gastroc-
nemius muscle UCP-3 mRNA levels were
significantly increased in CKD/VandCKD/
Supp mice relative to Sham/V mice (Figure
7). UCP-1 and -2 mRNA levels in CKD/

Figure 2. Average daily calorie intake in mice. For CKD/V, CKD/
PLA (2 mg/kg per day), CKD/PLA (7 mg/kg per day), Sham/PLA,
and Sham/V mice, calorie intake (kilocalories) was calculated by
multiplication of daily food intake of Diet 5015 (grams) with
physiologic fuel value of 3.8 kcal/g. For CKD/Supp mice, total
calorie intake (kilocalories) is the sum of calorie intake derived
from daily food intake and nutrient supplementation. Calorie in-
take from nutrient supplementation is the volume of supple-
mented nutrient (in milliliters)33.0 kcal/ml. Calorie intakes of
CKD/V, CKD/PLA (2 mg/kg per day), CKD/PLA (7 mg/kg per day),
CKD/Supp, and Sham/PLA mice were compared with calorie in-
takes of Sham/V mice. Calorie intakes of CKD/PLA (2 mg/kg per
day) and CKD/PLA (7 mg/kg per day) mice were also compared
with calories intakes of CKD/V mice. Data are expressed as
mean 6 SEM. *P,0.05; **P,0.01; ***P,0.001.

Figure 3. Weight change during the course of the study. Mice were weighted and
normalized with initial weight. Weight changes in CKD/V, CKD/PLA (2 mg/kg per day),
CKD/PLA (7 mg/kg per day), CKD/Supp, and Sham/PLA mice were compared with
Sham/V mice. Data are expressed as mean 6 SEM. *P,0.05; **P,0.01; ***P,0.001.
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PLA (7 mg/kg per day) mice were signifi-
cantly lower than in CKD/V and CKD/
Supp mice. Gastrocnemius muscle UCP-3
mRNA content was normalized in CKD/
PLA (7 mg/kg per day) mice. Protein levels
of UCPs were elevated in CKD/Vand CKD/
Supp relative to Sham/V mice (Figure 8).
UCPs protein levels were significantly de-
creased in CKD/PLA (7 mg/kg per day)
compared with CKD/V and CKD/Supp
mice.

PLA Treatment Attenuates the
Exacerbation of Hepatic Inflammation
in CKD
Significant upregulation of hepatic TNF-a
and IL-6 was observed in CKD/VandCKD/
Supp mice relative to Sham/V mice (Figure
9). Hepatic TNF-a and IL-6mRNA expres-
sions were normalized in CKD/PLA (7 mg/
kg per day) mice.

PLA Treatment Corrects Aberrant
Muscle Mass Signaling Pathways in
CKD
Gastrocnemius muscle protein contents of
IL-1a, -1b, and IL-6 and TNF-a were in-
creased in CKD/V and CKD/Supp mice
compared with Sham/V mice (Figure 10).
PLA caused an overall decrease in pro-
inflammatory cytokines in CKD. Muscle
protein contents of IL-1a and -6 were nor-
malized in CKD/PLA (7 mg/kg per day)
mice. Muscle protein level of IL-1bwas sig-
nificantly reduced in CKD/PLA (7 mg/kg
per day) mice relative to CKD/Vand CKD/
Supp mice. There was no difference in
muscle IL-10 and IFN-g protein contents
among various groups of mice. Skeletal
muscle chemokine (C-X-C motif) ligand
16 (CXCL-16) and monocyte chemotactic
protein-1 (MCP-1) protein levels were de-
creased in CKD/Vand CKD/Suppmice but
normalized in CKD/PLA (7 mg/kg per day)
mice.

Gastrocnemius muscle IGF-I protein
content was decreased, whereas myostatin
protein content was increased in CKD/V
and CKD/Supp relative to Sham/V mice
(Figure 11). Skeletal muscle IGF-I and my-
ostatin protein levels were normalized in
CKD/PLA (7 mg/kg per day) mice.

