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Reduced bone mineral density (osteopenia) is a poorly characterized manifestation of pediatric and adult
patients afflicted with Marfan syndrome (MFS), a multisystem disorder caused by structural or quantitative
defects in fibrillin-1 that perturb tissue integrity and TGFb bioavailability. Here we report that mice with pro-
gressively severe MFS (Fbn1mgR/mgR mice) develop osteopenia associated with normal osteoblast differen-
tiation and bone formation. In vivo and ex vivo experiments, respectively, revealed that adult Fbn1mgR/mgR

mice respond more strongly to locally induced osteolysis and that Fbn1mgR/mgR osteoblasts stimulate pre-
osteoclast differentiation more than wild-type cells. Greater osteoclastogenic potential of mutant osteoblasts
was largely attributed to Rankl up-regulation secondary to improper TGFb activation and signaling. Losartan
treatment, which lowers TGFb signaling and restores aortic wall integrity in mice with mild MFS, did not miti-
gate bone loss in Fbn1mgR/mgR mice even though it ameliorated vascular disease. Conversely, alendronate
treatment, which restricts osteoclast activity, improved bone quality but not aneurysm progression in
Fbn1mgR/mgR mice. Taken together, our findings shed new light on the pathogenesis of osteopenia in MFS,
in addition to arguing for a multifaceted treatment strategy in this congenital disorder of the connective
tissue.

INTRODUCTION

Mutations that affect the structure or expression of the
extracellular matrix (ECM) glycoprotein fibrillin-1 cause
pleiotropic manifestations in Marfan syndrome (MFS;
OMIM-154700) by impairing connective tissue integrity and
by promoting improper latent TGFb activation (1). Consistent
with the involvement of promiscuous TGFb signaling in MFS
pathogenesis, systemic administration of TGFb-neutralizing
antibodies to mouse models of MFS improves cardiovascular,
skeletal muscle and lung abnormalities (2–5). Similarly, treat-
ment with losartan, an angiotensin II receptor 1 (AT1R) blocker

(ARB) that lowers TGFb signaling (6,7), restores aortic wall
architecture in mice with mild MFS (Fbn1C1039G/+ mice)
and mitigates aortic root dilation in children with severe
MFS (4,8). Although these findings are encouraging, there
are reasons to believe that some MFS patients may not
respond to losartan and/or that this treatment may not curtail
other morbid manifestations of MFS, such as those affecting
the skeleton (9–11).

Osteopenia is a controversial finding in MFS, especially in
pediatric patients (12–19). Factors that contribute to ambigu-
ity include the lack of standardized protocols to compare
bone mineral density (BMD) between affected and healthy
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individuals, and the absence of robust normative data for chil-
dren (11,20). While preliminary analyses suggest that
mutations in fibrillin-1 cause osteopenia in mice, the under-
lying mechanism is similarly controversial due to inherent
limitations of the mutant mouse lines employed in these
studies (21–23). Progressive bone loss and reduced BMD in
Tight skin (Tsk/+) mice were correlated with a decreased
rate of osteoblast maturation in vitro and implicitly, with
reduced bone formation in vivo (21). The Tsk mutation is a
large internal duplication of fibrillin-1 that in heterozygosity
interferes with microfibril biogenesis and leads to a phenotype
that combines pulmonary and skeletal manifestations of MFS
with cutaneous fibrosis of Stiff Skin syndrome (SSS;
OMIM-184900) (24–27). The unusual nature of the Tsk
mutation, together with the unique phenotype of Tsk/+
mice, however raises questions as to whether these animals
truly replicate MFS pathogenesis. In contrast to Tsk/+ osteo-
blasts, recent analyses showed that cultured osteoblasts from
Fbn12/2 mice mature slightly faster than wild-type cells
and stimulate osteoclast activity in vitro more than control
cells, suggesting a probable defect of bone resorption rather
than bone formation in these mutant mice (22,23). Neonatal
lethality of Fbn12/2 mice (28) has unfortunately precluded
validating this conclusion through the analysis of bone remo-
deling in adult mice.

