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Abbreviations:
Acetylcholinesterase: AChE
Acetylcholinesterase inhibitors: AChEIs
Acetylchoine receptor: AChR
Adenosine triphosphate: ATP
Adrenocorticotropic hormone: ACTH
Alkaline phosphatase: ALP
Alzheimer disease: AD
Autonomic nervous system: ANS
Basic multicellular unit: BMU
Bio-med central: BMC
Blessed dementia scale: BDS
Body mass index: BMI
Bone mineral density: BMD
Bone morphogenetic proteins: BMP
Bone morphogenetic protein receptor: BMPR
Charlson comorbidity score: CCS
Central nervous system: CNS
Cholera toxin: CTX
Colony forming unit: CFU
Clinical dementia rating scale: CDR
Confidence interval: CI
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Corticoid releasing hormone: CRH
Cyclic adenosine 3, 5 monophosphate; cAMP
Dihydrotestosterone: DHT
Drosophila protein, mothers against decapentaplegic: SMAD
Dual energy X-ray absorptiometry: DEXA
Estrone 1,2, 3: E1 E2 E3
Excitatory postsynaptic potential: EPSP
Falls risk assessment tool: FRAT
Follicle stimulating hormone: FSH
Gamma-Aminobutyric acid: GABA
Gonadotropin releasing hormone: GnRH
Growth hormone: GH
Growth hormone releasing hormone: GHRH
Guanosine triphosphate hydrolase enzyme: GTPase
Hormone replacement therapy: HRT
Human osteosarcoma derived cells: SaOS-2, HOS, MG6
Human periosteum derived osteoblastic cells: SaM-1
Inhibitory postsynaptic potential: IPSP
Inositol trisphosphate: IP3
Insulin-like growth factor: IGF
Interleukin: IL
Kilodalton: KDa
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Leutinizing hormone: LH
Mesenchymal cells: MSCs
Messenger ribonucleic acid: mRNA
Mini-mental state examination: MMSE
Nicotinic acetylcholine receptors: nAChR
N-methyl-D-aspartic acid antagonists: NMDA
Odd ratio: OR
Osteoprotegerin: OPG
Parasympathetic nervous system: PSNS
Parathyroid hormone: PTH
Parathyroid hormone related peptide (PTHrp)
Paraventricular nucleus of the hypothalamus: PVN
Peripheral nervous system: PNS
Pertussis toxin: PTX
Platelet derived growth factor: PDGF
Polymerase chain reaction: PCR
Protein kinase A: PKA
Protein kinase C: PKC
Receptor activator of nuclear factor kappa-B ligand: RANKL
Reverse transcription polymerase chain reaction: RT-PCR
Selective serotonin reuptake inhibitor: SSRI
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Thiazolidinediones: TZD
Thyroxin releasing hormone: TRH
Thyroxin stimulating hormone: TSH
Triiodothyronine-3: T3
Thyroxin-4: T4
Transforming growth factor β: TGF- β
Tumor necrosis factor α: TNF-α
United States: US
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Introduction
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1. General aspects
Clinical conditions and drugs that alter the acetylcholine signaling system have been
found to have interesting effects on bone function (Walker et al, 2001) (Hoogduijn et al,
2009) (En-Nosse et al, 2009) (Warner et al, 2006) (Grimston et al, 2007) (Alkondon et
al, 2000) (Hollinger et al, 1999) (Glowacki et al, 2008) (Warner et al, 2006) (Kliemann
et al, 2012) (Bajayo et al, 2012) (Kondo et al, 2013) (Pouwels et al, 2013). At the presynaptic level, botulinum neurotoxin inhibits the release of acetylcholine from motor
neurons, and has been found to impair bone healing and induce a decrease in bone
mineral content. However, bone density does not improve after the recovery of muscle
function, indicating an effect of botulinum toxin on bone tissue, unrelated to muscle
function (Glowacki et al, 2008) (Warner et al, 2006). Poliomyelitis destroys motor
neurons that use acetylcholine neurotransmitters. Patients suffering from Polio
experience impaired bone growth in the limbs affected by nerve depletion. However,
many years after recovery of muscle activity, polio patients tend to develop osteoporosis
in a much larger proportion than the rest of the population (Mohammad et al, 2009).
At the postsynaptic level, smokers are well known to have an impaired bone healing, in
part due to the effect of nicotine (Alkondon et al, 2000) (Glowacki et al, 2008). Smokers
have high concentrations of nicotine in blood that interacts with the nicotinic
acetylcholine receptor (nAChR) causing a desensitization of these receptors. All these
observations suggest that acetylcholine and its receptors in bone tissue may play certain
roles in the process of bone remodeling (Alkondon et al, 2000) (Glowacki et al, 2008).
Recent research has revealed the presence of a number of acetylcholine receptors
(AChR) subunits in bone cells. Nicotinic subunits have been detected in human primary
bone cells, mesenchymal stem cells (MSCs) and osteoblasts, while muscarinic receptors
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have been detected in MSCs. Moreover, it has been found that osteoblasts express
specific AChR and cholinergic components that may play a possible role in regulating
the alkaline phosphatase (ALP) activity as well as the proliferation and differentiation of
osteoblasts (Walker et al, 2001) (Hoogduijin et al, 2009) (En-Nosse et al, 2009)
(Alkondon et al, 2000) (Sato et al, 2010).
Altogether, the available literature seems to indicate that the inhibition of the AChR at
the bone level seems to cause a reduction in bone turnover. However, it is not clear
whether or not boosting up of the acetylcholine activity might have an anabolic effect
on bone formation (Ma et al, 2010).
Acelycholinesterase inhibitors (AChEIs) are a group of drugs that cause AChR
stimulation by inhibiting the action of AChE and increasing the levels of acetylcholine
in the synaptic space. These drugs have been widely used in the treatment of
Alzheimer’s disease (AD) and other dementias since the mid nineties (Pepeu et al,
2009) (Massoud et al 2010).
We hypothesize that the administration of AChEIs may have a beneficial effect on bone
turnover that could translate into a reduction in the bone fracture risk. In order to test
this hypothesis we have designed a retrospective case-control study in which we
compare the incidence of hip fractures in a group of AD patients under AChEIs
treatment, with AD patients receiving no AChEIs.

But before discussing the

methodological details and results of this study and in order to reach a better
understanding of this thesis we will undergo a focused review of some fundamental
principles of bone remodeling, the autonomic nervous system (ANS), osteoporosis and
Alzheimer disease.
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2. Background
2.1 The autonomic nervous system
2.1.1 Structure and distribution
The central nervous system (CNS) includes the brain in the cranial cavity and the spinal
cord in the vertebral canal. The CNS is organized into regions of gray matter and white
matter:
Gray matter contains the cell bodies of neurons, their dendrites, and the proximal parts
of their axons. Groups of anatomically or functionally similar neuron cell bodies in the
gray matter may be found in a nucleus, a lamina, or a layer (Netter, 1987).
White matter contains axons of neurons. Groups of anatomically or functionally similar
axons may be found in a peduncle, a funiculus, a fasciculus, or a tract. Both gray and
white matter also contains different types of glial or supporting cells (Netter, 1987).
The peripheral nervous system (PNS) is composed of spinal nerves, cranial nerves, and
autonomic nerves. Nerves usually contain different combinations of axons of motor
neurons and processes of sensory neurons. Groups of neuronal cell bodies in the PNS
are found in sensory or autonomic ganglia. Spinal nerves contain both motor and
sensory fibers. There are thirty one pairs of spinal nerves in the human body that enter
or exit segmentally from the spinal cord (8 cervical, 12 thoracic, 5 lumbar, 5 sacral, and
1 coccygeal). Spinal nerves supply structures in the limbs, trunk, and neck. (Purves et
al, 2012) (Netter, 1987).
The sensory branches of a spinal nerve supply a specific dermatome, the area of skin
supplied by the branches of a single spinal nerve. The muscular branches on the other
13

hand supply a specific myotome, the muscle mass supplied by the branches of a single
spinal nerve (Netter, 1987).
Twelve pairs of cranial nerves emerge mainly from the parts of the brain stem. Cranial
nerves mainly supply structures in the head, neck, and viscera in the thorax and
abdomen (Purves et al, 2012).
Autonomic nerves are organized into sympathetic and parasympathetic divisions that
provide motor innervation to smooth muscle, glands, and cardiac muscle (figure 1). The
sympathetic and parasympathetic divisions use 2 neurons in series to innervate target
structures. The cell body of the first neuron (the preganglionic neuron) is found in the
gray matter of the CNS; the second neuron (the postganglionic neuron) is in an
autonomic ganglion in the parasympathic nervous system (PSNS). The preganglionic
signal is transmitted by nicotinic receptor in both the PSN and sympathetic nervous
system (SNS) (figure 1). (Purves et al, 2012) (Netter, 1987).
The sympathetic division functions as an emergency or catabolic system involved in
fight or flight responses and has a widespread distribution throughout the body.
Preganglionic sympathetic neuron cell bodies are found in the thoracic and upper
lumbar segments of the spinal cord from T1 through L2 and exit in the ventral roots of
spinal nerves from T1 through L2. The SNS is divided into three parts (dopaminergic,
cholinergic, and adrenergic) according to the acting neurotransmitters on the target
organs (figure 2).
The parasympathetic division functions to conserve energy and restore body resources
and has a restricted distribution. Preganglionic parasympathetic cell bodies are found
either in the brainstem where they exit the brain in 1 of 4 cranial nerves (III, VII, IX,
14

and X), or at sacral spinal cord segments S2, 3, and 4 and exit the spinal cord with the
ventral roots of S2 through S4 spinal nerves. The PSNS supplies 2 smooth muscles in
the orbit, salivary and mucous glands in the head, smooth muscles and glands in the
thoracic cavity, and abdomen- pelvic viscera (Purves et al, 2012).

Figure 1: The distribution of the autonomic nervous system (including the
parasympathetic and sympathetic braches). (Gray H. 1918).
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Postganglionic

O------------< O-----------------------------------------------------------------------------------< 
Ach Nicotinic receptor
Norepinephrine α,β1,β2
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Postganglionic

Sympathetic Cholinergic O------------< O-------------------------------------------------------------------------------------< 
Ach Nicotinic receptor

Sympathetic Dopaminergic

Ach Muscarinic receptor

Preganglionic
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O------------< O------------------------------------------------------------------------------< 
Ach Nicotinic receptor
D1 Dopaminergic receptor

Parasympathetic O-------------------------------------------------------------------------------------------< O--------------------< 
Ach Nicotinic receptor Ach Muscarinic receptor

Adrenal O---------------------------------------< 
Ach Nicotinic receptor
Receptors

Adrenal gland→Epinephrine 80%
Norepinephrine 20%

Somatic O--------------------------------------<  Skeletal musclenicotinic receptor
Ach

Figure 2: Neurotransmitter receptors in the peripheral nervous system. Abbreviations:
Ach, acetylcholine.
2.1.2 /eurotransmitter receptors
Neurotransmitter receptors are membrane receptor proteins that can be activated by
specific neurotransmitters. A membrane receptor protein interacts with a chemical in the
cells external environment and a membrane protein interacts with the phospholipid
bilayer that encloses the cell. Membrane receptor proteins that

are present

in neuronal and glial cells,

each

enable

cells

to

communicate

with

other
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through chemical signals. The postsynaptic response can be excitatory or inhibitory
(table 1) (Levitan et al, 2002).
An excitatory postsynaptic potential (EPSP) is a temporary depolarization of the
postsynaptic membrane, which increases the likelihood of the generation of an action
potential in a postsynaptic axon. It results from a net inward depolarizing current caused
by increased Na+ and Ca2+ conductance at postsynaptic receptors. Glutamate and
acetylcholine are the common CNS excitatory neurotransmitters that generate EPSPs.
(Hall, 2010).
An inhibitory response can cause an inhibitory postsynaptic potential (IPSP), which
decreases the likelihood of the generation of an action potential. IPSPs result from a net
outward hyperpolarizing current caused by increased outward conductance of K+ and
inward conductance of Cl– at postsynaptic receptors. Gamma-Aminobutyric acid
(GABA) and glycine are the common CNS inhibitory neurotransmitters that generate
IPSPs (Purves et al, 2012).
There

are

two

types

of neurotransmitter receptors;

ionotropic receptors

and metabotropic receptors. Ionotropic receptors can be excited by neurotransmitters
(ligands) like glutamate and aspartate, and inhibited by GABA and glycine. On the
other hand metabotropic receptors are neither excitatory nor inhibitory. They regulate
the actions of excitatory and inhibitory neurotransmitters. Most neurotransmitters
receptors are metabotropic (Purves et al, 2012) (Levitan et al, 2002).
Ionotropic receptors (ligand-gated) typically consist of 5 protein subunits that form or
are linked to an ion channel. When a neurotransmitter binds to an ionotropic receptor, it
results in a direct increase or decrease in the ion conductance of the channel. Ionotropic
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receptors are located on postsynaptic elements where a fast response to the presynaptic
signal is required. Nicotinic acetylcholine receptors are ionotropic receptors in the
membranes at the neuromuscular junctions in skeletal muscle, on postganglionic
autonomic neurons, and in the CNS. When acetylcholine binds to the nicotinic receptor
Na+ ions flow into the cell while K+ ions flow outwards causing a depolarization of the
cell membrane. These receptors are named “nicotinic” because nicotine binds to the
receptor and mimics the effects of acetylcholine (Hall et al, 2010).
Metabotropic receptors
transmembrane

(G

receptors

protein-coupled)
that

form

a

large protein family

sense molecules outside

the cell,

of

activate

intracellular transduction pathways and eventually cellular responses. These receptors
can be found only in eukaryotes, including animal cells, yeast and choanoflagellates. G
proteins contain an α-subunit that is critical to the correct functioning of these receptors.
There are four main classes of G-proteins: Gs, Gi, Gq, and G12/13 (Simon et al, 1991).
These proteins are classified according to their susceptibility to cholera toxin (CTX)
and pertussis toxin (PTX). Gs and some subtypes of Gi (Gαt and Gαg) are sensible to
CTX. Gi proteins are sensible to PTX, with the exception of the subtype Gi (Gαz) which
is immune. G-protein subunits have different effects on secondary messengers, for
example some of them up-regulate phospholipases while others down-regulate cAMP
(Dell´ Acqua et al, 1993).
The ligands that

attach

to

and

activate

these

receptors

include

odors, pheromones, hormones, and neurotransmitters, that can range from small
molecules to

large proteins.

