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Summary. Oxidative stress in bone increases with age,
which leads to bone frailty and a high fracture risk.
Animal models show that early changes in trabecular
structure occur in age-related osteopenia. These models
might be valuable to assess the contribution of oxidative
stress in age-related bone loss. Premature aging mice
(PAM) have previously been characterized as a model of
premature immunological and neurological senescence.
PAM long bones (mainly consisting of cortical bone)
display features of aging bone. Thus, we aimed to
evaluate the vertebrae, representing a unique poorly
loaded type of trabecular bone in mice, in PAM and no
PAM (NPAM) controls. PAM showed an anxious
behaviour, based on physical activity evaluation. These
mice had decreased bone mineral density (0.078 mg/cm?
in NPAM vs 0.070 g/cm2 in PAM; p<0.05); a decreased
number of osteocytes per bone field (404+36 in NPAM
vs 320+27 in PAM; p<0.01); and downregulation of
various osteoblastic genes and low eroded surface/bone
surface, 4.2+0.5 in NPAM vs 1.9+0.2 in PAM; p<0.01).
This was associated with increased expression of
oxidative stress markers, Foxol and GADD45, in PAM
vertebrae. Mesenchymal progenitors in the bone marrow
of PAM have a poor mineralization capacity (assessed
by the number of mineralized nodules and suface), and
showed a lower response to an osteogenic input -
represented by parathormone-related protein-, compared

to NPAM. Collectively, these results indicate that PAM
vertebrae show osteopenia related to diminished bone
formation and remodeling. Our findings further support
the validity of PAM as a suitable model for involutional
osteoporosis and its treatment.
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Introduction

Osteoporosis is a major health concern in developed
countries. The number of subjects suffering from this
disease is increasing, with dramatic social and economic
consequences to the health care systems (Reginster and
Burlet, 2006). Aging together with estrogen depletion
and an increased use of glucocorticoid-based
medications have been related to this high osteoporosis
prevalence (Kemink et al., 2000; Almeida et al., 2007b;
Hofbauer et al., 2010).

Different approaches are envisioned to prevent the
onset of osteopenia, including physical activity, which
has been shown to improve bone quality both in rodents
and humans (Umemura et al., 1997; Cullen et al., 2000;
Heinonen et al., 2001; Wilks et al., 2009). This
beneficial effect is a consequence of the so called
“mechanosensing mechanisms” whereby bone can sense
and translate mechanical stimuli into osteogenic
responses (mechanotransduction) (Frost, 1987).

Aging might be explained as a imbalance between
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the cellular levels of oxidants and antioxidants,
according to the oxidation-inflammation hypothesis
(Harman, 1956; De la Fuente and Miquel, 2009).
Reactive oxygen species (ROS), namely superoxide
(027), hydroxyl radical (OH~) and oxygen peroxide
(H,0,), occur physiologically coupled to various
intracellular signalling pathways (Janssen-Heininger et
al., 2008). However, an excess of ROS production due to
increased oxidative stress causes cellular damage leading
to an impairment of cell physiology and eventually cell
death (De la Fuente et al., 2005). Recent studies have
demonstrated that ROS induce osteoblast apoptosis
through an increased p665"® phosphorylation (Almeida
et al., 2007a; Jilka et al., 2010), and a decrease of
osteoblast differentiation by hampering the osteogenic
Wnt/B-catenin pathway (Almeida et al., 2007a). The
latter is accounted for by diversion of B-catenin from
TCF transcription elements to sequestration by forkhead
box protein O (FoxO) transcription factors (Almeida et
al., 2007a; Hoogeboom et al., 2008).

Premature aging mice (PAM) have been
characterized as showing a poor response to stress
related to neurological and immulogical features and
increased ROS levels similar to those present in old mice
and decreased life span (Guayerbas et al., 2002;
Guayerbas and De La Fuente, 2003; De la Fuente, 2010;
De la Fuente and Gimenez-Llort, 2010). It has been
recently reported that PAM also exhibit phenotypic and
genotypic characteristics of aging mice in their long
bones (Portal-Nufez et al., 2013).