The present study therefore interrogated the role of
fibrillin-1 in bone remodeling using a combination of in vivo
and ex vivo experiments and a mouse model of progressively
severe adult lethal MFS [Fbn1mgR/mgR mice (29)]. The results
of our analyses indicate that osteopenia in Fbn1mgR/mgR mice
is largely driven by increased bone resorption due to
TGFb-dependent dysregulation of the local coupling
between osteoblast and osteoclast activities. Consistent with
this observation, bisphosphonate restriction of osteoclast
activity mitigated progressive bone loss in Fbn1mgR/mgR

mice. In contrast, losartan treatment was only effective in
improving vascular disease in this adult lethal model of
MFS. Collectively, these findings suggest that a multifaceted
treatment strategy will probably be required to target distinct
cellular events that are responsible for organ-specific manifes-
tations in MFS.

RESULTS

Fbn1mgR/mgR mice display normal bone formation and
increased bone resorption

Fbn1mgR/mgR mice produce �15% of the normal amount of
fibrillin-1 and have a reduced average lifespan of 2–4
months due to dissecting aortic aneurysm and pulmonary
insufficiency (29). Bone histomorphometry and micro-
computed tomography (mCT) scanning of lumbar vertebras
from 3-month-old Fbn1mgR/mgR mice revealed 15% less bone
content (bone volume over total volume; BV/TV), 19.7%
reduction in apparent BMD (bone mineral content over TV)
and decreased trabecular thickness and greater trabecular
space compared with the wild-type counterparts (Fig. 1A).
Trabecular number, however, was equivalent to controls
(Fig. 1A). Osteopenia in Fbn1mgR/mgR mice was further corre-
lated with increased bone resorption, as evidenced by the

greater amount of urinary deoxypyridinoline (Dpd) collagen
cross-links, a normal rate of bone formation (BFR), as inferred
by the unremarkable pattern of dual calcein label incorpor-
ation, and an apparently normal complement of both surface
osteoblasts and osteoclasts (Fig. 1B). Comparable levels of
GFP fluorescence were also noted in neonatal bones of
Fbn1mgR/mgR mice and wild-type littermates that harbor the
pOBCol2.3GFP transgene, a marker of differentiating osteo-
blasts (Fig. 1C) (30). This last finding contrasts with the
decrease in number of mature (GFP-positive) osteoblasts pre-
viously observed in the bones of Tsk/+;pOBCol2.3GFP mice
(21).

Fbn1mgR/mgR mice were subject to acute stress, namely cal-
varial overlay of lipolysaccharide (LPS)-coated titanium par-
ticles (31), in order to resolve the apparent discrepancy
between the high levels of urinary Dpd cross-links and the
normal number of surface osteoclasts. Histological analyses
of parietal bone sections revealed substantially more
LPS-induced local osteolysis in Fbn1mgR/mgR than in wild-type
mice, a finding in agreement with the collagen cross-link data
reflecting an unbalanced skeletal turnover in adult Fbn1mgR/

mgR mice (Fig. 1D). This acute injury test also implied the
presence of an osteoclastogenic defect that was undetected
by the single time-point assessment of osteoclast number
during the chronic process of bone remodeling.

Fbn1mgR/mgR osteoblasts have greater TGFb-dependent
osteoclastogenic potential

Local coupling of osteoblast and osteoclast activities is central
to a physiologically balanced skeletal turnover (32). Ex vivo
experiments were therefore performed to examine mutant
osteoblast and osteoclast differentiation and thus unravel mech-
anisms of defective bone resorption in Fbn1mgR/mgR mice. Con-
sistent with the BFR data (Fig. 1B), cultured osteoblasts from
wild-type and Fbn1mgR/mgR mice yielded comparable numbers
of mineralized nodules and expressed similar levels of tran-
scripts coding for key regulators of cell cycle progression and
osteoblast differentiation (Fig. 2A and B). Additionally,
normal Col1a2 expression in mutant osteoblasts was in line
with normal osteogenic differentiation in Fbn1mgR/mgR; pOB-
Col2.3GFP bones (Fig. 1C), whereas normal Fbn2 expression
ruled out a compensatory up-regulation of fibrillin-2 production
in these mutant cells (Fig. 2B). Cell-based assays furthermore
showed that, compared with controls, conditioned media from
Fbn1mgR/mgR osteoblast cultures display more TGFb and BMP
activity, which were respectively associated with normal
levels of total TGFb and Bmp transcripts (Fig. 3). These last
findings supported the emerging notion that mutations in
fibrillin-1 perturb ECM sequestration of both TGFb and BMP
complexes, and that enhanced BMP signaling counteracts the
negative effect of increased TGFb signaling on osteoblast
maturation and bone formation (22).

