The Journal of Physiological Sciences (2019) 69:661-671
https://doi.org/10.1007/512576-019-00683-8

ORIGINAL PAPER q

Check for
updates

Renal involvement in the pathogenesis of mineral and bone disorder
in dystrophin-deficient mdx mouse

Eiji Wada'2® . Takayuki Hamano? - Isao Matsui - Mizuko Yoshida? - Yukiko K. Hayashi’ - Ryoichi Matsuda®*

Received: 6 March 2019 / Accepted: 30 April 2019 / Published online: 11 May 2019
© The Physiological Society of Japan and Springer Japan KK, part of Springer Nature 2019

Abstract

Duchenne muscular dystrophy is a severe muscular disorder, often complicated with osteoporosis, and impaired renal func-
tion has recently been featured. We aimed to clarify the involvement of renal function in the pathogenesis of mineral and
bone disorder in mdx mice, a murine model of the disease. We clearly revealed renal dysfunction in adult mdx mice, in
which dehydration and hypercalcemia were contributed. We also examined the effects of dietary phosphorus (P) overload on
phosphate metabolism. Serum phosphate and parathyroid hormone (PTH) levels were significantly increased in mdx mice
by dietary P in a dose-dependent manner; however, bone alkaline phosphatase levels were significantly lower in mdx mice.
Additionally, bone mineral density in mdx mice were even worsened by increased dietary P in a dose-dependent manner.
These results suggested that the uncoupling of bone formation and resorption was enhanced by skeletal resistance to PTH
due to renal failure in mdx mice.

Keywords Duchenne muscular dystrophy - Renal dysfunction - Mineral and bone disorder - Osteoporosis - Phosphate
overloading

Introduction

Duchenne muscular dystrophy (DMD) is an X-linked mus-
cular disorder affecting about one in 3500 boys [1]. DMD is
caused by deficiency of dystrophin, which is a large 427-kDa
protein composed of 3865 amino acid residues that connects
the cytoskeleton and basal lamina of skeletal and cardiac
muscles [2]. Although there is no effective curable rem-
edy for DMD, patients can live longer with advancements
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of physical, cardiac, and pulmonary treatments [3, 4]. As
a result of increased life expectancy, a variety of dysfunc-
tions of other organs often impair the quality of life of the
patients.

Low bone mineral density (BMD) and resultant fracture
are major complications in DMD from early stages of the
disease [5]. Approximately, one-third of DMD patients
suffer from osteoporosis in long bone and/or vertebral
bone. They are also at high risk of fractures, which lead to
decreased mobility and quality of their life [6]. Multiple fac-
tors can lead to low bone mass in DMD, including decreased
activity of daily living, low muscle mass, and impaired bone
remodeling. As the kidney plays an important role in mineral
metabolism, the relationship between renal dysfunction and
bone health has been well studied in kidney diseases. Both
men and women with chronic kidney disease (CKD) have
low BMD, which is a strong risk factor for subsequent frac-
ture [7]. Also, disorders of mineral and bone metabolism are
serious complications associated with morbidity and mortal-
ity of CKD patients [8]. However, the involvement of renal
function in bone health of DMD is not understood.

Renal dysfunction has recently been reported as a fre-
quent complication with the progression of DMD. A Japa-
nese group reveals that 14% of the total death of 286 DMD
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patients can be attributed to renal failure, and approximately
30% of patients over the age of 30 have high plasma cystatin
C levels, a reliable marker of renal function, which is inde-
pendent of muscle mass and hydration [9]. It is well known
that serum creatinine levels are not reliable for assessing
renal function of muscular dystrophies because reduced
muscle mass directly affects its levels [10]. Also, mild renal
failure is concerned as a treatable complication in DMD
since renal function of non-ambulatory DMD patients who
have high serum cystatin C levels, improves by correcting
dehydration [11]. Another group reports that the incidence
of renal stone development in non-ambulatory adult DMD
patients (20.7%, six out of 29 subjects) is higher than that of
age-matched non-ambulatory control group (1.5%, one out
of 68 subjects) [12].

The dystrophin-deficient mdx mouse is an experimental
murine model widely used for the study of DMD [13]. Shar-
ing the same genetic mutation in the dystrophin gene, mdx
mice exhibit muscle degeneration, but it is compensated by
their greater regenerative capacity of muscle fibers than that
of human. Muscle degeneration and lower mechanical stress
due to muscle weakness play a role in lower bone quality of
both DMD patients and mdx mice [14, 15]. However, even
young mdx mice (21-day-old) already have low bone min-
eral content and bone mass before the onset of significant
muscle damage in the quadriceps [16]. Therefore, different
mechanisms for low bone mass might exist other than mus-
cular dystrophy by the lack of dystrophin.

