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Pseudoxanthoma elasticum (PXE) and generalized arterial calcification of infancy (GACI) are heritable ectopic
mineralization disorders. Most cases of PXE and many cases of GACI harbor mutations in the ABCC6 gene. There is no
effective treatment for these disorders. We explored the potential efficacy of bisphosphonates to prevent ectopic
calcification caused by ABCC6 mutations by feeding Abcc6¡/¡ mice with diet containing etidronate disodium (ETD) or
alendronate sodium trihydrate (AST) in quantities corresponding to 1x, 5x, or 12x of the doses used to treat
osteoporosis in humans. The mice were placed on diet at 4 weeks of age, and the degree of mineralization was
assessed at 12 weeks by quantitation of the calcium deposits in the dermal sheath of vibrissae, a progressive biomarker
of the mineralization, by computerized morphometry of histopathologic sections and by direct chemical assay of
calcium. We found that ETD, but not AST, at the 12x dosage, significantly reduced mineralization, suggesting that
selected bisphosphonates may be helpful for prevention of mineral deposits in PXE and GACI caused by mutations in
the ABCC6 gene, when combined with careful monitoring of efficacy and potential side-effects.

Introduction

Ectopic mineralization, characterized by deposition of calcium
phosphate complexes in soft connective tissues, is associated with
several diseases that affect the skin and vascular connective tissues
and causes considerable morbidity and mortality. Ectopic miner-
alization can result from 2 types of independent processes: (a)
Metastatic calcification, associated with elevated levels of calcium
and/or phosphate, as exemplified by chronic renal failure; and
(b) Dystrophic calcification, secondary to an insult to the tissue,
as for example in autoimmune diseases and cancer. A number of
factors, both genetic and environmental, have been identified
contributing to the calcium phosphate deposition in these condi-
tions (for reviews, see 1-3).

Particularly insightful information on the genetics of ectopic
calcification has been obtained from studies of monogenic disor-
ders manifesting with premature calcification of tissues, particu-
larly the arterial blood vessels.4,5 The prototype of such
conditions is pseudoxanthoma elasticum (PXE; OMIM264800),
an autosomal recessive multi-system disorder characterized by
calcium phosphate deposition in a number of tissues, with pri-
mary clinical manifestations in the skin, the eyes, and the cardio-
vascular system.6,7 The classic, late-onset and slowly progressive

form of PXE is caused by mutations in the ABCC6 gene, which
encodes a putative transmembrane transporter, ABCC6,
expressed primarily in the liver and to a lesser extent in the kid-
neys, but not in the tissues directly affected by ectopic mineraliza-
tion.8 Over 300 distinct loss-of-function mutations in the
ABCC6 gene have been reported representing well over 1,000
mutant alleles in PXE.9 The precise function of ABCC6 under
physiological homeostasis, and specifically, the nature of the
transported molecule(s) are currently unknown.8 However, it has
recently been suggested that functional ABCC6 is required for
physiological release of ATP from cells, and loss-of-function
mutations in this gene result in reduced extracellular ATP
concentrations.10,11

Another ectopic mineralization disorder is generalized arterial
calcification of infancy (GACI; OMIM20800), an autosomal
recessive disorder usually diagnosed by prenatal ultrasound. In
most cases the affected children die during the first 6 months of
life from cardiovascular complications.12 GACI type 1, the classic
form, is caused by mutations in the ENPP1 gene which encodes
ectonucleotide pyrophosphatase phosphodiesterase (ENPP1).
This enzyme hydrolyses ATP to AMP and inorganic pyrophos-
phate (PPi),13,14 the latter molecule being a powerful anti-miner-
alization factor under normal physiologic conditions. In the
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presence of loss-of-function mutations in the ENPP1 gene, the
synthesis of PPi is reduced leading to reduced PPi/Pi ratio which
allows deposition of calcium phosphate complexes to ensue.