Metabotropic receptors

are

involved

in

the

pathophysiology of many diseases, and are the target of approximately 30% of all
modern therapeutic drugs ( King et al, 2003) (Filmore, 2004) (Overington et al, 2006).
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Neurotransmitter receptors are present on both postsynaptic and presynaptic neurons.
When present at the presynaptic level they prevent further release of a given
neurotransmitter, and when they are localized at the postsynaptic membrane they
receive the incoming signal. Neurotransmitter receptors are also found in various
immune and muscle tissues. Many neurotransmitter receptors are categorized as
serpentine receptor because they can span the cell membrane up to 7 times.
Neurotransmitter

receptors

can

become

unresponsive

to

the

type

of neurotransmitter they receive when exposed for prolonged periods of time, this
phenomenon is known as down regulation or ligand-induced desensitization (Purves et
al, 2012).

Neurotransmitter receptor type

Subtypes

Adrenergic

α1A, α1b, α1c, α1d α2a, α2b, α2c, α2d β1, β2, β3

Dopaminergic

D1, D2, D3, D4, D5

GABAergic

GABAA, GABAB1a, GABAB1δ, GABAB2, GABAC

Glutaminergic

NMDA, AMPA kainate, mGluR1, mGluR2,
mGluR3, mGluR4, mGluR5, mGluR6, mGluR7

Histaminergic

H1, H2, H3

Cholinergic

Muscarinic: M1, M2, M3, M4, M5 Nicotinic:
muscle, neuronal (α-bungarotoxin-insensitive),
neuronal (α-bungarotoxin-sensitive)

Glycinergic

Glycine

Serotonergic

5-HT1A, 5-HT1B, 5-HT1D, 5-HT1E, 5-HT1F, 5-HT2A,
5-HT2B, 5-HT2C, 5-HT3, 5-HT4, 5-HT5, 5-HT6, 5HT7

Opioid

μ, δ1, δ2, κ

Table 1: Neurotransmitter Receptors, different types and subtypes.
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2.1.3 Types of adrenergic receptors
These receptors were first described by Raymond Ahlquist, in 1948. He observed that a
single sympathetic mediator could cause both an excitatory and an inhibitory response;
and that adrenergic receptors were of two different types based on the potency of
activation created by the agonists (Ahquist et al, 1948).
Adrenergic receptors are G protein-coupled receptors that are targets of catecholamines,
such as norepinephrine and epinephrine. These receptors are present in many cells, and
when they bind to a catecholamine they usually lead to the stimulation of the SNS. The
sympathetic response causes a widening of the pupils, mobilization of energy, and
diverts blood flow from less essential organs to skeletal muscle (Hall, 2010).
There are two main groups of adrenergic receptors, α and β, each have several subtypes.
Alpha receptors are divided into the subtypes α1 (aGq coupled receptor) and α2
(aGi coupled receptor). On the other hand β receptors are divided into the
subtypes β1, β2 and β3. All three are linked to Gs proteins (although β2 also couples to
Gi), which in turn are linked to adenylate cyclase (Chen-Izu et al, 2000). Epinephrine
interacts with both α and β receptors, causing vasoconstriction and vasodilatation,
respectively. However the overall effect of epinephrine is a circulatory vasoconstriction.
This can be explained by the fact that there are more peripheral α1 receptors than β
adrenoreceptors. On the other hand α receptors are less sensitive to epinephrine, thus at
lower levels of circulating epinephrine, β-adrenoreceptor stimulation dominates,
producing vasodilatation followed by decrease of peripheral vascular resistance. At
higher levels of circulating epinephrine α receptors stimulation becomes predominant
resulting in vasoconstriction. Further details will be discussed in the following sections
(Table2) (Hall, 2010).
20

2.1.3.1 Alfa Receptors
Alpha receptors have several functions in common such as vasoconstriction of the
coronary arteries, and decrease smooth muscle motility in the gastrointestinal tract, but
each subtype also has its own specific effects (Woodman et al, 1987) (Elliott, 1997)
(Sagrada et al, 1987).
Alpha-1 receptors are members of the G protein-coupled receptor family. When
stimulated Gq proteins activate phospholipase C, which causes an increase in inositol
1,4,5-triphosphate (IP3) and calcium. This will trigger further effects, through the
activation of protein kinase C (PKC) that will lead to the phosphorylation of other
enzymes causing their activation, or by the phosphorylation of specific channels that
will cause an increase or decrease of electrolyte transfer in or out of the cell. Alpha-1
receptors can be stimulated by substances such as norepinephrine, epinephrine,
metaraminol and phenylephrine.

When activated these receptors can induce

vasoconstriction of the coronary arteries, vasoconstriction of veins, and decrease
motility of smooth muscle in the gastrointestinal tract (Woodman et al, 1987) (Elliott,
1997).
In the smooth muscles of blood vessels the main effect is vasoconstriction. Blood
vessels with α1 receptors are present in the skin, the sphincters of gastrointestinal
system, renal arteries and brain. During situations of stress, vasoconstriction will cause
a decrease in the blood flow to these organs. Alpha-1 stimulation can also induce
contraction of the urinary bladder, and a decrease in appetite (Sagrada et al, 1987)
(Rang, 2003) (Schmitz et al, 1981) (Purves et al, 2012) (Cheng et al, 2003).
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Alpha-2 receptors are also members of the G protein-coupled receptor family that are
associated with the Gi protein. There are 3 homologous subtypes; α2A, α2B, and α2C.
Catecholamines such as epinephrine and nor-epinephrine stimulate the α2-receptors in
the central and peripheral nervous systems (Ruuskanen et al, 2004).
In α2 subunits the inhibitory Gi protein dissociates from the G protein causing an
inactivation

of

adenyl

cyclase,

a

decrease

of

cyclic

adenosine

3,5-

monophosphate (cAMP) production and therefore a decrease of intracellular cAMP.
Protein kinase A (PKA) is not able to be activated by cAMP, so proteins such
as phosphorylase kinase cannot be phosphorylated by PKA. Phosphorylase kinase is
required for the phosphorylation and activation of glycogen phosphorylase, which is
necessary for glycogen breakdown. Thus the final effect of this pathway is a decreased
breakdown of glycogen (Schaak et al, 2000).
The α2 receptors are classically located on vascular prejunctional terminals where they
inhibit the release of norepinephrine by a negative feedback mechanism. They are also
present on the vascular smooth muscle cells of some blood vessels (i.e. skin arterioles
and veins) where they coexist with α1 adrenergic receptors. Alpha-2 receptors can bind
to both norepinephrine released by sympathetic postganglionic fibers and epinephrine
released by the adrenal medulla. The stimulation of α2-adrenergic receptor can cause
muscle relaxation and pain relive through effects on the CNS (Hall, 2010).
2.1.3.2 Beta receptors
The activation of these receptors triggers a sympathomimetic response. They are Gprotein coupled receptors that act by activating a Gs protein which activates adenylyl
cyclase, causing an increase in the levels of intracellular cAMP. Elevated levels of
22

cAMP cause PKA activation, which leads to the phosphorylation of cellular proteins.
Beta receptors can respond to epinephrine, norepinephrine and isoproterenol
stimulation. They are subdivided into three subgroups, β1, β2, and β3. This division is
based on their affinities to adrenergic agonists and antagonists (Purves et al, 2012).
Beta-1 receptors are associated with the Gs protein. They are expressed predominantly
in cardiac tissue and when stimulated they can increase the cardiac output, the heart
rate through sino-atrial node stimulation, atrial cardiac muscle contractility, contractility
and automaticity of

the ventricular cardiac

muscle,

and

the

conduction

and automaticity of atrioventricular node. They also stimulate amylase secretions
from salivary glands, renin release from juxtaglomerular cells, and lipolysis. These
receptors are also present in the cerebral cortex. (Rang, 2003) (Purves et al, 2012).
Isoprenaline has higher affinity for β1 than epinephrine, which, in turn, has a higher
affinity than norepinephrine. There are other selective agonists to the β1 receptor such
as denopamine and dobutamine (Rang, 2003).
Beta-2 receptors are directly associated with the class C L-type calcium channel CaV1.2.
This receptor-channel complex is linked to the Gs protein, which activates adenylyl
cyclase, inhibiting the formation of cAMP which activates PKA, and the
counterbalancing protein phosphatase (Rubenstein et al 2006).
Beta-2 receptors have been found to couple with Gi protein, and appear to provide a
mechanism of response localized within cells. On the other hand β1 receptors are
coupled only to Gs protein, and their stimulation causes a more diffuse cellular response
(Chen-Izu, et al 2000) (Zamah et al, 2002). Beta-2 receptors appear to increase heart
muscle contraction, increase cardiac output (lesser degree compared to β1),
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increase heart rate in sinoatrial node, increase atrial cardiac muscle contractility, and
increases contractility and automaticity of ventricular cardiac muscle. They also appear
to dilate the hepatic artery and arteries to skeletal muscle (Purves et al, 2012).
In the human eye, β2 stimulation by salbutamol increases intraocular pressure. These
receptors

also

regulate

glycogenolysis and lactate

release

glycogenolysis and gluconeogenesis in
in skeletal

muscles,

liver,

contract sphincters of the

gastrointestinal tract, and thickens secretions from salivary glands. Substances that
stimulate β2 receptors include salbutamol , bitolterol mesylate and isoproterenol (Hall,
2010).
Beta-3 receptors are located mainly in adipose tissue and are involved in the lipolysis
process and thermogenesis. Some β3 agonists have demonstrated to induce antistress effects in the CNS. These receptors can be found in the urinary bladder,
gallbladder and in brown adipose tissue. They seem to play a role in lipolysis and
thermogenesis in brown fat. In the urinary bladder they are thought to cause the
relaxation of the bladder and prevention of urination (Table 2) (Ferrer-Lorente, 2005).
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Adrenergic
receptor

Functions

Drugs affecting this
receptors

Medical use

α1-receptor

Noradrenaline mediated
smooth muscle contraction
(mainly vascular, urogenital
and sphincteric)

Prazosin (antagonist)

Hypertension

α2-receptor

Presynaptic control of
noradrenaline, ATP, and Ach
release at nerve terminals.

Yohimbine
(antagonist)

Ejaculation delay

β1-receptor

Stimulating effect of
adrenaline and
noradrenaline on the heart

Atenolol (antagonist)

Hypertension

β2-receptor

Noradrenaline mediated
smooth muscle relaxation (
Mainly the digestive tract,
respiratory tract and the
urogenital system)

Salbutamol (agonist)

Bronchodilator

β3-receptor

Stimulates fatty acid release
in adipose tissue

None

Potential treatment in
obesity

Table 2: Types of adrenergic receptors their function and medical use (Masaaki et al,
2006).

2.1.3.3 Adrenergic receptors and bone tissue
As we mentioned earlier adrenergic receptors are well known for their role in the
regulation of cardiovascular, uterine and airway smooth muscle functions. However,
some histological studies have demonstrated the presence of norepinephrine fibers on
bone, and pharmacological studies have shown that both osteoblastic and osteoclastic
cells contain receptors for norepinephrine. Gene expression of α1 and α2 receptors
and/or β2 receptors has been detected by reverse transcription polymerase chain
reaction (RT-PCR) in human periosteum-derived osteoblastic cells (SaM-1), human
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osteosarcoma-derived cells (SaOS-2, HOS, MG6), mouse primary osteoblasts and
human osteoclasts. Among all postsynaptic adrenergic receptors β2 receptors appears
to be the main, and possibly the only functional adrenergic receptor expressed in
osteoblasts. The presence of both β2 receptor messenger ribonucleic acid (mRNA) and
protein has been confirmed in rat calvarial osteoblasts by polymerase chain reaction
(PCR) and confocal microscopy. However neither β1 nor β3 receptor expression was
detected in these cells. Moreover β2 receptor mRNA was expressed in extracts from
mouse femur, whereas β1 and β3 receptor genes were not identified (Elefteriou et al,
2005) (Togari et al, 1997) (Togari, 2002) (Kellenberger et al, 1998) (Moore et al, 1993)
(Bonnet et al, 2008) (Pierroz et al, 2006).

Several clinical conditions in which there is an overstimulation of the adrenergic system
have been associated with a low bone mass and increased bone fragility.

Beta-2

agonists used in obstructive lung disease patients have 2 x fold increased risk of hip
fracture. In reflex sympathetic dystrophy (also known as Sudeck Syndrome),
characterized by a hyperactivity of the adrenergic pathway, localized osteopenia is
caused by an increase in bone resorption. Athletes that consume β2 agonists for their
anabolic effect on muscle mass show bone loss and an increased risk of suffering
fatigue fractures (Pierroz et al, 2006) (De Vries et al, 2007) (Schwartzman, 2000). This
osteopenic effect caused by an increased adrenergic signaling could be explained by the
osteoclastogenic effect associated with β2 receptor stimulation (Kondo et al, 2012).
Mice deficient for the β2 adrenergic receptor have a lower bone resorption and
increased bone formation,

for

this

reason

they

appear

to

maintain

greater

trabecular bone microarchitecture as they grow older. A recent study has demonstrated
that mice deficient for β1 receptors do not have increased histomorphometric
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bone forming indices or bone density. On the other hand these values were increased in
mice deficient for β2 receptors. Moreover, bone mass and microarchitecture were
increased in femurs and vertebrae of β2 receptor deficient mice, whereas β1 receptors
deficient mice had a lower

femur bone mineral density (BMD), cortical size, and

cortical thickness compared to wild type mice. These results suggest that β1 and β2
adrenergic signaling induces different effects on bone. Beta-1 signaling leads to a
predominant anabolic stimulus in response to mechanical stimulation whereas β2
adrenergic receptor signaling mainly regulates bone resorption during aging (Pierroz et
al, 2012).
In a case control study performed by Schlienger and cols. the use of β-blockers
appeared to be associated with a reduced risk of fractures, taken alone and in
combination with thiazide diuretics. However this study did not discriminate between
different types of β-blockers. Many elderly patients with hypertension who are at risk of
developing osteoporosis could potentially benefit from combined therapy with blockers
and thiazides (Schlienger et al, 2004).

