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Abstract

Background The CTNS gene mutation causes infantile nephropathic cystinosis (INC). Patients with INC develop
Fanconi syndrome and chronic kidney disease (CKD) with significant bone deformations. C57BL/6 Ctns�/� mice are
an animal model for studying INC. Hyperleptinaemia results from the kidney’s inability to eliminate the hormone leptin
in CKD. Ctns�/� mice have elevated serum leptin concentrations. Leptin regulates bone metabolism through its recep-
tor that signals further via the hypothalamic melanocortin 4 receptor (MC4R). Leptin signalling may affect bone health
in Ctns�/� mice.
Methods We first defined the time course of bone abnormalities in Ctns�/� mice between 1 and 12 months of age. We
used both genetic and pharmacological approaches to investigate leptin signalling in Ctns�/� mice. We generated Ctns-
�/�Mc4r�/� double knockout mice. Bone phenotype of Ctns�/�Mc4r�/� mice, Ctns�/� mice and wild type (WT) mice at
1, 4, and 9 months of age were compared. We then treated 12-month-old Ctns�/� mice and WT mice with a pegylated
leptin receptor antagonist (PLA) (7 mg/kg/day, IP), a MC4R antagonist agouti-related peptide (AgRP) (2 nmol, intra-
cranial infusion on days 0, 3, 6, 9, 12, 15, 18, 21, 24, and 27), or vehicle (normal saline), respectively, for 28 days.
Whole-body (BMC/BMD, bone area) and femoral bone phenotype (BMC/BMD, bone area, length and failure load)
of mice were measured by DXA and femoral shaft biochemical test. We also measured lean mass content by EchoMRI
and muscle function (grip strength and rotarod activity) in mice. Femur protein content of JAK2 and STAT3 was mea-
sured by ELISA kits, respectively.
Results Bone defects are present in Ctns�/� mice throughout its first year of life. The deletion of the Mc4r gene atten-
uated bone disorder in Ctns�/� mice. Femoral BMD, bone area, length, and strength (failure load) were significantly
increased in 9-month-old Ctns�/�Mc4r�/� mice than in age-matched Ctns�/� mice. PLA and AgRP treatment signifi-
cantly increased femoral bone density (BMC/BMD) and mechanical strength in 12-month-old Ctns�/� mice. We
adopted the pair-feeding approach for this study to show that the protective effects of PLA or AgRP on bone phenotype
are independent of their potent orexigenic effect. Furthermore, an increase in lean mass and in vivo muscle function
(grip strength and rotarod activity) are associated with improvements in bone phenotype (femoral BMC/BMD and me-
chanical strength) in Ctns�/� mice, suggesting a muscle-bone interplay. Decreased femur protein content of JAK2 and
STAT3 was evident in Ctns�/� mice. PLA or AgRP treatment attenuated femur STAT3 content in Ctns�/� mice.
Conclusions Our findings suggest a significant role for dysregulated leptin signalling in INC-related bone disorder,
either directly or potentially involving a muscle-bone interplay. Leptin signalling blockade may represent a novel
approach to treating bone disease as well as muscle wasting in INC.
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INTRODUCTION

Infantile nephropathic cystinosis (INC) is a metabolic disorder
caused by cystine accumulating in lysosomes.1 CTNS, the
gene encoding cystinosin, or the cystine transporter, is mu-
tated. Patients with INC exhibit Fanconi syndrome and
chronic kidney disease (CKD).2 In addition, INC patients also
display significant bone deformities,2,3 which are significantly
worse than patients with other causes of CKD.4 The patho-
physiology of bone complications in INC is poorly understood,
as they occur before the onset of tubular and glomerular
dysfunction. Cysteamine therapy is the cornerstone of
management for INC patients as it reduces lysosomal cystine
accumulation in target organs2 but is not associated with
improvement in bone symptoms.5

The neuroendocrine hormone leptin regulates bone me-
tabolism and neuroendocrine function.6 Leptin’s actions are
mediated through the leptin receptors that are found
throughout various peripheral organs and tissues including
bone.6 Both animal and human studies have shown that
leptin affects bone metabolism via direct and indirect
pathways.7 Leptin is degraded in the kidneys and
hyperleptinaemia is common in CKD patients.8 Our recent
published data show that serum leptin concentration was sig-
nificantly elevated in C57BL/6 Ctns�/� mice, an animal model
for studying INC.9 Leptin activates its receptor that signals
through the melanocortin 4 receptor (MC4R) in the hypothal-
amus to influence appetite, metabolic rate, and bone
metabolism.6 Mc4r�/� mice display increased bone mass
and strength. A loss-of-function mutation in theMC4R results
in an increase in total body bone mineral content (BMC) and
bone mineral density (BMD) in patients,10 suggesting that
leptin regulates bone mass through hypothalamic MC4R sig-
nalling. In this study, we examine whether leptin signalling
blockade improves bone abnormalities in Ctns�/� mice.