Recent studies have demonstrated considerable, both geno-
typic and phenotypic overlap between PXE and GACI.12 Some
patients with characteristic features of GACI, including extensive
pre- and perinatal mineralization of the arterial blood vessels,
have been shown to harbor mutations in the ABCC6 gene, a con-
dition termed GACI type 2.15,16 Interestingly, many of the muta-
tions in the ABCC6 gene found in patients with GACI are the
same as those in patients with typical PXE with late-onset, slowly
progressive disease. On the other hand, patients with evidence of
vascular mineralization due to mutations in the ENPP1 gene
have been shown to depict skin findings clinically and histopath-
ologically similar to those found in PXE.17 Finally, there is a
report of a family in which one of the brothers died early in life
from extensive mineralization clinically diagnosed as GACI,
while an older brother with mutations in the ABCC6 gene devel-
oped typical features of PXE later in life.18 The reasons for this
sort of extensive phenotypic variability in patients with the same
pathogenic mutations in the ABCC6 and ENPP1 genes are cur-
rently unknown, but genetic modifier genes, epigenetic modula-
tion, and environmental as well as lifestyle variables have been
suggested to be contributing factors.8

The patients with GACI type 1 have previously been shown to
have a markedly reduced PPi/Pi ratio which would explain the
severe mineralization of arterial blood vessels.13,14 Quite recently,
patients with PXE with identified ABCC6 mutations, have also
been reported to have reduced plasma PPi/Pi ratio,11 and fibro-
blasts from patients with PXE show altered PPi metabolism.19

These and related observations have led to the suggestion that
administration of PPi to the patients could counteract the ectopic
mineralization.20 Because PPi is relatively unstable in circulation
and has a short half-life, administration of bisphosphonates,
which are non-hydrolyzable PPi analogs, have been used to treat
these patients with ectopic mineralization, including newborns
or infants with GACI type 1 with ENPP1 mutations.21-25 Care-
ful analysis of these studies suggests improvements in some cases,
no change in others, and even development of serious side effects
in some patients. At the same time, recent demonstration of
reduced PPi level in PXE patients suggested that bisphosphonates
might be useful to treat ectopic calcification in patients with PXE
and GACI type 2 due to ABCC6 mutations.11

In this study, we report on the effects of bisphosphonate
administration on ectopic mineralization in Abcc6¡/¡ mice, a
model for PXE caused by mutations in the ABCC6 gene.

Results

Treatment of Abcc6-/- mice with bisphosphonates
Bisphosphonates, a group of inorganic pyrophosphate ana-

logs, demonstrate both anti-mineralization and anti-osteoclastic
activities.26–28 The early bisphosphonates, such as ETD, favor
anti-mineralization activity while they are relatively weak anti-
osteoclastic molecules as compared to newer, more powerful

structural analogs, such as AST. To test the potential efficacy of
these bisphosphonates on the development of ectopic mineraliza-
tion in the Abcc6¡/¡ mice, an animal model of PXE, we devel-
oped a protocol wherein these mice were placed on
bisphosphonate-containing diets at 4 weeks of age and followed
for another 8 weeks. At this point, at the age of 12 weeks, the
degree of mineralization in the dermal sheath of vibrissae, a bio-
marker reflecting the progression of the overall mineralization in
these mice, was determined by 2 independent assays. First, muz-
zle skin containing the follicles of vibrissae, surrounded by the
dermal connective tissue sheath, were biopsied and mineraliza-
tion was detected by H&E and Alizarin red stains. Secondly, as
an independent measure, calcium was extracted from a biopsy of
the muzzle skin, and the calcium content was determined and
expressed as mmole of Ca per gram of tissue.

The Abcc6¡/¡ knockout (KO) mice were fed with a diet
mixed with ETD or AST in 3 different concentrations which
were calculated to correspond to 1x, 5x, and 12x of the corre-
sponding human dose used for treatment of osteoporosis, respec-
tively. KO and wild-type (WT) littermates of the mice on
bisphosphonate containing diet were kept on standard mouse
diet and served as positive and negative controls of mineraliza-
tion, respectively (for the experimental groups, see Table 1). His-
topathology of the dermal sheath of vibrissae demonstrated
extensive mineralization in KO mice on standard diet, while the
WT mice had no evidence of mineralization (Fig. 1). No appar-
ent difference in the degree of mineralization was noted in mice
treated with 1x or 5xETD, but mice fed with diet containing
12xETD showed a markedly reduced amount of calcium deposi-
tions as judged by histopathology (Fig. 1A). Quantitation of
mineralization by computerized morphometric analysis demon-
strated that there was, on the average, a 73.3% reduction in the
degree of mineralization in the mice treated with 12xETD com-
pared to KO mice kept on standard diet (Fig. 1B). In contrast,
treatment with diet containing 12xAST increased the mineral
content by 53.5% as quantitated by computerized morphometric
analysis (Fig. 1B).