2.1.4. Types of cholinergic receptors
Langley and Dickinson were the first to observe that the stimulation of the superior
cervical ganglia with nicotine caused a synaptic transmission. Dale and Dixon described
the initial classification of these receptors; nicotinic and muscarinic. These receptors are
present in both the SNS and PSNS (Purves et al, 2012).
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2.1.4.1 Muscarinic Receptors
Muscarinic receptors belong to the metabotropic receptor group; they form G-protein
complexes that activate other ion channels via second messengers. These receptors play
several roles, including acting as the main target receptor stimulated by
acetylcholine released from postganglionic fibers in the PSNS. They are named
muscarinic because they are more sensitive to muscarine than to nicotine. Muscarinic
receptors vary in the G protein to which they are bound (Ishii et al, 2006).
Muscarinic receptors play a variety of roles in the human body. They function as
recovery receptors in the postganglionic neuron. This effect is caused by a
hyperpolarization and slow depolarization that is mediated by type M2 and M1
muscarinic receptors (Purves et al, 2012). Another function of these receptors is at the
junction between the target tissue and the postganglionic neuron in the parasympathetic
division of the ANS.
On the other hand only a few parts of the SNS contain cholinergic receptors that form
what is also known as the cholinergic SNS: some postganglionic fibers terminating on
sweat glands, skeletal arterioles, and in piloerectile muscles of the body hairs.. (Hall,
2010).
Muscarinic acetylcholine receptors are also present in different locations throughout the
CNS, in post-synaptic and pre-synaptic positions. There is also some evidence for the
presence of postsynaptic muscarinic receptors on sympathetic neurons allowing the
PSNS to inhibit sympathetic effects (Purves et al, 2012).
These receptors are also present on the presynaptic membrane of somatic neurons at the
neuromuscular junction, where they regulate the release of acetylcholine release.
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Muscarinic receptors also seem to control a number of cellular pathways that appears to
regulate the inflammatory process, growth and proliferation of the cell. These pathways
include protein Ga/i/o- and Gaq/11- (Caulfield et al, 1998) (Eglen, 1998) (Ishii et al,
2006) (Purves et al, 2012).
Types of Muscarinic receptors:
Five subtypes of muscarinic receptors have been identified (M1-M5) using selective
radioactively labeled agonist and antagonist substances. M1, M3 and M5 receptors
increase the intracellular concentration of Ca2+. Protein Gi forms part of a cellular
pathway that includes M2 and M4 receptors and seems to modulate K + ion conduction
(figure 3) (Caulfield, 1993).
M1 receptor is common in exocrine glands and in the CNS. It appears to mediate the
slow EPSP at the ganglion in the postganglionic nerve and it is predominantly found
bound to Gq proteins, which use upregulation of phospholipase C as a signaling
pathway (Caulfield, 1993).
M2 receptors are present in the heart, where they down regulate the heart rate by
slowing the speed of depolarization and reducing the conduction velocity of
the atrioventricular node. These receptors also decrease the contractile forces of
the atrial cardiac muscle, and to a lesser extent those of the ventricular muscle. M2
receptors act via a Gi type receptor, which induces a decrease in intracellular cAMP,
inhibits the Ca2+ channels, and increases the efflux of K+, which generally causes
inhibitory effects (Purves et al, 2012).
M3 receptors are present in the smooth muscles of the blood vessels and in the lungs.
These receptors are Gq coupled and when stimulated they lead to an increase in
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intracellular

calcium

which

causes

smooth

muscle

contraction

(i.e.

bronchoconstriction). On the other hand, the activation of M3 on vascular endothelial
cells leads to an increase in the synthesis of nitric oxide, which extends to proximal
vascular smooth muscle cells and causes their relaxation. This mechanism would
explain the paradoxical effect of parasympathetic stimulation on vascular tone and
bronchiolar tone. However, a direct stimulation of vascular smooth muscle by M3
receptors leads to vasoconstriction in pathologies where the vascular endothelium is
disrupted. The M3 receptors are also located in many glands, where they stimulate
active secretion (i.e. the salivary glands, as well as other glands of the body) (Parker et
al, 2006).
A recent study has demonstrated that M3 receptor exert stimulatory effects on the
production of bone matrix and cancellous bone microarchitecture (Kliemann et al,
2012). Moreover, mice with knockout M3 receptors are osteoporotic due to a decrease
of osteoblast numbers and an increase of osteoclast numbers (Shi et al, 2010).
M4 receptors are present in the CNS. The mechanism of action of these receptors is
mediated by Gi proteins that decrease intracellular cAMP and lead to a generally
inhibitory effect. Bronchospasm may result from the stimulation of M4 receptors by
certain muscarinic agonists (Johnson et al, 2001).
The location of M5 receptor is not well known. These receptors, like M1 and M3
muscarinic receptors are coupled with G proteins of class Gq that up regulate
phospholipase C, IP3 and intracellular calcium (Johnson et al, 2001) (Burford et al,
1996).
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Muscarinic subtypes M1, M2, M3, M4, and M5 are expressed at different levels in
human osteosarcoma cells, rat femur, and human rib bone tissue. M1, M4, M5 were
successfully

in

cultured

calvarial bone cells;

M2,

mouse
M3,

M4

femur bone cells
were

in

and

bovine bone.

cultured
It

mouse

appears

that

muscarinic receptors are present in bone tissue to evoke calcium signaling and modulate
cell proliferation. Different muscarinic receptor subtypes can be identified in various
parts of the animal skeletal system. Bone remodeling involving osteoblast proliferation
could be related with the activity of muscarinic receptors (Table 3) (Liu et al, 2011).

Ach
Acetycholine receptor
binding site
M1

M3

M5

M2

M4

Cytoplams
Gq protein

Key effect:

Gi protein

•Phospholipase C
stimulaItion
• IP3 stimulation
•↑ Intracellular Ca +²

•↓cAMP
•↑ K + efflux
•↓ Intracellular Ca +²

General stimulating effect

General inhibitory effect

Figure 3: Achetylcholine muscarinic receptors. Abbreviations: Ach, acetycholine; IP3,
1, 4, 5-triphosphate; cAMP, cyclic adenosine 3, 5-monophosphate.
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2.1.4.2 /icotinic receptors
Nicotonic receptors are ionotropic receptors that contain cholinergic ionic channels that
open when a specific chemical messenger binds to the receptor. They can be found in
the autonomic ganglia of the SNS and PSNS, at the neuromuscular junction and in the
adrenal medulla. The receptors at these different locations are similar but not identical.
They can be stimulated by both acetylcholine and nicotine, and blocked by
hexamethonium in the autonomic ganglia. They are formed from the union of 5
different AchR subunits. So far, a total of 17 subunits (divided into muscular and neural
subtypes) have been identified, that can be united in a large number of possible
combinations. The most frequent combinations are; (α1)2-β1 δε (muscular type), (α3)2(β4)3 ( ganglionar type ), (α4)2-(β2)3 (CNS) and (α7)5 (CNS). The molecular weight of
these pentamers is of 290 kilodaltons (KDa) (table 4) (Itier et al, 2001).
The union point of acetylcholine is composed of 2 α subunits or

1 α +1 β subunits.

When the channels are opened, a net flow of positive ions (Na+, Ca2+) into the interior
of the cell begins, which causes a depolarization of the plasma membrane, and the
stimulation of the postsynaptic neuron (figure 4). On the other hand the influx of Ca2+
ions would act on the different intracellular cascades and on certain genes. The
prolonged stimulation of the nicotinic receptors would eventually cause a
desensitization of these receptors (tables 3 and 4) (Purves et al, 2012).
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Cholinergic
receptor

Functions

Drugs affecting these
receptors

Medical use

Nicotiniccholinergic
receptors

Rapid excitation of the
postganglionic neurons at
the autonomic ganglia

Hexamethonium
(antagonist)

Hypertension ( in the
past)

M1-receptor

Inhibition of Ach and
noradrenaline release from
the autonomic nerve
terminals

Pirenzepine
(antagonist)

Anti-ulcer

M2-receptor

Effects of Ach on the heart
and smooth muscles

Atropine ( non
selective antagonist)

Mydriasis

M3-receptor

Glandular stimulation
induced by Ach

Atropine ( non
selective antagonist)

Reduction of salivary
secretion in Parkinson
disease

Table 3: Types of cholinergic receptors their function and medical use (Masaaki et al,
2006). Abbreviations: Ach, acetylcholine.
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Neural type nicotinic subunits

Muscle type nicotinic subunits

Type I: α9, α10

Type IV : α1, β1, δ, γ, ε

Type II: α7, α8

Type III-1: α2, α3, α4, α 6

Type III-2: β2, β4

Type III-3: β3, α5

Table 4: Nicotinic receptor subfamilies.
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Acetyl
Neuron

Choline
Choline- acetyl
transferase

Acetylcholine
Na+

Acetycholine receptor
Binding site

Acetylcholinestarase

α

α

Cytoplams

Figure 4: Achetylcholine receptor (nicotinic α- α subunits).
2.1.4.3 Cholinergic receptors and bone tissue
The wide expression of cholinergic components in bone tissue points toward the
important role they could play in bone remodeling. Bone cells have been shown to
express all components of the cholinergic system (acetylcholine, cholinergic receptors
and AChE) (Bajayo et al, 2012) (Shi et al, 2010) (Dani et al, 2007) (Liu et al, 2011)
(En-Nosse et al, 2009) (Vogel-Hopker et al, 2012) (Grisaru et al, 1999) (Inkson et al,
2004) (Fujii et al, 2009). For instance, acetylcholine has been reported in osteosblasts
(Sato et al, 2010). Cholinergic receptors, both nicotinic and muscarinic, have been
identified in human primary bone cells, mesenchymal stem cells, osteoblast and
osteoclasts. AChE is expressed in bone cells such as bone marrow-derived monocytes,
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osteoclasts and osteoblasts (Bajayo et al, 2012) (Genever et al 1999) (Inkson et al,
2004).
Previous studies have shown that acetylcholine might regulate the migration of bone
marrow mesenchymal stem cells (Tang et al, 2012). These are multipotent cells able to
differentiate into bone cells. Cholinergic receptors, both nicoting and muscarinic, have
shown to affect bone turnover. The only nicotinic receptor that shows an effect on the
bone remodeling pattern is subtype α2 (Alkondon et al, 2000) (Klienmann et al, 2012)
(Rothem et al, 2009). Indeed, knockout nicotinic receptor subtype α2 mice are
osteoporotic due to up-regulation of osteoclasts (Bajayo et al, 2012). Stimulation of
nicotinic receptors in wild type mice has been shown to induce bone mass gain as a
result of an increase in osteoclast apoptosis (Bajayo et al, 2012).
Muscarinic receptors, more specifically M3 receptors, have been shown to influence
bone remodeling favoring bone formation and decreasing bone resorption. Knockout
M3 receptors mice are osteoporotic due to an increase in the number of osteoclasts and
a decrease in the number of osteoblasts. Stimulation of muscarinic receptors with
cholinergic agonists in vitro increases osteoblast proliferation (figure 5) (Shi et al, 2010)
(Klienmann et al, 2012) (Liu et al, 2011).
The activity of cholinergic receptors in bone is terminated by AChE and its capability to
break down acetylcholine in bone. AChE can play significant roles during bone
development. It has been identified at sites of new bone formation, suggesting that
AChE could act as a bone matrix protein. Indeed, it has been reported that AChE can
regulate cell proliferations, differentiations, cell-cell contact as well as mesenchymal
stem cells migration (Vogel-Hopker et al, 2012) (Inkson et al, 2004) (Genever et al,
1999) (Fujii et al, 2009).
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Cholinergic
Stimulation

Adrenergic
Stimulation
Ach
Epinephrine
Norepinephrine

Ach

M3 receptor

Α2 nicotinic
receptor

Proliferation
Apoptosis

Osteoblast

Bone formation

B2 receptor
Osteoclastogenesis

Osteoclast

Bone resorbtion

Figure 5: Summary of the most important cholinergic and adrenergic known pathways
in bone. Abbreviations: Ach, acetylcholine; A2, alpha-2; B2, beta-2; M3, muscarinic-3.
2.2 Bone remodeling
Bone remodeling allows the conservation of normal bone mass despite constant internal
and external environments changes that affect cortical and cancellous bone throughout
life that may affect osteoclastic and osteoblastic activity. Osteoclasts bind to bone
surfaces through cell attachment or “anchoring” proteins (Nijweidi et al, 1986).
Integrins, seal the space below osetoclasts which then produce hydrogen ions that
increase the solubility of hydroxyapatite crystals. The organic matrix is then removed
by proteolytic digestion through the activity of lysosomal enzyme cathepsin K (Netter,
1987) (Hall, 2010).

