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Abstract

Reduced bone mineral density and hip fracture are frequently observed in patients with
Alzheimer’s disease (AD). However, mechanisms underlying their association remain poorly
understood. Amyloid precursor protein (APP) is a transmembrane protein that is ubiquitously
expressed in bone marrow stromal cells (BMSCs), osteoblasts (OBs), macrophages (BMMs), and
osteoclasts (OCs). Mutations in the APP gene identified in early-onset AD patients are believed to
cause AD. But little is known about APP’s role in bone remodeling. Here, we present evidence for
Swedish mutant APP (APPswe) in suppression of OB differentiation and function in culture and in
mouse. APP expression in BMSCs increases during aging. Ubiquitous expression of APPswe in
young adult Tg2576 transgenic mice (under the control of a prion promoter) recaptured skeletal
“aging-like” deficits, including decreased OB genesis and bone formation, increased adipogenesis
and bone marrow fat, and enhanced OC genesis and bone resorption. Remarkably, selective
expression of APPswe in mature OB-lineage cells in TgAPPswe-Ocn mice (under the control of
osteocalcin [Ocn] promoter-driven Cre) also decreased OB genesis and increased OC formation,
resulting in a trabecular bone loss. These results thus suggest a cell-autonomous role for APPswe
in suppressing OB formation and function, but a nonautonomous effect on OC genesis. Notably,
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increased adipogenesis and elevated bone marrow fat were detected in young adult Tg2576 mice,
but not in TgAPPswe-Ocn mice, implying that APPswe in BMSCs and/or multicell types in bone
marrow promotes bone marrow adipogenesis. Intriguingly, the skeletal aging-like deficits in young
adult Tg2576 mice were prevented by treatment with N-acetyl-L-cysteine (NAC),an antioxidant,
suggesting that reactive oxygen species (ROS) may underlie APPswe-induced osteoporotic
deficits. Taken together, these results demonstrate a role for APPswe in suppressing OB
differentiation and bone formation, implicate APPswe as a detrimental factor for AD-associated
osteoporotic deficit, and reveal a potential clinical value of NAC in the treatment of osteoporotic

Introduction

Alzheimer’s disease (AD) is one of the most dreaded multifactorial neurodegenerative
disorders and affects 10% of all people over 65 years of age. It is a slowly progressive
disorder, in which neurodegeneration is believed to progress for 20 to 30 years before
clinical onset.(!) Pathologically, AD is characterized by B amyloid (AB) deposits,
neurofibrillary tangles, chronic inflammation, and neuronal loss. Osteoporosis is another
multifactorial progressive degenerative disorder that is characterized by low bone mineral
density (BMD) and microarchitectural deterioration of bone tissue. Though not referred to as
one of the major complications of AD, osteoporosis and hip fracture are commonly observed
in patients with AD.(23) A positive association of manifest AD with reduced radiographic
BMD5) has been found, and an increased bone resorption (by measuring C-terminal
collagen fragments) in mild AD, which is at a level comparable to that in patients of
osteoporosis,® has been reported. Epidemiological studies also support a degree of
comorbidity of both AD and osteoporosis. Both are multifactorial, mostly polygenetic
diseases, involving susceptibility genes, aging, and environmental factors as pathogenic
mechanisms. Both involve chronic inflammatory processes and oxidative stress that play
important pathogenic roles. However, very few reports are available in the literature that
have addressed molecular mechanisms underlying their association. One hypothesis
proposed is that AD patients are generally inactive, thus consequently resulting in the
osteoporotic changes due to the disuse. This may explain their association in late-stage AD
patients, but it does not account for all the AD-associated bone loss, because reduced BMD
is found in early-stage, mild AD patients, who have cognitive deficits (e.g., memory loss)
without movement defect.(® Thus, additional mechanisms may underlie AD association
with osteoporosis/hip fracture.

AP, a major component of amyloid plaques in the brain of AD patients, is derived from
proteolytic processing of amyloid precursor protein (APP) by B- and -y-secretases.(”) It is
believed to be a major culprit for the pathogenesis of AD. APP mutations identified in early-
onset AD patients promote the generation of Ap by favoring the proteolytic processing of
mutant APP by B- or y-secretases.(®) Mutations in presenilins (major components of -y -
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secretase) identified in familial AD patients also enhance the processing of APP to form
amyloidogenic AB.(%10) These studies thus provide a genetic framework for an amyloid
hypothesis.(10) Although plasma Ap is invariably elevated in familial or early-onset AD, it
is also increased in patients with late-onset AD.(11) Human genetic analysis has pointed to
apolipoprotein E (ApoE) as a major genetic risk factor for the increased Ap in late-onset
AD.(12.13) |nterestingly, ApoE is also a genetic risk factor for osteoporosis.(14) It is also of
interest that in addition to AD, Ap deposits are detected in inclusion body myositis,(1® the
most common age-related muscle disease, and in brains of Down syndrome patients,(16) as
well as in blood vessels of cerebral amyloid angiopathy.(17:18) Increased APP is also
reported in muscles of patients with amyotrophic lateral sclerosis (ALS) and a mouse model
of ALS.(19) Thus, APP/Ap appears to be linked with multiple degenerative disorders.

