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ABSTRACT
Chronic renal impairment can lead to bone deterioration and abnormal
bone morphology, but whether hydronephrosis is associated with bone loss
remains unclear. Herein, we aimed to use computer-assisted bone histomorphometric technique to investigate microstructural bone changes in Imprinting
Control Region (ICR) mice with a spontaneous mutation that was associated
with bilateral nonobstructive hydronephrosis (ICR/Mlac-hydro). The results
showed that 8-week-old ICR/Mlac-hydro mice manifested decreases in trabecular bone number and thickness, and an increased trabecular separation,
thereby leading to a reduction in trabecular bone volume compared with the
wild-type mice. Furthermore, histomorphometric parameters related to both
bone resorption and formation, that is, eroded surface, osteoclast surface, and
osteoblast surface, were much lower in ICR/Mlac-hydro mice than in the wild
type. A decrease in moment of inertia was found in ICR/Mlac-hydro mice, indicating a decrease in bone strength. In conclusion, ICR/Mlac-hydro mice exhibited trabecular bone loss, presumably caused by marked decreases in both
osteoblast and osteoclast activities, which together reflected abnormally low
bone turnover. Thus, this mouse strain appeared to be a valuable model for
studying the hydronephrosis-associated bone disease. Anat Rec, 297:208–214,
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2014. V
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BONE LOSS IN HYDRONEPHROSIS

INTRODUCTION
Hydronephrosis is characterized by unilateral or bilateral dilation of the renal pelvis and/or renal calyces associated with gradual atrophy of the renal parenchyma
due to physical or functional obstruction of the urine
outflow (Toiviainen-Salo et al., 2004; Alpers, 2010). It
may result from congenital malformation, calculi,
inflammation, or the presence of tumors (Alpers, 2010).
The affected kidney becomes slightly to massively
enlarged, depending on the duration and degree of the
pelvicalyceal obstruction (Alpers, 2010). Unilateral
hydronephrosis can remain silent for a long period, but
bilateral hydronephrosis eventually renders clinical features of polyuria and abnormal urinary electrolyte concentrations (Chandar et al., 1996; Alpers, 2010).
Little is known regarding possibility of impaired bone
metabolism in hydronephrotic individuals. As chronic
renal impairment often leads to a number of metabolic
disturbances, such as chronic metabolic acidosis and low
production of 1,25-dihydroxyvitamin D3 [1,25(OH)2D3],
both of which can profoundly affect bone metabolism
(Arnett, 2003; Brandao-Burch et al., 2005; Wesseling
et al., 2008), a change in bone turnover was anticipated
in hydronephrosis. In this study, we investigated the
microstructural changes in the trabecular bone of
Imprinting Control Region (ICR) mice with a spontaneous mutation associated with bilateral nonobstructive
hydronephrosis—a model named ICR/Mlac-hydro (Ampawong et al., 2012; Kengkoom et al., 2012). This mutant
strain had neither interstitial fibrosis nor glomerulosclerosis, but the kidney had a reduced expression of aquaporin (AQP)-1, AQP2, and AQP4 as compared to the
wild-type littermates (Ampawong et al., 2012). Although
the ICR/Mlac-hydro mice manifested conspicuous renal
enlargement, they appeared to have normal growth rate
with the body weight of young adult mutant mice being
comparable with that of the wild-type littermates
(Ampawong et al., 2012). As adaptive change in bone
microstructure often occurs in response to changes in
body weight (Faje and Klibanski, 2012), the ICR/Mlachydro mouse with normal body weight should be a suitable animal model for studying hydronephrosis-associated
alteration in bone turnover.
Therefore, the principal objectives of our study were
(i) to demonstrate whether abnormal bone turnover
occurred in hydronephrotic mice; and (ii) to investigate
the microstructural bone changes in hydronephrotic
mice using bone histomorphometric technique.