Osteoclast mediated bone resorption takes approximately 2-4

weeks during each cycle (Bart, 2008).
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Osteoclastic tunneling is followed by layering of osteoblasts and the deposition of
layers of lamellae. The initial stage of bone production is the secretion of collagen
molecules (collagen monomers) and ground substance (mainly proteoglycans) by
osteoblasts. The collagen monomers are linked together to from collagen fibers, the
main component of osteoid. Some of the osteoblasts become entrapped in the osteoid
and become osteocytes (Mark et al, 2012). A few days later calcium salts begin to
precipitate on the surfaces of the collagen fibers. The precipitates initially appear at the
intervals along each collagen fiber, forming small nidi that rapidly grow into
hydroxyapatite crystals within a period of days and weeks. However a few per cent of
the deposited crystals may remain permanently in the amorphous from. This is
important because these amorphous salts can be absorbed rapidly in situations where
there is an increased need for extra calcium in the extracellular fluid (Hall et al, 2010)
(Ramachandran, 2007). The process of bone tissue remodeling is extremely complex
and only partially understood, never the less some important discoveries have been
made in the last decade, which have lead to a better comprehension of this important
process. Generally speaking bone remodeling appears to be regulated at systemic and
local levels which closely interact with each other.
Mechanism of bone remodeling:
Bone remodeling occurs in local groups of osteoblasts and osteoclasts called bone
multicellular units (BMU). Each unit is organized into a "cutting cone" of osteoclasts
reabsorbing bone that are followed by a group of osteoblasts that fill the bone defect left
by osteoclasts. The end result is the production of a new osteon. Each BMU has a
limited lifetime, so new units are continuously forming as old units disappear. In normal
bone the number of BMUs, the bone resorption rate, and the bone formation rate are all
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relatively stable (Martin, 2007). Therefore a steady-state situation develops in which the
total amount of missing bone due to bone remodeling at any time is generally constant.
Any changes in the number of BMUs, bone resorption rate, or formation rate will alter
this balanced situation. In adults, bone removed by a BMU is not completely restored
and a small amount of bone is permanently lost, this gradual loss of bone is a
physiological process in humans and it is responsible for the gradual bone loss related to
age. Some pathologic conditions may increase the amount of irreversible bone loss by
either increasing the total number of BMUs or by increasing the amount of irreversible
bone loss in each BMU. Irreversible bone loss per BMU can result from an increase in
the osteoclastic activity or a decrease in the osteoblastic activity. Irreversible bone loss
occurs both in cortical and trabecular bone. A permanent increase in bone mass does not
normally

occur

in

adult

life,

except

in

situations

of

periosteal

bone

formation due to exercise (Hall et al, 2010) (Ramachandran, 2007).
A leading cause of metabolic bone disease is an increase in number of BMUs,
there are many different types of stimuli that lead to this increase. The best studied
example is parathyroid hormone (PTH); in mild hyperparathyroidism the number of
BMUs is increased, but the rates of bone resorption and formation in each BMU are not
altered and the amount of irreversible bone loss is relatively small. In severe
hyperparathyroidism, an increase in the total bone resorption can be so high that bone
formation cannot keep up with the large quantities of bone that is lost. In high turnover
osteopenia both the formation and the resorption rates are increased, but the formation
can´t keep up with the resorption. Most patients with postmenopausal osteoporosis have
a low turnover osteopenia. In this situation, the rate of resorption is usually unchanged,
but the rate of formation is decreased (Smith et al, 2012).
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The process of bone remodeling depends on a balanced interaction between a series of
hormones, inflammatory mediators, neurotransmitters, regulated both systemically and
locally. There are four different systemic pathways involved in bone regulation: the
energy-bone-adipose tissue-SNS axis, the hypothalamic-pituitary-thyroid axis, the IL1cholinergic SNS axis and the parathairoid-vitamin D-calcitonin axis. We will discuss
these pathways with more detail below; the local regulating factors involved in the
process of bone remodeling will be also addressed.
2.3.1 Systemic regulation of bone remodeling:
2.2.1.1 The hypothalamic-pituitary-axis
The hypothalamus regulates bone formation through its indirect control on end organs
such as the thyroid gland, adrenal glands, gonads, and liver. This process is mediated by
a group of releasing and stimulating hormones (figure 6).
The thyroid pathway:
Thyrotropin releasing hormone (TRH) is a tropic, tripeptidal hormone that stimulates
the release of thyroid-stimulating hormone (TSH)

and prolactin from the anterior

pituitary. TRH can also be found in other sites of the body including the gastrointestinal
system and pancreatic islets (Zhang et al, 2001).
TRH gene expression is continuously regulated in the medial and periventricular
regions of the paraventricular nucleus (PVN) of the hypothalamus in response to
physiological changes such as illness, starvation, coldness, and pituitary or thyroid
disease (Hollenberg et al, 1995).
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TSH is a glycoprotein-hormone secreted by thyrotrope cells in the anterior pituitary
gland.

It

stimulates

the

thyroid

gland

to

produce

thyroxine (T4),

and

then triiodothyronine (T3), these hormones regulate the metabolism of almost every
tissue in the body (Sacher et al, 2000).
Human studies demonstrate an inverse relationship between T3 and TSH. Thus the
skeletal effects of T3 excess cannot be distinguished from low TSH and vice versa. T3
appears to increase bone turnover while high TSH levels have an inhibitory effect. In
Grave´s disease there is a production of antibodies that activate the TSH receptors and
consequently T3 production. However, Graves disease causes osteoporosis, suggesting
the dominant effect of high T3 on the skeleton rather than TSH. Animal models help
reinforce this concept, for instance mice with deletion of the gene for TR-α with normal
circulating T3, display growth retardation in early age and delayed endochondral
ossification. Adult mice show increased trabecular bone mass and reduced osteoclast
numbers. Mice lacking TR-β are similar to thyroid hormone-resistant patients with
elevation of circulating TSH and T3 (Bassett et al, 2008). Young mice have advanced
endochondral and intramembranous ossification and increased bone mineral deposition,
while adults have osteoporosis with reduced mineralization and increased osteoclast
numbers. This is explained if TR-α is the predominant thyroid receptor in skeletal cells.
Since T3 could not affect these cells, there is delayed ossification and reduced bone
remodeling. In contrast, TR-α deficient mice have increased circulating T3 with
anabolic actions in children and catabolic actions in adults. These and other supportive
findings raise the possibility that T3 may be an anabolic agent in childhood (Bassett et
al, 2008).
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In summary thyroid hormones stimulate bone resorption more than bone formation, and
large doses of thyroxine can cause osteoporosis. Thyroid hormones also regulates the
skeletal growth of the physis, stimulates chondrocyte growth, type X collagen
production, and alkaline phosphatase activity (Ballock et al, 1994).
The Gonadotropin releasing hormone pathway
Gonadotropin releasing hormone (GnRH) is a trophic peptide hormone synthesized and
released from neurons within the hypothalamus. GnRH stimulates the anterior pituitary
gland to release of follicle stimulating hormone (FSH) and luteinizing hormone (LH).
Both FSH and LH are produced and secreted by gonadotrophs of the anterior pituitary
gland. FSH regulates the recruitment of immature ovarian follicles, pubertal maturation,
estrogen production and reproductive processes of the body. In males FSH stimulates
primary spermatocytes to undergo the first division of meiosis, to form secondary
spermatocytes. LH triggers ovulation and development of the corpus luteum in females.
In males it stimulates Leydig cell production of testosterone.

FSH and LH act

synergistically in reproduction (Louvet et al, 1975).
Estrogens, in females, are produced primarily by the granulose cells that are present in
the ovaries, and during pregnancy by the the placenta. Estrogens are also produced in
smaller quantities by other tissues such as the breasts, liver and adrenal glands. These
additional sources of estrogens are of significant importance in postmenopausal
women. Fat cells produce estrogen as well (Nelson et al, 2001). There are 3 main types
of estrones; estrone (E1), estradiol (E2), and estriol (E3). Estradiol is the predominant
estrogen during the reproductive years. During menopause, estrone becomes the
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predominant circulating estrogen and during pregnancy estriol is the predominant
circulating estrogen in terms of serum levels (Hall et al, 2010).
Estrogens play a fundamental role in the development of female secondary sexual
characteristics and are also involved in regulating the menstrual cycle. On the other
hand, estrogen also regulates certain functions of the reproductive system in males; it is
important to the maturation of sperm and it may be necessary to maintain a
healthy libido. (Hess et al, 1997) (Martin-Du Pan et al, 2011).
Estrogen deficiency was identified as the causative factor in postmenopausal
osteoporosis over 60 years ago (Albright et al, 1940), and since that time estrogen has
been recognized as the main gonadal steroid regulator of bone turnover in women.
Estrogen prevents bone loss by inhibiting bone resorption. Bone formation and
resorption are coupled, therefore estrogen therapy can also decrease bone formation.
Supplementation is helpful in postmenopausal women only if started within 5 to 10
years after onset of menopause (Ramachandran et al, 2007). Prolactin is a protein
secreted by the pituitary gland in response to estrogens, feeding and nursing. High
levels of prolactin over long periods of time could also lead to loss of bone mineral
density (Abraham, et al 2003).
Androgen is the generic term for any natural or synthetic compound, usually a steroid
hormone that regulates the development and maintenance of male characteristics
in humans by stimulating androgen receptors. They are involved in the activity of the
male sex organs and in the development of male sex characteristics. Androgens are also
the primary anabolic steroids and the precursor of all estrogens, which are stress
hormones. The primary androgen is testosterone, dihydrotestosterone (DHT) and
androstenedione are less known, but are also of significant importance in male
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development. DHT in the embryo life is responsible of the differentiation of the penis,
scrotum and prostate. Later in life DHT also contributes to male balding, prostate
growth and sebaceous gland stimulation (Hall et al, 2010) (Orwoll, 1998).
It had long been assumed that androgens played an analogous role to estrogens in male
bone metabolism. This hypothesis was based largely on the clinical observation that
hypogonadism was associated with osteopenia in men and on unambiguous data
demonstrating direct androgen action in vitro and in animal studies (Orwoll, 1998)
(Kasperk et al, 1989) (Pederson et al, 1999) (Bellido et al, 1995). Over the past several
years, however, the role of androgens in male bone physiology has been increasingly
questioned as data have emerged suggesting an important role for estrogens in male
skeletal development and homeostasis. Most recent studies suggest that androgens and
estrogens play independent and fundamental roles in regulating bone resorption in men.
These studies also suggest that androgens may play an important role in the regulation
of bone formation in men (Leder et al, 2003).
The CRH pathway:
Corticotropin releasing hormone (CRH) is a peptide hormone and neurotransmitter
secreted by the PVN of the hypothalamus in response to stress. The portal system
carries the CRH to the anterior lobe of the pituitary gland, where it stimulates
corticotropes to secrete adrenocorticotropic hormone (ACTH) and other biologically
active substances (i.e. β-endorphin)(Santos et al, 1999).
ACTH stimulates the secretion of glucocorticoid steroid hormones from adrenal cortex
cells, mainly in the fasciculate zone of the adrenal glands. It acts by binding to
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specific ACTH receptors that are mainly situated on adrenocortical cells of the adrenal
cortex (Raikhinstein et al, 1994).
Glucocorticoids are a class of steroid hormones that bind to the glucocorticoid
receptors, which are present in almost every vertebrate animal cell. Glucocorticoids play
a major role in the regulation of glucose metabolism by the stimulation
of gluconeogenesis in the liver, mobilization of amino acids from extra-hepatic tissues,
inhibition of glucose uptake in muscle and adipose tissue, and by the stimulation of fat
breakdown in adipose tissue (Pazirandeh et al, 2002).
Corticosteroids increase bone loss by decreasing gut absorption of calcium, and
decrease bone formation by inhibiting collagen synthesis and osteoblastic protein
synthesis. Corticosteroids do not affect mineralization (Hall et al, 2010).
The GHRH pathway:
Growth hormone releasing hormone (GHRH) is a 44-amino acid peptide hormone
produced in the arcuate nucleus of the hypothalamus. It is then carried to the anterior
pituitary gland through the hypothalamic hypophyseal portal circulation where it
stimulates the secretion of growth hormone (GH) (Hall et al, 2010).
GH is a peptide hormone secreted from the anterior pituitary gland. It is involved in the
regulation of many metabolic pathways in the body. Some of its effects are mediated by
the insulin-like growth factor-I (IGF-I), which is produced in the liver. Both GH and
IGF-I play an important role in the regulation of growth, bone metabolism and bone
mass. GH causes a direct and indirect (through IGF-1) stimulation of osteoblast
production and activity, which leads to an increase in bone to formation. It also
stimulates osteoclast differentiation and activity, promoting bone resorption. The end
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result is an increase in the rate of bone remodeling, and bone accumulation. The absence
of GH can cause a reduction in the bone remodeling rate and a progressive loss of BMD
(Hall et al, 2010) (Mark et al, 2012) (Ramachandran et al, 2007). GH has a direct effect
on chondrocytes present in the epiphyseal growth plates. This effect is regulated mainly
by IGF-I, which stimulates the proliferation of these cells matrix production. GH
deficiency causes a severe deceleration of bone growth and bone mass accumulation
(Olney, 2003). GH causes positive calcium balance by increasing gut absorption of
calcium more than it increases urinary secretion. Other growth factors such as
transforming growth factor β (TGF- β), platelet derived growth factor (PDGF),
monokines, and lymphokines have roles in bone and cartilage repair (Mark et al, 2012).