In this study, we evaluated renal function in mdx mice.
Since high phosphate intake is a well-known contributor to
the progression of CKD and bone loss, we also clarified the
relationship between bone metabolism and renal function
of mdx mice fed high-phosphorus (P), normal-P, and low-P
diets.

Materials and methods
Animal care

Dystrophin-deficient mice (C57BL/10ScSn-mdx: mdx)
and wild-type mice (C57BL/10ScSn: B10) were housed
in cages with pulp bedding (Palmas-p; Material Research
Center, Tokyo, Japan) in a climate-controlled room with a
12-h light/dark cycle and a temperature of 25 °C. Mice were
freely accessed to experimental diet and water. Male mice
were used for this experiment, and body weight of both wild-
type and mdx mice were measured soon after being sacri-
ficed. Samples from skeletal muscle, kidneys, and the right
tibia were collected at the age of 12 weeks. A kidney weight
(wet) was measured after blood sample was collected. All
experimental procedures were approved by the Experimental
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Animal Care and Use Committees of Tokyo Medical Uni-
versity and the University of Tokyo.

Experimental diets

Experimental P diets were used as previously described [17].
Diets containing a P content of either 0.7 g/100 g (low-P
diet), 1.0 g/100 g (normal-P diet), or 2.0 g/100 g (high-P
diet) were given to wild-type and mdx mice from weaning.
Dietary P levels were modulated by adding monopotassium
phosphate and monosodium phosphate for the normal-P and
high-P diets. The normal-P diet was the same composition as
the commercial CE-2 diet (CLEA Japan, Inc., Tokyo, Japan).
The lowest concentration of a P diet used in this study con-
tained 0.7 g P in 100 g when all the diet components of
the experimental P diets were modified based on the open
formula of the National Institute of Health (NIH) diet (NIH-
07; NIH, MD, USA) [17]. Other diet components, including
Ca (1.2 g/100 g), were present at the same concentration in
all diets. Wild-type and mdx mice used in renal function
analyses were fed the standard CE-2 diet.

Voluntary wheel running

To measure voluntary exercise capacity of wild-type and
mdx mice, a running wheel was used as previously described
[17]. Briefly, the mice fed the standard CE-2 diet were
individually housed in free-spinning running wheel cages
designed for mice (SN-450; Shinano, Tokyo, Japan) that
contained a running wheel. Mice were allowed to acclimate
to the running wheel cage for 3 days and then data for daily
wheel rotations were collected for the following 7 days. The
average number of rotations per day were compared.

Serum and urinary biochemistry

Blood was collected between 12:00 pm and 4:00 pm since
the levels of bone metabolism markers are affected by circa-
dian rhythm and diet. Serum samples were then separated by
incubation at room temperature for 2 h, followed by centrifu-
gation at 3500 rpm for 15 min. To separate plasma sample,
blood was immediately mixed with 10% total blood volume
of 1 mg/ml EDTA/PBS in a 1.5-ml microtube, and centri-
fuged at 1200 rpm for 30 min. The separated samples were
stored at — 80 °C until needed. To collect urine, a mouse
was allowed to acclimate to a mouse metabolic cage (SAN-
SYO Co. LTD., Tokyo, Japan) for 2 days, and urine sample
was collected for the next 24 h in fasting condition. Urinary
samples were centrifuged at 3500 rpm for 10 min before
analysis.

Serum inorganic phosphorus (IP), calcium (Ca), total
protein (TP), albumin (ALB), creatinine (CRE), uremic
acid (UA), and urea nitrogen (UN), and urinary creatinine
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(U-CRE) levels were measured using a biochemistry auto-
matic analyzer (model 7180; Hitachi High-Tech, Tokyo,
Japan). ELISA kits were used to measure plasma parathy-
roid hormone (PTH; Mouse PTH 1-84 ELISA kit; Immutop-
ics, CA, USA), serum fibroblast growth factor-23 (FGF-23;
FGF-23 ELISA kit; Kainos Laboratories, Tokyo, Japan),
serum bone specific alkaline phosphatase (BALP; mouse
BALP ELISA kit; Cusabio, Wuhan, China), serum C-termi-
nal collagen crosslinks (CTx; RatLaps EIA, Immunodiag-
nostic Systems, Boldon, United Kingdom), and serum cys-
tatin C (mouse/rat cystatin C quantitative ELISA kit; R&D
Systems, MN, USA). The ELISA tests were used in accord-
ance with the manufacturer’s instructions. Serum cystatin C
levels were measured using samples from wild-type and mdx
mice fed the CE-2 diet at 3, 6, 9, 12, and 30 weeks of age.