The results from histopathology combined with computerized
morphometry were correlated with direct chemical assay of the

Table 1. Experimental groups of Abcc6C/C and Abcc6¡/¡ mice by genotype
and diet*

Group Genotype No. of mice examined Diet

WT Abcc6C/C 7 Normal diet
KO Abcc6¡/¡ 9 Normal diet
KOC1xETD Abcc6¡/¡ 7 Normal diet C 1xETD
KOC5xETD Abcc6¡/¡ 6 Normal diet C 5xETD
KOC12xETD Abcc6¡/¡ 8 Normal diet C 12xETD
KOC1xAST Abcc6¡/¡ 7 Normal diet C 1xAST
KOC5xAST Abcc6¡/¡ 7 Normal diet C 5xAST
KOC12xAST Abcc6¡/¡ 11 Normal diet C 12xAST

*The mice were placed on bisphosphonate-containing diets at 4 weeks of
age and followed for another 8 weeks. The mice were sacrificed at the age
of 12 weeks and compared with control mice, either Abcc6C/C (WT) or
Abcc6¡/¡ (KO), maintained on normal diet.
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calcium content in the muzzle skin. While the KO mice demon-
strated statistically increased content of calcium over WT mice
(P < 0.01), the mice treated with 1xETD or 5xETD containing
diet did not differ from the KO mice (Fig. 2). However, calcium
content in the skin of mice fed with 12xETD was reduced by
50.2% as compared to KO mice on standard diet (P < 0.01).
Similar chemical assays of calcium showed no difference between
the KO mice on standard diet as compared to those fed 1x, 5x,
or 12xAST containing diet (Fig. 2). The supplementation of the
diet with varying concentrations of ETD or AST did not alter
the serum calcium or phosphate concentrations or change the
Ca/Pi ratio (Table S1).

Effects of bisphosphonates on bone morphology
and mineralization

Because bisphosphonates have both anti-mineralization and
anti-osteoclastic activities, and they have been used for treat-
ment of bone disorders, such as osteoporosis, Paget disease,
and bone metastases,26-28 we also evaluated the bones in mice
treated with bisphosphonates. First, the total content of cal-
cium and phosphorus in the left femur of each mouse was
determined. As shown in Table 2, the calcium content in
KO mice treated with diet supplemented with 12xETD was
reduced, as expressed by milligram per gram of tissue, by
comparison to KO mice on the standard diet. However, the

Figure 1. Demonstration that ETD prevents ectopic mineralization in Abcc6¡/¡ knock-out (KO) mice. (A) The Abcc6¡/¡ mice develop ectopic mineraliza-
tion of the dermal sheath of vibrissae when examined at 12 weeks of age by histopathology with Hematoxylin and Eosin (H&E, upper panel) and Alizarin
Red (AR, lower panel) stains. Note that the corresponding wild-type (WT) mice have no evidence of mineralization. Feeding the mice with diet supple-
mented with 12xETD markedly reduced the mineral content of the dermal sheath of vibrissae, while there was no change in mice fed with 12xAST con-
taining diet. (B) The degree of mineralization was quantitated by computerized morphometric analysis of the histopathologic sections, confirming the
reduction in mice fed with 12xETD containing diet in comparison to KO mice (mean § SE; n D 8–11; *, P < 0.05).
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12xETD resulted in increased weight of the femurs, and con-
sequently, the total content of Ca and P, expressed per
femur, was not altered (Table 2).