Hypothalamus
Releasing hormones:

TSH, GHRH,CRH, GnRH

Pitutary

Prolactin

GH

ACTH
TSH

Liver
IGF-1

FSH/LH

Thyroid

T3-T4

Gonads

Androgens
+ Estrogens

Adrenal

Gluco-Minerralcorticoids
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Figure 6: The hypothalamic-pituitary-axis. Abbreviations: TSH, thyroid-stimulating
hormone; GHRH, growth hormone releasing hormone; CRH, corticotropin-releasing
hormone; GnRH, gonadotropin-releasing hormone; GH, growth hormone; TSH, thyroid
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stimulating hormone; LH, Luteinizing hormone; FSH, follicle-stimulating hormone;
ACTH, adrenocorticotropic hormone.
2.2.1.2 Energy-bone-adipose tissue-adrenergic sympathetic nervous system axis
The association between body weight and bone density has pointed to the possible
existence of a common factor that regulates both body weight and bone mass (Elefteriou
et al, 2008). The hypothalamic and brainstem centers, as well as the SNS, have been
identified as regulators of bone remodeling. However, the mechanism by which the
afferent CNS stimuli regulate SNS centers involved in the control of bone remodeling
remains unclear.
Primary osteoblasts express a functional β2 adrenergic receptor but none of the other
post-synaptic adrenergic receptors (Takeda et al, 2002), this suggests that osteoblasts
are receptive to sympathetic tone in vivo. Multiple clinical studies have demonstrated
that the inhibition of the SNS can increase the BMD and reduce the risk for any fracture
whereas the hyperstimulation of the SNS can have the opposite effect. Experimental
studies have shown similar results. For example, a recent study has demonstrated that
mice and rats treated with the non-selective β adrenergic blocker propranolol had an
increase in their bone mass; whereas mice treated with the non-selective beta-agonist
isoproterenol had a significant loss of their bone mass. Adrenergic receptor selective
agonists such as clenbuterol or salbutamol appeared to lead to a low bone mass. These
results demonstrate that the SNS controls bone formation via β receptors in osteoblasts
(Bonnet et al, 2005).
The sympathetic regulation of bone remodeling also appears to be affected by the
vestibular system. A recent study has shown that the induction of a bilateral vestibular
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lesion in rats can generate a significant bone loss, which is limited to weight-bearing
bones and associated with a significant decrease in bone formation (Vignaux et al,
2013).
Another fundamental component of the energy-bone-adipose tissue-sympathetic axis is
Leptin. It is a 16 KDa adipocyte derived protein hormone that regulates major
physiological functions such as body weight (appetite/hunger) and reproduction
(through the hypothalamus and its ObRb receptor). Once released from adipose tissue, it
can cross the blood–brain barrier and bind to its receptors in the brain, where it
stimulates the SNS and regulates bone metabolism (Satoh et al, 1999). Leptin injections
can lead to an increase in the sympathetic tone, and short-term administration of leptin
into the cerebral ventricles can increase the renal sympathetic activity (Hall et al, 2001).
In addition to its effects through the brain, it may act directly on cells in bone tissue to
regulate bone metabolism. Leptin probably signals to bone on a local and systemic level
balancing and regulating the final outcome. As a result, leptin acts to reduce cancellous
bone and increase cortical bone. A number of theories have been postulated in order to
explain this double function, including a recent theory suggesting that increased leptin
during obesity may represent a mechanism for enlarging bone size and thus bone
resistance to cope with increased body weight (Hamrick et al, 2008). The clinical utility
of leptin for treatment of bone diseases remains open, but ongoing research may provide
new therapies for stimulating bone formation (Takeda et al, 2002).
Bone marrow adipocytes can store signiﬁcant amounts of fat and produce adipokines,
leptin and adiponectin, which are all involved in the regulation of energy metabolism.
On the other hand osteoblasts produce osteocalcin, a bone speciﬁc hormone that
regulates insulin production in the pancreas and adiponectin production in adipose
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tissue. Both osteoblasts and bone marrow adipocytes express insulin receptors and
respond to insulin-sensitizing anti-diabetic thiazolidinediones (TZD) in a manner, that
tightly links bone with the energy metabolism system. Adipose tissue in bone marrow
resembles that of both, white and brown fat. It can acquire different functions such as
bone homeostasis and response to physiologic and pathologic changes in energy
metabolism status by changing volume and metabolic activity (figure 7) (LeckaCzernik, 2012).
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Figure 7: The energy-bone-adipose tissue-sympathetic nervous system axis.
The presence of multiple types of nerves within the bone microenvironment and
periosteum suggests that additional neuropeptides and receptors might be involved in
the regulation of bone remodeling. The expression of neuropeptide receptors in other
cells than osteoblasts within bone tissue suggested that neuronal signaling may regulate
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bone remodeling indirectly, through certain cell lineages such as osteoclasts, adipocytes
or immune cells (Bonnet et al, 2005).
2.2.1.3 The parathyroid-vitamin D-calcitonin axis
PTH is an 84-amino acid peptide; it is synthesized in and excreted from the chief cells
of the four parathyroid glands. The N-terminal fragment 1-34 is the active portion. The
effect of the PTH is mediated by the cAMP second-messenger mechanism.
Decreased calcium and magnesium levels in the extracellular fluid stimulates chief cells
to release PTH, which acts at the intestines (increasing absorption of calcium), kidneys
(increasing calcitriol secretion and decreasing calcium excretion), and bones (releasing
calcium and phosphorus). Osteoblasts have specific PTH receptors that when stimulated
increase interleukin-1 (IL-1) cell secretion which increases osteoclastic activity. The
end effect of PTH is an increase in calcium blood levels and a decrease in phosphate
levels (Mark et al, 2012).
Vitamin D is a naturally occurring steroid that is activated by ultraviolet radiation from
sunlight or utilized from dietary intake. Hydroxylated to 25 (OH)-vitamin D3 in the liver
and hydroxylated a second time in the kidneys to one of the following:
-24, 25(OH)2 -vitamin D3, the inactive form.
- Calcitriol (1, 25 (OH)2 -vitamin D3), the active form which stimulates intestinal
absorption of calcium and phosphate, osteoblastic differentiation and
osteoclastic resorption of bone. calcitriol production is regulated by PTH (VanDriel et al, 2004) (Takeda et al, 1999).
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Calcitonin is a 32-amino acid peptide hormone produced by clear cells in the
parafollicular cells of the thyroid gland. Increase extracellular calcium levels cause
secretion of calcitonin which inhibits osteoclastic resorption of bone and decreases
calcium serum levels. However calcitonin has a limited role in calcium regulation.
Osteoclasts have specific calcitonin receptors that when stimulated cause a decrease in
the number and activity of the osteoclasts. Calcitonin may also play a role in the process
of fracture healing (figure 8) (Ramachandran et al, 2007).
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Figure 8: The parathyroid-vitamin D-calcitonin axis. PTH; parathyroid hormone.
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2.2.1.4 The bone IL1-cholinergic sympathetic nervous system axis
It has been shown that bone tissues are innervated by cholinergic fibers from the
sympathetic cholinergic system. Fibers from the sympathetic cholinergic system
transmit neuronal signaling from nuclei in the CNS into cholinergic receptors located in
bone. It would be logical to expect that disruption in the function of these cholinergic
fibers would affect bone. (Bajayo et al, 2012) (Sisask et al 1996) (Tien et al, 2003).
Cholinergic fibers of the SNS have been shown to innervate progenitor cells that are
present in the periosteum that evolve into osteoblasts, indicating a possible role of these
neuronal fibers in regulating bone formation and remodeling. Indeed, the denervation of
the periosteum results in poor bone healing in animal models, indicating that periosteal
nerves are required for bone formation and fracture healing (Asmus et al, 2000) (Song
et al, 2012) (Frymoyer et al, 1977) (Aro et al, 1981). The PSNS also seem to regulate
the process of bone remodeling through the cholinergic fibers of the vagus nerve, it has
been shown that mice subjected to subdiaphragmatic vagotomy suffer from low bone
mass in their lumbar vertebrae (Bajayo et al, 2012).
The mechanism by which the cholinergic system affects bone remodeling is not well
understood. It is still not known whether the cholinergic activity affects bone cells
locally, through an autocrine-paracrine pathway or systemically, through a neuronalendocrinal pathway. The presence of cholinergic components in bone, as many nonneuronal cells, might indicate that bone could be regulated by the cholinergic activity
through an autocrine-paracrine pathway.
Central IL-1 is a proinflammatory cytokine produced by brain neuron cells, and it is
known to regulate learning, memory, sleep patterns,

and could also affect bone

metabolism. Knockout central IL-1 mice are osteoporotic due to the down-regulation of
osteoclasts apoptosis. A recent study has shown that the mechanism by which central
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IL-1 regulates bone remodeling is mediated by the cholinergic nerve fibers of the PSNS.
In addition to low bone mass, knockout central IL-1 mice express very low levels of
skeletal acetylcholine even after the administration of cholinergic agonist. Accordingly,
these findings suggest that central IL-1 controls bone remodeling through regulation of
the cholinergic SNS (figure 9) (Bajayo et al, 2012).
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Figure 9: The bone- IL1- cholinergic sympathetic nervous system bone axis. IL;
Interleukin-1.
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2.2.2 Local regulation of bone remodeling
2.2.2.1 Wolff´s law and bone remodeling
Bone remodels in response to mechanical stress. An increased load on a particular bone
will stimulate bone remodeling and will therefore make it stronger (Frost et al, 1994).
The internal architecture of the trabeculae initially undergoes adaptive changes; these
are followed by secondary changes at external cortical bone. On the other hand, the
bone will become weaker in the absence of a continuous stress due to an increased bone
turnover (Wolff et al, 1986).
The mechanism by which bone remodeling is achieved in response to a mechanical
stress is called mechano-transduction. This is a process in which mechanical signals are
translated into biochemical and cellular signals (Huang et al, 2010). The process of
mechano-transduction leads to bone remodeling in several steps: mechano-coupling,
biochemical coupling, signal transmission, and cell response. The end effect on bone
structure depends on the duration, magnitude and rate of the stress and it has been
noticed that only cyclic loading can induce bone remodeling (Duncan et al, 1995).
When loaded, fluid flows away from high pressure areas in the bone matrix (Turner et
al, 1994). Osteocytes are the most abundant cells in bone tissue and are highly sensitive
to changes in fluid flow caused by a mechanical stress. An increase in the matrix fluid
flow will stimulate osteocytes to signal other cells and start the remodeling
process. Moreover, osteoprogenitor cells are also mechano-sensitive and may
differentiate into osteoblasts or osteoclasts depending on the stress condition (Chen et
al, 2010).
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2.2.2.2 Piezoelectic charges

The direct piezoelectric effect is defined as the ability of a material to generate an
electrical potential under tension or compression. On the other hand, the inverse
piezoelectric effect is defined as the bending caused in piezoelectric materials, such as
ceramics and crystals, when exposed to an electric field. It is believed that
hydroxyapatite is responsible for piezoelectricity in bones. When collagen molecules
are stressed, charge carriers move from the inside to the surface of the specimen, and
produce an electric potential throughout the bone (McDonald, 1993).

The electronegative charge produced by the piezoelectric effect will stimulate
osteoblasts formation. These cells will subsequently deposits minerals primarily
calcium on the stressed side of the bone. Therefore, the piezoelectric effect increases
bone density. On the other hand the negative charge created at the tension side will
stimulate osteoclastic activity and decrease bone formation (McDonald, 1993)
(Williams et al, 1996).
2.2.2.3 Hueter-Volkmann Law

This principle was first described by Hueter in 1862.

It originally stated that

compression and tension forces could alter growth at the level of the epiphyseal plate
(Gocht, 1920) (Mehlman et al, 1997). This concept was later on generalized beyond
joint growth and extended to describe growth and remodeling in long bones. It suggests
that a moderate increase in stress would first lead to an increased growth while an
excessive stress would cause to retardation (Frost, 1990) (Stokes, 2002) (Rauch, 2005)
(Mau, 1984) (Stein et al, 1998).
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The mechanical modulation of longitudinal bone growth by compressive forces is
widely accepted. However, tension, torsion and bending forces also seem to be involved
in longitudinal, rotational and angular development of bone. While growth responds to a
persistent load, bone remodeling responds mainly to transient loading. Therefore it
would be reasonable to think that if bone growth responded to transient forces, then
more active children could achieve a higher stature than less active infants.
However, recent studies suggest that intermittent large compressive forces do reduce
endochondral growth in the rat forelimb. A sustained compression of physiological
magnitude inhibits growth by 40% or more (Stokes, 2002).
2.2.2.4 Bone signaling and RA/KL
Factors such as IGFs, prostaglandins, TGF-β, bone morphogenetic proteins (BMP), and
cytokines are also involved in the local regulation of bone remodeling. A large number
of cytokines and growth factors that affect bone cell functions have been identified. The
processes of bone resorption and formation are tightly coupled through the receptor
activator of nuclear factor kappa B (RANK)/ RANK-ligand (RANKL)/ osteoprotegerin
(OPG) system allowing a wave of bone formation to follow each cycle of bone
resorption and maintaining skeletal integrity (Hadjidakis et al, 2006).
RANK, RANKL, and OPG interact with precursor cells, mature osteoblasts and
osteoclasts to mediate bone resorption. RANKL is secreted by osteoblasts and binds to
the RANK receptor on osteoclast precursor and mature osteoclast cells leading to the
stimulation of bone resorption. PTH and 1,25 dihydroxy vitamin D stimulate RANKL
expression. On the other hand OPG is a protein produced by osteoblasts and stromal
cells that binds to RANKL inhibiting osteoclastic differentiation, fusion, and activation.
Calcitonin inhibits osteoclastic activity by a direct interaction with the osteoclast via
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cell-surface receptors. Estrogen stimulates bone production due to a decrease in
RANKL and an increase in bone production. TGF-β increases in OPG production and
thus decreases bone resorption. Interleukin 10 (IL-10) suppresses osteoclastic activity
while IL-1 and IL-6 contribute to the recruitment of osteoclasts from the monocyte cell
line (Barnes et al, 2008) (Athanasou, 1996) (Zaidi et al, 2003).