Methods

Experimental design

To test our hypothesis, we utilized congenic C57BL/6 Ctns�/�

mice, initially provided by Professor Corinne Antignac. Wild-
type (WT) C57BL/6 breeder mice were purchased from The
Jackson Lab. C57BL/6 Ctns�/� mice and WT mice were from
the same C57BL/6 genetic background. We generated in
house male C57BL/6 Ctns�/� mice and male WT C57BL/6
mice for this study. The mice were housed in 12:12 h light–
dark cycles with ad libitum access to mouse diet 5,015
(LabDiet, catalogue 0001328). We followed established
guidelines and standards when conducting this study. In
accordance with the guidelines of the National Institutes of
Health, IACUC approved protocol S01754 at the University
of California, San Diego.

Four experiments were conducted. Study 1: A study was
conducted to define the time course of bone abnormalities
in Ctns�/� mice between 1 and 12 months of age with re-
spect to kidney function abnormalities. The key parameters
of bone phenotype (whole body BMC/BMD and bone area)
in Ctns�/� mice were compared with WT mice at 1, 4, 9,
and 12 months of age. To further investigate skeletal integrity
in Ctns�/� mice, excised left femurs were used for appendic-
ular BMC/BMD/bone area, length, and mechanical strength
(failure load) measurements. Study 2: We defined the signif-
icance of melanocortin signalling in cystinosis bone disease
by a genetic approach. We generated Ctns�/�Mc4r�/� mice
by crossing Ctns�/� mice with Mc4r�/� mice. Roger Cone’s
laboratory provided C57BL/6 Mc4r�/� mice.11 Ctns�/�Mc4r-
�/� mice, Ctns�/�and WT mice were on the same C57BL/6
genetic background. Parameters of whole-body and femoral
bone phenotype in Ctns�/�Mc4r�/� mice were compared
with Ctns�/� mice and WT mice at 1, 4, and 9 months of
age. Study 3: We tested the significance of leptin signalling
in cystinosis bone disease pharmacologically. Pegylated leptin
receptor antagonists (PLA) bind to leptin receptors without
activating them. Professor Arieh Gertler prepared and pro-
vided the PLA.12 Twelve-month-old male Ctns�/� mice and
WT mice were given PLA (7 mg/kg/day, IP) or vehicle (normal
saline) for 28 days. We used a pair-feeding strategy. Vehicle
injected Ctns�/� mice were fed ad libitum. Dietary intake of
vehicle-treated Ctns�/� mice was recorded. PLA-treated
Ctns�/� mice and WT mice injected with PLA or vehicle
received an average daily intake of the vehicle-treated
Ctns�/� mouse diet. Whole body bone parameters and fem-
oral bone parameters, as listed in Study 1, were measured.
Study 4: We evaluated the impact of melanocortin signalling
on cystinosis bone disease pharmacologically. Agouti- related
peptide (AgRP) is a hypothalamic neuropeptide which antag-
onizes leptin signalling.13 We tested AgRP response in mice.
We implanted cannulations into 12-month-old Ctns�/� mice
and and WT mice. A 10-μL Hamilton syringe was used to in-
ject 2 nmol of AgRP (82–131 amino acid fragment, Phoenix
Pharmaceuticals) or normal saline (vehicle) into the lateral
ventricles of mice.13 AgRP or vehicle was infused into mice
on days 0, 3, 6, 9, 12, 15, 18, 21, 24, and 27. This study was also
conducted using a pair-feeding strategy. The vehicle-treated
Ctns�/� mice were fed ad libitum. In contrast, AgRP-infused
Ctns�/� mice and AgRP-treated or vehicle-treated WT mice
were given the same amount of the rodent diet as consumed
by the vehicle-treated Ctns�/� mice. We evaluated parameters
of bone phenotype in mice.

In vivo whole-body composition analysis

An X-ray densitometer (GE Medical Systems, Chicago, IL, USA)
was used to determine the mice’s whole-body composition
using dual-energy X-ray absorption (DXA).11 DXA analysis
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was performed on all animals after they had fasted for 12 h
to minimize the amount of indigested food. In this study,
we measured the bone mineral content (BMC), bone mineral
density (BMD), and bone area of mice at the whole-body
level.

Serum and blood chemistry

Mice were sacrificed after fasting for 4 h. A VetScan2 VS2
Comprehensive Diagnostic Profile (Abaxis, catalogue 500-
0038) was used to measure bicarbonate, calcium, potassium,
and blood urea nitrogen concentrations in serum. By using
tandem mass spectrometry and liquid chromatography,
serum creatinine concentrations were determined. Serum
intact PTH levels were measured using Immunotropic,
catalogue 60-2305. Concentrations of serum 25(OH)D3, 1,25
(OH)2D3 were also analysed with Immunodiagnostic systems
EIA AC-57SF1 and AC-62F1. Serum FGF23 and leptin concen-
tration were measured using the mouse FGF23 ELISA kit,
catalogue ab213863 and Invitrogen, Mouse Leptin ELISA kit,
catalogue KMC 2281.