The present study was aimed to further assess the
bone status of PAM. Since age-related osteopenia has
been shown to occur early in mice and humans, mostly
at the expense of a decline in trabecular structure (Glatt
et al., 2007; Khosla et al., 2011), we focused on vertebral
bone. In contrast to the long bones, vertebrae consist of
mainly trabecular bone, and are not particularly prone to
putative confounding effects of mechanical loading in
mice.

Materials and methods
Mice

Adult female mice (24+2 week old) IRC/CD-1 were
purchased from Harlan Ibérica (Barcelona, Spain). Mice
were pathogen free, as tested by Harlan according
to Federation of European Laboratory Science
Associations’ recommendations, and maintained (five
animals/case) in a temperature-controlled room
(22+2°C), with a 12-h light/dark reversed cycle. All
mice were fed standard Sander Mus pellets (AO4 diet,
Panlab, Barcelona, Spain) and tap water ad libitum. Our
protocol was approved by the Institutional Animal Care
and Use Committees at the Instituto de Investigacion
Sanitaria (IIS)-Fundacién Jiménez Diaz and UCM,
following European Union guidelines and directives
(86/6091 ECC).

Animals were sorted out as PAM or no PAM

(NPAM) as previously described (Guayerbas et al.,
2002; Guayerbas and De La Fuente, 2003). Briefly, mice
at 29+2 weeks of age (4 weeks after arrival to the
Animal Facility for quarantine and adaptation to the
environment, according to Institutional well-being
animal handling rules) were tested once a week for 4
consecutive weeks in a T-shaped maze. This apparatus
essentially consists of three arms (10-cm wide, 25-cm
long, and 10-cm high, each arm) made of wood covered
in their internal face with black metacrylate. The floor is
made of cylindrical aluminum rods (3-mm thick), placed
perpendicularly to the side walls. To perform the test, the
mouse was placed inside the vertical arm of the maze
with its head facing the end wall. These tests were
carried out between 9:00 and 11:00 h to minimize
circadian variations, under red light. PAM were defined
as those that complete the exploration in more than 10
seconds in all tests. Adult PAM (33+2 weeks old) and
their NPAM counterparts, as well as NPAM at 15
months of age (aging mice controls) (n=8 per age/mouse
type) were used.

PAM and NPAM mice were distributed in four cages
(two animals per cage), respectively. The voluntary
exercise was determined by a running wheel attached to
the side wall of a standard cage and the distance
(kilometers, Km), the time spent running (hours, h) and
the average speed (Km/h) were measured daily for 7
days, using a magnetic sensor (Pareja-Galeano et al.,
2012; Smythe and White, 2012).

After sacrifice by vertebral dislocation, mouse L1-
L5 vertebrae were removed and cleaned of soft tissue,
and snap-frozen and kept in liquid nitrogen until
processing for histology (L1-L4) or total RNA extraction
(L5). Immediately after sacrifice, bone marrow was
flushed out from both tibiae and femora for cell culture,
as previously described (Lozano et al., 2009; De Castro
etal.,2012).

Bone densitometry

Bone mineral density (BMD) and bone mineral
content (BMC) were determined in the dissected
vertebrae (L1-L5) and tibiae by Dual-Energy X-ray
absorptiometry using PIXImus (GE Lunar Corp.,
Madison, WI, USA). The PIXImus sotfware calculates
the aforementioned parameters with a coefficient of
variation 2%, and data are recorded in Microsoft Excell
files (Microsoft Corp., Redmond, WA, USA) (Lozano et
al., 2009)

Real time PCR

Total RNA was extracted from L5 samples with
Trizol (Invitrogen, Groningen, The Netherlands).
Synthesis of cDNA was performed using the high
capacity cDNA reverse transcription kit following the
manufacturer’s instructions (Applied Biosystems, Foster
City, CA, USA). Real-time PCR was performed in an
ABI PRISM 7500 system (Applied Biosystems) using
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Premix ex Taq (Takara, Otsu, Japan) as described
(Lozano et al., 2009). TagMan MGB probes were
obtained from Applied Biosystems (Assay-by-
Design®M) for gene amplification of FoxO1, growth
arrest and DNA damage 45 (GADD45), osterix (OSX),
osteoprotegerin (OPG), receptor activator of nuclear
factor kappa-B ligand (RANKL) and runt-related
transcription factor 2 (Runx2). The mRNA copy
numbers were calculated for each sample using the cycle
threshold (Ct) value, and normalized against 18S rRNA,
as reported previously (Livak and Schmittgen, 2001;
Lozano et al., 2009), and results were expressed as n-
fold mRNA values vs corresponding levels in adult
NPAM.