Is APP or Ap a risk factor for aging-associated bone loss or osteoporosis? In another
publication?? we demonstrated a role for APP and Ap in regulating osteoclast (OC)
differentiation in vitro and in Tg2576, an AD transgenic mouse model that ubiquitously
expresses APPswe (Swedish mutant APP) under the control of a prion promoter. The
function of APPswe on OC differentiation appears to be age-dependent and biphasic, with a
slight increase of OCs in young adult Tg2576 mice (<4 months old), but a decrease of OCs
in older mice (>4 months old).(29) The increase of OC formation and activation in the young
adult Tg2576 mice appears to be weak, which cannot fully account for the bone deficit
observed in Tg2576 mice. We thus further investigated the function of APPswe in osteoblast
(OB) differentiation and bone formation. Here, we present evidence for the expression of
endogenous APP in bone marrow stromal cells (BMSCs). Exogenous expression of APPswe
in BMSCs suppresses OB differentiation in a cell autonomous manner. Although both
Tg2576 and TgAPPswe-Ocn (selective expression of APPswe in mature OB-lineage cells
under the control of Ocn-Cre) display trabecular bone loss, young adult Tg2576, but not
TgAPPswe-Ocn, showed an increase of adipogenesis and elevation of bone marrow fat,
resembling to a certain degree skeletal “aging-like” deficit. Remarkably, treatment with N-
acetyl-L-cysteine (NAC), an antioxidant, in young adult Tg2576 mice ameliorated the
skeletal aging-like phenotypes. These results thus demonstrate a deleterious effect of
APPswe on OB differentiation, implicating APP/Ap and oxidative stress as common
denominators for skeletal aging and revealing a potential clinical value of NAC in the
prevention or therapy of osteoporotic deficit associated with AD patients and/or
osteoporosis.

Subjects and Methods

Reagents and animals

APP antibody (rabbit polyclonal) was purchased from Cell Signaling (Danvers, MA, USA),
and Ap antibody (monoclonal, 6E10) was purchased from Sigma-Aldrich (St. Louis, MO,
USA). Murine macrophage colony-stimulating factor (M-CSF) was obtained from R&D
Systems (Minneapolis, MN, USA). Recombinant glutathione S-transferase (GST)-receptor
activator of Nr-ks ligand (RANKL) proteins were generated and purified as described.(20-22)

We purchased Tg2576 mice (Taconic, Inc., Hudson, NY, USA), which express human
APP695 with double mutations at KM670/ 671NL (Swedish mutations, called APPswe)
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under the control of a hamster prion promoter.(23) The prion promoter drives APPswe’s
expression as early as embryonic day 12.5 (E12.5), not only in the brain, but also in
nonbrain tissues, including BMSCs and bone marrow macrophages (BMMs).(20.24) We
generated the Tg(flox) APPswe mice (conditional transgenic mice expressing APPswe)
ourselves. The expression of APPswe in Tg(flox)APPswe was controlled by the
cytomegalovirus (CMV) promoter, but blocked by a loxP-stop-loxP sequence (Supplemental
Fig. 1A). Thus, APPswe’s protein expression in Tg(flox)APPswe is Cre-dependent. Five
founder lines of Tg(flox)APPswe were initially crossed with HSA-Cre (a human skeletal a-
actin promoter-driven Cre mouse) to identify the founder line with a high level of APPswe
protein expression (Supplemental Fig. LA-C). The founder line was then crossed with Ocn-
Cre (an osteocalcin promoter-driven Cre mouse) (kindly provided by Dr. Tom Clemens,
Johns Hopkins Medical School, Baltimore, MD, USA) to obtain TgAPPswe-Ocn mice
(Supplemental Fig. 1). Both Tg2576 and Tg(flox)APPswe mice have been crossed into
C57BL/6 genetic background for six generations. All experiments used littermates from the
breeding of Tg2576 x C57BL/6, or Tg(flox)APPswe x Ocn-Cre in C57BL/6 background.
All experimental procedures were approved by the Animal Subjects Committee at the
Georgia Regents University, in accordance with U.S. National Institutes of Health
guidelines.

In vitro BMSCs, OB, and adipocyte cultures

Whole bone marrow cells were flushed from long bones of 2-month-old to 3-month-old
wild-type (WT), Tg2576, and TgAPPswe-Ocn mice and plated on 100-mm tissue culture
plates in DMEM containing 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin
(P/S). For some experiments, the BMSCs were isolated by negative immunodepletion (using
magnetic nanoparticles conjugated to anti-mouse CDIIb, CD45R/B220, and Pan DC
monoclonal antibodies) followed by positive immunoselection (using anti-Sca-1
microbeads) as described.(?5) BMSCs were plated in densities of 1 x 10%/cm?2 and 3 x
10%/cm? for OB and adipocyte inductions, respectively. To induce OB genesis, BMSCs were
maintained in osteogenic medium (DMEM containing 10% FBS, 1% P/S, 10 mM b-
glycerophosphate, and 50 mM L-ascorbic acid-2-phosphate). After 14 days, alkaline
phosphatase (ALP) staining and quantification was performed as described.(2® To induce
adipogenesis, cells were exposed to adipocyte differentiation media (DMEM containing
10% FBS, 1% P/S, 0.5 mM isobutylmethylxanthine, 10 mg/mL insulin, and 1 x 10~5M
dexamethasone) for 3 days, followed by a 9-day incubation in maintenance media (growth
medium plus 10 mg/mL insulin) with media replaced every other day. The cells were
monitored daily using a microscope for the appearance of lipid droplets, which were
revealed by Oil-Red O staining as described.(?® Qil Red O solution was freshly prepared by
diluting a stock solution (0.5g of Oil Red O in 100mL of isopropanol) with water (6:4)
followed by filtration.