Ex vivo femoral bone analysis

Femurs were harvested at necropsy. Measurements of BMC,
BMD, and bone area of the left excised femora were
performed with a pixiMus™ mouse densitometer (GE Medical
Systems, Chicago, IL, USA). Length of the extracted femur was
measured using a fractional digital calliper (Carrera
Precision).

Femoral shaft biomechanical test

An Instron Corporation high-resolution materials test appara-
tus (Model 4,442, Canton, MA, USA) was used to test the
3-point bending of excised left femora. There are two fixed
lower supports with a span length of 7 mm in the loading fix-
ture. A moving actuator is also attached to the upper loading
point. Two lower supports supported the caudal surface of
the femur. At the specimen’s midpoint, which coincided with
the span’s centre, the upper loading point was in contact
with the specimen. Software (Series IX for Windows 95)
displaced the actuator at a strain rate of 0.5%/s until failure
occurred. System software was used to collect load and
displacement data.

Lean mass content and muscle function

We measured the lean mass content with a quantitative
magnetic resonance analysis (EchoMRI-100TM, Echo Medical
System, Houston, TX, USA).9 An assessment of the mice’s

forelimb grip strength (Model 47106, UGO Basile, Gemonio,
Italy) and the activity of rotarods (model RRF/SP, Accuscan
Instrument, Columbus, OH, USA) was conducted.9

Femur protein assay
The right femur was processed in a homogenizer tube (USA
Scientific, catalogue 1420-9600, Ocala, FL, USA) containing
ceramic beads (Omni International, catalogue 19-646,
Kennesaw, GA, USA). Total protein from the dissected bone
sample was extracted using TriZol (Life Technology, Carlsbad,
CA, USA). Protein concentration of tissue homogenate was
assayed using Pierce BAC Protein Assay Kit (Thermo Scientific,
catalogue 23227, Waltham, MA, USA). Protein contents of
JAK2 phosphor-Tyr221, total JAK2, STAT (pY705)+ total STAT3
in the tissue homogenates were measured by Antibodies-on-
line.com, catalogue ABIN1380619, Abcam, catalogue
ab253224 and Abcam, catalogue ab126459, respectively.

Statistics
Prism version 10.1.1 was used for statistical analyses. The
data are presented as mean ± SEM. Student’s two-tailed t-
tests were used to compare means between groups.
Two-way ANOVA was used to analyse differences between
the means of more than two groups containing two variables.
Tukey’s test was used for post-hoc analysis. Significant results
were defined as P-values below 0.05.

Results

The timeline of skeletal phenotype in Ctns�/� mice

We confirmed out previous published data that Ctns�/� mice
exhibit Fanconi syndrome at 4 months of age and chronic
kidney disease at the age of 9 months.14,15 To characterize
the timeline of bone deformities in Ctns�/� mice, we evalu-
ated bone phenotype in Ctns�/� mice at 1, 4, 9 and
12 months of age with age-matched WT mice, respectively.
Age-matched Ctns�/� mice and WT mice were sacrificed.
Figure 1 shows the experimental design. Table 1 shows the
results of serum and blood chemistry. Ctns�/� mice displayed
hypophosphataemia at 4 months of age. A significant
increase in serum contents of BUN and creatinine was ob-
served in 9-month-old Ctns�/� mice. The increased intact
PTH levels in Ctns�/� mice relative to WT mice indicate
mild hyperparathyroidism in Ctns�/� mice. Decreased se-
rum 25(OH)D3 and 1,25(OH)2D3 was found in 9-month-
old Ctns�/� mice. The bicarbonate and calcium contents of
serum were not different between Ctns�/� mice and WT
mice. Serum FGF23 and leptin levels were elevated in 9-
month-old and 12-month-old Ctns�/� mice. As early as
1 month of age, we observed that Ctns�/�mice had low bone
mass, before the onset of kidney dysfunction. The mean
whole-body BMC/BMD and bone area was significantly lower

Leptin signalling in cystinosis-related bone disorder 2449

Journal of Cachexia, Sarcopenia and Muscle 2024; 15: 2447–2459
DOI: 10.1002/jcsm.13579