MATERIALS AND METHODS
Animals
Male wild-type and ICR/Mlac-hydro mice (ICR mouse
strain; 8 weeks old) were provided by the National Laboratory Animal Center (NLAC), Mahidol University,
Nakhon Pathom, Thailand. Their biological data, including phenotype, blood profile, and renal pathology, have
been reported previously (Ampawong et al., 2012; Kengkoom et al., 2012). Mice were housed in low barrier system with bedding of autoclaved wood shaving, and fed
pasteurized standard chow containing 1.0% wt/wt calcium, 0.9% wt/wt phosphorus, and 4,000 IU/kg vitamin
D (CP, Bangkok, Thailand), and 7–10 ppm chlorinated
water ad libitum under 12 h/12 h light/dark cycle. Room
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temperature was controlled at 22 6 2 C and relative
humidity was 50–60%. Their phenotype was verified
before use, as described previously (Ampawong et al.,
2012; Kengkoom et al., 2012). This animal study was
performed in accordance with the Mahidol University
policy for the care and use of animals for scientific purposes and has been approved by the institutional animal
ethics committee of the NLAC.

Sample Collection
Before sample collection, the wild-type and ICR/Mlachydro mice were humanely euthanized by CO2 inhalation. Femora and tibiae were removed and cleaned of
adhering muscles and connective tissues. Bone length
was measured with a vernier caliper. Histological and
microstructural bone changes were determined in ex
vivo tibiae obtained from the wild-type and ICR/Mlachydro mice by Goldner’s trichrome staining and bone
histomorphometry. The concentrations of blood urea
nitrogen (BUN) and blood creatinine were measured by
Hitachi-902 automated blood analyzer (Hitachi Science
Systems, Ibaraki, Japan), while inorganic phosphate
was analyzed by phosphomolybdate-based kit using a
Dimension RxL analyzer (Dade Behring, Marburg, Germany). Plasma ionized calcium and serum 25hydroxyvitamin D levels were analyzed by ion-selective
electrode and chemiluminescent immunoassay (catalog
no. 310600; DiaSorin Liaison, Stillwater, MN),
respectively.

Bone Histomorphometry
As described previously, tibiae from wild-type and
ICR/Mlac-hydro mice were cleaned of adhering muscles
and connective tissues and were then dehydrated in 70,
95 and 100% vol/vol ethanol for 3, 3, and 2 days, respectively (Suntornsaratoon et al., 2010; Thongchote et al.,
2011; Jongwattanapisan et al., 2012). Dehydrated bone
specimens were then embedded in methyl methacrylate
plastic at 42 C for 48 h. The resin-embedded tibiae were
first adjusted to obtain the same orientation, and longitudinal sections of 7-mm thickness were cut with the use
of rotary microtome equipped with a tungsten carbide
blade (model RM2255; Leica, Nussloch, Germany).
Thereafter, each section was mounted on a standard
microscope slide, deplastinated, dehydrated, and processed for Goldner’s trichrome staining (van’t Hof et al.,
2003). Image captures and analyses were performed
under a light microscope (model BX51TRF; Olympus,
Tokyo, Japan) using an objective lens 203 and the
computer-assisted Osteomeasure system operated with
the software version 4.1 (Osteometric Inc., Atlanta, GA).
The region of interest (ROI) covered the whole trabecular region of the proximal tibial metaphysis at 1–2 mm
distal to the growth plate (i.e., secondary spongiosa).
The histomorphometric parameters obtained from the
Goldner’s trichrome-stained sections consisted of trabecular bone volume normalized by tissue volume (BV/TV,
%), trabecular number (Tb.N, mm21), trabecular separation (Tb.Sp, mm), trabecular thickness (Tb.Th, mm),
osteoblast surface normalized by bone surface (Ob.S/BS,
%), osteoid thickness (O.Th, mm), osteoid surface (OS/BS,
%), osteoclast surface (Oc.S/BS, %), and eroded surface
(ES/BS, %). Osteocyte lacunar area (Ot.Lc.Ar, mm2) of
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TABLE 1. Blood chemistry of the wild-type and hydronephrotic mice.
Group
Wild-type
Hydronephrosis

BUN (mg/dL)

Creatinine (mg/dL)

Ionized calcium (mmol/L)

Phosphate (mg/dL)

24.51 6 1.90 (n 5 9)
24.40 6 2.00 (n 5 9)

0.10 6 0.05 (n 5 9)
0.12 6 0.05 (n 5 9)

1.23 6 0.03 (n 5 4)
1.11 6 0.02a (n 5 4)

11.10 6 0.61 (n 5 5)
15.38 6 0.39b (n 5 5)

a

P < 0.05 compared with the wild-type group.
P < 0.001 compared with the wild-type group.