BMPs are a group of growth factors produced by osteoclasts known to induce the
formation of bone and cartilage. They appear to be involved in a series of
morphogenetic signals that regulate tissue architecture throughout the body (Reddi et al,
2009) (Bleuming et al, 2007). There are more than 20 distinct BMPs subunits which
together constitute a sizable component of the larger TGF-β ligand family (Feng et al,
2005) (Miyazono et al, 2005).
BMPs interact with specific receptors on the cell surface, which are called bone
morphogenetic protein receptors (BMPRs). Signal transduction through BMPRs results
in mobilization of members of the sma & Mad genes (SMAD) family of proteins. The
signal pathways that involve BMPs, BMPRs and SMADs are thought to be key
regulators in certain physiologic processes such as embryonic osteogenesis,
endochondral ossification, bone remodeling, fracture repair, and bone regeneration
(Hogan, 1996) (Grimsrud et al, 1999) (Wozney et al, 1998) (Groeneveld et al, 2000)
(Reddi, 1995) (Onishi et al, 1998) (Ripamonti et al, 1998). BMP-2 and BMP-7 are both
osteoinductive,

they

have

been

demonstrated

to

potentially

induce osteoblast differentiation in a variety of cell types (Marie et al, 2002). The
implantation of BMPs in bone can result in a series of cellular events including
mesenchymal cell inﬁltration, cartilage formation, vascularization, bone formation, and
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remodeling of the new bone tissue along with hematopoietic bone marrow elements
(Reddi, 1981).
Positive staining was seen in osteoclasts for BMP 2, 4, 6, and 7. PCR was used to
quantitatively confirm the presence of transcripts for BMP-2, BMP-4, and BMP-6
mRNA in murine osteoclasts (Garimella et al, 2008). The action of BMPs can be
inhibited by sclerostin which is a glycoprotein secreted by osteocytes and some
chondrocytes (Li et al, 2005).
These observations suggest a possible direct role for osteoclasts in the stimulation of
bone formation via the expression and production of BMPs that would play an
important role in enhancing the recruitment, proliferation, and differentiation of
osteoblasts at sites of bone resorption.
Finally, osteocalcin is a non collagenous protein exclusively secreted by osteoblasts
that also appears to play a significant role in the body's metabolic regulation and bone
formation. It has a pro-osteoblastic effect and seems to be implicated in bone
mineralization and calcium ion homeostasis (figure 10) (Lee et al, 2007).
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Figure 10: The most important pathway involved in the local regulation of bone
remodeling. Abbreviations: IL, interleukin; PTH, parathyroid hormone; OPG,
osteoprotegerin; RANKL; receptor activator of nuclear factor kappa B ligand; Vit-D,
vitamin-D.
2.3 Bone abnormalities associated to alterations in the autonomic nervous system
Cholinergic-regulated tissues
The cholinergic activity regulates many organs in which cholinergic receptors have
been identified such as: salivary cells, lacrimal cells, Langerhans cells, the respiratory
system, the gastrointestinal system and the vestibular organ within the ear (table 3). A
decrease in the cholinergic activity at the salivary glands results in a dry mouth
(xerostomia) (Grisaru et al, 1999) (Caulfield, 1993) (Hegde et al, 1997) (Bacman et al,
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1998) (Furness, 2000) (Gautman et al, 2007) (Hong et al, 1990) (Matsuoka et al, 1975)
(Wang et al, 2004). Similarly, suppression of the cholinergic activity in the lacrimal
glands results in dry eyes (xerophthalmia). Damage to M3 receptors in Langerhans cells
result in diabetes type I. It is remarkable that several articles in the literature have
reported a strong association of an unknown etiology between these medical conditions
(xerostomia, xerophthalmia and diabetes type 1) and bone loss. However, the evidence
we present in this study seems to indicate that bone loss in these medical conditions
could be due to alterations in the cholinergic activity (Park et al, 2011) (Agha-Hosseini
et al, 2011) (Moss et al, 2000) (Liu et al, 2003) (Tuominen et al, 1999) (Arends et al,
1988) .
The suppression of cholinergic activity is also known to cause the onset of serious
pathologies such as obstructive pulmonary diseases, disruption in the body’s circadian
rhythm and learning memory deficits. Interestingly, all these conditions have as a
common skeletal feature, a reduction in BMD. Another interesting condition which is
related to cholinergic activity is vertigo. Vertigo patients are characterized by dizziness
and being off-balanced as a consequence of a damage to the vestibular end organ in the
ear, a cholinergic-regulated organ. Patients suffering from vertigo are associated with
higher risk of osteoporosis (Bhattacharyya et al, 2011) (Gispen et al, 2000) (Mirakhur et
al, 1978) (Kesler et al, 1999) (Katz et al, 2010) (Yaturu et al 2009) (Baloh et al, 1987).
Circadian rhythm
An interesting phenomenon that links cholinergic activity with bone remodeling is the
circadian rhythm. The ANS follows a circadian pattern that matches the bone
remodeling cycle. Sympathetic activity is dominant during day hours when bone
resorption activity reaches its peak, while the parasympathetic activity is intense during
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night hours when bone formation is more active (Nielsen et al, 1991) (Pressman et al,
1989).
Menopause
Another observation that links cholinergic activity to bone is the estrogen replacement
therapy, a hormonal treatment for osteoporosis. Menopausic patients treated with
estrogen replacement therapy have a higher bone mass and lower fracture risk when
compared to control groups. Surprisingly, these patients express an increase in
cholinergic activity (Nikolov et al, 1998) (No authors, 1996).
Smokers
Clinical studies have shown that heavy smoking is associated with a decreased bone
mass and diminished fracture healing capacity. Even though many hypotheses have
been postulated to explain this phenomenon, it has been found that the association
between smoking and bone is strongly related to nicotine levels in the body. Even
though low concentration of nicotine up-regulates osteoblasts through the activation of
the nicotinic receptors, excessive levels down-regulate osteoblasts through the
desensitization of the nicotinic receptors. Also excessive nicotinic levels up-regulate
osteoclasts through the activation of the nicotinic receptors (Hollinger et al, 1999)
(Wong et al, 2007) (Chen et al 2011) (Zheng et al, 2008) (Walker et al, 2001) (Rothem
et al, 2009) (Bajayo et al, 2012).
Poliomyelitis, Botox injection and Myasthenia gravis
Cholinergic neurons innervate muscle fibers, and their activity can affect bone mass
through mechanical stress. Indeed, it has been argued whether the muscle activity,
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rather than the neuronal activity, is the main regulator of bone mass. However, the
following observations argue strongly against a model where the muscle activity is
more important than neuronal activity in regulating bone mass. Underneath, we discuss
how three conditions, known to affect neuro-muscular synapses: Poliomyelitis, Botox
injections and myasthenia gravis, affect bone health status. Poliomyelitis is a viral
disease that destroys motor neurons that utilize acetylcholine neurotransmitter resulting
in muscle paralysis. Patients diagnosed with poliomyelitis are known to suffer from
impaired bone growth affected by nerve depletion. Interestingly, it has been found that
after the recovery of muscle activity, polio patients develop osteoporosis in much higher
rates than the rest of the population, indicating that the effect of polio virus on bone
tissue is unrelated to muscle function (Koenen et al, 2005) (Maselli et al, 1995)
(Mohammad et al, 2009).
Botox, also known as botulinum neurotoxin, prevents the release of acetylcholine from
its membrane vesicles at the terminal ends of cholinergic neurons resulting in muscle
paralysis. Botulinum neurotoxin causes bone loss that does not improve after the
recovery of muscle function. Moreover, bone loss due to botulinum neurotoxin has been
linked to an increase in bone resorption due to osteoclasts up-regulation, a phenomena
that is recently associated to the inhibited activity of the cholinergic system. These
findings indicate that the effect of botulinum neurotoxin on bone tissue is unrelated to
muscle function.
Myasthenia gravis is a disorder that is characterized with suppressed muscular activity
due to autoantibodies blocking the cholinergic receptors in muscle fibers. Surprisingly,
despite the low muscular activity, patients diagnosed with myasthenia gravis are not
associated with the risk of developing bone diseases. In contrast, the prevalence of
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osteoporosis in myasthenia gravis patients is significantly lower compared to the
general population. Myasthenia gravis only affects acetylcholine receptors in muscles
leaving the cholinergic signaling in bone intact, which might explain why bone is not
affected in these patients (Hambleton et al, 1992) (Warner et al, 2006) (Grimston et al,
2007) (Pouwels et al, 2013) (Wakata et al, 2004).
The linking findings described in the above three conditions indicate that the
cholinergic inervation is necessary and might be more important than muscle activity
for healthy bone remodeling. However, future studies will have to be performed in order
to confirm the role of cholinergic activity in defining the bone phenotype of patients
with poliomyelitis, myasthenia gravis or following Botox injections (table 5)
(Hambleton et al, 1992) (Warner et al, 2006) (Grimston et al, 2007) (Pouwels et al,
2013) (Wakata et al, 2004).
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Body tissue that
express cholinergic
receptors

Function of local
cholinergic receptors

Effect of inhibition of
local cholinergic
receptors

Association between local
inhibition of cholinergic
receptors and bone
mineral density ( BMD)

Salivary Glands

Saliva secretion

Dry mouth

Patients with dry mouth
are associated with low
BMD

Lacrimal glands

Lacrimal secretion

Dry eyes

Patients with dry eyes are
associated with low BMD

Pancreas

Insulin secretion

Diabetes type I

Patients with type I
diabetes have low BMD

Respiratory system

Smooth muscle
contraction and
epithelial regulation

Obstructive lung
disease

Patients with lung
diseaases have low BMD

Gastrointestinal
system

Smoth muscle
contraction

Decrease muscle
tone

Patients with certain
Gastrointestinal diseases
have low BMD

Vestibular organ
within ear

Balance regulation

Vertigo

Patients with vertigo are
associated with low BMD

Table 5: The relationship between cholinergic receptors in body tissues with bone
turnover in various clinical conditions. BMD; Bone mineral density.
2.4 Pathology of bone remodeling: Osteoporosis
Osteoporosis is defined by the World Health Organization (WHO) as a BMD of
2.5 standard deviations or more below the mean peak bone mass (average of young,
healthy adults) as measured by dual-energy X-ray absorptiometry (DEXA). In
established osteoporosis a fragility fracture must also be present (WHO, 1994). The
disease may be classified as primary type 1, primary type 2, secondary and idiopathic
juvenile. Osteoporosis is characterized by a progressive loss of bone mass and
microarchitecture which leads to increased risk of suffering fractures (mainly vertebrae,
hip, proximal humerus and distal radius) (Brian et al, 2009) (Lippuner et al, 2012). It is
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a widespread disease and around 200 million people worldwide are affected by this
condition, making it a major health and economic problem.
The most common form of osteoporosis is typically present in postmenopausal women
and it is referred to as primary type 1 osteoporosis. Primary type 2 osteoporosis occurs
in elderly patients above 75 years of age and it can affect both sexes at a female-male
ratio of 2:1. Secondary osteoporosis can appear at any age and affects men and women
equally. This form results from predisposing medical conditions, or from the prolonged
use of medications such as glucocorticoids (Mark et al, 2012).
Another form of osteoporosis is idiopathic juvenile osteoporosis which affects children
between 8 and 14 years and is characterized by diffused bone pains, generalized
osteoporosis and a negative calcium balance. This is a self limiting condition and a
complete recovery achieved in most of the cases (Lapatsanis et al, 1971).
2.4.1 The pathophysiology of osteoporosis
Under physiologic conditions, bone formation and resorption are well balanced. An
increased in bone resorption or decreased in bone formation may cause osteoporosis.
Osteoporosis can result from a failure to reach an acceptable peak bone mass during
young age and by bone loss later in life. As we mentioned earlier osteoporosis can result
from an altered hormonal status or secondary to various diseases and medications. The
ageing process and loss of gonadal function are the two most important factors related
to the development of osteoporosis. In the first years after menopause the lack of
gonadal hormones (mainly estrogen) is thought to increase the osteoclastic activity, due
to an over expression of RANKL by osteoblasts and a decrease in the release of OPG
(figure 10). The increase in RANKL results in recruitment of higher numbers of
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preosteoclasts and an increase in the activity and lifespan of mature osteoclasts (Jilka et
al, 1992) (Ramachandran et al, 2007).
Estrogen can also affect bones indirectly through cytokines and local growth factors. A
lack of estrogen may stimulate T cells to promote the differentiation, recruitment and
survival of osteoclasts via IL-1, IL-6, and tumor necrosis factor α (TNF-α) (figure 10)
(De et al, 1992).
A study in which mice were ovarectomized, found that IL-6 and granulocytemacrophage colony forming unit (CFU) levels were significantly increased. These
results provided evidence that estrogen inhibits IL-6 secretion and that IL-6 contributes
to the recruitment of osteoclasts from the monocyte cell line, thus contributing to
osteoporosis (figure 10).
IL-1 has also been involved in the production of osteoclasts. IL-1 production is
increased in bone marrow mononuclear cells in ovarectomized rats. The administration
of IL-1 receptor antagonist to these rats can prevent bone loss secondary to ovarian
dysfunction, but it does not prevent bone loss in early. The increase in IL-1 seems to
take place as a result of the removal of the inhibitory effect of sex steroids on IL-6 and
other genes that are directly regulated by sex steroids. IL-7 secreted by T cells also
inhibits osteoblast differentiation and activity and cause premature apoptosis of
osteoblasts (Jilka et al 1992).
Bone loss that accompanies the aging process is related to a decrease in the
differentiation of osteoblasts in relation to the demand. This demand is determined by
the frequency with which new BMU are created and new cycles of bone remodeling are
initiated. Bone resorption starts to exceed bone formation after the third decade of life
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this leads to osteopenia and, in some cases to osteoporosis. Women may lose up to 3040% of their cortical bone and 50% of their trabecular bone over their lifetime. On the
other hand men lose around 15-20% of their cortical bone and 25-30% of the trabecular
bone (Hall et al, 2010) (Mark et al, 2012) (Ramachandran et al, 2007).
Insufficient calcium intake or impaired intestinal absorption of calcium due to aging or
disease can lead to secondary hyperparathyroidism. PTH secretion is increased due to
low serum levels of calcium, which will cause an increase in calcium resorption from
bone, a decrease in the renal excretion of calcium, and an increase in the renal
production of 1, 25-dihydroxyvitamin D which is necessary in calcium and phosphorus
absorption. On the other hand vitamin D deficiency can result in a secondary
hyperparathyroidism due to a decrease in intestinal calcium absorption (Bono et al,
2003). All these conditions will cause a decrease in bone calcium concentration and
eventually lead to osteoporosis.
Prenatal and postnatal factors can also affect the bone mass in adult age. In one study,
the mother’s health during pregnancy, the infant’s birth weight, and the child’s weight
at age 1 year were predictive of adult bone mass in the seventh decade for both men and
women (Dennison et al, 2005). It is postulated that growth in the first year of life
programs growth hormone which is then maintained into the seventh decade. Larger
babies and rapid growth in the first year of life predicted increased bone mass in adults
aged 65-75 years (Fall et al, 1998).
2.4.2 Risk factors
Non modifiable risk factors include female gender, postmenopausal estrogen deficiency,
decreased testosterone levels in men, European or Asian ancestry, family history of
67