Gastrocnemius muscle Atrogin-1 and
muscle-specific RING finger-1 (MuRF)
transcript levels were significantly higher

Figure 4. Change of (A) fat and (B) lean mass in mice. Animals were scanned before the
initiation of the study followed 28 days later by a second quantitative magnetic resonance
imaging scan. Results were analyzed and expressed as in Figure 3. *P,0.05; **P,0.01;
***P,0.001.

Figure 5. Muscle function in mice. (A) Forelimb grip strength and (B) motor coordination.
Results were analyzed and expressed as in Figure 3. *P,0.05; **P,0.01; ***P,0.001.

Figure 6. Basal metabolic rate in mice. (A) Light- and (B) dark-phase VO2. VO2
(milliliters per kilogram per hour) is calculated as the average readings obtained during
the recording period. Results were analyzed and expressed as in Figure 3. *P,0.05;
**P,0.01; ***P,0.001.
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in CKD/V and CKD/Supp mice relative to
Sham/V mice, whereas Pax-3 and -7, my-
ogenin, and myogenic differentiation
(MyoD) transcript levels were lower in
CKD/V than Sham/Vmice (Figure 12). Ab-
errant gene expressions of MuRF-1, Pax-7,
myogenin, and MyoD were corrected in
CKD/PLA (7 mg/kg per day) mice. Gas-
trocnemiusmuscle Sirtuin-1 (Sirt) transcript
levels were increased, whereas peroxisome
proliferator-activated receptor gamma,
coactivator-1 (PGC-1a) transcript levels
were decreased in CKD/V and CKD/Supp
relative to Sham/V mice. Skeletal muscle
Sirt-1 and PGC-1a transcript levels were
normalized in CKD/PLA (7 mg/kg per
day) mice.

DISCUSSION

Leptin signaling is an important cause of
CKD-associated cachexia.1,4 In this study,
we tested the efficacy of a pegylated leptin
antagonist in a mouse model of CKD. This
PLA can cross the blood–brain barrier. Af-
ter peripheral administration, this PLA has
been detected in the central nervous sys-
tem.8 PLA treatment blocks the transport
of circulating leptin across the blood–brain
barrier and also blocks the binding of cen-
tral nervous system leptin to its receptor.
PLA treatment did not influence serum
leptin levels in mice. Serum leptin levels
were increased in CKD/V versus Sham/V
mice. Serum leptin levels were not different
in CKD/PLA versus CKD/V mice or Sham/

PLA versus Sham/V mice (Table 1).
PLA treatment corrected anorexia and improved weight

gain in CKD mice. Daily calorie intake was normalized in
CKD/PLA (7 mg/kg per day) mice (Figure 2). Significant
weight gain in CKD/PLA (7 mg/kg per day) mice relative
to CKD/V mice was observed from day 7 (Figure 3). CKD/
PLA (7 mg/kg per day) mice gained fat and lean mass,
whereas CKD/V mice continued to lose fat and lean mass
(Figure 4). Our results are consistent with other reports.
Leptin antagonist attenuated the magnitude of leptin-in-
duced weight loss, loss of fat deposition, and suppression
of food intake.11,12 Accrual of lean mass in CKD/PLA mice
resulted in the normalization of muscle function as assessed
by grip strength and rotarod activity (Figure 5).

Basal metabolic rate comprises 50%–80% of daily energy
expenditure and exhibits circadian rhythms.13,14 Disrupted
circadian rhythm was documented in CKD.15,16 Basal meta-
bolic rate is elevated in CKD, but there are concerns about the

Figure 7. Gene expression of UCPs. (A) Gene expression of UCP-1 in brown adipose
tissue. (B) Gene expression of UCP-2 in white adipose tissue. (C) Gene expression
of UCP-3 in gastrocnemius muscle. GAPDH, glyceraldehyde-3-phosphate de-
hydrogenase. Results were analyzed and expressed as in Figure 3. *P,0.05;
**P,0.01; ***P,0.001.

Figure 8. Protein contents of UCPs. (A) Protein content of UCP-1 in brown adipose tissue.
(B) Protein content of UCP-2 in white adipose tissue. (C) Protein content of UCP-3 in
gastrocnemius muscle. Results were analyzed and expressed as in Figure 3. *P,0.05;
**P,0.01; ***P,0.001.