Bone histology and histomorphometry

The vertebral specimens (L1-L.4) were dehydrated in
graded ethanols and embedded in methylmethacrylate.
Seven micron-thick sagittal longitudinal sections of the
vertebrae were obtained with a rotation microtome for
hard materials (Leica RM2255, Leica Microsystems,
Nussloch, Germany), which were then stained with
Goldner's trichrome. Histomorphometric measurements
were performed using a light microscope with reticule-
mounted eyepiece grid, and the following parameters
were calculated according to the American Society for
Bone and Mineral Research recommendations (Parfitt et
al., 1987): bone volume per total tissue volume ratio
(BV/TV), trabecular thickness (Tb.Th), trabecular
separation (Tb.Sp), trabecular number (Tb.N), erosive
surface per bone surface (ES/BS), osteoclast surface per
bone surface (OcS/BS), number of osteoclasts per
trabecular bone area (nOc/TA), osteoid volume/total
tissue volume (OV/TV) and osteoid surface/bone surface
(OS/BS) (Lozano et al., 2009; Nuche-Berenguer et al.,
2011). The total number of osteoblasts per vertebra in
each animal was also determined, and then the mean was
calculated. The number of osteocytes were counted in
four randomly selected bone areas per vertebrae at 200x
magnification, calculating the mean per bone field. All
histological evaluations were performed by at least two
independet observers in a blinded fashion and the
corresponding mean score + standard error of mean
(SEM) value was obtained for each mouse.

Bone marrow stromal cells (BMSCs) cultures

BMSCs were obtained from the intact tibiae and
femora of PAM and NPAM at the time of sacrifice, as
described previously (Lozano et al., 2009; De Castro et
al., 2012). Briefly, the bone marrow was flushed out
with a-Minimal Essential Medium containing 15% fetal
bovine serum, 1% penicillin-streptomycin, and cell
suspensions were prepared by aspirating the marrow
through a 25-gauge needle. After centrifugation at
1500xg for 5 min, the cell pellets were resuspended in
the same medium, and viable cells (by Trypan blue

exclusion) were seeded at 1-2.5x10° cells per well onto
six-well plates in 5% CO, at 37°C. Differentiation
medium (the same medium with 50 ug/ml ascorbic acid
and 10 mM B-glycerophosphate) was added at day 3.
Half of the volume of the cell-conditioned medium was
exchanged every other day and, at the same time, PTHrP
(1-36) was added at a final concentration of 100 nM to
the corresponding wells. After 21 days, formed colonies
were fixed with 75% ethanol, and matrix mineralization
was determined by staining with 40 mM alizarin red S,
quantifying the number of nodules, the total mineralized
surface and the surface of mineralized nodules, using
Photoshop cs 8.0.1 (Adobe Systems, San José, CA), as
previously described (Lozano et al., 2009).

Statistics

Results are expressed as mean + SEM throughout
the text. Differences between experimental and control
conditions were analyzed by using two-tail t-test or
Mann-Whitney test, when appropriate. p<0.05 was
considered significant. Statistical analysis was
performed using statistical software (GraphPad InStat™
V2.04a).

Results

PAM vertebrae in contrast to long bones exhibit
osteopenia

We first used DEXA to assess the status of bone in
vertebrae (L1-L5) in NPAM and PAM (Table 1). PAM
Vertebrae, which mainly consist of trabecular bone,
display a reduction in BMD and BMC compared with
corresponding NPAM. On the other hand, the tibiae from
these mice -which were evaluated as control for changes
in vertebrae in the same mice- showed a higher BMD
than in those of their NPAM counterparts (Table 1). We
hypothesised that the observed BMD differences might
be due to the increased physical activity of PAM by their
anxious behaviour. In fact, PAM showed more activity,
based on evaluating running time and speed, and run
distance, than their NPAM counterparts (Fig. 1).