osteoporosis, and small stature. A total of 30 genes seem to be associated to the
development of osteoporosis (Melton et al, 2003) (Raisz et al, 2005) (Ojo et al, 2007)
(Brian et al, 2009).
Modifiable factors include vitamin D deficiency, tobacco smoking, soft drinks with an
acidic composition, dietary deficiencies such as calcium, magnesium, zinc, iron,
vitamins A, E, K, high protein diets and alcohol excess (WHO, 2003) (Poole et al,
2006) (Wong et al, 2007) (Jain et al, 2000) (Hegsted et al, 1981) (Shapses et al, 2006)
(American Academy of Pediatrics, 2004).
Medical conditions associated with osteoporosis
Osteoporosis is associated with multiple medical conditions such as chronic renal
failure, hypogonadism, hyperthyroidism, prolonged periods of immobilization, Cushing
syndrome, hyperparathyroidism, myeloproliferative disorders, in addition to a variety of
syndromes and hereditary conditions (i.e. Marfan syndrome, Turner syndrome, and
osteogenesis imperfecta) (Simonelli et al, 2006) (WHO, 2003).
Medications associated with the development osteoporosis
A number of medications have been associated with osteoporosis when used for
prolonged periods of time: glucocorticoids, barbiturates, phenytoin, thyroxine, proton
pump inhibitors, heparin, warfarin, progesterone, methotrexate, lithium and TZD (Yang
et al, 2006) (Murphy et al, 2007) (Gourlay et al, 2007) (Petty et al, 2007) (Gage et al,
2006).
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2.4.3 Osteoporotic fractures
Osteoporotic fractures represent the clinical presentation of osteoporosis. They can
result both from low energy trauma (i.e. from sitting or standing position), and from
high-energy trauma (i.e. motor vehicle accidents).
Fractures occur when bones are exposed to an excessive stress. The frequency and
direction of the falls can influence the severity, and features of the fractures. The risk of
falling may be increased by neuromuscular impairment due to vitamin D deficiency
with secondary hyperparathyroidism or corticosteroids (Cummings et al, 2002).
An understanding of the biomechanics of bone provides greater understanding as to
why the risk of fracture may increase in certain circumstances. A significant amount of
the bone strength is derived from the horizontal trabecular intercrossing system. This
system of horizontal intercrossing trabeculae assists in the support of vertical elements,
therefore limiting lateral bowing and fractures that may occur with vertical loading
(Mark et al, 2012).
The disruption of the trabecular connections is known to occur in patients with
osteoporosis, particularly in postmenopausal women. Rosen and Tenenhouse studied the
unsupported trabeculae and their susceptibility to fractures within each vertebral body
and found a very high prevalence of trabecular fracture callus sites within vertebral
bodies examined at autopsy, between 200-450 healing or healed fractures per vertebral
body. These horizontal trabecular fractures are asymptomatic, and their accumulation
reflects the impact of lost trabecular bone and greatly weakens the cancellous structure
of the vertebral body (Rosen et al, 1998).
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2.4.7 Hip fractures

Hip fractures are becoming a major health and economic problem in many countries.
Worldwide, the total number of hip fractures is expected to reach 6 million per year by
2050. A total of 310,000 individuals were hospitalized with hip fractures in the United
States (US) alone in 2003, accounting for 30 percent of all hospitalized patients.
Approximately one third (101,800) of these patients underwent a hip replacement. The
estimated cost spent in the treatment of these patients is approximately $ 10.3 to $ 15.2
billion per year in the US (Kannus et al, 1996). Moreover, hip fractures substantially
increase the risk of death in elderly patients and are also a major cause of morbidity.
One year mortality rates have ranged from 12 to 37 percent in these patients (Bentler et
al, 2009) (Panula et al, 2011).

Hip Fractures are divided into two main groups (intracapsular fractures, and
extracapsular fractures) depending on the fracture pattern which is directly related to the
blood supply compromise. The blood supply of the femoral head comes mainly from
the medial femoral circumflex artery (through the lateral epiphyseal artery), and
secondary from the lateral circumflex artery and ligamentum teres (Mark et al, 2012).
2.4.7.1 Intracapsular fractures

These fractures are more common in white elderly women, and are becoming more
common due to the increasing elderly population worldwide. They occur due to high
energy trauma in young patients and low energy falls in older patients. Intracapsular
fractures have a limited healing capacity due to the lack of a periosteal layer in the
femoral neck and limited callus formation. Moreover a displacement of the femoral
neck fracture will disrupt the blood supply and cause a femoral head necrosis and an
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intracapsular hematoma. An associated femoral shaft fracture can be present in 6-9% of
the cases (Mark et al, 2012) (Jay et al, 2009).

Garden classified these fractures into four types according to the displacement:

-

Type I: Incomplete, valgus impacted

-

Type II: Complete. Non-displaced

-

Type III: Complete, displaced < 50%

-

Type IV: Complete, displaced

On the other hand these fractures can also be classification according to their location:

-

Subcapital

-

Transcervical

-

Basicervical

In undisplaced fractures the patient usually complains from moderate pain in the groin
or pain referred along the medial side of the thigh and knee, with no obvious clinical
deformity and minor discomfort with passive or active movements. In displaced
fractures the pain is more intense and affects the entire hip region. The leg appears in
external rotation and abduction, with shortening. An anterior-posterior pelvic x-ray and
an axial projection should be performed in all cases. CT scan is useful in determining
displacement and degree of comminution in some patients. MRI and bone scan are
helpful to rule out occult fractures (Mark et al, 2012) (Jay et al, 2009).
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Several factors should be taken into consideration in the treatment of intracapsular
fractures including, the patients age, the presence a hip arthritis, previous mobility and
comorbidities, femoral neck-shaft angle (normal 130º +/- 7º) and anteversion angles
(normal 10º +/- 7 º). Operative treatment is indicated for most of the displaced and
undisplaced fractures. Exceptions include bedridden palliative patients with a limited
life expectancy (Mark et al, 2012) (Jay et al, 2009).
Internal fixation with cannulated screws is indicated in young patients with displaced or
undisplaced fractures. In the age group between 65-85 years, consider cannulated
screws for type I and II fractures, and physiologically young patients with type III and
IV. In patients aged >85 consider internal fixation only for type I and II fractures.
Sliding hip screw or cephalomedullary nail is indicated in basicervical fractures.
Consider placement of an additional cannulated screw above sliding hip screw to
prevent rotation. Hemiarthroplasty is indicated in debilitated elderly patients with a
metabolic bone disease. Total hip arthroplasty is used in older active patients or in
patients with preexisting hip osteoarthritis.
Complications related to femoral neck fractures include; osteonecrosis (in 10-45% of
the cases, mainly in displace fractures), nonunion (in 5 to 30% of the cases, related to
varus malreduction), dislocation (higher rate with total hip arthroplasty ~ 10%) and
mortality (pre-injury mobility is the most significant determinant for post-operative
survival) (Holt et al, 1994) (Watson et al, 2002).
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2.4.7.2 Extracapsular fractures
Extracapsular fractures have a bimodal distribution; older patients that suffer low
energy falls, and younger patients following high energy accidents. These fractures are
divided into; stable fractures (that will resist medial compressive loads once reduced)
and unstable (reverse oblique pattern, large posteromedial fragment, subtrochanteric
extension). Physical examination reveals pain in the trochanteric area and groin, and a
shortened, externally rotated lower extremity.
Surgical options include the use of sliding hip compression screw which is indicated in
stable intertrochanteric fracture. This therapeutic approach is contraindicated in reverse
obliquity fractures (a 56% failure rate) and when there is a lack in the integrity of
lateral femoral wall. Surgery within the first 48 hours is associated with a decreased in
the mortality rate (Mark et al, 2012) (Jay et al, 2009).
Proximal femoral nails are indicated in fractures with a reverse obliquity pattern, and
other unstable fracture patterns. Advantages of this technique include; a decreased
reoperation rate at one year, a shorter operative time, prevents medialization of the
shaft, fewer blood transfusions, and shorter hospital stay. On the other hand, fractures at
the tip of the prosthesis can occur as a result of mechanical stress points. Blade plates
can be indicated in reverse obliquity pattern fractures. This technique has improved
outcomes for unstable peritrochanteric fractures as compared to sliding hip screws
(Mark et al, 2012) (Jay et al, 2009).
The most common complication associated with intertrocanteric fractures is implant
failure (cut-out). In young patients it can be treated with a corrective osteotomy or
revision open reduction and internal fixation. In elderly patients it can be treated with
total hip arthroplasty. Another complication is the anterior perforation of the distal
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femur that can occur after intramedullary nailing due to a mismatch of the radius of
curvature of the femur and implant (Mark et al, 2012).

2.4.8 Pharmacology of osteoporosis “medication subgroups”
Some of the drugs available to date have caused a reduction in vertebral and nonvertebral fracture risk. However, despite the use of these medications, more fractures
happen today than are avoided in the elderly groups of industrialized countries. This
highlights the need to develop new therapeutic lines and strategies. Recent studies
focused on bone metabolism, have led to a better understanding of bone cell functions
and communication between osteoblasts, osteoclasts, and osteocytes. Hopefully in the
near future, the treatment options against osteoporotic fractures are likely to be enriched
by new bone anabolic substances such as; antibodies directed against the endogenous
inhibitors of bone formation sclerostin; PTH and PTH related-peptide (PTHrp)
analogues; new inhibitors of bone resorption (i.e. cathepsin K inhibitors) which may
suppress osteoclast function without impairing osteoclast viability and thus maintain
bone formation by preserving the osteoclast-osteoblast crosstalk;

denosumab an

antibody against RANKL which inhibits osteoclast formation, function, and survival;
and new therapeutic strategies based on an extended understanding of the
pathophysiology of osteoporosis which may include sequential therapies with two or
more bone active substances aimed at optimizing the management of bone capital
acquired during adolescence and maintained during adulthood in terms of both quantity
and quality (Ramachandran et al, 2007) (Mark et al, 2012).
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Finally, a better understanding of the role the PSNS and CNS play in the regulation of
bone remodeling could lead to the development of new medications that could be very
useful in the treatment of osteoporosis (Lippuner et al, 2012).
2.4.8.1 Bisphosphonates
Bisphosphonates are still the most common medications used in the treatment of
osteoporosis. There use is indicated in hip or vertebral fractures, patients with a T-score
<2.5 at the femoral neck or spine (after exclusion of secondary causes), a low bone mass
(T-score between -1.0 and -2.5), a 10-year probability of a hip fracture of 3% or greater,
and 10-year probability of a major osteoporosis related fracture of 20% or greater
(based on the WHO algorithm). (WHO, 1994)
Bisphosphonates have the capacity to accumulate at sites of bone remodeling and are
incorporated into bone matrix. They are released into an acidic media once bone is
reabsorbed, and are then taken up by osteoclasts causing a decrease in osteoclastic bone
resorptive activity, flattening of the ruffled border and an increase in osteoclast
apoptosis. Bisphosphonates are then excreted in the kidneys without undergoing
metabolism.

Nitrogen

containing

bisphosphonates

inhibit

osteoclast farnesyl

pyrophosphate synthase enzyme, required in the mevalonate (cholesterol pathway)
which inhibits guanosine-triphosphate hydrolase enzyme (GTPase) formation.
Alendronate can reduce the rate of hip, spine and wrist fractures by 50% (over 3 years)
while risedronate reduces vertebral-nonvertebral fractures by 40% (over 3 years) and
zolendronic acid reduces the rate of spinal fractures by 70% and hip fractures by 40%
(over 3 years). Non-nitrogen containing bisphosphonates such as etidronate, clodronate
and tiludronate produce a toxic adenosine triphosphate (ATP) analog that causes a
premature apoptosis of the osteoclasts. The use of bisphosphonates is associated with
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complications such as avascular necrosis of the jaw and atypical subtrochanteric
fractures, gastric ulcers, and esophagitis. They are contraindicated in cases of severe
renal disease and following lumbar fusion (Capeci et al, 2009).
2.4.8.2 Vitamin-D supplements and calcium
They should be taken in all patients with type 2 osteoporosis. It has been shown that the
use of these supplements can reduce the risk of hip fracture. Side effects associated with
vitamin-D intake can cause hypercalcemia, renal stones and atherosclerosis (Sahota,
2010).
2.4.8.3 Estrogen replacement therapy
Conjugated estrogen-progestin hormone replacement therapy (HRT) is indicated in
women with type 1 osteoporosis and women that underwent an oophorectomy. The
treatment should be started within the first 6 years of menopause and should not be
prolonged indefinitely. Taking unconjugated estrogen (without progesterone) increases
the risk of endometrial hyperplasia and uterine cancer.
Raloxifene is an estrogen agonist that reduces osteoclastic resorption and antagonizes
estrogen receptors in breast thus reducing breast cancer. It appears to exclusively reduce
the risk of vertebral fractures. The use of raloxifene is associated with the development
of hot flashes, leg cramps and is contraindicated in patients with a thromboembolic
disease (Mark et al, 2012) (Ramachandran et al, 2007).
2.4.8.4 Salmon calcitonin
It binds to membrane receptors on osteoclasts causing an inhibition in bone resorption.
The use of calcitonin is indicated in postmenopausal women with acute vertebral
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compression fractures and it is associated with side effects such as intranasal rhinitis,
nausea, vomiting and hypersensitivity reactions (Mark et al, 2012) (Jay et al, 2009).
2.4.8.5 Parathyroid hormone derivatives
Teriparatide is the 1-34 amino acid terminal residue of PTH that activates specific
osteblast receptors and renal tubule cells causing an increase in osteblastic activity and
in the intestinal absorption of calcium and phosphate. The use of teriparatide can reduce
the vertebral fracture risk by 65% and non-vertebral fractures (hip, radius, and humerus)
by 62%. Side effects associated with teriparatide include hypercalcemia, nausea, and
headaches. Its use is contraindicated in Paget´s disease due to a potential risk of
developing osteosarcoma (Neer et al, 2001) (Genant et al, 2005).
2.4.8.6 Monoclonal immunoglobulins
Denosumab is a monoclonal Ig2 that can bind to RANKL and causes a decrease in the
osteoclastic activity. The use of denosumab can cause arthralgias, nasopharyngitis, back
pain and it is contraindicated in severe hypocalcemia.
2.5 Alzheimer disease
2.5.1 Epidemiology
AD was first described by the German psychiatrist and neuropathologist Alois
Alzheimer in 1907. It is a neurodegenerative condition which manifests as cognitive
impairment, behavioral disorders and progressive memory loss. Patients that suffer from
AD require a permanent and continuous care and a great degree of dedication.
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In a study published in bio-med central (BMC) neurology it is estimated that the
number of patients suffering from AD in Spain is about 400,000. The annual cost of
caring for an AD patient in the US in 1996 was between $ 18,400 and $ 36,100 / year.
The total annual cost spent on AD patients in the US is $ 148.000 million / year (De
Pedro-Cuesta et al, 2009).
The cognitive symptoms of AD include memory loss, disorientation, problems in oral
and written communication, inability to recognize people, objects and other computing
difficulties such as planning and reasoning. The behavioral symptoms include
depression, irritability, hallucinations, delusions, aggression and wandering (De PedroCuesta et al, 2009).
AD also has an impact on the functional activities of daily living such as leisure,
hobbies, using transportation, financial affairs, ability to dress, walk and feed alone, and
sphincteric control. The physical implications of the disease include nutritional
problems, dysphasia, decubitus ulcers and infections (CEAFA, 2010).
2.5.2 Classification
The clinical evolution of AD is divided into three different phases according to the
clinical dementia rating scale (CDR) (Huges et al, 1982) (Morris et al, 1993. In the
initial mild phase the patient experiences an insidious development of recent memory
loss, irritability, depression and deficient executive functions and calculation. In the
moderate phase the patient experiences a severe memory loss that classically spares the
long term memory, disorientation, inability to recognize close relatives, impoverished
language with difficulty in understanding certain orders, and personal care neglect.
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When the disease enters the severe phase the patient suffers from an altered sleep
rhythm, double incontinence, mutism, inability to walk, dysphagia, cachexia. In this
phase patients need assistance for all the basic activities of daily life.
The diagnosis of the disease is mainly clinical based on the mini-mental state exam
(MMSE) and blessed dementia scale (BDS) (Folstein et al, 1975). However other
causes of dementia have to be excluded using neuroimaging studies and blood analysis.
Specific treatments for AD include AChEIs such as donepezil hydrochloride,
galantamine and rivastigmine. Other alternative medications that do not depend on
AChE inhibition such as memantine have been recently used.

