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ABSTRACT

Alzheimer’s disease (AD) and osteoporosis are both common degenerative diseases in the
elderly population. The incidence of both diseases increases with age and will be posing
enormous societal burden worldwide. It may appear that AD and osteoporosis are two
distinct diseases although many risk factors are shared. Previous observational studies have
shown that patients with osteoporosis have higher risks of developing AD than those who
do not have osteoporosis. Although osteoporosis, falls, and fractures are more often seen in
patients with AD than other older adults, the association between these two diseases may
be due to a pathophysiological link rather than one condition causing the other. Several
in vitro and in vivo studies lend support to this notion. Patients with AD have excessive
amyloid plaques in the brain, and the pathology may extend to peripheral organs and cause
skeletal amyloid deposition, which would enhance receptor activator nuclear factor-kappa
B ligand signaling and lead to greater osteoclast activities. Patients with osteoporosis may
have Vitamin D deficiency or lower levels of Vitamin D binding protein, which protects
against amyloid aggregation, thus linking Vitamin D deficiency and AD or osteoporosis
and AD. Osteoporosis coexisting with AD provides a window to examine the amyloid
hypothesis from peripheral tissues. Future studies are warranted to clarify the role of
genetic background regarding Vitamin D levels, exposure to sunlight, estrogen replacement
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therapy, and physical activity in patients with both chronic diseases.
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INTRODUCTION

he number of dementia cases is growing as the global

population ages. Dementia brings great burden to society.
A recent study estimated that the total cost of dementia
worldwide was $604 billion in 2010 [1]. Alzheimer’s
disease (AD) is the leading cause of neurodegenerative dementia,
and the prevalence has continued to grow over the past few
decades [2-4]. AD is characterized by progressive cognitive
decline which interferes with daily activities. The pathologic
hallmarks of AD are cerebral extracellular amyloid plaques
and intracellular neurofibrillary tangles, but not all people with
amyloid plaques or neurofibrillary tangles develop AD. The
underlying pathophysiology of AD remains elusive, particularly
for older adults, in whom chronic diseases are prevalent and
likely contribute to cognitive aging through different routes
which may or may not include the amyloid cascade.

Osteoporosis is defined as a skeletal disorder with com-
promised bone strength that increases the risk of fracture.
Osteoporosis is a degenerative disorder often seen in the
elderly population and osteoporotic fracture leads to high
rates of morbidity and mortality in old age [5,6]. Although
osteoporosis and AD appear to be two distinct diseases,
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many risk factors are shared such as alcohol consumption
and smoking [7-9]. It is not known whether osteoporosis
per se is a risk factor for AD, a complication caused by AD,
shares common etiologies with AD, or simply coexists with
AD as a result of statistical coincidence. We herein review
the link between osteoporosis and AD from the epidemio-
logical perspective and propose the underlying molecular
pathomechanism.

COEXISTENCE OF ALZHEIMER’S DISEASE AND
OSTEOPOROSIS
The risk of Alzheimer’s disease in osteoporosis

The risk of AD in osteoporosis and the risk of osteoporosis in
AD are two different aspects to view the relationship between these
two conditions. In the Framingham study, Tan et al. found that
lower bone mineral density (BMD) was associated with the risk
of developing AD [10]. Dual-energy X-ray absorptiometry (DXA)
of the femoral neck, femoral trochanter, and distal radius was
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measured for BMD analysis in the study and the results showed
that the lowest quartile of the femoral neck BMD was associated
with an increased risk of AD in women (relative risk [RR] = 2.04,
1.11-3.75) but not in men (RR = 1.33, 0.46-3.86), suggesting the
protective role of estrogen. Compared with the general population,
postmenopausal women were found to have higher risks of devel-
oping AD and other types of dementia [11]. However, the lower
BMD as a risk factor for AD was replicated in a Chinese cohort for
both men and women and then in the National Health Insurance
Research database of Taiwan, showing that ethnic differences may
modify the gender effect in the association between osteoporo-
sis and AD [12,13]. Estrogen has the potential to influence both
brain aging and bone metabolism. The prevalence of AD is slightly
higher in women than men and postmenopausal women are pre-
disposed to develop osteoporosis. However, more clinical studies
are warranted to determine the role of estrogen in older adults with
regard to the risk of osteoporosis and AD [14-16].