Table 1. BMD and BMC in the tibia and vertebrae from PAM and
NPAM.

Localization Parameter NPAM PAM

Column (L1-L5) BMD (g/cm2) 0.078+0.002  0.070+0.001*
BMC (g) 0.040 0.035*

Tibia BMD (g/cm2) 0.065+0.001 0.071+0.001*
BMC (g) 0.023+0.001 0.026+0.001

BMD: Bone mineral density; BMC: Bone mineral content. Values
represent mean+SEM (n=8); *p<0.05 vs NPAM.
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Fig. 1. PAM show more physical activity than NPAM. Graphics
represent the distance (Km), time (hours) and speed (Km/h) developed
by NPAM and PAM in a voluntary exercise in a running wheel attached
to the side wall of a standard cage, measured using a magnetic sensor
daily for 7 days. Mean + SEM of data corresponding to 8 mice/group.
*p<0.05 and **p<0.01 vs NPAM.

PAM vertebrae display low bone remodelling

We found a significant decrease in ES/BS as well as
in OcS/BS and nOC/TA in L1-L4 of PAM vs NPAM
(Table 2). On the other hand, a significant increase in the
total number of osteoblasts occurred at this skeletal site
in PAM. This increased abundance of osteoblasts was
not accompanied by an augmented number of
osteocytes, which was lower in PAM than in NPAM.
Furthermore, less osteoid (newly formed non-

Table 2. Histomorphometric analysis of L1-L4 vertebrae in NPAM and
PAM.

Parameter NPAM PAM
BV/TV (%) 24.8+1.5 27.1+1.6
TbTh (um) 86.5+4.1 102.4+7.8
Tb Sp (um) 27122 275.5+13.8
Tb N (mm-") 2.9+0.2 2.7+0.1
ES/BS (%) 4.2+0.5 1.9+0.2**
Ocs/BS (%) 1.320.2 0.7+0.1*
N.Oc/TA (mm2) 0.5+0.1 0.2+0.1*
N Obs 8+2 17+2*

N Ost 404+36 320+£27**
OV/TV (%) 0.3+0.09 0.06+0.04*
OS/BS (%) 2+0.8 0.3+0.13*

BV/TV (%): Bone volume/total tissue volume; TbTh: trabecular
thickness; Tb Sp: trabecular separation; Tb N: trabecular Number;
ES/BS: Erode surface/Bone surface; Ocs/BS: osteoclast/bone surface;
N.Oc/TA: Osteoclast number/trabecular area; N.Obs: Total number of
osteoblasts per vertebra; N.Ost: Number of osteocytes per field. OV/TV:
Osteoid volume/total tissue volume; OS/BS: Osteoid surface/bone
surface. Values represent mean+SEM (N=8/group). *p<0.05 and
**p<0.01 vs NPAM.

Fig. 2. Vertebrae show more
osteoid surface in NPAM than
in PAM. Stars (*) denote the
birefringence of osteoid under
polarized light. Representative
images of a vertebrae from
each group of mice (n=8).
Scale bar: 100 ym.
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mineralized bone matrix; OV/TV and OS/BS) was
evident in PAM than in NPAM (Table 2, Fig. 2).

Changes in gene expression of bone-related factors in
PAM vertebrae

The expression of FoxOl and GADD45 was
significantly increased in L5 vertebra of PAM compared
with NPAM (Fig. 3A). Gene expression of Runx2 and
Osterix, were downregulated at this skeletal site in PAM
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compared to NPAM (Fig. 3B). We found that the
OPG/RANKL mRNA ratio was up-regulated in PAM-
derived L5 (Fig. 3C, left panel), as a consequence of a
decreased RANKL gene expression (Fig. 3C, right
panel) without significant changes in that of OPG (not
shown), compared to NPAM.