Hematocrit

Blood samples were obtained from wild-type and mdx mice
fed the CE-2 diet using a retro-orbital bleeding technique
described previously [18]. Mice were anesthetized by con-
stant exposure to 1.5-2.0% isoflurane gas. Blood was col-
lected from the right retro-orbital venous plexus using a
heparin-coated micro-capillary tube (Drummond Scientific
Company, PA, USA), and hematocrit was measured from the
percentage of red blood cells in the total blood samples after
centrifugation at 11,000 rpm for 5 min.

Histologic analyses

Kidneys from wild-type and mdx mice of the different P diet
groups were dissected, embedded in OCT compound, and
frozen in liquid nitrogen. Transverse serial sections were
collected at 8-um thickness. Sections were stained with
hematoxylin and eosin (H&E) to detect renal abnormali-
ties and ectopic calcification. For immunohistochemistry,
sections of frozen kidneys were fixed with 10% formalin/
PBS or cold acetone. After blocking, sections were incu-
bated with primary antibodies diluted with 0.5% BSA/PBS
for 1 h at 37 °C. Primary antibodies used in this experiment
were klotho (KM2076, 1:250; TransGenic Inc., Kumamoto,
Japan), NaPi 2a (1:1000), NaPi 2¢ (1:1000), dystrophin
(1:500; Abcam, Cambridge, United Kingdom), utrophin
(1:1000), p-dystroglycan (1:1000), and a-sarcoglycan
(1:1000). Alexa Fluor 488 secondary antibody (1:1000;
Invitrogen, CA, USA) was used for detection. Images were
acquired using an epifluorescence microscope (model Axi-
ophot; Carl Zeiss Microlmaging, Inc., Jena, Germany). The
NaPi 2a and NaPi 2c antibodies were kindly gifted from Dr.
H. Segawa (University of Tokushima, Tokushima, Japan).
The utrophin [19], B-dystroglycan and a-sarcoglycan anti-
bodies were generous gifts from Dr. H. Imamura (National

Institute of Neuroscience, National Center of Neurology and
Psychiatry, Tokyo, Japan).

Preparation of brush border membrane vesicles
(BBMV) of kidneys

Isolation of BBMV was performed using Mg?* precipitation
technique described previously [20, 21]. Briefly, freshly dis-
sected kidney was minced and collected in a 2.0-ml micro-
tube. 0.8 ml of BBMYV isolation buffer (300 mM p-mannitol,
5 mM EDTA, 15 mM Tris—HCI; pH 7.4, complete mini
protease inhibitor cocktail; Roche Diagnosis, Basel, Swit-
zerland) was added, and samples were homogenized using
a 25-gauge needle with a syringe following with homog-
enization by a sonicator. Then, 1.12 ml of 12 mM MgCl, in
milliQ water was added and settled on ice for 15 min. After
centrifugation at 15,000 rpm for 30 min, supernatant was
removed, and pellet was mixed with a sample buffer contain-
ing 300 mM p-mannitol, 16 mM HEPES, 10 mM Tris—HCl;
pH 7.5, and complete mini protease inhibitor cocktail.

Western blotting

Kidney was dissected and smashed after it was frozen in lig-
uid nitrogen. Smashed samples were lysed in sodium dode-
cyl sulfate (SDS)-sample buffer (50 mM Tris—HCI, 2% SDS,
10% glycerol, 50 mM dithiothreitol, 0.0025% bromophenol
blue). Total kidney protein samples and BBMV samples
were separated by either 5% or 5-20% gradient SDS-PAGE
gels and transferred to polyvinylidene fluoride (PVDF; Mil-
lipore, MA, USA) membrane by semi-dry Trans-blot turbo
transfer system (Bio-Rad, Hercules, CA, USA). PVDF
membranes were blocked with Odyssey blocking solution
(LI-COR, NE, USA) for 3 h at room temperature before pri-
mary antibodies were applied overnight at 4 °C. After wash-
ing with tris-buffered saline with 0.1% Tween 20 (TBST),
membranes were incubated with Alexa Fluor 680 secondary
antibody (1:2000; Invitrogen, CA, USA) and analyzed by
the Odyssey Infrared Imaging System (LI-COR, NE, USA).

The primary antibodies used were as follows: dystrophin,
utrophin, p-dystroglycan, GAPDH (Abcam), klotho, NaPi
2a, NaPi 2c, and p-actin (GeneTex, CA, USA), diluted with
Odyssey blocking solution.