In vitro BMM and OC culture

Mouse BMMs and OCs were generated as described.(20-22)) In brief, the bone marrow was
flushed from femurs and tibias of 2-month-old to 3-month-old WT and TgAPPswe-Ocn
mice with ice-cold a modified essential medium (a-MEM) and plated on 100-mm tissue
culture plates in a-MEM containing 10% FBS and 10ng/mL recombinant macrophage
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colony-stimulating factor (M-CSF). Cells were incubated at 37°C with 5% CO» overnight.
Nonadherent cells were harvested and subjected to Ficoll-Hypaque gradient centrifugation
for purification of BMMs. For osteoclastogenesis, 5 x 10* BMMs were incubated with OC
differentiation medium containing 10ng/mL recombinant M-CSF and 100ng/mL
recombinant RANKL. Mature OC (multinucleated, large-spread cells) began to form at day
4 to 5 after RANKL treatment. The cells were then subjected to tartrate-resistant acid
phosphatase (TRAP) staining to confirm their OC identity.

NAC treatments

Tg2576 mice were divided into two groups. A group of Tg2576 mice (7 =5, male and
female) received drinking water, and another group of Tg2576 mice (n = 5, male and
female) received drinking water containing NAC (2 mg/kg/d) for a period of 3 months. NAC
in water (0.001%, pH adjusted to 7.2 by NaOH) was prepared and given to mice. Water was
changed every other day for 3 months. Approximately 4 to 5 mL of water was consumed by
each mouse per day, which gives a cumulative dose of ~2 mg/kg per mouse per day (not
accounting for spills). This NAC dose was chosen based on previous publications.(26:27) The
NAC treatment was started at the age of 1 month. After 3 months of NAC treatment, mice
were euthanized. Femur bone samples were collected for histomorphometric and
microcomputed tomography (mCT) analyses, and mouse sera were also collected for
radioimmunoassay (RIA) analysis of pyridino-line (PYD) and ELISA analysis of
osteocalcin and interleukin-6 (IL-6) levels.

Measurement of serum levels of osteocalcin, PYD, and IL-6

uCT

Mouse blood was obtained by cardiac puncture. Samples were allowed to clot for at least 30
minutes and then centrifuged for 10 minutes at 3000 rpm or 12009 relative centrifugal force
(RCF). Serum was collected and frozen at —20°C until use. Mouse serum levels of
osteocalcin were measured using a mouse osteocalcin ELISA kit (Biomedical Technologies,
Inc., Stoughton, MA, USA).The serum levels of PYD were determined by using a METRA
Serum PYD enzyme immunoassay (EIA) kit (QUIDEL Corporation, San Diego, CA, USA).
The serum levels of IL-6 were determined by Mouse IL-6 ELISA kit (BD Biosciences, San
Jose, CA, USA). All the assays were carried out perthe manufacturer’s instructions. All the
optical densities (ODs) measured after reactions were converted to osteocalcin/PYD/IL-6
concentration using their standard curves. All the samples were measured in duplicate, and
values were subjected to statistical analysis.

Microarchitecture of the distal trabecular bone and midshaft cortical bone of the femur was
measured by Scanco mCT 40 (Scanco Medical AG, Bruttisellen, Switzerland) as described.
(20.21) The 3D reconstruction of the trabecular bone was performed using all of the outlined
slices. No cortical bone was included in this analysis. Data was obtained on bone volume
(BV), total volume (TV), BV/TV, bone density, trabecular number, and connectivity. The
scan of the cortical bone was performed at the midshaft of the femur and consisted of 25
slices (each slice was 12 mm thick). Scans were reconstructed as for the trabecular scans and
the region of interest was drawn on all 25 slices. There was no trabecular bone in these
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images at the midshaft. Data was obtained on BV, TV, BV/TV, bone density, and cortical
thickness.

Bone histomorphometric analysis

Bone histomorphometric analyses were carried out as described.(21:22.28) |n brief, mouse
tibias and femurs were fixed overnight in 10% buffered formalin, decalcified in 14% EDTA,
embedded in paraffin, sectioned, and subjected to hematoxylin and eosin (H&E) and
Goldner’s trichrome stain analyses, which were counterstained by fast green. Bone
histomorphometric perimeters were determined by measuring the areas situated at least 0.5
mm from the growth plate, excluding the primary spongiosa and trabeculae connected to the
cortical bone.

Bone dynamic histomorphometric analysis

To obtain the bone formation rate (BFR), postnatal day (P16) mice were injected with the
fluorochrome labels calcein green (10 mg/ kg; Sigma-Aldrich) intraperitoneally, followed by
another injection 12 days later. Mice were euthanized 2 days after the second injection (at
P30). Mouse tibia and femurs were fixed overnight in 70% ethanol. Images were obtained
using a 25x objective (LSM510; Carl Zeiss).

Statistical analysis

All data are expressed as mean + SD. The significance level was set at p <0.05. Student’s t
test was used for statistical analysis.