BMSCs from PAM display low osteogenic differentiation
capacity

We found that the number of mineralization nodules
as well as total and nodular mineralization surfaces were
all significantly decreased in these cell cultures derived
from adult PAM, and were similar to those in BMSCs
from old NPAM (15 months of age) controls (Fig.
4A B). It was shown that PTHrP (1-36), at 100 nM, was
able to induce mineralization in these cell cultures from
both types of mice tested, although it was of lower
magnitude in those from both adult PAM and old NPAM
than that observed in adult NPAM (Fig. 4A ,B).

Discussion

In the present study, we show that adult PAM
vertebrae exhibit osteopenia as assessed by low BMD
and BMC, associated with alterations at both trabecular
structure and bone remodeling factors. In contrast, and
consistent with our previous report evaluating BMD in
the whole animal (Portal-Nufez et al., 2013), the tibia
from these mice showed an increased BMD. The
mechanostat theory states that a bone homeostatic
mechanism that responds to changes in mechanical
loading governs bone remodeling (Frost, 1987). Exercise
produces two opposite effects on bone: activation of
bone remodeling, which might result in an increased
bone density in both humans and rodents (Umemura et
al., 1997; Cullen et al., 2000; Heinonen et al., 2001;
Wilks et al., 2009), and an increase of microcracks
leading to tissue fatigue. Therefore, in advanced
involutional osteoporosis in which bone remodeling is
compromised, exercise might increase the fracture risk

* Fig. 3. Changes in the gene
T expression of different factors
in vertebrae associated with
the mouse type (NPAM or
PAM). A. Gene expression of
markers related to oxidative
stress FoxO1 and GADD45.
*p<0.05 vs NPAM (n=8). B.
Gene expression of markers
related to osteogenic status
Runx2 and osterix. *p<0.05 vs
NPAM (n=8). C. OPG/RANKL
mRNA ratio and RANKL

mRNA expression. *p<0.05 vs

NPAM NPAM (n=8).

PAM
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(Rittweger, 2006). Collectively, our recent findings
(Portal-Nufiez et al., 2013) and present data in adult
PAM are consistent with the notion that increased
physical activity caused by high anxiety in PAM (De la
Fuente and Gimenez-Llort, 2010) might account for the
increased bone mass and bone remodeling in load-
bearing long bones.

We here analyzed the status of vertebra, a bone that
is less prone to be affected by exercise than the long
bones in rodents; thus, it might define more accurately
the “basal” bone status of PAM. It was found that the
lower bone mass in PAM vertebrae than that of their
NPAM counterparts likely represents a reduction of bone
remodeling. This fact is supported by the increased ratio
of OPG/RANKL system which is a master paracrine
regulator of osteoclastogenesis (Boyce and Xing, 2008;
Kearns et al., 2008) and the apparent low resorption
activity in PAM. Our findings also indicate that poorly
differentiated osteoblasts, based on a reduced Runx2 and
Osterix gene expression, both implicated in early
osteoblast differentation (Franz-Odendaal et al., 2006),
tend to accumulate in the vertebrae of these mice. In
agreement with this contention, the number of osteocytes
(terminally differentiated osteoblasts) and the amount of
osteoid were significantly decreased in adult PAM
vertebrae as compared to those in NPAM controls. These
aggregated data indicate an altered osteoblast
differentiation and function, suggesting the existence of
a low bone remodeling status in PAM vertebrae.
However, the reason for this osteoblast differentiation
impairment is presently unknown. PAM also display
increased levels of glucocorticoids (Pérez-Alvérez et al.,
2005), which might contribute to the development of
osteopenia through favoring osteocyte and osteoblast
apoptosis (Weinstein et al., 1998, 2000). Alternately, the
apparent deficit of osteoblast differentiation in PAM
might be related to the inhibition of Wnt/-catenin
pathway a key factor in osteoblast differentiation (Glass
et al., 2005) produced by the increased oxidative stress
in PAM (Almeida et al., 2007a; Hoogeboom et al.,
2008). In this regard, in our recent report (Portal-Nufez
et al., 2013), we found that B-catenin protein was
significantly decreased in the PAM tibia.