X-ray micro-computed tomography observation

Tibia from wild-type and mdx mice fed the three P diets were
fixed in 10% formalin/PBS and scanned using a non-invasive
animal computed tomography (CT) system (SkyScan-1074;
Bruker, Kontich, Belgium). X-ray photographs were recon-
structed by NRecon Reconstruction system (Bruker), and
bone mineral density (BMD) and bone morphometries were
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analyzed using CTAn (v.1.16) and CTVol (v.2.3) software
(Bruker).

For measuring renal function, renal excretion of an
angiographic agent (Iopamiron 300; Bayer, Leverkusen,
Germany) was determined by dynamic CT scanning using
Latheta LCT-200 X-ray micro CT scanner (Hitachi Ltd.,
Tokyo, Japan). Dynamic scan is a method that repeatedly
scans the same position of a specimen. Briefly, wild-type
and mdx mice were embedded in a 48-mm-diameter holder
while under anesthesia induced by constant exposure to
1.5-2.0% isoflurane gas; 100 ul of Iopamiron 300 was
injected intravenously outside of the scanner, and a mouse
was set in immediately after the injection (it took 90 s before
scanning started). CT images were captured at a position
between lumber 2 and lumber 3. Repeated CT scanning was
performed in three slices for 90 times at 15-s intervals. CT
levels of an average of three slices of kidneys were calcu-
lated using standard analysis software (v. 3.00).

Statistical analysis

Results were expressed as means + SD or the median and
range. In cases where the means of wild-type and mdx mice
fed the CE-2 diet were compared, differences were deter-
mined by the Welch’s ¢ test. For comparing differences in
wild-type and mdx mice either fed CE-2 diet (age-depend-
ent) or each P diet, a two-way factorial ANOVA taking inter-
action of the two factors (genotype X age or genotype X P
diets) into consideration was performed with SPSS Statistics
ver. 22 (SPSS, Chicago, IL, USA). Values of cystatin C,
intact PTH, FGF23, BALP, and CTx were log transformed
before being analyzed for their skewed distributions. Sta-
tistical tests were two-sided, and P values <0.05 were con-
sidered statistically significant. (*) represents P <0.05, (¥*)
represents P <(.01, and (***) represents P <0.001.

Results
Reduced renal function in adult mdx mice

We examined morphological differences in kidneys of wild-
type and mdx mice at the age of 12 weeks. Body weight, wet
weight of kidney, and relative kidney volume were similar
in the genotypes fed the CE-2 diet (Table 1). Full length of
dystrophin (427 kDa) was not detected in kidneys, and the
autosomal homologue of dystrophin, utrophin, was detected
both in wild-type and mdx mice (Fig. 1a, b). p-Dystroglycan
was similarly expressed and a-sarcoglycan was not detected
in kidneys of the two genotypes (Fig. 1a, b). In addition, we
determined the expression of phosphate regulators in kid-
neys, and found that there were no differences in klotho,
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Table 1 Characteristic differences in wild-type and mdx mice

Wild-type mdx P value

Body weight (g) 29.16+1.39 29.30+1.97  0.86
Kidney weight (mg) 190 +20 210+30 0.19
Relative kidney vol- 0.67+0.03 0.71+0.07  0.09

ume (%)
Ca (mg/dl) 10.82+0.49 12.23+0.33  0.0001
IP (mg/dl) 12.11£0.66 12.68+0.87  0.12
TP (mg/dl) 4.98+0.20 5.51+0.22  0.0001
ALB (mg/dl) 3.10+£0.08 3.41+0.17  0.0001
BUN (mg/dl) 26.83+3.01 30.10+£3.29  0.03
UA (mg/dl) 4.94+0.63 539+053 012
CRE (mg/dl) 0.126+0.020  0.132+0.020 0.51
U-CRE (mg/dl) 14.04 £5.83 14.64+2.88  0.78
Cer 113.28+49.27 112.79+25.03 0.98
Urine volume (ml/ 1.2+0.8 2.3+0.3 0.04

day)
Hematocrit (%) 452+2.1 489+1.1 0.01

Activity levels (times/ 10357.9+1051.2 8657.4+2093.7 0.03

day)

Values are the mean+ SD (n =10, each group except urinary volume:
n=4-5, hematocrit: n=5, and activity levels: n=_8-12, each group)

Ca calcium, /P inorganic phosphate, TP total protein, ALB albumin,
BUN blood urea nitrogen, UA uremic acid, CRE creatinine, U-CRE
urine creatinine, Ccr creatinine clearance

NaPi 2a, and NaPi 2c levels in wild-type and mdx mice
(Fig. 1c, Supplemental Figure 1).