Secondly, morphometric microarchitecture of the bones in KO
mice on standard diet or those supplemented either with 12xETD
or 12xAST was evaluated by mCT followed by 3D reconstruction
and segmentation. In agreement with previous publications,29,30

there were significant differences between the male and female
mice on bone microarchitecture (Fig. 3). Sex-matched compari-
sons between KO mice and those fed with 12xETD or 12xAST
revealed differences that have previously been attributed to
bisphosphonates (Table 3). Specifically, distal femoral bone vol-
ume fraction was increased by bisphosphonate treatment. Trabecu-
lar number in 12xETD and 12xAST treated Abcc6¡/¡ mice
increased significantly, whereas trabecular thickness was
unchanged. Interestingly, trabecular separation was significantly
less in 12xETD and 12xAST treated Abcc6¡/¡ mice. The connec-
tivity density was significantly higher in sex-matched mice when
fed with either 12xETD or 12xAST (Table 3). Collectively, the
effects of bisphosphonate on bone microarchitecture in Abcc6¡/¡

mice are consistent with previous publications.

Discussion

PXE, caused in its classic form by mutations in the ABCC6
gene, is characterized by late-onset and slow, yet progressive min-
eralization associated with life-long development of complica-
tions in the skin, eyes and the cardiovascular system.6-8 GACI, a
severe disorder of extensive vascular mineralization, usually lethal
within the first few months of life. The classic form, GACI type
1, is caused by mutations in the ENPP1 gene.12-14 There are,
however, patients with GACI who also develop PXE-like cutane-
ous findings, while a number of patients with GACI type 2 have

recently been shown to harbor mutations in the ABCC6
gene.15,16 Thus, there is considerable genotypic and phenotypic
overlap between these 2 conditions. The ENPP1 gene encodes an
enzyme, ENPP1, which converts ATP to AMP and PPi. Conse-
quently, patients with loss-of-function mutations in ENPP1
demonstrate low levels of PPi, and similar findings have been
made in mice with absent or reduced ENPP1 activity.31,32 The
low PPi/Pi ratio then allows ectopic mineralization to ensue.

The ABCC6 gene encodes ABCC6, also known as multidrug
resistance associated protein 6, a putative efflux transporter with
high level of expression in the liver.33,34 The precise physiologic
function of ABCC6 is currently unknown, and specifically, the
endogenous substrate(s) transported by this protein remain to be
identified. There is currently no effective treatment for the sys-
temic manifestations of PXE or GACI.8

A limited number of case studies have reported on attempts to
treat patients with GACI with oral and intravenous bisphospho-
nates.21–25 There is no consensus, however, about the efficacy of
bisphosphonates on the ectopic mineralization in these disorders.
Some studies report apparent improvement, in some cases there has
been very little, if any, effect, and in others bisphosphonate treat-
ment has been accompanied by severe side effects. These discrepan-
cies may reflect in part differences in the types and doses of
bisphosphonates used and the route of administration. For example,
oral bisphosphonates are poorly absorbed, with less than 1% of the
enteral dose absorbed when taken after fasting.26 Hence, in a young
infant, who is feeding frequently, enteral absorption of bisphospho-
nates may be even less. Moreover, first generation bisphosphonates,
such as ETD, are less potent inhibitors of osteoclasts than currently
used third generation bisphosphonates, such as AST and pamidro-
nate. Hence, on a molar basis, greater amounts of ETD are typically
administered than other bisphosphonates, with increased delivery of
the non-hydrolyzable pyrophosphate analog. Although the use of
intravenous bisphosphonates offers the advantage of greater delivery
of drug compared to oral administration, third generation
bisphosphonates are typically administered in relatively small doses
due to their greater anti-osteoclastic activity compared to ETD,
hence very little pyrophosphate analog is actually needed for efficacy.