Oxidative stress appears to have a major pathogenic
role in bone loss development (Manolagas, 2010). In this
respect, an increase in oxidative stress status has been
reported to occur in the immune system (Guayerbas and

Fig. 4. PTHrP (1-36) can compensate for the lack of differentiation in
BMSCs from PAM. BMSC cultures from adult NPAM, PAM and old
NPAM, treated or not with PTHrP (1-36) (100 nM) every other day, at
day 21. A. Representative images of alizarin red S staining are shown.
B. Changes in the number of mineralized nodules (NN), total
mineralized suface (TMS) and nodular mineralized surface (NMS) in the
different mouse groups studied. Mean + SEM (n=6 wells/group);
*p<0.05 vs NPAM control; #p<0.05 vs PAM control, $p<0.05 vs NPAM
(old) control.



1479

PAM as a model of involutional osteoporosis

De La Fuente, 2003; De la Fuente, 2010) as well as in
other organs, such as brain of PAM (Viveros et al., 2007,
De la Fuente and Miquel, 2009). Moreover, we recently
showed elevated expression of both oxidative stress-
related genes FoxO1 and catalase (Almeida et al., 2007b;
Ambrogini et al., 2010) and the pro-inflammatory
chemokine MCP-1 in PAM long bones (Portal-Nufiez et
al., 2013). Consistently, we found here an increased
oxidative stress, as denoted by a high FoxO1 and
GADDA45 overexpression, in PAM vertebrae. Of note, it
has been recently reported that KO mice for superoxide
dismutase 1 (an important mechanist of defense anti
oxidative stress) present a low bone remodeling state
(Nojiri et al., 2011). It has been shown that oxidative
stress decreases the differentiation capacity and the
number of osteoblast progenitors in the bone marrow
(Jilka et al., 1998; Manolagas, 2010; Almeida, 2011). In
the present study, we show that BMSCs isolated from
PAM exhibited less mineralization capacity than those
from NPAM when grown in an osteogenic medium.

Several studies have shown that inhibition of
oxidative stress by using common anti-oxidants can
prevent its deleterious effects in various tissues and
organs (Hughes, 1999; Kaneto et al., 1999; Lin et al.,
2008). However, in bone, most of these agents inhibit
osteoclastogenesis and the osteogenic Wnt-pathway
(Funato et al., 2006), and thus impair bone remodeling
(Lean et al., 2003; Almeida et al., 2007a). In contrast,
PTH stimulates these pathways and also exhibits anti-
oxidative stress features to induce bone accrual
(Almeida et al., 2007a,b; Jilka et al., 2010). In an attempt
to examine the osteogenic capacity of a well
characterized bone anabolic agent, namely PTHrP (1-36)
that also inhibits oxidative stress (Lozano et al., 2009;
De Castro et al., 2012; Esbrit and Alcaraz, 2013), in
aging bone, we exposed PAM and NPAM-derived
BMSC:s to this peptide in an osteoblastic differentiation
medium. Our findings demonstrate that exposure to this
peptide can increase the mineralization capacity of these
cells from both PAM and NPAM groups.

Our aggregated findings in the PAM model strongly
suggest the existence of a low turnover status in
vertebrae, a trabecular bone type poorly exposed to
mechanical stimuli in rodents. This is a different
scenario than that in humans, whose spine is prone to
bear mechanical loading. Although it should be
emphasized that trabecular bone loss already starts in
younger men and women, before a decrease of sex
steroid levels in the latter (Khosla et al., 2011).

In summary, we here demonstrate that PAM show an
anxious behaviour which might confer a certain
protection in their long bones but not in vertebrae. In the
latter bone type, PAM display a decrease in bone mass,
an impairment of osteoblast differentiation related to a
decreased bone remodeling, and their mesenchymal
progenitors exhibit a low mineralization capacity. Taken
together, our data confirm PAM as an advantageous
model for studies on the pathogenesis of involutional
osteoporosis and its treatment.
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