Results

Skeletal aging-like osteoporotic deficits in young adult Tg2576 mice

To investigate the potential role of APP in skeletal aging, we first examined APP expression
in BMSCs derived from differently-aged WT mice (C57BL/6). These cells were purified by
negative immunodepletion (using magnetic nanoparticles conjugated to anti-mouse CDI b,
CD45R/B220, and Pan DC monoclonal antibodies) followed by positive immunoselection
(using anti-Sca-1 microbeads) according to a previous publication.(2®) The purified BMSCs
contained ~90% BMSC-like cells based on their morphological characteristics and were also
negative for RANK (a receptor activator of nF-kB that is selectively expressed in BMMs and
OCs) (Supplemental Fig. 2A-C), reconfirming the immune-depletion of BMMs. APP was
detected in these purified BMSCs, exhibiting an age-dependent increase (Fig. 1A, B;
Supplemental Fig. 2B). We then examined the distribution of APP/AR in both WT and
Tg2576 mice, an AD mouse model that expresses APPswe under the control of a prion
promoter.(28-39) Immunohistochemical staining analysis using 6E10 monoclonal antibody
that mainly recognizes AR showed a positive signal largely restricted to bone marrow cells in
1 -year-old WT femurs and tibias (C57BL/6) (Fig. 1C, D). In contrast, the signal (for AR) in
OCs embedded in the cortical bone matrix was weakly detected in the 1-year-old WT, but
was markedly increased in Tg2576 femurs and tibias (Fig. 1C, D). Also increased in Tg2576
cortical bone matrix was Congo red staining signal, which recognizes AR deposits (Fig. 1E).
These results suggest that endogenous APP/AR is expressed in aged bone marrow cells,
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including BMSCs, and Tg2576 appears to be a good animal model to address APPswe/Ab’s
function in bone remodeling.

We next examined OB-mediated bone formation, a critical process for maintaining bone
mass, in neonatal Tg2576 mice. Bone formation was first determined by dynamic
measurements of nondecalcified femur and tibia sections, which were doublelabeled by two
injections of fluorescent calcein (at a 12-day interval). Significant reductions in both
endocortical mineral apposition rate (Ec.MAR) and endocortical BFR (Ec.BFR) were
detected in 1-month-old Tg2576 mice, as compared with the same-aged controls (Fig. 2A,
B), suggesting a negative role for APPswe in bone formation. This result was further
confirmed by Goldner’s trichrome staining analysis and immunostaining analysis using anti-
osteocalcin antibodies (a marker for bone formation) (Fig. 2C-E). A decrease in osteoid
numbers per unit bone surface and a reduction of osteocalcin staining signal were detected
in young adult (2 to 4 months old) Tg2576 femurs (Fig. 2C—-E). The serum levels of
osteocalcin were also reduced in young adult Tg2576 mice (Fig. 2F). These results, in line
with previous mCT analysis,(20-31) demonstrate a negative role for APPswe in mouse bone
formation.

In addition to the decrease of bone formation, aging skeletons frequently display elevated
bone marrow fat/lipid.(32-34) We thus examined this event in young adult WT and Tg2576
femurs. As shown in Fig. 3A, H&E staining analysis of WT femurs at 4 months of age
showed few fat-like cells, but many large oval-shaped vacuoles, likely to be marrow
adipocytes, were detected in the 4-month-old Tg2576 femurs. To confirm whether these
oval-shaped vacuoles were lipid-containing cells, Oil Red O staining analysis was carried
out using freshly isolated and frozen femur sections. Indeed, the number of Oil RedOstained
cells was much higher in Tg2576 femurs than in WT controls (Fig. 3B). We also examined
bone marrow fat in differently-aged WT and Tg2576 mice by both H&E and Oil Red O
staining analyses. The increase of bone marrow fat-containing cells was more evident in
young adult age (1 to 8 months old), but not aged Tg2576 mice (>8 months old) (Fig. 3C).
Taken together, the phenotypes observed in young adult Tg2576 femurs (e.g., decreases in
bone mass and bone formation and increase in bone marrow fat accumulation) resemble, to a
certain degree, that of aged skeleton, supporting the view for increased APP/AR as a risk
factor for skeletal aging.

Decreased osteoblastogenesis and increased adipogenesis in Tg2576-BMSC culture

To understand how APPswe negatively regulates bone formation, we examined in vitro OB
differentiation by culturing BMSCs derived from 2-month-old WT and Tg2576 mice.
Indeed, OB differentiation, viewed by ALP enzymatic activity staining and by real-time
quantitative PCR (QPCR) analysis of osteocalcin expression, was reduced in cultures of
BMSCs from Tg2576 mice compared to those from WT controls (Fig. 4A-C). Also
decreased was calcified bone matrix stained by von Kossa in Tg2576-OB cultures (Fig.4D,
E). These results thus provide additional support for a negative role of APPswe in OB
differentiation, implicating a cell autonomous effect of APPswe on this event.

Because reduced OB differentiation is frequently associated with increased adipogenesis
during skeletal aging,(32-34) we thus examined adipocyte formation by BMSC culture.
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Indeed, adipocyte differentiation, viewed by Oil Red O staining, was significantly increased
in cultures of either whole bone marrow cells or BMSCs from Tg2576 mice, as compared to
those from WT controls (Fig. 5A-D). These results, in line with the in vivo observations,
suggest a negative correlation between osteoblastogenesis and adipogenesis in Tg2576-
BMSC culture, supporting the view for bone marrow adipocytes formed at the expense of
OBs.