Bisphosphonates are structural analogs of PPi with replace-
ment of the oxygen linkage to phosphonate (PO3) groups by a
carbon making the molecule more stable.28 In addition, there are
side groups (R1, R2) which determine the pharmacologic proper-
ties, the mode of action, and the potency of bisphosphonates.
There are 2 classes of bisphosphonates, viz., those containing
nitrogen in the side chain and non-N containing forms. The ini-
tially synthesized non-N containing bisphosphonates, such as
ETD, are relatively weak and have both anti-mineralization and
anti-osteoclastic activities. The N-containing bisphosphonates,
such as AST, are hundreds or thousands times more potent acting
on bone metabolism as inhibitors of prenylation and they favor
anti-osteoclastic activities.26-28

To clarify the effects of bisphosphonates in patients with
ABCC6 mutations, we undertook this study treating Abcc6¡/¡

mice, a genetically controlled model of ectopic mineralization,
with 2 bisphosphonates, ETD and AST, in a controlled environ-
ment. In our study, we demonstrated that ETD, but not AST,

Figure 2. Quantitation of the ectopic mineralization by direct chemical
assay of calcium in skin biopsies containing the dermal sheath of vibris-
sae. Note the significantly elevated calcium content in KO mice as com-
pared to the WT mice (*, P < 0.01). Treatment of KO mice with diet
supplemented with 12xETD resulted in significant reduction in the cal-
cium content in comparison to the KO mice on control diet (y, P < 0.01).
Feeding of mice with 1x or 5xETD containing diet, or with 1x, 5x or
12xAST containing diet did not significantly change the calcium content
of the skin (meanC SE; n D 6–11).
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inhibits the ectopic mineralization in Abcc6¡/¡ mice, as moni-
tored by calcium phosphate content of dermal sheath of vibrissae,
an early biomarker of the overall mineralization in these mice.
Progressive mineralization of the dermal sheath of vibrissae has
been shown to reflect the mineralization
in internal organs, including arterial
blood vessles, in these mice.35,36 How-
ever, significant level of inhibition with
ETD was obtained only at doses that
were about 12 times higher than those
used for treatment of patients with bone
disorders which might indicate poor
absorption of the drug or a need for very
high concentration of the bisphospho-
nate. By contrast, AST which was used
at lower molar doses than ETD due to
its »1,000 times higher anti-osteoclastic
activity did not prevent the ectopic min-
eralization, and in fact it increased the
mineral content in the dermal sheath of
vibrissae. These results suggest that the
anti-mineralization effect results not
from the biological anti-osteoclastic
activity of the bisphosphonate but rather
from the delivery of a sufficient number
of PPi-analog molecules to exert physio-
chemical inhibition of calcification. Nev-
ertheless, these observations suggest that
ETD, in sufficient doses, might well be
beneficial for treatment of ectopic miner-
alization in selected patients with GACI
and PXE. It should be noted, however,
that administration of ETD also affected
the mineralization and microarchitecture
of femur, as determined by direct cal-
cium assay and by morphometric analy-
sis of the bone microarchitecture using
mCT. Thus, long-term administration of
ETD, for example for treatment of PXE,
should be accompanied by regular assess-
ment of bone density and mineralization.

In summary, irrespective of the underlying mechanisms that
lead from mutations in the ABCC6 gene to ectopic mineralization
in patients with PXE or GACI, bisphosphonates in appropriate
doses, particularly those that favor the anti-mineralization activity,

Figure 3. Bone microarchitecture in male and female Abcc6¡/¡ mice on control diet (KO) or treated
with diet containing 12xETD or 12xAST. Note the distinct difference between male and female mice
on control diet, assessed by mCT scan (top panels). Treatment with bisphosphonates caused defini-
tive changes (middle and bottom panels), as quantitatively detailed in Table 3. Three males and 3
females were examined in each group.

Table 2. Calcium and phosphorus content in the left femur of the mice*

Group Ca (mg/g) P (mg/g) Femur (mg) Ca (mg) per femur P (mg) per femur

WT 130.5 § 6.6 73.0 § 2.8 71.3 § 6.4 9.0 § 0.6 5.2 § 1.5
KO 123.7 § 5.4 68.3 § 2.5 78.5 § 3.2 9.6 § 0.3 5.3 § 0.3
KOC1xETD 128.2 § 4.1 59.3 § 6.4 74.0 § 3.4 9.4 § 0.3 4.3 § 0.4
KOC5xETD 140.1 § 7.5 61.3 § 2.5 75.4 § 2.8 9.1 § 0.3 4.0 § 0.3
KOC12xETD 97.9 § 6.22C 58.9 § 2.6 97.7 § 8.2C 9.3 § 0.3 5.7 § 0.5
KOC1xAST 125.8 § 5.8 74.7 § 2.2 74.1 § 4.5 9.2 § 0.4 5.5 § 0.2
KOC5xAST 137.9 § 4.8C 76.8 § 2.9 73.2 § 2.6 10.0 § 0.1 5.6 § 0.1
KOC12xAST 139.8 § 3.02C 77.1 § 2.0C 73.9 § 2.1 10.3 § 0.2 5.7 § 0.3