The risk of osteoporosis in Alzheimer’s disease

AD is also considered a risk factor for osteoporosis. Previous
studies have shown that patients with AD have a reduced level
of hip BMD and a nearly 2-fold risk of hip fracture [17,18].
The circadian rhythm is often poorly regulated in patients with
AD, and thus, they may wander at night but be sleepy during
the day. These symptoms are more pronounced as cognitive
function deteriorates [19]. The condition increases caregiver
burden and also limits outdoor physical activity, which may, in
turn, reduce sunlight exposure and subsequently cause Vitamin
D deficiency. The lack of physical activity and deficiency in
Vitamin D may explain the higher risk of osteoporosis in AD.
Bone density and bone quality are two major components of
bone strength [20]. The association between osteoporosis and
AD is not simply about BMD reduction measured by DXA
but also about the decline of bone quality, which often results
in fragility fractures. Fragility fractures are fractures due to a
fall from a standing height or less. This type of minor trauma
normally does not cause fractures, indicating that skeletal abnor-
mality in AD may be more than loss of bone density.

The association between osteoporosis and AD is further
supported by the correlation between BMD values measured
by DXA and cerebral volume measured by magnetic resonance
imaging. These two measurements are fine biomarkers to monitor
neuronal loss in the brain and mineral loss in bone [21,22]. In
addition, BMD correlates well with cognitive function, suggesting
a parallel course for AD and osteoporosis. Although all physio-
logical functions decline with age, comparable changes in cerebral
and peripheral pathologies have more implications than biological
aging. A more than statistical coincidence of AD and osteoporosis
has been shown in observational studies and likely results from
common etiologies rather than one condition causing the other.
The underlying mechanism is of great interest as it may direct the
future study design for AD and osteoporosis prevention.

PATHOPHYSIOLOGICAL LINK BETWEEN
ALZHEIMER’S DISEASE AND OSTEOPOROSIS
Skeletal amyloidosis

Accumulation of abnormally folded amyloid beta
peptide (AP) in cerebral amyloid plaques is the pathologic

hallmark of AD. AP originates from the amyloid precursor
protein (APP), a membrane protein expressed in many tissues
and synapses of neurons with unknown function. A group of
specific enzymes named secretases cleave APP into distinct
fragments. APP cleavage by [B-secretase and then y-secretase
leads to pathological AB. AB40 and AP42 are two subtypes
of AP which aggregate and form oligomers. Oligomers are
the units which form protofibrils and later fibrils and plaques.
Genetic models of AD are typically established by excessively
expressing AP protein and the current hypothesis of AD etiol-
ogy centers around amyloid plaques [23,24].

Unlike the complexity and controversy in AD, the
pathogenesis of osteoporosis is known as an imbalance between
bone formation and mineralization. Hyperparathyroidism,
Vitamin D deficiency, and steroid use are common causes
of osteoporosis. Osteoporosis is mostly asymptomatic until
minor trauma or falls lead to fractures. Bone formation
involves bone matrix production and mineralization, whereas
bone resorption is a biological erosive process mediated by
osteoclasts. When the balance leans toward bone resorption,
BMD decreases and osteoporosis develops [20]. Bone resorp-
tion is driven by the receptor activator nuclear factor-kappa
B ligand (RANKL)-receptor activator nuclear factor-kappa
B (RANK) signaling network, a signaling complex with mul-
tiple downstream pathways [25]. The binding of RANKL
to RANK triggers the cascade beginning with tumor necro-
sis factor receptor-associated factor-6 (TRAF-6) [Figure 1].
TRAF-6 phosphorylates the inhibitor of nuclear factor-kappa
B (IkB) kinase and causes the degradation of the IxB, which
releases nuclear factor-kappa B (NF-kB) to translocate to the
nucleus and initiate osteoclast-specific gene transcription.
Extracellular signal-regulated kinase (ERK) is also activated
along the RANK signaling pathway by the upstream mito-
gen-activated protein kinase-1. The phosphorylation and
activation of ERK are related to osteoclast survival, motility,
and cytoskeletal rearrangement. Another important RANKL
signaling pathway is the costimulation of osteoclast-associ-
ated receptor. This signaling stimulates intracellular calcium
ion release and eventually leads to nuclear translocation of
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Figure 1: The proposed mechanism of amyloid deposition and Vitamin D in the
pathogenesis of Alzheimer’s disease and osteoporosis. NF-kB: Nuclear factor kappa
B, AP: Amyloid beta peptide, RANK: Receptor activator NF-kB, RANKL: Receptor
activator NF-kB ligand; IkB: Inhibitor of NF-kB, TRAF-6: Tumor necrosis factor
receptor-associated factor-6, MEK1: Mitogen-activated protein kinase kinase-1,
ERK: Extracellular signal-regulated kinase, OSCAR: Osteoclast-associated
receptor, NFATc1: Nuclear factor of activated T-cells-cytoplasmic 1,
HP-tau: Hyperphosphorylated tau, DBP: Vitamin D binding protein
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the master signaling molecule nuclear factor of activated
T-cells-cytoplasmic 1 (NFATcl) to express osteoclast-specific
genes [25-30].