b

Fig. 1. Representative micrographs of the tibial metaphyses of (A)
wild-type and (B) ICR/Mlac-hydro mice. Tissue sections (proximal
tibiae) were processed for Goldner’s trichrome staining. Mineralized
matrix, erythrocytes, and cytoplasm were stained green, orange, and
red, respectively. The numbers of metaphyseal trabeculae (arrows) in
ICR/Mlac-hydro mice were markedly less than those in wild-type

mice, resulting in expansion of the marrow space (Ma). Ep and Ct
denote epiphyseal plate (also known as growth plate) and cortical
envelope, respectively. Scale bars 5 1000 mm. C,D: Magnified images
of the proximal tibial growth plates of the wild-type mice and ICR/
Mlac-hydro mice, respectively. Scale bars 5 100 mm.

the tibial cortical envelope in each stained section was
measured by ImageJ 1.46 (http://rsbweb.nih.gov/ij/
index.html). Osteocyte lacunae that were not in the focal
plane or had ill-defined borders were excluded from
analysis (Charoenphandhu et al., 2012). The nomenclature, symbols, and units complied with the report of the
American Society for Bone and Mineral Research
Nomenclature Committee (Parfitt et al., 1987).

angular increment in 0.54 . The volume of interest (VOI)
was between 1.43 and 1.86 mm distal to the proximal
tibial growth plate (50 slides). Images were reconstructed and analyzed by a computer cluster running
SkyScan CT-analyzer software package (version 1.11.10).
MMI that represented the resistance to bending around
x- or y-axis lying in the cross-sectional plane (MMIx and
MMIy), and polar MMI were determined.

Determination of the Cortical Parameters and
Moment of Inertia (MMI)
Cortical bone mineral density (Ct.BMD, g/mm3), cortical periosteal perimeter (Ct.Pe.Pm, mm), cortical bone
area (Ct.B.Ar, mm2), and MMI values (mm4) of ex vivo
tibiae were analyzed by microcomputed tomography
(lCT; model SkyScan 1178; voxel size of 85 mm3; SkyScan, Kontich, Belgium), as described previously (Charoenphandhu et al., 2012). The equipment had X-ray tube
voltage of 65 kV, current of 615 lA, and 0.5-mm aluminum filter. The scanning angular rotation was 180 with

Statistical Analysis
Results are expressed as means 6 standard error. The
data were analyzed by unpaired Student’s t-test (onetailed) using GraphPad Prism 6.0 (GraphPad Software,
San Diego, CA). The statistical significance was considered when P < 0.05.

RESULTS
As compared to the wild-type mice, the ICR/Mlachydro mice showed hyperphosphatemia, a sign of
impaired kidney function, but had similar levels of BUN
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Fig. 2. (A) Femoral length, (B) tibial length, (C) trabecular bone volume (BV) normalized by tissue volume (TV), (D) trabecular number
(Tb.N), (E) trabecular thickness (Tb.Th), and (F) trabecular separation
(Tb.Sp) in the proximal tibial metaphyses of wild-type (WT), and ICR/
Mlac-hydro (Hydro) mice. BV/TV, Tb.N, Tb.Th, and Tb.Sp were from
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Goldner’s trichrome-stained sections as determined by bone histomorphometric analysis. Bone length was measured with a vernier caliper.
Numbers of animals per group are noted in parentheses. *P < 0.05,
**P < 0.01, ***P < 0.001 compared with WT.

Fig. 3. (A) Osteoblast surface (Ob.S) normalized by bone surface (BS), (B) osteoid surface (OS) normalized by BS, and (C) osteoid thickness (O.Th) in the proximal tibial metaphyses of wild-type (WT) and ICR/
Mlac-hydro (Hydro) mice. Ob.S/BS, OS/BS, and O.Th were from Goldner’s trichrome-stained sections as
determined by bone histomorphometric analysis. Numbers of animals per group are noted in parentheses.
*P < 0.05 compared with WT.