Next, wild-type or Fbn1mgR/mgR bone marrow monocytes
(BMMs) were grown in the presence of osteoclastogenic
factors that were either administered exogenously or provided
by co-cultured osteoblasts. Consistent with the lack of fibrillin
expression in progenitor and differentiated osteoclasts
(http://biogps.gnf.org/#goto), control and mutant BMM cul-
tures yielded identical numbers of tartrate-resistant acid
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phosphatase (TRAP)-positive multinucleated osteoclasts
(Fig. 4A). Normal numbers of TRAP-positive cells were
noted in both 5- and 7-day cultures of mutant BMMs, thus
excluding a potential change in the rate of osteoclast

differentiation (data not shown). In contrast, osteoclastogen-
esis was significantly augmented when either Fbn1mgR/mgR or
wild-type BMMs were co-cultured with mutant but not with
control osteoblasts (Fig. 4B).The increased ability of mutant

Figure 1. Impaired bone remodeling in Fbn1mgR/mgR mice. (A) Representative von Kossa staining and mCT images of vertebral sections from 3-month-old male
wild-type (WT) and Fbn1mgR/mgR (MT) mice, with histograms below summarizing the measurements of BMD, BV/TV and trabecular thickness (Tb.Th), number
(Tb.N) and space (Tb.Sp) in WT (black) and MT (gray) samples. (B) Illustrative examples of dual-calcein labeling in tibias of 3-month-old WT and MT mice,
with histograms below summarizing BFR values and osteoblast number per bone perimeter, as well as levels of urinary Dpd cross-links and osteoclast number
per trabecular bone perimeter in these samples. (C) Illustrative images of GFP expression in tibial sections from newborn WT and MT mice harboring the pOB-
Col2.3GFP transgene. (D) Representative TRAP-stained parietal bones sections of WT and MT calvarias after LPS-induced osteolysis (bar ¼ 50 mm); below are
magnified views (×20) of the above images, with arrows pointing to TRAP-positive cells and bar graphs summarizing the relative percent of bone resorption in
each sample. Error bars signify +SD and asterisks indicate statistically significant differences (P , 0.05) between genotypes.
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osteoblasts to promote BMM osteoclastogenesis correlated
with a greater ratio than normal between the transcripts
coding for the osteoclastogenic factor RANKL and the
RANKL decoy OPG (Fig. 4C). Collectively, these ex vivo ana-
lyses suggested that reduced BMD in Fbn1mgR/mgR mice is
largely due to enhanced osteoblast-supported osteoclast
activity, and that the improper maturation of Tsk/+ osteoblasts
manifests the specific outcome of this unusual Fbn1 mutation
rather than the general mechanism of osteopenia in MFS (21).
Additional ex vivo and in vivo experiments, respectively,
documented that chemical inhibition of TGFb receptor I
(ALK5) kinase activity fully normalizes the Rankl/Opg ratio

in cultured Fbn1mgR/mgR osteoblasts, and reduces the higher
than normal trend of the Rankl/Opg ratio in Fbn1mgR/mgR

bones (Fig. 4C and D). Taken together, these data implicated
promiscuous TGFb signaling as a proximal event in pathologi-
cally enhanced osteoblast-supported osteoclastogenesis in
mouse models of MFS.