Fi
gu
re

1
Sk
el
et
al
p
h
en

o
ty
p
e
in
C
tn
s�

/�
m
ic
e
d
u
ri
ng

th
e
12
-m

o
n
th

st
u
d
y.
A
ll
m
ic
e
w
er
e
fe
d
ad

lib
it
u
m
.E
xp
er
im

en
ta
ld
es
ig
n
is
lis
te
d
.M

ic
e
w
er
e
w
ei
gh
te
d
to

th
e
n
ea
re
st
0.
1
g
an
d
th
en

an
ae
st
h
et
iz
ed

fo
r

in
vi
vo

sc
an
ni
n
g
b
y
d
u
al
-e
n
er
gy

X-
ra
y
ab
so
rp
ti
o
m
et
ry

(D
XA

)
to

d
et
er
m
in
e
w
h
o
le
b
o
n
e
m
in
er
al
co
n
te
n
t
(B
M
C
),
b
o
n
e
m
in
er
al
d
en

si
ty

(B
M
D
)
an
d
b
o
n
e
ar
ea
.T
he

is
o
la
te
d
le
ft
fe
m
o
ra

w
er
e
as
se
ss
ed

b
y
D
XA

.
Fe
m
o
ra
lB

M
C
,B

M
D
an
d
b
o
n
e
ar
ea
.F
em

o
ra
ll
en

gt
h
an
d
lo
ad

to
fa
ilu
re

w
er
e
m
ea
su
re
d
.D

at
a
ar
e
ex
p
re
ss
ed

as
m
ea
n
±
SE
M
.R

es
u
lt
s
o
f
C
tn
s�

/�
m
ic
e
w
er
e
co
m
p
ar
ed

w
it
h
ag
e-
m
at
ch
ed

W
T
m
ic
e.

N
s,
n
o
t

si
gn
ifi
ca
nt
,
*P

<
0.
05
,
**
P
<

0.
01
.

2450 W.W. Cheung et al.

Journal of Cachexia, Sarcopenia and Muscle 2024; 15: 2447–2459
DOI: 10.1002/jcsm.13579



in Ctns�/� mice than in WT mice (Figure 1). Consistent with
the lower whole body bone mass phenotype in Ctns�/� mice,
Ctns�/� mice exhibited reduced appendicular (femoral) BMC/
BMD relative to WT mice. Femoral bone length and strength
(failure load) were not different at 1 month of age, but were
significantly decreased in 4-, 9-, and 12-month-old Ctns�/�

mice relative to age-matched WT mice.

The deletion of the melanocortin 4
receptor attenuates bone disease in Ctns�/� mice

Leptin signals through MC4R. The effects of MC4R blockade

on bone disease pathology in Ctns�/� mice were tested

genetically. We generated Ctns�/�Mc4r�/� mice by crossing

Ctns�/� and Mc4r�/� mice. We compared the bone pheno-

type of Ctns�/�Mc4r�/� mice, Ctns�/� mice, and WT controls

at 1, 4, and 9 months of age. Ctns�/�Mc4r�/� mice, Ctns�/�

mice, and WT mice are from the same C57BL/6 genetic back-

ground. Figure 2 illustrates the experimental design. Results

of serum and blood chemistry in Ctns�/�Mc4r�/� mice are

comparable with those in Ctns�/� mice at 1, 4, and 9 months

of age (Table 2). Genetic deletion of Mcr4 improves bone

parameters in Ctns�/� mice. Femoral BMD, bone area,

length, and failure load were significantly increased in 9-

month-old Ctns�/�Mc4r�/� mice as compared with

age-matched Ctns�/� mice (Figure 2).

A pegylated leptin receptor antagonist treatment
improves skeletal integrity in Ctns�/� mice

We tested whether PLA treatment would improve skeletal
integrity in Ctns�/� mice. Our published data indicate that
PLA stimulates food intake and subsequent weight gain in
Ctns�/� mice.9 To assess the effects of blocking the leptin
receptor in Ctns�/� mice that go beyond the stimulation of
appetite, we adopted a dietary restriction approach. We
treated 12-month-old Ctns�/� mice and WT mice with either
PLA (7 mg/kg/day, IP) or vehicle for 28 days. Ctns�/� mice
injected with vehicles were fed ad libitum and their daily ca-
loric intake were measured. The equivalent amount of rodent
diet was then given to Ctns�/� mice treated with PLA or WT
mice treated with PLA or vehicle (Figure 3). Table 3 shows the
results of serum and blood chemistry of mice. Concentra-
tion of serum phosphorus was decreased while BUN, creat-
inine, intact PTH and FGF23 were significantly increased in
Ctns�/� mice as compared with WT mice. There is no dif-
ference in serum bicarbonate and calcium concentrations
between Ctns�/� mice and WT mice. Leptin serum concen-
tration was significantly higher in Ctns�/� mice. The effects
of PLA on serum leptin levels were not observed in Ctns�/�

mice. PLA treatment improved bone disease in Ctns�/� mice.
Whole-body weight/BMC/BMDwere significantly increased inTa
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PLA-injected Ctns�/� mice as compared with Ctns�/� mice
treated with vehicle (Figure 3). Furthermore, femoral BMC
and BMD were considerably increased in Ctns�/� mice
treated with PLA as compared with Ctns�/�mice treated with
vehicle. Effects of PLA administration on the femoral failure
load in Ctns�/� mice are presented in the subsequent
Figure 5.