Figure 9. Hepatic inflammatory cytokine mRNA levels. (A) Hepatic
TNF-a mRNA. (B) Hepatic IL-6 mRNA. GAPDH, glyceraldehyde-3-
phosphate dehydrogenase. Results were analyzed and expressed
as in Figure 3. **P,0.01.
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validity of these results; although basal metabolic rate is higher
in CKD, the 24-hour metabolic rate may not be elevated, and
actually, it may be reduced, because patients or animals with
CKD are less active overall. Wemeasured diurnal rhythm VO2
consumption in mice. Light- and dark-phase VO2 levels were

significantly increased in CKD/VandCKD/
Supp mice but normalized in CKD/PLA (7
mg/kg per day) mice (Figure 6).

UCPs are key regulators of energy expen-
diture.17 Suppression of UCPs expression by
PLA treatment may, in fact, lower respiratory
demands in CKD. Previously, we showed that
mRNA and protein content of UCP-1 and -3
in BAT were increased in CKD mice.18 PLA
treatment significantly reduced transcriptional
and protein levels of BAT UCP-1, white adi-
pose tissueUCP-2, andmuscleUCP-3 inCKD
mice (Figures 7 and 8).

PLA treatment exerts additional metabolic
advantages beyond its nutritional effects.
Calorie supplementation to CKDmice could
not exert the anticachectic effects. CKD/Supp
mice gained less weight (Figure 3), gained fat
mass (Figure 4), and continued to lose lean
mass, and the muscle function remained im-
paired (Figure 5), despite having the same

calorie intake as CKD/PLA (7 mg/kg per day) mice. Light- and
dark-phase VO2 (Figure 6) as well as expression of tissue UCPs
(Figures 7 and 8) were significantly higher in CKD/Supp rela-
tive to CKD/PLA (7 mg/kg per day) mice. Our results suggest
that PLA treatment reverses CKD-associated cachexia through

Figure 10. Protein concentrations of cytokines in gastrocnemius muscle. (A) Muscle IL-1a content. (B) Muscle IL-1b content. (C) Muscle
IL-6 content. (D) Muscle IL-10 content. (E) Muscle IFN-g content. (F) Muscle TNF-a content. (G) Muscle CXCL-16 content. (H) Muscle
MCP-1 content. Results were analyzed and expressed as in Figure 3. *P,0.05; **P,0.01.

Figure 11. Protein concentration of IGF-I and myostatin in gastrocnemius muscle. (A)
Muscle IGF-I protein content. (B) Muscle myostatin protein content. Results were
analyzed and expressed as in Figure 3. *P,0.05; **P,0.01.
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the combined effects of appetite stimulation and reduction in
energy expenditure (Figure 13).

Hepatic inflammation is commonly observed in CKD.
Significant elevation of hepatic TNF-a and IL-6 mRNA levels
was observed in CKD/V and CKD/Supp mice (Figure 9). Our
results are in agreement with a recent report, in which mRNA
contents of hepatic inflammatory cytokines were elevated in
bilateral nephrectomized mice.19 Hepatic TNF-a and IL-6

mRNA contents were normalized in
CKD/PLA (7 mg/kg per day) mice.

IL-1 and -6 and TNF-a have been associ-
ated with muscle wasting in CKD.1,5,20 Gas-
trocnemiusmuscle protein contents of IL-1a,
-1b, and -6 and TNF-a were increased in
CKD/V and CKD/Supp mice (Figure 10).
IL-1a and -1b increased expression of Atro-
gin-1 and MuRF-1 and stimulated protein
catabolism in C2C12 myotubes through the
AKT/Foxo (protein kinase B/forkhead box
protein) signaling pathway.21 High-circulat-
ing IL-6 stimulated Atrogin-1 and MuRF-1
gene expression and promoted gastrocne-
mius muscle wasting in cachectic mice.22

PLA treatment caused an overall decrease in
proinflammatory cytokines in CKD mice.