Losartan improves aortic wall degeneration but not bone
loss in Fbn1mgR/mgR mice

The above evidence prompted us to compare the effects of
losartan and alendronate on aortic wall degeneration and
loss of bone mass in Fbn1mgR/mgR mice, as the former AT1R
antagonist has been shown to improve TGFb-driven aortic
aneurysm in Fbn1C1039G/+ mice and bisphosphonates such as
alendronate are widely used anti-resorptive drugs that target
osteoclast activity (4,33). In vitro analyses first documented
the presence of comparable amounts of AT1R in mutant and
control osteoblasts and aortic smooth muscle cells (SMCs),
in addition to confirming the receptor ability to respond to
Ang II by activating p38 MAPK in SMCs and ERK1/2 in
osteoblasts (Fig. 5) (34,35). The latter assays also revealed
that AT1R signaling is greater and lower than controls in
mutant SMCs and osteoblasts, respectively (Fig. 5). The

Figure 2. Normal maturation of Fbn1mgR/mgR osteoblasts. (A) Illustrative von
Kossa staining of calvarial osteoblasts from wild-type (WT) and Fbn1mgR/mgR

(MT) mice cultured for 21 days after osteoinduction, with histograms below
summarizing the number of mineralized nodules in each sample. (B) qPCR
estimates of indicated mRNA transcripts in differentiating WT and MT osteo-
blast cultures. Error bars signify +SD.

Figure 3. Elevated TGFb and BMP activity in mutant osteoblast cultures.
(A) TMLC-based assessments of the amount of active (left) and total (right)
TGFb at day 4 of maturation of wild-type (WT) and Fbn1mgR/mgR (MT) osteo-
blast cultures. (B) C2C12BRA-based evaluation of BMP activity in con-
ditioned media, without and with the BMP antagonist noggin, from day 4
differentiating WT and MT cultures. (C) qPCR estimates of Bmp transcripts
at day 4 after osteoinduction of WT and MT osteoblast cultures. Error bars
signify +SD and asterisks indicate statistically significant differences (P ,

0.05) between genotypes and experimental samples.

Figure 4. Increased osteoclastogenic potential of mutant osteoblasts.
(A) Illustrative images of wild-type (WT) and Fbn1mgR/mgR (MT) BMMs dif-
ferentiated in the presence of pro-osteoclastogenic factors; (B) illustrative
magnified images of WT or MT BMMs co-cultured with WT or MT osteo-
blasts (Ob). In both panels, arrows point to TRAP-positive cells and bar
graphs summarize the number of TRAP-positive multinucleated cells per
square centimeter in the various samples. qPCR estimates of the ratio of
Rankl and Opg transcripts in (C) WT (black) and MT (white) osteoblasts cul-
tured in the absence and in the presence of the ALK5 kinase inhibitor
SB431542 and in (D) tibias from WT and MT mice systemically treated for
2 months with either vehicle or the ALK5 kinase inhibitor SD-208. Error
bars represent +SD and asterisks signify statistically significant differences
(P , 0.05) between genotypes and experimental samples.
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reason of these differences was not investigated further in the
present study. Next, 8-week-long treatment of Fbn1mgR/mgR

mice with losartan showed a significant improvement in
aortic wall architecture, but no appreciable changes in critical
parameters of bone mass (Fig. 6A and B). Eight additional
weeks of losartan treatment yielded nearly the same values
for elastic fiber fragmentation, BMD and BV/TV as did the
shorter regimen (Fig. 6A and B). In contrast, aortic enlarge-
ment in Fbn1mgR/mgR mice (21% larger vessel diameter than
normal; n ¼ 7, P , 0.05) was more than halved (to 8%
larger vessel diameter than controls) and nearly normalized
by the 8- and 16-week-long losartan treatment, respectively
(n ¼ 8, P , 0.05). As expected, systemic administration of
alendronate normalized BMD and BV/TV, but had no effect
on aortic wall architecture in Fbn1mgR/mgR mice (Fig. 7A
and B). Collectively, these results confirmed the beneficial
impact of losartan on aneurysm progression in a more severe
mouse model of MFS than the one previously interrogated
(4), but failed to show any significant effect on parameters
of bone metabolism.