Amyloid deposition in the brain and RANKL signaling are
two seemingly independent pathways leading to AD and osteo-
porosis. The possible linkage between these two pathways
has been investigated by measuring osteoclast activities in a
transgenic mice model of AD. Both in vitro and in vivo exami-
nations showed enhanced AP expression in bone, together with
increased adipose tissue formation in the marrow space, analo-
gous to osteoporotic bones [31,32]. The abnormally expressed
amyloid deposition appears to interfere with the RANKL sig-
naling cascade and in turn the balance between bone formation
and bone resorption. Similar findings extend to human studies.
Li et al. examined vertebral trabecular bone specimens and
revealed a remarkable increase in messenger RNA and protein
expression of AP42 and APP [33]. Furthermore, the immu-
nohistochemistry of osseous specimens showed an inverse
correlation between BMD and amyloid expression (» = —0.617
and —0.531 for AP42 and APP, respectively). The enhanced
expression of AP42 and APP plays as a shared etiology for
both AD and osteoporosis.

The effect of AP42 on the RANKL signaling network has
been studied in vitro. AP42 enhances RANKL-induced osteo-
clastic bone resorption by upregulating kB degradation and
enhancing NF-kB activity, activating ERK phosphorylation,
and stimulating the calcium oscillation signaling pathway. The
AP42-enhanced activation of these three cytoplasmic signaling
pathways eventually leads to increased NFATc1 expression in
a dose-dependent manner [34]. Albeit AP42 alone exerted a
less pronounced effect than cotreatment with RANKL in their
experiment, the ability of stimulation and activation of signal-
ing pathways by AB42 can be independent of RANKL as well.
The role of amyloid deposition is important not only for AD
in the brain but also for osteoporosis in the bone. It may be
of great value if we could examine bone from AD patients
with comorbid osteoporosis at the population level to test the
amyloid hypothesis as the common etiology. The expression
of AB42 and APP could even serve as a biomarker for AD if
the above hypothesis is proven correct. We summarized the
mechanism of skeletal amyloid-induced osteoporosis and its
association with AD in Figure 1.

Vitamin D deficiency

Vitamin D deficiency is a risk factor for osteoporosis [20].
Given the association between AD and osteoporosis, it is not
known if Vitamin D deficiency is on the common pathway
for both diseases. Although less well recognized, Vitamin D
deficiency is attracting more attention as a risk factor for AD.
Observational studies have found that lower levels of plasma
25-hydroxy Vitamin D (25(OH)D) are significantly associ-
ated with increased risks of developing all-cause dementia and
AD [35-38]. However, there were several limitations in these
observational studies. For example, the two large prospective
studies from the US to Denmark used blood samples collected
from participants decades earlier. How the plasma level of
25(0OH)D might have changed over this long period is uncer-
tain [35,36]. It is also very difficult to control intrapersonal
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variations in plasma Vitamin D concentrations during the long
follow-up period. Although there were adjustments in these
studies for the timing and season of Vitamin D sampling and
even physical activity, actual sunlight exposure could not be
measured accurately. Lifestyle changes over time, Vitamin D
measurement errors, comorbid heart disease and other chronic
conditions, and medication use would all contribute to con-
found the causal inference.