Intracerebroventricular infusion of the agouti-
related peptide improves bone disease in Ctns�/�

mice

The effect of melanocortin signalling blockade in Ctns�/� mice
one bone phenotype was further tested via a pharmacological
approach. AgRP is a naturally occurring antagonist for
MC4R.13 We tested response to CNS AgRP injection in Ctns�/�

mice. The study period is 28 days. We also applied a
pair-feeding strategy. Vehicle-infused Ctns�/� mice were fed
ad libitum whereas AgRP-infused Ctns�/� mice, AgRP-infused
WT mice and vehicle-infused WT mice were given the equiva-
lent amount of energy intake as vehicle-infused Ctns�/� mice
(Figure 4). Results of serum and blood chemistry in Ctns�/�

mice administered with AgRP are comparable to those in
Ctns�/� mice infused with vehicle (Table 4). AgRP improved
weight gain and whole-body BMC/BMD in Ctns�/� mice
(Figure 4). Femoral BMD was also significantly elevated in
Ctns�/� mice treated with AgRP relative to Ctns�/� mice in-
fused with vehicle. Effects of AgRP infusion on the femoral
failure load in Ctns�/� mice are presented in the following
Figure 5.

The pegylated leptin receptor antagonist and the
agouti-related peptide treatment improve muscle-
bone unit in Ctns�/� mice

Previous studies suggested that muscle mass is directly linked
to bone health, building the concept of the ‘muscle-bone
unit’.16 We measured lean mass content and in vivo muscle
function in mice. We found that PLA or AgRP significantly in-
creased lean mass and improved muscle function (grip
strength and rotarod activity) in Ctns�/� mice as compared
with vehicle-treated Ctns�/� mice (Figure 5). Additionally,
we measured femoral whole-bone strength (maximum failure
load) by 3-point bending. Ctns�/� mice treated with PLA or
AgRP had significantly improved femoral failure load com-
pared with Ctns�/� mice treated with vehicle. Recent data
suggest that JAK/STAT signalling pathway is crucial for skele-
tal development and bone homeostasis. Decreased femur
protein content of JAK2 and STAT3 was evident in
vehicle-treated Ctns�/� mice. PLA or AgRP attenuated STAT3
expression in femur of Ctns�/� mice.Ta
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Discussion

The hormone leptin regulates bone metabolism. There is ev-
idence that leptin influences bone metabolism via the hypo-
thalamic melanocortin system.6,7 In the arcuate nucleus of
the hypothalamus, leptin inhibits neuropeptide Y (NPY) and
agouti-related peptide (AgRP) and enhances proopiomelano-
cortin (POMC) and cocaine- and amphetamine-related tran-
script (CART).6 The leptin receptor, which can also be found
in various peripheral organs and tissues, is responsible for
leptin’s actions.6 In fact, animal and human studies suggest
that leptin influences bone metabolism in direct and indirect
ways. In the human primary osteoblasts and chondrocytes,
leptin receptors are found.6 FGF-23, which is activated by lep-
tin, may play a role in bone growth.17 Furthermore, leptin is

also involved in the regulation of osteocalcin, which in turn
is involved in the regulation of insulin, energy expenditure
and bone metabolism.18 It is thought that bone metabolism
may be modulated locally by leptin released from bone
marrow adipocytes.19 Despite being an important regulator
of bone metabolism, the effects of leptin on bone mass in
rodents are contradictory. The bone phenotype of
leptin-deficient ob/ob mice is characterized by high bone
mass. Following intracerebral leptin injection, lean mice and
obese mice lose bone mass.6 ob/ob mice are also reported
to have less bone mass than normal mice. The administration
of intraperitoneal leptin to ob/ob mice increased cortical
bone formation.20 Based on these conflicting findings, leptin
appears to exert multiple effects depending on rodent skele-
tal maturity and signalling pathways.6,21 We previously found

Figure 3 PLA treatment attenuates INC bone disorder in Ctns�/� mice. Ctns�/� + vehicle mice were fed ad libitum whereas WT + vehicle, WT + PLA
and Ctns

�/�
+ PLA mice were pair-fed to that of Ctns

�/�
+ vehicle mice. Mice were weighed and scanned for whole-body BMC, BMD, and bone area.

Femoral BMC, BMD, area, and length were also shown. Data are expressed as mean ± SEM. Results of Ctns�/� + vehicle mice were compared with that
of WT + vehicle mice whereas results of Ctns�/� + PLA mice were compared with that of WT + PLA mice. Results of Ctns�/� + vehicle mice were also
compared with Ctns

�/�
+ PLA mice. Ns, not significant, *P < 0.05, **P < 0.01.