Muscle protein contents of IL-1a and -6 were normalized, and
the protein level of IL-1b was significantly reduced in CKD/PLA
(7 mg/kg per day) mice. Leptin has proinflammatory effects
through the induction of proinflammatory cytokines and the
stimulation ofmacrophage and natural killer cell function.23 Lep-
tin upregulates the IL-1 system and induces secretion of IL-6 and
TNF-a through janus kinase 2/signal transducers and activators
of transcription (JAK2/STAT3) and p38 mitogen-activated

Figure 12. Gene expression of key molecules implicated in the pathogenesis of CKD-associated muscle wasting. (A) Muscle Atrogin-1
mRNA expression. (B) Muscle MuRF-1 mRNA expression. (C) Muscle Sirt-1 mRNA expression. (D) Muscle PGC-1a mRNA expression.
(E) Muscle Pax-3 mRNA expression. (F) Muscle Pax-7 mRNA expression. (G) Muscle myogenin mRNA expression. (H) Muscle MyoD
mRNA expression. GAPDH, glyceraldehyde-3-phosphate dehydrogenase. Results were analyzed and expressed as in Figure 3.
*P,0.05; **P,0.01.

Figure 13. Summary of the beneficial effects of PLA treatment on food intake, energy
expenditure, and muscle wasting in CKD mice.
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protein kinase/extracellular signal-regulated kinase (p38MAPK/
ERK1/2) signaling pathways.24,25 Conversely, blockade of lep-
tin signaling protects against inflammation (Figure 13).

IGF-I and myostatin play stimulatory and inhibitory roles,
respectively, in the regulation of muscle mass.26 Myostatin
induces muscle wasting through the AKT/Foxo (protein ki-
nase B/forkhead box protein) pathway.27 Pharmacological in-
hibition of myostatin suppresses systemic inflammation and
muscle atrophy in CKD.28 Leptin influences IGF-I signaling
cascade by inducing the phosphorylation of IGF-IR.29,30 PLA
treatment attenuated muscle wasting by correcting the imbal-
ance between IGF-I and myostatin in CKD (Figures 11 and
13).

Atrogin-1 and MuRF-1 mediate protein degradation in
skeletal muscle. Muscle atrophy is often associated with
increased expression of Atrogin-1 and MuRF-1.1 Leptin reg-
ulates Atrogin-1 and MuRF-1 protein expression in gastroc-
nemius muscle.31 Results from this group and others showed
that muscle Atrogin-1 and MuRF-1 transcriptional expres-
sions were significantly increased in CKD mice.28,32–34

MuRF-1 mRNA contents were corrected in CKD/PLA (7
mg/kg per day) mice (Figures 12 and 13).

CXCL-16andMCP-1arecrucial formuscleregeneration.35–37

Lower expression of CXCL-16 and MCP-1 in muscle may lead
to decreasedmacrophage infiltration, and eventually, it impairs
muscle regeneration. We and others have reported that skeletal
muscle CXCL-16 and MCP-1 protein levels were significantly
decreased in CKD mice (Figure 10).32,35 Muscle CXCL-16 and
MCP-1 protein levels were normalized in CKD/PLA (7 mg/kg
per day) mice.

Leptin could also influence muscle regeneration through
Sirt-1/Foxo3a and their downstream target PGC-1a.38,39

Our results suggest that CKD is associated with changes in
Sirt-1 and PGC-1a transcriptional content in skeletal mus-
cle (Figure 12), consistent with a recent finding in which
lower transcriptional level of skeletal muscle PGC-1a was
observed in CKD rats.40 Skeletal muscle Sirt-1 and PGC-1a
mRNA contents were normalized in CKD/PLA (7 mg/kg
per day) mice.

We also measured the transcriptional levels of differen-
tiation markers in skeletal muscle. The transcription factors
Pax-3 and -7 have essential and overlapping roles in myo-
genesis. Pax-3 acts to specify embryonic muscle precursors,
whereas Pax-7 enforces the satellite cell myogenic program
while maintaining the undifferentiated state.41 Myogenic
factor 5 (Myf5) is the first myogenic regulatory protein ex-
pressed in the skeletal muscle lineage. In concert with Pax-3,
Myf5 activates a network of myogenic regulatory factors,
including MyoD, myogenin, and myogenic factor 6
(Myf6), in the muscle precursors to initiate and maintain
the expression of muscle-specific genes.41,42 The mRNA
contents of Pax-3 and -7, myogenin, and MyoD were de-
creased in the gastrocnemius muscle of CKD mice (Figure
12), suggesting dysfunction of satellite cells and a reduced
rate of myoblast differentiation in CKD. Importantly, Pax-7,

myogenin, and MyoD gene expressions were normalized in
CKD/PLA (7 mg/kg per day) mice, indicating that PLA is
able to activate muscle satellite cell and promote myoblast
differentiation (Figure 13).