Reduced bone mass and decreased osteogenesis in a new transgenic mouse line that
selectively expresses APPswe in mature OB-lineage cells

To further address whether APPswe regulates OB genesis and bone formation in a cell-
autonomous manner, we generated a new conditional transgenic mouse line, TgAPPswe-
Ocn, which expresses APPswe selectively in mature OB-lineage cells. TgAPPswe-Ocn was
generated by crossing a floxed transgenic APPswe mouse, Tg(flox)APPswe, with an Ocn-
Cre mouse (Supplemental Fig. 1) (see Subjects and Methods). In the presence of Cre, the
stop signal was floxed out, thus APPswe was expressed in cells in which Cre is expressed
(Supplemental Figs. 1B—C and 2C). TgAPPswe-Ocn mice showed a relatively normal body
size, with a slight reduction in body weight (Supplemental Fig. 1D-E). We then examined
whether TgAPPswe-Ocn mice show similar osteoporotic deficits to that of Tg2576 mice,
which express APPswe ubiquitously.(?9) The |mCT and H&E analyses of femur bone mass
and structure of 5-month-old TgAPPswe-Ocn mice displayed a marked decrease of
trabecular bone volumes as compared with the littermate control mice (Fig. 6A-D). The
trabecular number (Th.N), trabecular thickness (Th.Th), trabecular separation (Th.Sp), and
trabecular connectivity density (CD) were all deficient in TQAPPswe-Ocn femurs versus
control littermates (Fig. 6A, B; and data not shown. The cortical BV/TV was relatively
normal in TgAPPswe-Ocn femurs (Fig. 6A, B); however, the total cortical bone surface
appeared to be smaller in TgAPPswe-Ocn femurs (Fig. 6A). These results suggest a bone-
loss phenotype in TgAPPswe-Ocn similar to that of Tg2576 mice.(20)

In addition, we analyzed OB differentiation of BMSCs derived from TgAPPswe-Ocn mice
at 3 months old. In agreement with the results from Tg2576-BMSC culture, a reduction of
OB differentiation, revealed by ALP staining, was also observed in TgAPPswe-Ocn-BMSC
culture (Fig. 6E, F). These results thus provide further support for APPswe inhibition of
osteoblasto-genesis in a cell-autonomous manner.

We also examined OC differentiation of BMMs from these mice. Interestingly, the TRAP-
positive multi-nuclei-containing cells were slightly increased in TgAPPswe-Ocn-BMM
culture (Fig. 7A, B). TRAP staining analysis in TgAPPswe-Ocn mice (at 5 months old) also
showed a small increase as compared with the control, but no statistical significance was
detected (Fig. 7C, D). These results suggest that expression of APPswe in OBs may have a
cell-nonautonomous effect on osteoclasto-genesis. Further studies are necessary to verify
this issue.

Also of interest is that whereas both Tg2576 and TgAPPswe-Ocn mouse models exhibited
reduced OB genesis, increased OC genesis, and decreased trabecular bone mass, the bone
marrow fat-like cells (e.g., large oval-shaped vacuoles) were elevated only in Tg2576
femurs, not in TgAPPswe-Ocn femurs (Figs. 3,6C, D). These results thus suggest that
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APPswe expression in mature OB-lineage cells appeared to be sufficient to suppress OB
genesis, but insufficient to increase bone marrow fat or induce adipogenesis.

NAC amelioration of APPswe-induced suppression of OB differentiation in culture and
skeletal aging-like osteoporotic deficits in young adult Tg2576 mice

Increased oxidative stress is believed to be critical for brain aging and AD pathogenesis. (3%
We thus asked if the skeletal aging-like phenotype in young adult Tg2576 mice could be
ameliorated by treatments with antioxidant(s). Several antioxidants were first tested in
culture, including chloro[[2,2’-[1,2-ethanediylbis [(nitrilo-kKN)methylidyne]]bis[6-
methoxyphenolato-kO]]]-manganese (EUK134; a manganese-salen derivative that acts as a
scavenger of superoxide, hydrogen peroxide, nitric oxide [NO], and peroxynitrite),(36)
diphenylene iodonium (DPI; an inhibitor of NADPH oxidase), and NAC (a glutathione
[GSH] precursor that acts as an antioxidant by increasing GSH levels and by directly
interacting with free radicals)®”) (Fig. 8A). In addition, N-[N-(3,5-difluorophenacetyl)-I-
alanyl]-S-phenylglycine t-butyl ester (DAPT), an inhibitor of g-secretase that blocks Ap
production, was also examined(®®) (Fig. 8A). Both EUK134 and DAPT reduced OB
differentiation of BMSCs derived from WT mice (Fig. 8B, D, G). Little rescue effect by
DAPT and EUK134 was detected on OB formation in Tg2576-BMSC cultures (Fig. 8B, D).
Interestingly, NAC treatment resulted in a marked increase of OB formation in Tg2576-
BMSC cultures, as well as a slight increase of OBs in WT-BMSC cultures (Fig. 8C, D). We
then examined NAC’s effect on adipocyte formation in Tg2576-BMSC culture. The
increased adipogenesis in Tg2576-whole bone marrow culture was suppressed by NAC, as
compared with vehicle treatment (Fig. 8E, F). These results thus suggest that NAC prevents
not only APPswe-suppression of osteoblastogenesis, but also APPswe-induction of
adipogenesis in culture.

We further tested if osteoporotic deficit in young adult Tg2576 mice could be ameliorated by
NAC treatment. Tg2576 mice (at 1 month old) were given drinking water containing vehicle
or NAC (2 mg/kg/d) for 3 months and their femur bone samples and sera were then collected
for phenotypic analysis. As shown in Fig. 9A, B, bone volume, particular trabecular bone
volume, was markedly increased in NAC-treated Tg2576 femurs, as compared with that of
vehicle treatment, based on mCT analysis. Bone formation, viewed by Goldner’s trichrome
staining of osteoid density and by measurement of serum levels of osteocalcin, was also
elevated in NAC-treated Tg2576 mice (Fig. 9C-E). These results thus demonstrate an
efficient amelioration of APPswe-induced osteoporotic deficit by NAC treatment, suggesting
a clinical value of NAC for treating AD-associated bone-loss disorders.