To determine the renal function, we compared serum lev-
els of cystatin C in the age of 3, 6, 9, 12, and 30 weeks of
wild-type and mdx mice (n=3-5) fed a standard CE-2 diet
(Fig. 1d). In wild-type mice, serum cystatin C levels were
decreased in an age-dependent manner; however, mdx mice
slightly increased the levels at 9 weeks of age and had signif-
icantly higher levels at 12 and 30 weeks of age (P <0.001).
There was no relation between serum creatine kinase levels
and cystatin C levels in mdx mice (data not shown). We also
measured serum levels of TP, ALB, BUN, and UA to ascer-
tain reduced renal function in mdx mice at 12 weeks of age.
Serum TP, ALB, and BUN were significantly higher in mdx
mice than wild-type mice (Table 1). Serum and urinary cre-
atinine levels were not different in wild-type and mdx mice
that results in similar creatinine clearance rate (Table 1).
We measured renal function of wild-type and mdx mice at
12 weeks of age by a novel method using a dynamic scan
by Latheta LCT-200. After about 700 s from when a trial
started, micro CT levels at slices of a kidney were gradu-
ally decreased, and all of the wild-type mice (n=4) excreted
the angiographic agent to the same levels (Fig. 1e). On the
other hand, the angiographic agent was remained in kidney
of most of mdx mice (3 in 4 mice) at the time point, which
represented reduced renal excretion rate in mdx mice. These
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Fig. 1 Renal function of wild-type and mdx mice. a Expressions of
dystrophin, utrophin, and dystrophin-related proteins in kidney of
wild-type and mdx mice. b Western-blot analyses of utrophin and
B-dystroglycan. The graph shows quantification of utrophin and
B-dystroglycan levels normalized to GAPDH (n=4, each group). ¢
Expression of klotho, NaPi 2a, and NaPi 2c in the kidney. d Detection
of cystatin C in serum of wild-type and mdx mice at age 3, 6, 9, 12,
and 30 weeks by ELISA (n=3-5, each group). Cystatin C levels were
significantly increased in mdx mice at 12 and 30 weeks of age. Val-

results suggested that adult mdx mice have lower renal func-
tion than wild-type mice.

Hypercalcemia and dehydration in mdx mice

Serum Ca levels were significantly increased in mdx mice
fed a standard CE-2 diet (P=0.0001), and serum IP levels
were relatively high in mdx mice (Table 1). The daily urinary
volume was significantly increased in mdx mice (P <0.04,
Table 1), even though daily water consumption was about
7.5 ml in both of the genotypes (data not shown). We also
measured the percentage of the volume of red blood cells
in whole blood to calculate hematocrit. Wild-type mice had
average 45.2 +2.1% of hematocrit levels and mdx mice had
significantly higher levels (48.9+1.1%, P=0.01, Table 1).
These results support that hypercalcemia and dehydration
partly contribute to reduced renal function in mdx mice.

Wild-type mdx

-150

200 Sitvn i

ues of cystatin C are log transformed before analyzed for their skewed
distributions; however, the graph and difference are shown in ng/ml.
e Measurements of renal function using dynamic CT scanning. Renal
excretion rate of an angiographic agent was determined by dynamic
CT scanning using a micro CT scanner. The results of wild-type mice
are plotted in gray, and those of mdx mice are plotted in black (n=4,
each group). Renal excretion was delayed in most of mdx mice (three
in four mice) after 700 s from a trial started. ***P <0.001

Mineral and bone disorder in mdx mice

To examine phosphate metabolism of wild-type and mdx
mice, we used experimental P diets. Serum Ca levels of
mdx mice fed the normal-P and high-P diets were signifi-
cantly higher than those of the diet-matched wild-type mice
at age of 90 days (P <0.01, Fig. 2a). Dietary P overload
significantly reduced serum Ca levels of wild-type mice
(P <0.001) but the levels of mdx mice remained unchanged
by amount of P contents in the diets. Serum levels of IP of
wild-type and mdx mice fed either low-P or normal-P diet
were not different, but were dramatically increased only in
high-P fed mdx mice compared with the diet-matched wild-
type mice (P <0.001) and mdx mice fed low-P or normal-
P diet (P <0.001, Fig. 2b). No significant interaction was
detected but the difference in the average of serum IP levels
in wild-type and mdx mice was increased by dietary P intake
in a dose-dependent manner.
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Fig.3 Bone turnover parameters of mice fed the experimental diets.
a Plasma levels of intact parathyroid hormone (PTH) (n=5-6, each
group), b serum levels of fibroblast growth factor (FGF) 23 (n=6-8,
each group), ¢ bone-specific alkaline phosphatase (BALP) (n=6-7,
each group) and d C-terminal collagen crosslinks (CTx) (n=5-6,