Fig. 4. (A) Osteoclast surface (Oc.S) normalized by bone surface (BS)
and (B) eroded surface (ES) normalized by BS in the proximal tibial
metaphyses of wild-type (WT) and ICR/Mlac-hydro (Hydro) mice. Oc.S/
BS and ES/BS were from Goldner’s trichrome-stained sections as determined by bone histomorphometric analysis. Numbers of animals per
group are noted in parentheses. *P < 0.05 compared with WT.

and creatinine (Table 1). Their 25-hydroxyvitamin D levels (64.94 6 4.36 ng/mL, n 5 5) were within the normal
range of 40–80 ng/mL, whereas ionized calcium levels of
mutant mice were lower than that of the wild-type mice
(Table 1). These ICR/Mlac-hydro mice manifested
impaired bone metabolism at both gross and microstructural levels as indicated by marked reductions in the
femoral length, tibial length and calcified trabeculae in
the proximal tibial metaphysis (green color in the Goldner’s trichrome-stained sections), thereby resulting in a
decreased trabecular bone volume and expansion of the
marrow cavity as compared to the age-matched wildtype littermates (Figs. 1, 2). In addition, the ICR/Mlachydro mice exhibited decreases in trabecular number
and trabecular thickness, whereas the trabecular separation was increased (Fig. 2). However, changes in the
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growth plate appearance or cell morphology in each zone
were not observed (Fig. 1).
Further histomorphometric analysis revealed suppression of bone formation in hydronephrotic mice as indicated by a decrease in the osteoblast surface without
changes in osteoid surface (P 5 0.188) or osteoid thickness (P 5 0.297) (Fig. 3). A decrease in the osteoclastmediated bone resorption was also evident as indicated
by 64 and 72% reduction in the osteoclast surface and
eroded surface, respectively, compared with the wildtype mice (Fig. 4). However, osteocyte lacunar area of
the ICR/Mlac-hydro mice was similar to that of the wildtype mice (P 5 0.301; Fig. 5). In addition, this mCT analy-

Fig. 5. Osteocyte lacunar area (Ot.Lc.Ar) in the tibial cortical envelope of wild-type (WT) and ICR/Mlac-hydro (Hydro) mice. Ot.Lc.Ar was
obtained from Goldner’s trichrome-stained tibial sections. Numbers of
animals per group are noted in parentheses.

sis suggested a decrease in bone strength in the ICR/
Mlac-hydro mice as cortical bone mineral density, cortical periosteal perimeter, cortical bone area, and MMI
values of the ICR/Mlac-hydro mice were lower than
those of the wild-type littermates (Fig. 6).

DISCUSSION
Alterations of bone microstructure are often observed
in kidney diseases, especially in patients with diabetes
mellitus, hypertension, or glomerulonephritis (Alpers,
2010). Although hydronephrosis is one of renal anomaly,
which may or may not result in renal function impairment depending on the degree of renal tissue damage
and duration of the disease, little is known regarding
bone change associated with it. Our ICR/Mlac-hydro
mice showed a marked loss of medullary and papillary
tissue with renal tissue compression from trapped fluid
(Kengkoom et al., 2012). However, this mouse strain did
not develop full-blown chronic kidney disease as BUN
and blood creatinine appeared normal. This bone histomorphometric analysis of hydronephrotic mice collectively suggested a low cellular activity of bone cells, that
is, reductions in osteoblast and osteoclast surfaces (Figs.
3, 4), but normal mineralization as indicated by unaltered osteoid surface and osteoid thickness in both
groups. Thus, hydronephrosis might be another important cause of bone defect. It has been known that aberrant bone metabolism in kidney diseases predisposes the
animals to fracture due to weakened trabecular microstructure and delayed repair of microcracks in bone tissue (Coco and Rush, 2000). Nevertheless, as the
underlying mutation in this mouse strain remains
unknown, one cannot rule out the possibility that the