Table 3 Serum and blood chemistry of mice

WT + Vehicle (n = 9) WT + PLA (n = 9) Ctns�/� + Vehicle (n = 9) Ctns�/� + PLA (n = 9)

BUN (mg/dL) 29.5 ± 4.6 32.4 ± 3.1 59.8 ± 6.7a 74.5 ± 9.4a

Creatinine (mg/dL) 0.09 ± 0.02 0.12 ± 0.04 0.19 ± 0.02a 0.21 ± 0.04a

Bicarbonate (mg/dL) 28.2 ± 2.2 27.6 ± 2.1 27.3 ± 1.8 27.3 ± 1.1
Calcium (mg/dL) 9.36 ± 0.13 9.54 ± 0.25 9.75 ± 0.21 9.48 ± 0.27
Phosphorus (mg/dL) 8.97 ± 0.21 9.05 ± 0.31 7.76 ± 0.21b 7.87 ± 0.21b

Intact PTH (pg/mL) 109.6 ± 21.5 143.1 ± 22.6 435.1 ± 37.8a 419.5 ± 23.6a

FGF23 (pg/mL) 132.1 ± 12.8 105.2 ± 18.2 265.7 ± 34.1a 245.3 ± 31.4a

Leptin (ng/dL) 2.61 ± 0.31 2.83 ± 0.47 4.57 ± 0.36a 5.17 ± 0.29a

Twelve-month-old Ctns�/� mice andWTmice were treated with PLA (7 mg/kg/day, IP) or vehicle (normal saline) for 28 days. Four groups of
mice were included: WT + vehicle, WT + PLA, Ctns�/� + vehicle and Ctns�/� + PLA. Ctns�/� + vehicle mice were fed ad libitum whereas
WT + vehicle, WT + PLA and Ctns�/� + PLAmice were pair-fed to that of Ctns�/� + vehicle mice. Data are expressed as mean ± SEM. Data
are expressed as mean ± SEM. Results of Ctns�/� + vehicle mice were compared with that of WT + vehicle mice whereas results of Ctns�/

� + PLA mice were compared with that of WT + PLA mice.
aP < 0.05, significantly higher in Ctns�/� mice than WT mice.
bP < 0.05, significantly lower in Ctns�/� mice than WT mice.
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that serum leptin levels are elevated in Ctns�/� mice, a
model of INC.9 In this study, we sought to determine whether
leptin signalling, which may involve the hypothalamic
melanocortin pathway, contributed to pathogenesis of INC
associated bone disease.

Ctns�/� mice showed lower whole-body and femoral
BMC/BMD than age-matched WT mice (Figure 1). The results
we report are consistent with those previously published.22

In patients with INC, phosphaturia leading to phosphate defi-
ciency is thought to be the main cause of clinical manifesta-
tions of renal rickets in young INC patients.2 However, in early
CKD stages, phosphaturia maintains serum phosphate con-
centrations thus protecting CKD patients from elevations of
FGF-23.23 In this study, serum phosphorus, FGF23, PTH, vita-
min D metabolites, BUN, and creatinine concentrations were

comparable between 1-month-old Ctns�/�mice and WT mice
(Table 1). These data suggest that factors other than the
known dysregulated bone mineral metabolism in CKD may
contribute to the intrinsic bone defects in Ctns�/� mice. At
4 months, modest hypophosphataemia was the only signifi-
cant difference among the bone mineral factors in Ctns�/�

mice. At 9 and 12 months, Ctns�/� mice exhibited dysreg-
ulated bone mineral factors typically associated with clas-
sic CKD.

We investigated the impact of MC4R blockade on bone
disease in Ctns�/� mice genetically. Ctns�/�Mc4r�/� mice,
Ctns�/� mice, and WT controls were on the same C57BL/6
genetic background. We compared the bone phenotype of
Ctns�/�Mc4r�/�mice, Ctns�/�mice, andWT controls. Femoral
BMD, bone area, length and failure load of Ctns�/�Mc4r�/�

Table 4 Serum and blood chemistry of mice

WT + Vehicle (n = 8) WT + AgRP (n = 8) Ctns�/� + Vehicle (n = 8) Ctns�/� + AgRP (n = 8)

BUN (mg/dL) 31.6 ± 5.8 29.7 ± 3.4 54.1 ± 8.3a 63.7 ± 7.5a

Creatinine (mg/dL) 0.08 ± 0.01 0.09 ± 0.03 0.17 ± 0.03a 0.19 ± 0.03a

Bicarbonate (mg/dL) 27.5 ± 1.3 27.4 ± 0.5 27.7 ± 0.9 27.8 ± 0.5
Calcium (mg/dL) 9.45 ± 0.17 9.78 ± 0.28 9.49 ± 0.38 9.89 ± 0.45
Phosphorus (mg/dL) 9.23 ± 0.38 9.59 ± 0.39 8.02 ± 0.28b 7.48 ± 0.58b