Intact PTH levels of normal-P fed mdx mice were sig-
nificantly higher than those of diet-matched wild-type mice
and were dramatically increased by dietary P overloading
(Fig. 3a). Only in mdx mice did the levels of intact PTH
increase as dietary P intake increased, while it remained
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each group). The data are shown as the interquartile range, with the
75th and 25th percentiles. Difference in the average of wild-type and
mdx mice fed the same diet group is shown in numbers. The values
are log transformed before being analyzed for their skewed distribu-
tions. *P <0.05, **P <0.01, ***P <0.001

constant in wild-type mice (interaction P =0.039). No sig-
nificant differences in serum FGF23 levels were observed
in wild-type and mdx mice fed the corresponding P diet.
Feeding a high-P diet resulted in increases in serum FGF23
levels both in wild-type and mdx mice that were not
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Fig.4 Bone phenotype and morphometric parameters of mice fed the
experimental diets. a Trabecular bone mineral density (BMD), b tra-
becular bone volume (BV)/tissue volume (TV), ¢ cortical BMD, and
d cortical BV/TV. The results are shown as the mean (+SD). Dif-

significant with no interaction observed between the geno-
types (Fig. 3b). In addition, there was no significant differ-
ence in levels of klotho, NaPi2a, and NaPi2c expressions
in kidney of wild-type and mdx mice fed the same P diet,
and those levels were decreased by dietary P overloading
(supplemental Figure 1). Dietary P overloading significantly
reduced serum BALP levels of mdx mice compared with
diet-matched wild-type mice, while no statistically signifi-
cant differences were found between the genotypes fed either
low-P or normal-P diet (Fig. 3c). Serum CTx levels were not
different among wild-type and mdx fed the same P diets with
no interaction observed (Fig. 3d).

Dramatic bone mass loss in mdx mice fed high-P
diet

The right tibia of wild-type and mdx mice fed the experi-
mental P diet was scanned using an X-ray micro CT scanner,
and quantitative morphological parameters for trabecular

WT vs mdx P<0.001
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and cortical bones were evaluated by CTAn and CTVol
software. Trabecular BMD was significantly decreased in
mdx mice compared with those of wild-type mice, which
is independent of the experimental diets; however, high-
P diet dramatically worse BMD of mdx mice (interaction
P=0.093) (Fig. 4a). Trabecular bone volume to tissue
volume (BV/TV) ratio was also significantly decreased in
mdx mice and was dramatically worsened by a high-P diet
(Fig. 4b). Other morphological parameters, such as trabec-
ular bone surface-to-volume ratio (BS/VR) and trabecular
number were also significantly affected in mdx mice fed a
high-P diet (Supplemental Figure 2). Trabecular number,
BMD, and BV/TV abnormalities were also found in wild-
type mice by prolong dietary P overloading from weaning to
adult. Similar to trabecular bone, cortical bone abnormalities
were more prominent in mdx mice compared with wild-type
mice, which is independent of the experimental diets. Corti-
cal BMD and BV/TV ratios were also significantly reduced
in mdx mice, and dietary P overloading enhanced BMD

@ Springer



668

The Journal of Physiological Sciences (2019) 69:661-671

abnormality both in wild-type and mdx mice (Fig. 4c). Cor-
tical BV/TV ratio was dramatically reduced in high-P-fed
mdx mice compared with diet-matched wild-type mice and
mdx mice fed the other P diets with significant interaction
observed (P=0.047) (Fig. 4d). Cortical mean total cross-
sectional area (CSA) was significantly reduced in mdx mice
compared with wild-type mice and was only altered in mdx
mice by dietary P overloading (Supplemental Figure 2).
Another criterion, cortical cross-sectional thickness (CST),
was also significantly changed both in wild-type and mdx
mice by high-P intake (Supplemental Figure 2). In all bone
criteria except cortical BMD, the difference between average
of wild-type and mdx mice, as shown on the right side of the
boxes in each P diet, was gradually increased with increasing
dietary P intake.