Fig. 6. (A) Cortical bone mineral density (Ct.BMD), (B) cortical periosteal perimeter (Ct.Pe.Pm), (C) cortical bone area (Ct.B.Ar), (D and E) moment of inertia (MMI) along the x- and y-axes, and (F) polar MMI in
the tibiae of wild-type (WT) and ICR/Mlac-hydro (Hydro) mice. Numbers of animals per group are noted in
parentheses. **P < 0.01, ***P < 0.001 compared with WT.
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mutation may directly impair functions of bone cells,
leading to a phenotype of bone loss.
Interestingly, this histomorphometric data showed a
reduction on osteoblast surfaces, which was suggestive of a
reduction in tissue- and organ-level bone formation. Multiple factors are known to contribute to low bone formation,
for example, an impaired phosphate metabolism, bone
resistance to parathyroid hormone, abnormal 1,25(OH)2D3
production, metabolic acidosis, high serum phosphate, elevated circulating cytokine levels [e.g., tumor necrosis factor
(TNF)-a, interleukin (IL)-1, and IL-6] and decreased estrogen and testosterone levels (Andress, 2008). As 25hydroxyvitamin D levels were within the normal range,
impaired bone formation in the ICR/Mlac-hydro mice did
not result from vitamin D deficiency, but inadequate renal
conversion of 25-hydroxyvitamin D to 1,25(OH)2D3 by 1ahydroxylase could not be ruled out. Hyperphosphatemia
might also contribute to a decreased osteoblast function,
and could reduce 1a-hydroxylase activity (Weselling et al.,
2008), leading to lower 1,25(OH)2D3 and ionized calcium
levels in ICR/Mlac-hydro mice. In addition, it was evident
that high levels of proapoptotic factors, for example, TNF-a
and IL-1, were associated with osteoblast apoptosis in
chronic kidney disease (Tsuboi et al., 1999; Andress, 2008).
A decrease in bone resorption as indicated by reductions
in the osteoclast surface and eroded surface was also
observed in hydronephrotic mice. Although it was not clear
what caused these reductions, it was possible that they
were secondary to the hydronephrosis-induced metabolic
disturbances, such as chronic metabolic acidosis (Chandar
et al., 1996). Domrongkitchaiporn et al. (2001) demonstrated in patients with distal renal tubular acidosis
(dRTA) that chronic metabolic acidosis suppressed both
bone formation and bone resorption, thereby leading to low
bone mass in the dRTA patients. Low osteoblast activity
might also result in a decreased production of osteoblastderived osteoclastogenic factors, such as receptor activator
of nuclear factor jB ligand (RANKL), which, in turn,
diminished osteoclastogenesis (Matsuo and Irie, 2008).
Moreover, as the formation of active multinucleated osteoclasts requires the presence of 1,25(OH)2D3 (Zaidi, 2007;
Matsuo and Irie, 2008; Kogawa et al., 2010), the synthesis
of which is mediated by the renal enzyme 1a-hydroxylase
(Matsumoto et al., 1992), it is speculated that an impaired
1,25(OH)2D3 production—as commonly found in chronic
kidney disease patients—could contribute to low osteoclastogenesis in hydronephrotic mice (de Boer, 2008). On the
other hand, the absence of change in osteocyte lacunar
area suggested that osteocytic osteolysis did not contribute
to bone loss in the ICR/Mlac-hydro mice.
Besides the presence of defective tibial microstructure,
measurement of bone length revealed shorter femoral
and tibial lengths of hydronephrotic mice. This suggested that hydronephrosis not only impaired trabecular
bone turnover but also impaired growth plate function
and longitudinal bone growth, despite no change in the
histologic growth plate appearance (Fig. 1). Furthermore, decreases in cortical bone mineral density, cortical
periosteal perimeter, cortical bone area, and MMI indicated a reduction in bone strength, particularly in the
tibial diaphyses of ICR/Mlac-hydro mice. Chronic renal
impairment in children and adolescents is usually associated with disorders of bone metabolism, which later
impairs bone strength and finally reduces adult height
(Wesseling et al., 2008). Thus, growth retardation is the

most common clinical feature of chronic kidney disease
in children (Sanchez, 2008; Wesseling et al., 2008). Metabolic acidosis and end organ resistance to growth hormone (GH) and insulin-like growth factor (IGF)-1 are
major factors contributing to the growth failure (Wesseling et al., 2008). In addition, an increased production of
IGF-binding proteins (IGFBP), for example, IGFBP-1
and -2, in individuals with renal impairment could
decrease bioavailability of IGF-1 (T€onshoff et al., 1997;
Wesseling et al., 2008). A recent investigation in uremic
rats revealed that GH therapy following subtotal
nephrectomy improved longitudinal bone growth by
enhancing growth plate IGF-1 synthesis and chondrocyte proliferation (Barbosa et al., 2007).
In conclusion, ICR/Mlac-hydro mouse showed histologic features of low bone formation and resorption.
These hydronephrotic mice also manifested an impaired
longitudinal bone growth and a number of trabecular
microstructural changes, such as an increase in trabecular separation and decreases in trabecular number and
thickness, similar to that observed in chronic kidney disease. However, more investigation is required to reveal
the hormonal profile as well as the cellular and molecular mechanisms of bone changes in hydronephrosis.
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