In addition to NAC’s effect on bone formation, we examined its role in bone resorption in
WT and Tg2576 mice and in vitro OC genesis from BMM culture. Bone resorption,
indicated by serum levels of PYD, was reduced by NAC treatment inTg2576 mice, but not in
WT mice (Fig. 10A). Also reduced by NAC treatment were serum levels of IL-6 (a
proinflammatory cytokine frequently associated with increased bone resorption) in Tg2576
mice, but not in WT mice (Fig. 10B). Furthermore, in BMM culture, NAC treatment showed
a significant reduction of OC genesis, but this effect appeared to be moderate as compared to
that of DPI (an inhibitor of NADPH oxidase) (Fig. 10C, D). Taken together, these results
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suggest that NAC’s amelioration of the osteoporotic deficit in Tg2576 mice may be due to
its antioxidant effects on both OB-lineage and OC-lineage cells.

Discussion

This study provides evidence for APPswe in suppression of osteoblastogenesis and bone
formation. Such a function appears to be cell autonomous, because selective expression of
APPswe in mature OB-lineage cells results in a decrease of osteoblasto-genesis and loss of
trabecular bone mass. The decreased OB differentiation in young adult Tg2576 mice was
accompanied by increased adipogenesis and elevated bone marrow fat, displaying a skeletal
aging-like osteoporotic deficit. Although decreased OB differentiation was noted in the
TgAPPswe-Ocn mice, changes in marrow fat were not noted. Remarkably, these
osteoporotic deficits were ameliorated by treatment with NAC, an antioxidant. These results
thus demonstrate a function of APPswe in accelerating skeletal aging, suggest an underlying
mechanism for the increased bone fracture rate in AD patients, and reveal the importance of
NAC in the increase of antioxidant levels; e.g., GSH.

The decreased bone formation in Tg2576 mice may reflect the reduced differentiation of
BMSCs into OBs, because decreased OB genesis in APPswe-expressing BMSCs is observed
by an in vitro osteogenic assay. However, it is necessary to further examine this issue by
additional experiments, such as in vivo transplantation of the BMSCs. Because normal
osteocytes express little APP/AR, we cannot rule out the contribution to the phenotype of
ectopic expression of APPswe in Tg2576 or TgAPPswe-Ocn mice by osteocytes. It also
remains to be determined if decreased BMSC proliferation and/or increased OB apoptosis
contribute to the decreased bone mass. Whereas these results suggest a cell-autonomous
function of APPswe in suppression of OB differentiation, causing bone loss, it does not
exclude a possible contribution of increased OC to the osteoporotic deficit in young adult
Tg2576 and TgAPPswe-Ocn mice.(20)

It is interesting to note that young adult Tg2576 mice showed an increase in bone marrow
fat, but a decrease in bone mass. Such a negative correlation between bone mass and fat
deposition in bone marrow in Tg2576 mice supports the view that bone marrow fat may be
driven at the expense of new bone formation.(3940) However, this negative correlation was
not detected in TgAPPswe-Ocn mice, which only showed reduced bone mass without
obvious increase of bone marrow fat. In addition, the trabecular bone loss and increased
bone marrow fat in femurs was only detected in young adult, but not aged (>8 months old),
Tg2576 mice (Fig. 3). The aged (>8 months old) TgAPPswe-Ocn femurs displayed
trabecular bone loss (Fig. 6; data not shown). These phenotypic differences between Tg2576
and TgAPPswe-Ocn mice may reflect the age-associated different expression patterns of
APPswe. APPswe expression in Tg2576 mice is under the control of a prion promoter; thus,
APPswe is expressed as early as E12.5 at higher levels in younger ages and is ubiquitously
expressed in multiple types of cells, including OB-lineage and OC-lineage cells.(20.24) By
contrast, APPswe expression in TJAPPswe-Ocn mice is under the control of the osteocalcin
promoter, which drives APPswe expression selectively in mature OB-lineage cells in mice
>2 months old.#1) The higher level expression of APPswe in young, but not aged, Tg2576
mice may be an underlying reason for osteoporotic deficits mainly detected in young adults.
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The OB-selective APPswe expression in TgAPPswe-Ocn mice may be too late to promote
BMSC differentiation into adipocytes. Alternatively, APPswe expression in BMM/OC-
lineage cells in Tg2576 mice, but not in TgAPPswe-Ocn mice, may also be critical for
promoting adiposity of BMSCs by increasing inflammation. These possibilities remain to be
further investigated.

Although the mechanisms underlying increased bone marrow fat remain unclear, it is
postulated that reactive oxygen species (ROS) may regulate the “switch signals” in BMSCs
and divert BMSCs into the adipocyte lineage at the expense of OBs. This is supported by the
observation that depletion of the Forkhead box class O (FoxO) family of redox-sensitive
transcription factors leads to an increase of adipogenesis and a decrease of osteogenesis.
(42.43) |n addition, mounting evidence has indicated that age-related increases of ROS are
fundamental mechanisms in the decline of bone mass and strength. Accumulation of ROS
results in a decrease of OB lifespan, bone formation, and bone mass in culture and in sex
steroid-sufficient female or male mice.(3940) Deletion of FoxO transcription factors, an
important defense mechanism against ROS in young adult mice, recapitulates the adverse
effects of aging in bone, including increases in ROS, apoptosis of OBs and osteocytes, and
osteoporosis.(4243) Overexpression of FoxO3 in OBs, on the other hand, increases bone
mass.(3) ROS also diverts mesenchymal stem cells into the adipocyte lineage at the expense
of OBs, and the lipids oxidized by ROS can serve as peroxisome proliferator-activated
receptor gamma (PPARg) ligands, promoting adipogenesis. (44:45)