Discussion

In addition to osteoporosis and fracture as major complica-
tions in patients with DMD [22, 23], recent studies dem-
onstrate that DMD patients are at a risk of reduced renal
function, which is frequent, especially in patients with an
advanced stage of the disease [9, 11, 24]. The murine model
of DMD, mdx mice have been studied for decades; however,
kidney function was not fully determined previously. Our
results suggest that mdx mice have reduced renal function,
as shown in significantly higher serum cystatin C levels and
other serum renal parameters. The renal function test showed
reduction of renal excretion rate in mdx mice. Since serum
creatinine levels are not reliable for assessing renal function
of muscular dystrophies, serum cystatin C levels are now
considered as a suitable measurement [10] both in DMD
patients and mdx mice. We detected relatively high serum
IP levels in mdx mice (P=0.12) in this study, and several
studies also mention higher serum IP levels in young mdx
mice compared with wild-type mice [25, 26]. This will be
the first report to evaluate renal function of a murine model
of muscular dystrophies using a dynamic scan by a whole-
body X-ray micro CT scanner. All of the wild-type mice
(n=4) excreted the angiographic agent; however, the agent
remained in the kidneys of most of the mdx mice (n=3 out
of 4) after 700 s from when a scan was started. Delayed
approach to the peak of micro CT intensity at the given time
in kidney of mdx mice indicated a possible interruption in
blood circulation in mdx mice.

Dystrophin is expressed in healthy vascular smooth mus-
cles, and lack of the cytoskeletal protein in vessels leads to
abnormal vascular functions and reduced angiogenesis in
mdx mice [27]. Moreover, the decreased intestinal transit
and the fecal output were reported in mdx mice [28]. In our
results, histological abnormality was not observed in kidney
by H&E staining and immunohistochemistry, and the wet
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weight of kidney was not different in wild-type and mdx
mice. Kidney expresses dystrophin-glycoprotein complex
(DGC) such as isoforms of dystrophin, utrophin, dystrogly-
can, syntrophin, and dystrobrevin [29], which are similarly
expressed in wild-type and mdx mice. No obvious histologi-
cal abnormalities appearing even in dystrophin and utrophin
double knock out mouse [30] suggesting that reduced renal
function in mdx mice is not directly caused by lack of dys-
trophin. Recently, renal function of other muscular dystro-
phies has been examined that renal dysfunction is rare in
patients with Fukuyama congenital muscular dystrophy [31]
but is a common complication in myotonic dystrophy 1 [32,
33]. Further studies are needed to compare and to elucidate
common causal factors of renal dysfunction in muscular
dystrophies.

Hypercalcemia and dehydration are related to reduced
renal function [34, 35]. We thought to determine how
hypercalcemia and dehydration occur in mdx mice and the
relationship between those symptoms and renal function.
In this study, serum Ca levels were shown to significantly
elevate in mdx mice (P <0.0001). This result is in agreement
with a previous report [36]. Young DMD patients without
steroid treatment also have relatively high serum Ca and
IP levels (upper limit of normal range) [22] so that higher
serum Ca levels seem to be a common symptom related
to DMD. Decreased voluntary activity levels in mdx mice
(P=0.03) suggests that reduced activity due to prolonged
muscle degeneration plays a role in pathogenesis of hyper-
calcemia. Hypercalcemia leads to a significant increase in
the volume of urinary excretion in mdx mice while daily
water consumption was similar to that of wild-type mice.
As predicted, we observed significantly elevated hemato-
crit values in mdx mice due to dehydration. The other study
also reports the increase in hematocrit levels in mdx mice
in which the relative values of wild-type and mdx mice are
similar to our results [37]. Therefore, our study suggests that
potential causal factors of renal dysfunction in mdx mice are
hypercalcemia and dehydration.

Dietary P overloading has been reported to increase the
risk of vascular calcification and to decrease bone quality
of CKD model animals [38—40]. In this study, the effects of
dietary P intake on bone and mineral metabolisms in mdx
mice were determined. In wild-type mice, levels of serum
Ca were significantly decreased while serum IP levels were
unaffected by increasing dietary P intake; however, serum
Ca levels remained high and serum IP levels were dramati-
cally increased in mdx mice by dietary P in a dose-depend-
ent manner. This result indicates that mdx mice are suscep-
tible to prolonged P overload due to reduced renal function.