*Wild-type (WT) and Abcc6¡/¡ (KO) mice at 4 weeks of age were placed on different diets for 8 weeks. Calcium and phosphorus contents of the left femur
were determined at 12 weeks of age and expressed as mean § SE. Statistical significance in comparison to the KO mice on control diet is indicated: C p <

0.05, 2C p< 0.01.
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might be helpful for prevention of the development of complica-
tions of these diseases. However, careful monitoring of the side
effects, including alterations in the bone microarchitecture, is
required to ensure safety of this approach.

Materials and Methods

Mice
The Abcc6tm1JfK mouse was developed by targeted ablation of

the Abcc6 gene (this mouse is referred to as Abcc6¡/¡).35 Abcc6
wild-type (Abcc6C/C) and knockout (Abcc6¡/¡) mice were made
congenic by backcrossing heterozygous (Abcc6C/¡) mice on
C57BL/6J background for 10 backcrosses. Mice were fed a stan-
dard rodent diet (Lab Diet 5010; PMI Nutrition, Brentwood,
MO, USA) and had free access to water. Mice were maintained
under standard conditions at the Animal Facility of Thomas Jef-
ferson University. All protocols were approved by the Institutional
Animal Care and Use Committee of Thomas Jefferson University.
Proper handling and care were practiced according to the animal
welfare policies of the United States Public Health Service.

Experimental design and diets
Mice were placed on specific diets at 4 weeks of age and main-

tained on the same diet for an additional 8 weeks. The groups of
mice are characterized by genotype and diet (Table 1). Abcc6C/C

and Abcc6-/- mice were fed either a control diet 5010 (PMI Nutri-
tion International, Brentwood, MO) (n D 7–9 per group) or the
same diet supplemented with either etidronate disodium (ETD)
or alendronate sodium trihydrate (AST), 6–11 mice per group.
ETD treatment consisted of 3 groups: Abcc6¡/¡ mice were fed
with a dose calculated to be equivalent to that used for treatment
of humans for osteoporosis (20 mg/kg/day orally), i.e., 8 mg eti-
dronate disodium (Alfa Aesar, Ward Hill, MA) per 100 g of diet
(1xETD), or 5- and 12-fold greater doses (5xETD and
12xETD), respectively. AST treatment also consisted of 3 groups:

Abcc6¡/¡ mice were fed with a dose equivalent to human
(0.5 mg/kg/day orally), which received 0.2 mg alendronate
sodium trihydrate (Alfa Aesar) per 100 g of diet (1xAST), and
5- and 12-fold increase of the human equivalent dose (5xAST
and 12xAST). All mice were euthanized at 12 weeks of age.

Histopathological analysis
Biopsies from muzzle skin containing vibrissae were fixed in

10% phosphate-buffered formalin and embedded in paraffin.
The tissues were sectioned (6 mm thick), placed onto slides, and
stained with Hematoxylin and Eosin (H&E) and Alizarin Red
(AR) using standard procedures. Slides were examined under
light microscopy for mineralization.

Quantitation of tissue mineralization by computerized
morphometric analysis

Computerized morphometric analysis of mineralization was
performed on H&E-stained sections with a Nikon (Tokyo,
Japan) Te2000 microscope and an AutoQuant imaging system
(AutoQuant Imaging, Watervliet, NY). Oblique sections of
vibrissae in the muzzle skin, including lower infundibulum above
the bulb, were obtained. These sections allowed visualization of
the blood filled sinuses surrounded by the dermal connective tis-
sue sheath, and the area of mineralization in the dermal sheath
was expressed as a percentage of the total area of vibrissae per
mouse. The values from each mouse represent analysis of 10 fol-
licles on the average in one section, and the average percentage of
mineralization was determined for each group (n D 6–11). All
images were analyzed with Image-Pro Plus software version 6.1
(Media Cybernetics, Rockville, MD).