DISCUSSION

Several factors limit proper assessment of BMD in adult and
pediatric MFS patients (12–20). As a result, the potential con-
tribution of osteopenia to age-related complications in this
condition remains uncertain and the application of bone repla-
cement therapies is generally viewed as premature (11). Like-
wise, analyses of two Fbn1 mutant mouse lines have yielded
conflicting data regarding the cellular mechanisms responsible
for bone loss (21–23). The present study employed a strain of
Fbn1 mutant mice that models progressively severe, adult
lethal MFS to demonstrate that (i) increased bone resorption
is the main contributor to loss of bone mass in Fbn1 mutant
mice; (ii) this phenotype correlates with TGFb-dependent

stimulation of osteoblast-driven osteoclastogenesis; and (iii)
losartan treatment has no beneficial impact on bone loss.
Together, these findings shed new light on the pathogenesis
and possible treatment of low bone density in MFS.

Normal maturation of Fbn1mgR/mgR osteoblast cultures in the
presence of enhanced signaling by both TGFb and BMPs is in
accordance with the notion that the relative balance, rather
than the absolute amount, of these cytokines regulates the
BFR by balancing the pools of progenitor and mature osteo-
blasts (36). In this view, perturbations of this physiological
balance would lead to bone loss by either accelerating or
slowing osteogenic differentiation. These considerations,
together with limited information from SSS patients and
Tsk/+ mice, provide a reasonable basis to speculate how
different Fbn1 mutations might impact osteogenic differen-
tiation during bone formation. SSS mutations cluster around
the sole integrin-binding RGD sequence of fibrillin-1,
whereas the Tsk mutation generates longer fibrillin-1 mol-
ecules with duplicated RGD sequences (21,27). Current evi-
dence suggests that perturbed integrin-directed fibrillin-1
assembly in SSS mutations leads to excessive microfibril
deposition and consequently, greater latent TGFb concen-
tration and signaling (25–27). The RGD duplication in Tsk
fibrillin-1 may trigger the same cascade of events without
however altering the ability of fibrillin-1 to regulate BMP
bioavailability. In this scenario, normal and delayed matu-
ration of Tsk/+ and Fbn1mgR/mgR osteoblasts might respect-
ively reflect unbalanced versus balanced elevation of TGFb
and BMP signaling.

Release of ECM-bound TGFb and BMP signals also con-
tributes to bone mass maintenance by modulating osteoclast
activity directly or indirectly through osteoblast production
of pro- and anti-osteoclastogenic factors (37). Our results
argue for an indirect effect of heightened TGFb signaling on
bone mass maintenance in MFS. In vivo evidence includes
the findings that Fbn1mgR/mgR mice excrete larger amounts of

Figure 5. Normal AT1R levels and signaling in mutant cells. Representative immunoblots of AT1R protein levels (top) in wild-type (WT) and Fbn1mgR/mgR

(MT) vascular smooth muscle cells (SCMs) and calvarial osteoblasts (Ob) (A and B, respectively), as well as representative immunoblots of activated and inac-
tivated MAPKs in the two WT and MT cell types that were cultured with the indicated amounts of Ang II (each set of MAPK immunoblots represents the same
exposure time of WT and MT samples run together in the same gel electrophoresis).
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a bone degradation marker and respond more strongly to
experimentally induced osteolysis. Ex vivo evidence includes
the observations that Fbn1mgR/mgR osteoblasts display greater
osteoclastogenic properties and higher Rankl expression. Fur-
thermore, chemical inhibition of TGFb signaling substantially
reduces Rankl up-regulation both in mutant bones and in cul-
tured osteoblasts. The mechanism whereby losartan lowers
TGFb signaling is unclear due to our limited understanding
of Ang II-dependent and -independent AT1R signaling (38–
41). In spite of human and animal evidence suggesting that

angiotensin-converting enzyme inhibitors reduce the risk of
bone fractures (42,43), the role of ARBs in bone metabolism
remains controversial (35,44–46).