Ideally, the association between Vitamin D and AD should
be addressed in a randomized controlled trial, but it is essen-
tially unrealistic. An alternative study design, Mendelian
randomization, was employed to assess the contribution of
25(OH)D in the occurrence of AD [39]. The rationale of this
study design was based on the fact that single nucleotide
polymorphisms (SNPs) are inherited and randomly assorted
at conception. This obviates the confounders from the
modifiable exposures that observational studies would usually
encounter [40]. In one study, the association between AD and
four previously identified SNPs related to Vitamin D deficiency
was investigated [41]. The authors found an increased risk
of developing AD when these four SNPs were all shown
(odds ratio = 1.25, 1.03-1.51) and it seemed that one
single SNP, rs2282679 in GC (encodes Vitamin D binding
protein [DBP]), was the key player as the whole effect was no
longer significant if this particular SNP was not factored into
the model. This finding suggested that DBP might be involved
in the pathomechanism of AD [39].

In fact, the interaction between DBP and AP has been
shown in both in vitro and in vivo studies [42]. DBP appeared
to directly interact with AP and inhibit its aggregation and
oligomerization. DBP also attenuated Af-related neuronal
injury and protected against AP-related memory impairment in
mice. DBP contains binding sites for several proteins includ-
ing Vitamin D, CS5a, actin, fatty acids, and endotoxins, and
thus, it is a multifunctional protein. One of the major roles of
DBP is to scavenge extracellular toxic actin, which is released
into the extracellular space after cell death. DBP functions
to sequester monomeric actin and prevent it from polymer-
ization. Therefore, it is assumed that the role of DBP in AD
may have to do with AP metabolism. The association between
Vitamin D deficiency and AD might be through the function of
DBP rather than Vitamin D itself. Multiple sclerosis, a demy-
elinating neurological disorder, is known to be associated with
lower levels of Vitamin D. The incidence of multiple sclerosis
increases along with geographic latitude or levels of sunlight
exposure [43]. The geographic distribution is not, however,
consistent in AD [44]. Further studies are warranted to examine
whether Vitamin D itself is causally related to AD or merely
secondary to the effect of DBP.

FUTURE DIRECTIONS

All the above evidences seem compelling in explaining the
association between AD and osteoporosis. Comorbid osteopo-
rosis or Vitamin D deficiency is neither the consequence nor
the cause of AD. They more likely share a common cause with
AD at the genetic or molecular level concerned with amyloid
deposition in the bone or DBP function in the brain. There
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are still puzzles to be solved. For example, the specific step
in which AB42 interferes with the RANKL signaling pathway
and the interaction of AP42 with other molecules is basically
unknown; the biological function of 25(OH)D is independent
of DBP and whether supplemental Vitamin D would affect the
cognitive outcome in AD patients or older adults in general is
not well understood [45].

The current therapeutic direction for AD focuses on
amyloid clearance [23]. Preliminary data from anti-amyloid
antibody clinical trials has shown great promise. Amyloid posi-
tron emission tomography (PET) showed that cerebral amyloid
plaques were cleared after a series of injections of aducanumab
for 12 months, along with stabilization of cognitive dete-
rioration [46]. Disease-specific immunotherapy has become
the mainstream in drug development for AD. Since antibody
therapy enters the central nervous system and targets amyloid
plaques, it has the potential to clear amyloid deposition in
peripheral organs too, such as skeletal tissues. Amyloid PET
has been proven to accurately label cerebral amyloid plaques
and even detect cardiac amyloidosis [47,48]. The application
of amyloid PET will be extended to further clarify the role of
amyloid deposition in different organs and serve as an outcome
marker for clinical trials.

CONCLUSION

Previous observational studies have reported the increased
frequency of comorbid osteoporosis in AD. The relationship
between these two diseases is more likely one of shared eti-
ology than one condition causing the other. There are two
major pathophysiological links for osteoporosis and AD. The
overexpression of A may take place in both brain and bone,
interfering with the RANKL signaling cascade, enhancing
osteoclast activities, and leading to osteoporosis. DBP plays
a pivotal role in the alternative explanation of the cause of
reduced levels of Vitamin D and increased AP aggregation.
There is a growing body of evidence from in vitro and in vivo
studies that the AD pathology in the brain can be reflected by
examining the bone. Future investigation will focus on assess-
ing biomarkers of cognitive aging in patients with osteoporosis
and looking into the bone microstructure of patients with AD.
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