Intact PTH (pg/mL) 89.3 ± 16.3 105.2 ± 18.8 385.8 ± 43.1a 351.7 ± 28.5a

FGF23 (pg/mL) 162.1 ± 24.3 132.6 ± 16.3 306.1 ± 24.3a 295.6 ± 34.2a

Twelve-month-old Ctns�/� mice and WT mice were infused with AgRP (2 nmol, intracranial) or vehicle (normal saline) at day 0, 3, 6, 9, 12,
15, 21, 24, and 27. All mice were sacrificed 1 day after the last dose of infusion. Four groups of mice were included: WT + vehicle,
WT + AgRP, Ctns�/� + vehicle and Ctns�/� + AgRP. Ctns�/� + vehicle mice were fed ad libitum whereas WT + vehicle, WT + AgRP,
and Ctns�/� + AgRP mice were pair-fed to that of Ctns�/� + vehicle mice. Data are expressed as mean ± SEM. Data are expressed as
mean ± SEM. Results of Ctns�/� + vehicle mice were compared with that of WT + vehicle mice whereas results of Ctns�/� + AgRP mice
were compared with that of WT + AgRP mice.
aP < 0.05, significantly higher in Ctns�/� mice than WT mice.
bP < 0.05, significantly lower in Ctns�/� mice than WT mice.

Figure 4 Infusion of AgRP ameliorates INC bone disorder in Ctns
�/�

mice. Ctns
�/�

+ vehicle mice were fed ad libitum WT + vehicle, WT + AgRP, and
Ctns�/� + AgRP mice were pair-fed to that of Ctns�/� + vehicle mice. Whole-body BMC, BMD, and bone area were measured. Femoral BMC, BMD,
area, and length were also shown data are expressed as mean ± SEM. Results of Ctns�/� + vehicle mice were compared with that of WT + vehicle
mice whereas results of Ctns

�/�
+ AgRP mice were compared with that of WT + AgRP mice. Results of Ctns

�/�
+ vehicle mice were also compared

with Ctns�/� + AgRP mice. Ns, not significant, *P < 0.05, **P < 0.01.
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mice were significantly increased compared with Ctns�/� mice
at 9 months of age (Figure 2).

A pharmacological approach was then used to test
whether leptin signalling accounts for bone defects in
Ctns�/� mice. We tested two reagents, PLA, a pegylated
leptin receptor antagonist, and AgRP, a competitive reverse
agonist for MC4R. MC4R is expressed principally in the CNS,
but bone cells also express this receptor.24 We treated 12-
month-old Ctns�/� mice and WT controls with PLA or AgRP
for 28 days respectively. We administered intracranial AgRP
to isolate hypothalamic MC4R signalling. Our published
results show that PLA or AgRP stimulate energy intake in
mice.9,11 Hence, a pair-feeding strategy was applied to
investigate the pharmacological effects of PLA or AgRP ad-
ministration in Ctns�/� mice that goes beyond dietary stim-
ulation and its accompanying weight gain. Vehicle-injected

Ctns�/� mice were fed ad libitum, and PLA-injected, AgRP-
infused Ctns�/� mice or WT mice were pair-fed with
vehicle-injected Ctns�/� mice. PLA significantly increased
whole-body and femoral BMC/BMD in Ctns�/� mice than
in vehicle-injected Ctns�/� mice (Figure 3). Similarly,
whole-body BMC/BMD/bone area and femoral BMD were
significantly increased in AgRP-infused Ctns�/� mice relative
to vehicle-infused Ctns�/� mice (Figure 4). Our results sug-
gest that PLA or AgRP’s protective effect on bone pheno-
type (whole-body and femoral BMC/BMD) in Ctns�/� mice
is independent of their known potent orexigenic effect.
Moreover, these results suggest that leptin, possibly
through a central hypothalamic mechanism, affects bone
metabolism in Ctns�/� mice. We found no difference in
femoral length in Ctns�/� mice, either treated with PLA or
AgRP, compared with those Ctns�/� mice treated with vehi-

Figure 5 PLA and AgRP increase lean mass content, improve in vivo muscle function and femoral bone strength in Ctns�/� mice. Twelve-month-old
Ctns�/� and WT mice were administered with PLA, AgRP, or vehicle, respectively. Figures 3 and 4 describe detailed study procedures. Lean mass con-
tent of individual mice was measured using quantitative magnetic resonance analysis. In vivo muscle function (grip strength and rotarod) was assessed.
Femoral shaft biomechanical tests were performed. Femur protein contents of JAK2 and STAT3 were measured. Data are expressed as mean ± SEM.
Results were analysed and expressed as in Figures 3 and 4. Ns, not significant, *P < 0.05, **P < 0.01.
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cle (Figure 3I and Figure 4I). Postnatal development of the
skeleton (especially long bones) continues until sexualmaturity,
at which point chondrocyte differentiation and apoptosis
prevent growth of the growth plate.25 In previous studies,
most skeletal maturity factors (including vertical length) in
C57BL/6 mice occurred before 6 months of age.26 We used
12-month-old Ctns�/� mice (with a C57BL/6 genetic back-
ground) in this study as they already reached maximum vertical
length at the time.