The efficacy of losartan treatment in mice with severe MFS
was evaluated with respect to bone density and aortic aneur-
ysm using a daily dose (100 mg/kg) that fulfilled the following
requirements: (i) it is nearly double the maximum dose
(60 mg/kg) administered to mice with milder MFS (4); (ii) it
corresponds to �7-fold higher exposure to the active metab-
olite in mice than in adult humans who are treated with a
daily dose of 150 mg, once these dosages are corrected for
species-specific differences in drug metabolism [http://
www.merck.com/product/usa/pi_circulars/c/cozaar/cozaar_pi.
pdf (47)]; and (iii) the onset and duration of treatment are
earlier and longer, respectively, than those previously used
to study ARB action on rodent bone density (44). In spite of
these considerations, losartan treatment was ineffective in

Figure 6. Differential effects of losartan treatment on mutant bones and aortas.
(A) Illustrative images of Weigert (elastin)- or Masson trichrome (collagen)-
stained cross-sections of ascending aortas from 2- and 4-month-old wild-type
(WT) and Fbn1mgR/mgR (MT) mice untreated and treated with losartan for
8 weeks. Bar ¼ 50 mm, and histograms below summarize the estimated
number of elastic fiber free ends per millimeter square in controls and MT
mice treated with losartan for 8 or 16 weeks. (B) Representative mCT scans
of vertebral sections from WT and MT mice untreated and treated with losar-
tan for 8 weeks. Histograms below summarize BMD and BV/TV values in
controls and MT mice treated with losartan for 8 or 16 weeks. Whereas no sig-
nificant changes in bone quality were noted in WT mice treated for 8 weeks,
there was a proportional decrease in bone quality in losartan-treated WT and
MT mice, perhaps indicative of the natural aging process and/or the negative
impact of the drug on bone remodeling (data not shown). Error bars represent
+SD and asterisks signify statistically significant differences (∗P , 0.05 and
∗∗P , 0.00001).

Figure 7. Differential effects of alendronate treatment on mutant bones and
aortas. (A) Illustrative images of Weigert (elastin)-stained cross-sections of
ascending aortas from 3-month-old wild-type (WT) and Fbn1mgR/mgR (MT)
mice untreated and treated with alendronate. Bar ¼ 50 mm, and histograms
below summarize the estimated number of elastic fiber free ends per unit
surface in control and experimental samples. (B) Representative mCT scans
of vertebral sections from 3-month-old WT and MT mice untreated and
treated with alendronate. Histograms below summarize BMD and BV/TV
values in controls and mutant mice. Consistent with the anti-resorptive prop-
erties of bisphosphonates, a proportional improvement of bone quality was
also observed in WT-treated mice (data not shown). Error bars represent
+SD and asterisks signify statistically significant differences (∗P , 0.05
and ∗∗P , 0.00001).
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improving osteopenia in Fbn1mgR/mgR mice. The complex
interplay between TGFb and other local and/or systemic deter-
minants of bone homeostasis or poor bone penetration of
losartan are all potential factors that may account for this
negative result. Irrespectively, our results support the notion
that a multifaceted treatment strategy is probably required to
improve the full clinical spectrum of MFS manifestations.
Along these lines, consideration should be given to the possi-
bility that blunting TGFb activity in MFS bones could result
in unopposed high BMP signaling, which would deplete the
pool of osteoprogenitors earlier than expected with negative
effects on the long-term maintenance of physiological bone
mass. Unlike prior studies using a milder mouse model of
MFS in which losartan normalized both aortic structure and
growth (4), treatment of Fbn1mgR/mgR mice showed suppres-
sion of aneurysm progression that was out of proportion to
the degree of architectural protection. In this light, elastic
fiber integrity (a parameter with historic focus) may be an
inadequate or incomplete surrogate for aneurysm predisposi-
tion. It is also possible that inhibition of medial degeneration
in severe MFS may require higher losartan dosage and/or tar-
geting additional disease-causing events. A better understand-
ing of the mechanisms responsible for and the phenotypic
consequences of dysregulated TGFb and/or BMP signaling
will facilitate the development of comprehensive therapeutic
strategies for MFS and perhaps, related disorders of the con-
nective tissue.