In summary, results of this study show that leptin receptor
antagonist improves food intake, ameliorates weight loss and
lean mass loss, and normalizes muscle function as well as
reduces energy expenditure in mice with CKD. PLA treatment
attenuates the exacerbation of hepatic inflammation in CKD
mice. PLA also causes an overall decrease in proinflammatory
cytokines and ameliorates aberrant signaling pathways asso-
ciated with muscle wasting in CKD (Figure 13). This PLAmay
represent a novel therapeutic modality for CKD-associated
cachexia, in which preservation of muscle mass is associated
with a survival advantage.

CONCISE METHODS

Animals and Experimental Design
Animal protocols complied with Institutional Animal Care and Use

Committee and National Institutes of Health guidelines for the care

and use of laboratory animals. The experimental design is shown in

Figure 1. C57BL/6J male mice were used. CKD in mice was induced

by two-stage 5/6 nephrectomy. BL5040, a PLA, was prepared10 and

provided by BioLine Innovations. CKD and Sham mice were given

the PLA or vehicle through intraperitoneal injection. Mice were fed

with LabDiet 5015. Another group of CKD mice was gavaged with

additional nutrients. Oxygen consumption and carbon dioxide

productionwere simultaneously determined by indirect Oxymax cal-

orimetry (Columbus Instruments).7 Body composition was deter-

mined by EchoMRI-100 (Echo Medical Systems).32 Grip Strength

Meter (model 47106; UGO Basile) and AccuRotor Rota Rod (model

Table 2. Taqman Gene Expression Assays-On-Demand
identities

Genes Assay Identities

Target genes
Atrogin-1 Mm00499523_m1
IL-6 Mm00446190_m1
MuRF-1 Mm01185221_m1
MyoD Mm00440387_m1
Myogenin Mm00446195_g1
Pax-3 Mm00435493_m1
Pax-7 Mm00834079_m1
PGC-1a Mm01208835_m1
Sirt-1 Mm00490758_m1
TNF-a Mm00443258_m1
UCP-1 Mm01244861_m1
UCP-2 Mm00627599_m1
UCP-3 Mm00494077_m1

Internal control gene
GAPDH 4352339E

GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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RRF/SP; Accuscan Instrument) were used to assess forelimb grip

strength and motor coordination in mice, respectively.22,43

Blood Chemistry
Mice were fasted for 3 hours before euthanasia. Serum chemistry was

assayed by standard laboratory methods.

Serum, Muscle Protein Levels, and Tissue Protein
Levels of UCPs
Serum leptin levels were assayed (R&D Systems). Gastrocnemius

muscle lysate protein levels of IL-1a, -1b, -6, and -10, IFN-g,

TNF-a, CXCL-16, and MCP-1 were quantified (RayBiotech). IGF-I

and myostatin protein levels were measured (R&D Systems and

Immundiagnostik AG Kits, respectively). UCPs protein contents

were assayed using mouse UCP-1 (E95557Mu; Uscn Life Science),

UCP-2 (E2066m; EIAab), and UCP-3 (E2068m; EIAab) Assay Kits,

respectively.

mRNA Expression
Transcriptional levels of target genes weremeasured by real-time PCR

(Applied Biosystems). Appropriate primers and probes for target

genes were listed (Table 2). Comparative 22DDCt method was used to

determine the relative quantification of the target gene. Final results

were expressed in arbitrary units, with one unit being the mean

mRNA level in the Sham/V mice.

Statistical Analyses
Results were compared using one-way ANOVA; t tests for unpaired

data were used to compare results between two groups when signif-

icant differences were detected by ANOVA. P,0.05 were considered

to be statistically significant.
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