NAC has been shown to be an effective precursor to GSH production by providing cysteine,
the rate-limiting substrate in GSH synthesis.(37) Thus, NAC acts as an antioxidant by
increasing GSH levels and by directly interacting with free radicals, which may be crucial
for preventing APPswe-induced oxidative stress and deleterious effect. Indeed, treatment
with NAC ameliorates the osteoporotic deficit in young adult Tg2576 mice, including
increased bone formation, decreased bone resorption, and elevated bone mass. In APPswe-
BMSC culture, NAC treatment increased OB differentiation and decreased adipogenesis.
NAC treatment in BMM culture also reduced OC differentiation. These results support the
view that ROS contribute to the skeletal aging-like deficit in Tg2576 mice, and suggest that
NAC may be an effective drug in amelioration of APPswe-induced bone deficit. This latter
view is also in line with previous observations that pretreatment with NAC in AD animal
models, including Tg2576 mice, has reduced Ap levels, decreased lipid peroxidation, and
improved cognition.(37)

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Age-dependent increase of endogenous APP protein levels in BMSCs. (A, B) Western blot

analysis of endogenous APP levels in differently-aged purified BMSCs. The BMSCs were
isolated from indicated aged WT mice and purified as described in Subjects and Methods.
The data were quantified by NIH ImageJ software, normalized by that in 3-month-old
BMSCs, and presented in B (meanSD, n=3). (C, D) Immunohistochemical staining
analysis of Ap (by 6E10 antibody) in femur and tibia sections from 1-year-old WT and
Tg2576 mice. The representative images are shown in C. Inserts are amplified images
indicated in the dotted square. The 6E10 staining signals in osteocytes and bone marrow
cells were quantified (positive cells/total cells in a selective region; e.g., BMcells, %) and
presented in O (mean+SD, n=5 femur samples per genotype). *pu0.05, significant difference
from the WT control. (£) Representative images of Congo Red staining analysis of Ap in
femur sections from 1-year-old WT and Tg2576 mice.
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Fig. 2.
Decrease of bone formation in neonatal Tg2576 mice. (A, B) Reduced bone formation in 1-

month-old Tg2576 mice was detected by dynamic histomorphometric measurements of
double-fluorescent-labeled femurs. WT and Tg2576 mice at P16 were injected
(intraperitoneal) with fluorochromelabeled calcein green (10 mg/kg; Sigma-Aldrich), and 12
days after (P28), they were reinjected to label active bone-forming surfaces. At P30, mice
were euthanized and the left femur was fixed in 70% EtOH, sectioned at 20um, and viewed
by fluorescence microscope, as shown in A. The endocortical mineral apposition rate
(Ec.MAR) calculated in micrometers per day (um/d) and the bone formation rate
(Ec.BFR=MARxmineralization surface/bone surface) from fluorochrome double-labels at
the endocortical surfaces are illustrated in B. (C, D) Decreased osteoid numbers of
trabecular bones in 4-month-old Tg2576 femurs were viewed by Goldner’s trichrome
staining analysis. Images are shown in C, and quantification analysis of osteoid numbers per
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unit of bone surface is presented in D. (£) Reduced immunostaining signals of osteocalcin in
4-month-old Tg2576 femur sections, as compared with that in WT femurs, is shown. (F)
Decreased serum levels of osteocalcin, measured by ELISA assays, in 4-month-old Tg2576
mice are presented. In B, D, and £, the values of mean£SD from 5 different animals per
genotype are shown. *p<0.05, significantly different from the WT control.
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Fig. 3.

Ingrease of bone marrow fat in young adult Tg2576 mice. H&E (A) and Oil Red O (B)
staining analyses show increases in bone marrow fat-containing cells in Tg2576 mice at 4
months old. (C) Quantification analysis of bone marrow fat cells over total bone marrow
cells in femur mid-diaphysis is presented. Mice at indicated age groups (5 mice per age
group per genotype, males and females) were examined. Increases in bone marrow fat were
only detected in young (1-6 months old) Tg2576 mice (as compared with WT controls of
the same age).
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old WT and Tg2576 femurs were induced for OB differentiation (see Subjects and
Methods). ALP staining images at day 7 and 14 cultures are shown (A), and ALP activity
(ALP positive area/over total area, normalized by day 3 WT culture) is also presented (B).
(O) Real-time PCR analysis of osteocalcin expression in un-induced (N) andOB-induced (I-
OB) cultures (day 14). At day 28 of culture, cells were von Kossa-stained (D), and the von
Kossa staining data was quantified and is illustrated (£). In B, C.and £, the values of mean +
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Fig. 5.

Elgvation of in vitro adipogenesis in Tg2576-whole bone marrow and Tg2576-BMSC
cultures. (A, B) Whole bone marrow cells from femurs of WT and Tg2576 mice (4 months
old) were induced for adipocyte differentiation for 2 weeks (see Subjects and Methods).
Cells were stained with Oil Red O (A), and the data were quantified (B). (C, D) Isolated
BMSCs from WT and Tg2576 mice (4 months old) were induced for adipocyte
differentiation as in A. The data was quantified and is shown in D. In Band D, the values of
mean + SD (n7= 3 different experiments) are shown. **p < 0.01, significant difference from
the WT control.
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Fig. 6.