MATERIALS AND METHODS

Ethics statement and statistics

Mice were handled and euthanized in accordance with
approved institutional and national guidelines. Triplicates of
individual samples were analyzed in all experiments and stat-
istical significance was evaluated by an unpaired t-test assum-
ing significant association at P , 0.05, compared with control
samples.

Mice and drug treatments

Fbn1mgR/mgR mice (C57BL6J genetic background) and age-
and gender-matched wild-type littermates were employed
(29). Transgenic mice pOBCol2.3GFP were generously pro-
vided by Dr D. Rowe and analyzed as described (30). For
quantitative real-time PCR (qPCR) estimates of Rankl
expression in vivo, mutant and wild-type mice (n ¼ 3
animals per genotype and treatment) were systemically
treated with the ALK5 inhibitor SD-208 (60 mg/kg; Tocris
Biosciences) or vehicle (1% methylcellulose, Sigma-Aldrich)
twice daily for 2 months. For analyses of drug efficacy on
bone and vascular phenotypes, 10-day-old wild-type and
mutant mice were treated for 8 or 16 weeks (n ¼ 6 and n ¼
4 per genotype, respectively) with vehicle (Ora-Plus;
Paddock Laboratories) or losartan (100 mg/kg/dose) by daily
gavage. One-month-old wild-type and mutant mice (n ¼ 5
per genotype) were treated for 8 weeks with vehicle (sterile
phosphate-buffered saline) or alendronate (40 mg/kg/dose) by
bi-weekly intraperitoneal injections. Alendronate treatment
was started 20 days later than losartan to minimize inhibiting

osteoclast activity during bone modeling. At the end of each
drug treatment, mice were sacrificed and lumbar vertebras
and ascending aortas were harvested and analyzed.

Bone mCT and histomorphometry

Formalin-fixed vertebras of wild-type and mutant mice (n ≥ 6
per genotype) were isolated and scanned using eXplore Locus
SP mCT system (GE Medical Systems) with an isotropic voxel
resolution of 9 mm. Scans were normalized using a density
calibration phantom containing air, water and a hydroxyapatite
standard (SB3; Gammex RMI) to determine BMD and BV/
TV. Images were analyzed using data acquisition software
(Evolver), image reconstruction software (Beam) and visual-
ization and analysis software (Microview). A region compris-
ing 400 transverse mCT slices, including the entire medullary
volume with a border lying �100 mm from the cortex, was
used for all analyses. Bone histomorphometry was performed
on serial 7 mm-thick tissue sections (n ¼ 6 per genotype and
assay) embedded in methylmethacrylate (MMA) using a
Leica microscope (Model DMLB) with the aid of the Osteo-
measure analysis system (Osteometrics). MMA sections
stained by von Kossa were used for independent BV/TV
evaluation. Osteoblast and osteoclast number per bone per-
imeter (N.Ob/B.Pm; N.Oc/B.Pm) was evaluated in sections
stained with toulidine blue or TRAP, respectively. BFR was
evaluated in MMA sections from mice injected with 25 mg/kg
calcein 10 and 2 days prior to being sacrificed. Pyrilinks-D
immunoassay (Metra Biosystems) was used to evaluate Dpd
cross-links in morning urine of mutant and control mice (n ¼ 4
per genotype) and normalized to urine creatinine.

In vivo osteolysis assay

Titanium particles with adherent LPS (8 × 106 particles/ml;
Johnson Matthey) or vehicle (25 ml PBS) were implanted on
the surface of parietal bones of anesthetized 4-week-old WT
and Fbn1mgR/mgR mice (31). Calvariae were harvested and pro-
cessed for histology a week after surgery; the extent of osteo-
lysis (percentage of resorbed bone over total bone area) was
determined on TRAP-stained parietal bone sections using
NIH Image J analysis software (n ¼ 4 per genotype).