Lean mass content, muscle function and femoral
whole-bone strength were significantly improved in Ctns�/�

mice treated with PLA or AgRP than vehicle-treated Ctns�/�

mice (Figure 5). Peripherally treatment of leptin antagonist
significantly improved the mechanical properties of the tibia
(maximal load, whole bone stiffness, and AUC) in female
C57BL/6 mice.27 We examined femoral mechanical strength
in mice as the femur is the strongest bone in the body be-
cause of its shape and size. With its thickness, the femur
can withstand the pressure of the upper body and the pull
of the muscles attached to it. In mice and humans, femoral
BMC and BMD are significant predictors of peak loads in
the femur.28 We measured lean mass content by EchoMRI
and in vivo muscle function (grip strength and rotarod) in
mice. Mice grip strength testing measures the maximal mus-
cle strength of the forelimbs and hindlimbs together. Rotarod
activity assesses motor function and coordination in rodents.
Muscle and bone mass are strongly correlated. Muscles and
bones are viewed as a functional unit, according to the
mechanostat theory.16 Significant increases in grip strength
for athletes (tennis and squash players) were associated with
increased bone mass, BMD and bone area in the dominant
arms compared with the non-dominant arm.29 It is thought
that mechanical forces derived from skeletal muscle stimu-
late bone formation and remodelling.30 There is evidence
that muscles and bones communicate at a molecular level,
in addition to mechanical coupling. Muscles and bones are in-
terconnected, producing myokines (muscle-derived factors)
and osteokines (bone-derived factors). Through autocrine,
paracrine, and endocrine signalling, each factor influences
metabolism of muscle and bone.31

Leptin signals are mediated via transmembrane receptors
(Ob-R) abundantly expressed in various tissues including
bone. The activation of Ob-R by leptin triggers multiple sig-
nalling pathways, including JAK/STAT signalling.32 The JAK/
STAT pathway plays a crucial role in almost all tissues by or-
chestrating growth, differentiation and homeostasis. Recent
data suggest that leptin signalling influences osteogenic dif-
ferentiation of mesenchymal stem cells through JAK/STAT
signalling.33 Zhou et al. have demonstrated the important
role of STAT3 for bone development and bone homeostasis.
They showed that pharmacologic activation of STAT3 attenu-
ates bone deformities in mice while inhibition aggravates
bone loss.34 We investigated the effect of PLA and AgRP
treatment on JAK2 and STAT3 content in Ctns�/� mice fe-

murs. A decrease in femur JAK2 and STAT3 protein levels
was observed in Ctns�/� mice treated with vehicle (Figure 5).
AgRP and PLA attenuated STAT3 expression in Ctns�/� mice
femurs.

There are important implications for clinical practice asso-
ciated with muscle-bone crosstalk, including therapeutic
targets that can improve muscle and bone health. As a result,
INC patients may experience improved health and wellbeing
overall. Strength of handgrip is one of the most significant
metrics used to measure muscle strength and physical
fitness. It is relevant to patients with sarcopenia, which is
marked by decreased mass of muscles, diminished strength,
and impaired function of the muscles.35 A multinational,
large epidemiological study suggests that reduced muscular
strength, as assessed by handgrip strength, indicates an ele-
vated risk of death from all causes and cardiovascular disease
in a prospective study in healthy adults.36 There is a signifi-
cant reduction in grip strength in adults and children with
INC, which was even more pronounced than in patients with
CKD.37 Recently, we found that intraperitoneally injected PLA
increased dietary intake, improved lean mass content, and
improved muscle performance in Ctns�/� mice.9 By blocking
leptin signalling in this study, PLA and AgRP improved the
muscle-bone unit in Ctns�/� mice (Figure 5). A limitation of
the latter is the need for intraventricular delivery. A few
potent peripheral MC4R antagonists have recently been
discovered.38 A synthetic MC4R antagonist attenuates ca-
chexia in cancer and CKD animal models.39 This newly devel-
oped MC4R antagonist has the potential to improve bone
disease in Ctns�/� mice.

Conclusions

We have employed both transgenic targeted mutant mouse
models and pharmacological approaches to obtain further in-
sight into the pathobiology of INC bone disease. We conclude
that dysregulation of leptin signalling, either through the lep-
tin receptor or through the melanocortin signalling system, is
a significant contributor to INC-related bone disease. Blocking
leptin signalling may represent a novel therapeutic approach
to this debilitating complication in INC.
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