Lc?ss of trabecular bone mass in TgAPPswe-Ocn femurs and decrease of in vitro OB genesis
in TgAPPswe-Ocn-BMSC culture. (A, B) The uCT analysis of femurs from 5-month-old
TgAPPswe-Ocn and control littermates (Tg[flox]APPswe). Five different mice of each
genotype (males and females) were examined blindly. Representative 3D images are shown
in A. Quantification analyses (mean + SD, n=5) are presented in B. * p< 0.05, significant
difference from control littermates. Note that the trabecular bone (tb) volumes over total
volumes (BV/TV), the trabecular bone numbers (Th.N), trabecular separation (Th.Sp), and
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the connectivity density (CD) were all deficient in TgAPPswe-Ocn femurs as compared with
the WT control. The cortical bone volumes over total volumes in TgAPPswe-Ocn appeared
to be normal. (C, D) H&E staining analysis of femurs from 5-month-old control and
TgAPPswe-Ocn mice. Representative images are shown in C.Bar= 10 pum. Quantification
analyses (mean = SD, n=15) are presented in D. *p < 0.05, significant difference. (£, F) In
vitro osteoblastogenesis showed decreased ALP* cells derived from TgAPPswe-Ocn-BMSC
culture. Representative images of ALP staining are shown in £, and the quantification
analysis of the average ALP activities (mean + SD from 3 different cultures) is presented in
F. *p<0.01, significant difference. Bar = 20 pm.
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Fig. 7.

Og genesis in vitro and TRAP staining analysis in TgAPPswe-Ocn mice. (A, B) In vitro OC
genesis of BMMs derived from control and TgAPPswe-Ocn mice (3 months old). OCs were
generated from purified BMMs (5x10%) cultured in the presence of RANKL (100 ng/mL)
and M-CSF (1%) for 6 days. Representative images of TRAP staining are shown in A.
Quantitative analyses of the average TRAP-positive multinuclei cell (MNC) density (count
TRAP + MNCs [>3 nuclei per cell] per unit area) are presented in B. The values of mean
+SD from 3 separate cultures are shown. *p<0.05, significant difference from control. (C, D)
TRAP staining analysis of femur sections from 5-month-old WT and TgAPPswe-Ocn mice.
Representative images of TRAP staining are shown in C. Images marked with black squares
were amplified and are shown in the bottom panels. The quantitative analysis of TRAP*
cells per unit bone surface (BS) was carried out in trabecular bones of femurs and is shown
in D. The values of mean+SD from 3 different animals are shown.
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Fig. 8.

NAC rescue of APPswe-suppression of OB differentiation and APPswe-induction of
adipogenesis in culture. (A) A schematic illustration of different antioxidants and DAPT’s
effects on APP metabolism and oxidative stress. (B-D) Effects of EUK134, DAPT, and
NAC on OB differentiation (viewed by ALP staining) of BMSCs derived from WT and
Tg2576 mice. Representative images of ALP staining are shown in Band C, and the
quantification analysis of the average ALP activities (normalized by WT control) is
presented in D. (£, F) Effect of NAC on adipogenesis (viewed by Oil Red O staining) of
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BMSCs derived from WT and Tg2576 mice. Representative images of Oil Red O staining
are shown in £, and the data were quantified and are shown in £~ In Dand £, the values of
meanxSD from 3 different cultures are presented. *p<0.01, significant difference. (G) The
table summarizes the effects of EUK134, DPI, and NAC on OB and OC genesis.
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Fig. 9.

N/ic amelioration of skeletal aging-like osteoporotic deficit in young adult Tg2576 mice.
Tg2576 mice (at 1 month old, 5 per group, male and females) were fed drinking water
containing with vehicle (Veh.) or NAC (2 mg/kg/d) for 3 months, and their femur bone
samples and sera were collected for phenotypic analysis. (A, B) The UCT analysis displayed
an increased trabecular bone volumes of NAC-treated Tg2576 femurs. In addition, the
trabecular bone thickness (Th.Th) and trabecular separation (Th.Sp) were all ameliorated or
improved by NAC treatment. The cortical bone volumes were unaffected by NAC. (C, D)
Goldner’s trichrome staining analysis showed an increased osteoid numbers of trabecular
bones in NAC-treated Tg2576 femurs. Representative images are shown in C, and the data
were quantified (osteoid area/bone area, normalized by WT) and are shown in D. (E)
Increased serum levels of osteocalcin in NAC-treated Tg2576 mice were detected by ELISA
assays. In B, D, and E, the values of mean+SD from 5 different animals per genotype are
shown. *p<0.05, significant difference.
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Fig. 10.
NAC inhibition of bone resorption in Tg2576 mice and OC genesis in vitro. Measurements

of serum levels of PYD (A) and IL-6 (B) in 4-month-old WT and Tg2576 mice treated with
vehicle (\eh.) or NAC by RIA and ELISA analyses, respectively. Five mice per genotype
(males and females) were measured. *p<0.05, significant difference from control. (C, D)
Effects of NAC, EUK134, and DPI on in vitro OC genesis from BMMs. Representative
images of TRAP staining are shown in C. Quantitative analyses of the average TRAP-
positive multinuclei cell (MNC) density (count TRAPPMNCSs [>3 nuclei per cell] per unit
area) are presented in D. The values of mean+SD from 3 separate cultures are shown.
*p<0.05, significant difference from control.
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