Aorta histomorphometry

Aortas were fixed overnight in 4% paraformaldehyde at 48C
and processed for paraffin embedding (4,27). Serial
7 mm-thick sections (n ¼ 4 per genotype) were generated at
the level where the pulmonary artery courses behind the
ascending aorta and stained with the Weigert solution
(elastic fibers) or Masson’s trichrome solution (collagen
fibers). Two individuals, blinded to the genotype, identified
and counted the number of free ends along the elastic lamellae
at four equal intervals in sections of the entire ring of the
ascending aorta. This approach was applied to two equally dis-
tanced rings along the vessel length of each mouse. Aortas
were imaged under a stereomicroscope for diameter measure-
ment using NIH Image J software; 10 measurements of the
aortic diameter were taken at equal intervals of the ascending
aorta starting at the root and then averaged (4,28).
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Cell culture assays

Osteogenic differentiation assays employed primary osteo-
blasts isolated from the calvarias of 2–4-day-old mutant and
wild-type mice (n ≥ 6 per genotype) and cultured as described
(31). Mineral deposits were visualized at day 21 by von Kossa
staining/van Geison counter-staining and quantified using
MetaMorph imaging software (Molecular Devices). For osteo-
clast differentiation (n ¼ 3 per genotype), BMMs isolated
from the long bones of 6–8-week-old wild-type and mutant
mice were seeded on 48-well plates alone and cultured in
the presence of 30 ng/ml macrophage colony-stimulating
factor (R&D Systems) and 50 ng/ml recombinant RANKL
(Sigma-Aldrich), or together with primary calvarial osteo-
blasts under described conditions (31). Multinucleated TRAP-
positive cells were counted using NIH Image J software. Total
protein extracts from primary aortic SMCs and calvarial osteo-
blasts (n ¼ 3 per genotype and cell type) cultured without and
with 0.1 or 1 mM Ang II (Tocris Biosciences) were prepared
and analyzed by western blot analysis using antibodies
against AT1R (Santa Cruz Biotechnology), b-actin
(Sigma-Aldrich) and phosphorylated and unphosphorylated
MAPKs p38 and ERK1/2 (Cell Signaling Technology) as
described previously (48).

RNA analyses

qPCR employed 1 mg of total RNA purified from different
samples or experimental conditions (n ¼ 4 per genotype and
assay) and SYBR Green Supermix with ROX (6-carboxy-
X-rhodamine; Fermentas) on a Mastercycler ep Realplex
instrument (Eppendorf). All qPCR primer sets were purchased
from SuperArray Biosciences Corporation (b-Actin,
PPM02945A; Bmp2, PPM03753A; Bmp4, PPM02998E;
Bmp7, PPM03001B; Ccnd1, PPM02903E; Cmyc,
PPM02924E; Col1a2, PPM04448E; Fbn2, PPM26052A;
Opg, PPM03404E; Osx, PPM35999A; Rankl, PPM03047E).
Thermal cycling conditions were 958C for 10 min followed
by 40 cycles consisting of 958C for 15 s denaturation, 608C
for 30 s annealing and 728C for 30 s extension. Some qPCR
assays (n ¼ 3 independent assays per genotype) were also per-
formed on RNA extracted from osteoblasts cultured for 4 days
in the presence of the ALK5 inhibitor SB431542 (1 mM;
Sigma-Aldrich). All qPCR analyses were performed in tripli-
cate, normalized against b-Actin mRNA and expressed rela-
tive to the indicated controls arbitrarily averaged as 1 unit.

TGFb and BMP bioassays

Active TGFb levels were measured in calvarial osteoblasts
co-cultured with TMLC cells, whereas total TGFb levels
were measured by incubating TMLC with heat-activated con-
ditioned media from the same osteoblasts (n ¼ 7 per genotype
and assay) (49). Both tests were carried out in reduced serum
conditions (DMEM containing 0.1% BSA). Absolute amounts
of TGFb (pg/ml) were evaluated by comparing reporter gene
values with luciferase units (RLU) of TMLC treated with
increasing doses of rhTGFb1 (R&D Systems). BMP bioassays
were similarly carried out by measuring RLU of C2C12BRA
cells incubated with osteoblast-conditioned media with or

without noggin (100 ng/ml; Sigma-Aldrich) (n ¼ 3 per geno-
type and assay) (50). BMP activity was expressed as relative
fold of luciferase induction compared with wild-type levels
arbitrarily averaged as 1 unit.
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