Chemical quantitation of calcium and phosphate in the skin,
bone and serum

To quantify the mineral deposition in vibrissae, muzzle skin
was harvested and decalcified with 0.15 mol/L HCl for 48 hours
at room temperature. Right femurs were also harvested and decal-
cified with 1 mol/L HCl for 2 weeks at room temperature. Solu-
bilized calcium was then determined by colorimetric analysis
using the ơ-cresolphthalein complexone method [calcium (CPC)
LiquiColor; Stanbio Laboratory, Boerne, TX]. Phosphate in the
bone extract was also measured by the Malachite Green Phos-
phate Assay Kit (Bioassay Systems, Hayward, CA), and the values
were normalized to tissue weight. Serum calcium and phosphate
concentrations were determined with the same assays.

Microcomputed tomography
Microarchitecture of the distal trabecular bone of the right

femur was analyzed. A 1.25 mm-thick region located proximal

Table 3. Trabecular bone phenotypes by microCT of the right distal femur of the mice*

Group Sex BV/TV (%) Tb.Th (mm) Tb.N (1/mm) Tb.Sp (mm) SMI Conn.D (TV/mm3)

KO M 19.4 § 1.4 49.6 § 1.8 5.5 § 0.2 171.7 § 6.4 1.7 § 0.2 199.6 § 8.6
KO F 7.2 § 1.4 39.7 § 2.3 4.1 § 0.1 242.4 § 6.3 3.1 § 0.2 63.5 § 9.3
KOC12xETD M 24.1 § 2.6 49.3 § 2.5 6.3 § 0.2C 146.3 § 5.7C 1.3 § 0.3 277.5 § 15.9C

KOC12xETD F 11.0 § 0.4C 40.8 § 0.4 4.6 § 0.1C 213.5 § 2.3C 2.4 § 0.1C 142.5 § 8.1C

KOC12xAST M 20.1 § 3.5 47.2 § 3.8 5.8 § 0.2 164.6 § 5.6 1.6 § 0.3 227.8 § 14.8
KOC12xAST F 14.1 § 2.0C 43.3 § 1.3 4.9 § 0.2C 198.2 § 11.4C 2.1 § 0.2C 199.5 § 27.2C

*Abcc6¡/¡ mice (KO) at 4 weeks of age were placed on different diets for 8 weeks. Values are expressed as mean § SE (3 mice each gender per group). Sta-
tistical significance in comparison to the KO mice of the same sex on control diet is indicated: C p < 0.05. BV/TV, relative bone volume (%); Tb.Th, trabecular
thickness (mm); Tb.N, trabecular number (1/mm); Tb.Sp, trabecular separation (marrow thickness, mm); SMI, structure model index; Conn.D, connectivity
density.
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to the distal growth plate of femur was scanned at a 10.5 mm res-
olution using the micro-CT (mCT) system (vivaCT40; Scanco
Medical AG, Bassersdorf, Switzerland). The microstructural
parameters were obtained through 3-dimensional (3D) recon-
struction and segmentation (using a Gaussian filter and a global
threshold of 2272 Hounsfield units) in the manufacturer-pro-
vided software.

Statistical analysis
We performed comparisons between different groups of mice

using the 2-sided Kruskal–Wallis nonparametric test. The justifi-
cation of using nonparametric tests is as follows: First, the sample
size in each group is less than 30, therefore, we cannot use the
rule-of-thumb assumption with regard to the Central Limit The-
orem that the sampling distribution is normally distributed. Sec-
ondly, tests of normality were performed on all data, indicating
that the sample distributions do not fit a normal distribution,
with very few exceptions. Therefore, nonparametric tests are
most appropriate. All statistical computations were completed
using SPSS version 15.0 software (SPSS Inc., Chicago, IL).
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