Physiologic phosphate homeostasis is controlled by a
feedback system of multiple organs. The main regulators
of serum IP are bone-derived FGF-23, PTH secreted from
parathyroid gland, and renal phosphate transporters (klotho,
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NaPi 2a, and NaPi 2¢) [41, 42]. FGF-23 reduces serum IP
levels by suppressing re-absorption of phosphate in the
renal tubules, and PTH also works to reduce re-absorption
of phosphate in the kidney. Klotho is first reported as an
aging-suppressor gene and is secreted principally in distal
tubules to participate in phosphate metabolism [43]. FGF-23
knockout (KO) and klotho KO mice are reported to exhibit
similar pathologic phenotypes such as premature aging,
osteoporosis, hyperphosphatemia, and vascular calcification
[43, 44]. NaPi 2a and NaPi 2¢ are two important phosphate
co-transporters in proximal tubules of the kidney. It has been
clarified that PTH, FGF-23, and klotho directly suppress
NaPi 2a and NaPi 2c-dependent phosphate uptake in proxi-
mal tubules [45].

Our data demonstrate that mdx mice have abnormal
bone and mineral metabolisms and are highly susceptible
to dietary P overloading due to reduced renal function. In a
normal-P diet, mdx mice have significantly high PTH levels
and relatively high serum FGF-23 levels. Secretion of PTH
increases in response to low serum Ca levels, and its produc-
tion stimulates to release Ca from bone (resorption). On the
other hand, previous studies clearly demonstrate that in addi-
tion to the catabolic role of PTH in bone metabolism, PTH
has an anabolic effect on bone [46, 47]. Also, high phosphate
concentration directly stimulates secretion of PTH [48]. In a
normal-P diet, both serum levels of BALP and CTx of mdx
mice were similar to those of wild-type mice. In mdx mice,
serum PTH and FGF-23 levels were significantly increased,
and serum BALP were significantly decreased by dietary P
in a dose-dependent manner. Serum PTH and BALP levels
of high-P-fed mdx mice were significantly different com-
pared to those of diet-matched wild-type mice even though
serum Ca levels were significantly high. There was no sig-
nificant difference in levels of klotho, NaPi2a, and NaPi2c
expression in kidney of wild-type and mdx mice fed the
same P diet, and those levels were decreased by dietary P
overloading. Therefore, renal-PTH resistance in mdx mice
induced bone uncoupling, which was enhanced by dietary
P overloading.

In adult mdx mice, low BMD and impaired bone remod-
eling are reported in several studies. Compared with wild-
type mice, mdx mice have significantly reduced BMD in
both trabecular and cortical bones, and serum CTx is ele-
vated [14]. The other study shows that chronic inflammation
related to muscle necrosis deteriorates bone loss and delayed
bone regeneration in adult mdx mice [15]. However, young
mdx mice (21-day-old) already have lowered mineral con-
tent and reduced bone morphometric parameters in femur
before onset of muscle degeneration in quadriceps muscle
[16]. These studies indicate that primary and/or secondary
effect(s) of dystrophin deficiency is (are) related to bone
loss in mdx mice. In addition, excessive dietary phospho-
rus/phosphate intake is a risk of impaired bone health in
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Fig.5 Schematic model indicating the mineral and bone disorder in
mdx mice. Dramatic muscle degeneration and immobilization play
a role in hypercalcemia, and renal dysfunction is partly triggered by
hypercalcemia and dehydration. Renal dysfunction and increased
PTH levels contribute to lower bone density in adult mdx mice

experimental animals and general population [40, 49-51].
For instance, a dramatic reduction in BMD and abnormal
bone morphometric parameters are seen in mice with CKD
fed a high-phosphate diet [39]. Wild-type mice fed a high-
P diet also reduced trabecular and cortical BMD, and we
predicted that prolonged dietary P overload from weaning
affects to bone health even in wild-type mice especially dur-
ing a growth period. In mdx mice, dramatic muscle degen-
eration and immobilization play a role in hypercalcemia,
and renal dysfunction is partly triggered by the two causal
factors. We revealed that renal-PTH resistance is present in
mdx mice, which induces uncoupling of bone formation.
Moreover, dietary P overload exacerbated bone quality of
mdx mice in which renal-PTH-induced bone uncoupling
plays a role in accelerating osteoporosis in the DMD model
(Fig. 5).

Conclusions

Our study clearly demonstrated that dietary P overload exac-
erbates musculoskeletal health in mdx mice, and renal dys-
function as a new complication, is partly occurred by hyper-
calcemia and related to muscular dystrophy. Reduced renal
function might be a non-specific complication by the lack
of dystrophin gene. The uncoupling of bone formation and
resorption was enhanced by skeletal resistance to PTH due
to renal failure in mdx mice. Taken together, renal dysfunc-
tion contributes to mineral and bone disorder in muscular
dystrophy, which is susceptible to dietary P overload. This
study gives new insight into the relationship between renal
function and musculoskeletal health in DMD.
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