Unfortunately, the

evolution this disease is progressive despite the use of these medications and the median
survival is of 10 years from the onset. Death usually occurs from pneumonia, urinary
tract infections, and decubitus ulcers (De Pedro-Cuesta, 2009).
2.5.3 Pharmacology of Alzheimer disease
AChEIs and N-methyl-D-aspartic acid antagonists (NMDA) or memantine are the only
two approved classes of drugs used in the treatment of AD.
2.5.4 Acetylcholinesterase inhibitors
AChEIs are chemicals that inhibit the acetylcholinesterase enzyme from breaking down
acetylcholine, causing an increase in the level and duration of action of this
neurotransmitter. AChEIs are also used in the treatment of conditions such as
glaucoma, myasthenia gravis and smooth muscle atony. Others AChEIs have been used
as

insecticides

and

in

chemical

warfare.

Compounds

which

function

as reversible competitive or noncompetitive inhibitors of cholinesterase are most likely
to have therapeutic uses. On the other hand compounds which function as irreversible
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inhibitors of cholinesterase are mostly used as chemical weapons or pesticides (Pepeu et
al, 2009).
The major side effects of AChEIs are related to their action on the PSNS these effects
include bradycardia,

hypotension, hypertension, bronchoconstriction, GI tract

hypermobility, and decrease intraocular pressure. Actions on the neuromuscular
junction will result in prolonged muscle contraction.
Most AChEIs able to cross the blood-brain barrier were introduced in the mid-1990s
and eventually became the standard treatment for AD patients (Pepeu et al, 2009).
Unfortunately, AChEIs can only lead to a marginal clinical improvement regarding the
cognitive state and global assessment of dementia, and do not seem to alter the natural
course of the disease (Raina et al, 2008).
The main AChEIs used in the treatment of AD are donepezil, galantamine and
rivastigmine. These drugs are approved for use in mild to moderate AD, except for
rivastigmine, which is also approved for Parkinson's disease dementia, and donepezil,
which can be also used in severe AD (Jimenez et al, 2009). In addition, the use of
donepezil is associated with a lesser degree of deterioration of the cognitive state and
functional status.
Finally it is important to mention that galantamine does not alter significantly the
activity of M1-M5 receptors. Its therapeutic action seems to be caused by a predominant
allosteric stimulation of the nAChRs rather than by general cholinergic enhancement
due to cholinesterase inhibition and it (Samochocki et al, 2003). On the other hand
rivastigmine and donepezil appear to increase the cholinergic activity of both
muscarinic and nicotinic receptors (Clayton et al, 2007) (Chen et al, 1998).
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2.5.5 Memantine
The activation of NMDA receptors found on neurons by toxic neurotransmitters is
believed to mediate neuronal apoptosis; this process contributes to the development of
dementia (Jain, 2000). Memantine is currently the only drug used in the treatment of
dementia that has an NMDA antagonistic activity. It has been approved for its use in
moderate to severe AD. A recent study has reported that memantine was superior to
placebo in controlling behavioral symptoms. Combination therapies have been
considered potentially beneficial as dementia involves multiple pathological processes
and not just a cholinergic deficit (Xiong et al, 2005). A cost-effectiveness study of
combination therapy with memantine and donepezil in patients with moderate to severe
AD showed that there was a net decrease in the cost of total lifetime AD-related care
(Weycker et al, 2007). Unfortunately, the overall effect of these medications on the
cognition levels and mortality rates of AD patients remain relatively limited and new
lines of research should be created in order to reach a better understanding of this
pathology and ultimately improve the general outcome of these patients.
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Hypothesis
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Clinical conditions and drugs that alter the acetylcholine signaling system have been
found to have interesting effects on bone function (Walker et al, 2001) (Hoogduijn et al,
2009) (En-Nosse et al, 2009) (Warner et al, 2006) (Grimston et al, 2007) (Alkondon et
al, 2000) (Hollinger et al, 1999) (Glowacki et al, 2008) (Kliemann et al, 2012) (Bajayo
et al, 2012) (Kondo et al, 2013) (Pouwels et al, 2013). Botulinum neurotoxin inhibits
the release of acetylcholine from motor neurons at the pre-synaptic level, and has been
found to impair bone healing and induce a decrease in bone mineral content (Warner et
al, 2006) (Grimston e al, 2007). Poliomyelitis destroys motor neurons that use
acetylcholine neurotransmitters and appears to be directly related to osteoporosis
(Mohammad et al, 2009). Smokers have high concentrations of nicotine in blood that
interacts with the nicotinic nAChR causing a desensitization of these receptors.
Moreover, recent research has revealed the presence of a number of AChR subunits in
bone cells. Nicotinic AChR subunits have been detected in human primary bone cells,
MSCs and osteoblasts, while muscarinic receptors have been detected in MSCs and
human osteoblasts. It has also been found that osteoblasts express specific AChR and
cholinergic components that may play a possible role in regulating the ALP activity as
well as the proliferation and differentiation of osteoblasts (Walker et al, 2001)
(Hoogduijn et al, 2009) (En-Nosse et al, 2009) (Alkongdon et al, 2000) (Sato et al,
2010).
Altogether, the available literature seems to indicate that the inhibition of the AChR at
the bone level seems to cause a reduction in bone turnover. However, it is not clear
whether or not boosting up of the acetylcholine activity might have an anabolic effect
on bone formation (Ma et al, 2010).
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We hypothesize that the administration of AChE inhibitors may have a beneficial effect
on bone turnover that could translate into the reduction of the bone fracture risk. In
order to test this hypothesis we have designed a retrospective case-control study in
which we compare the incidence of hip fractures in a group of AD patients under
AChEIs treatment, with AD patients not treated with AChEIs.
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Materials and Methods
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Approval from the ethical committee of “Carlos Haya Hospital” was obtained to carry
out a retrospective case-control study on AD patients living within our local health area.
Data was obtained from the Neurology Department and Orthopedic Surgery Department
computerized databases. The overall study period was of 5 years, between January 1st,
2004 and December 31st, 2008. All the hip fractures in AD patients that occurred within
the study period were reviewed.
1. Demographic information of the study population
Study groups
The epidemiological data of the studied population was obtained using Carlos Haya
Hospital local statistical records. All the hip fractures that were treated between January
2004 and December 2008 were reviewed; all these cases were registered in the
computerized database of the orthopedic surgery department. From this initial group we
identified all the AD patients with an incident diagnosis of a hip fracture recorded in the
computerized medical records within the study period. Cases were identified without
any exposure information. Potential cases had to be aged between 75 to 95 years at the
date of the fracture (case index date), and to be recorded in the neurology department
database for at least 2 years, in order to ensure an adequate record of the treatment
received for AD. Case patients with a medical disorder known to substantially affect
bone metabolism (ie, a history of osteoporosis diagnosed by DEXA scan, osteomalacia,
Paget disease, cancer [excluding non-melanoma skin cancer], or alcoholism) as well as
patients who were on corticosteroids, anti-epileptic drugs or bisphosphonates (as
treatment for osteoporosis or bone metastases), prior to the index date were excluded
from the analysis. Data regarding the socioeconomic status of the patients was not
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registered because the Spanish public healthcare system provides universal free
healthcare, and all of our patients have equal access to the drugs assessed in this study.
Controls included all AD patients in our local health area registered in the Neurology
Department database between January 2004 and December 2008 and who did not
present any incidence of hip fracture prior to December 31st 2008 (control index date).
Controls had to be alive on the index date and had to be recorded in the database for at
least 2 years. The same exclusion criteria applied to cases were also applied to controls.
All the patients included in the study group were subject to an additional standardized
questionnaire in order to complement any missing information in the medical records.
2. Exposure assessment and statistical analysis
Exposure assessment
The following parameters were retrieved from the patient’s computerized records and
standardized questionnaires: patients age, gender, mobility, institutionalization, history
of hip fractures (including subcapital, transcervical, basicervical, pertrocanteric, and
subtrocanteric femoral fractures), history of other osteoporosis related fractures
(including, vertebral, distal radius, proximal humerus, and previous hip fractures), body
mass index (BMI), fall risk status according to the falls risk assessment tool (FRAT)
(Huges et al, 1982) , Charlson comorbidity score (CCS) (Charlson et al, 1987), uptake
of

selective serotonin reuptake inhibitors (SSRI) and smoking. The grade of AD

according to the CDR scale and the cognitive state according to the MMSE and BDS
were also retrieved (Morris, 1993) (Folstein et al, 1975). The specific treatment for AD
at the index date; (AChEIs [i.e. donepezil hydrochloride, galantamine, rivastigmine, or
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no AChEI treatment] and/or memantine) including the dose, duration (0.5-2 years, >2
years).
Statistical analysis
We conducted unconditional logistic regression analyses using the software IBM SPSS
Statistics 19TM (SPSS Inc. Chicago, IL). The annual incidence of hip fractures in the
general population during the period January 2008 and December 2008 was calculated
with 95% confidence intervals (CI), on the other hand the average annual incidence of
hip fractures during the period between January 2004 and December 2008 was also
calculated. Risk estimates were presented as odd ratios (ORs) with 95% CIs. P values
were 2-sided and were considered statistically significant if less than 0.05. Odd ratios
were adjusted for the potential confounders: age, gender, mobility, institutionalization,
BDS (<9,9-16.9, ≥17), CDR score (1,2,3), MMSE score (≤20, >20), FRAT score
(=1,>1), other fractures in the body, CCS score ( 0-1,2,>3), uptake of SSRI, BMI
(<25,25-29.9,≥30), family history of osteoporosis and smoking habits (smoker, non
smoker). Missing values for BMI and FRAT were treated as a separate group in the
analysis. Differences between users and nonusers of AChEIs were assessed with student
t-test (for continuous variables, i.e.: age, MMSE, CDR, BDS, CCS, BMI, and FRAT),
and with Chi square test (for nominal variables, i.e.: gender, other fractures, use of SSRI
and smoking). P values were 2-sided and were considered statistically significant if less
than 0.05.
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1. Demographic information
The general population registered in Carlos Haya Hospital health care area in 2008 was
of 607217 inhabitants, from these a total of 40011 individual [14111 males and 25900
females, (35% and 65 % respectively)] were aged above 75 years at the index date
(table 6). A total of 2794 AD patients [994 males and 1800 females (35.5% and 64.5 %
respectively)] without hip fractures were identified in our health care area during the
year 2008, among these patients 2178 fulfilled our control group inclusion criteria (table
7). The total number of hip fractures treated in our centre during the year 2008 was of
381 [108 males and 273 females, (28% and 72% respectively)]. The distribution of
these cases within their corresponding age groups is illustrated in (table 8). We also
identified 135 cases of hip fractures in patients with AD and other dementias between
2004 and 2008, and among whom 80 patients [14 males and 66 females (17.5 % and
82.5% respectively)] fulfilled our case group inclusion criteria (table 9). The selection
of cases and control subjects is illustrated in figure 11. Hip fractures appeared to be
correlated with the age and gender of the patients in the general population and in AD
patients (female-male ratio; 3:1 in the general population and 4:1 in the AD group)
(table 8- 9).
2. Hip fracture incidence in the general population and Alzheimer patients
The annual incidence of hip fractures (per 1000 persons) in the general population in the
year 2008 appeared to increase with age following a linear pattern (Figure 12). The hip
fracture incidence ranged from 1.4 x 10-3 (CI 95% 1.0-2.0) in the age group between 7074 years (including both genders) and 17.3 x 10

-3

(CI 95% 12.6-23.1) in patients ≥ 90

years (table 10) (figure 12). However this tendency was more obvious in the female
population; the hip fracture incidence in female and in male patients ≥ 90 years was
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28.9 x 10

-3

(CI 95% 20.5-39.4) and 4.9 (CI 95% 1.8-10.6) respectively (table 10)

(figure 12).
In contrast to what was observed in the general population the average incidence of hip
fractures (per 1000 persons) in AD patients in the period between 1/1/2004-31/12/2008
followed a negatively-skewed distribution (figure 13), increasing in younger age groups
and decreasing in older groups; ranging from 2.1 x 10-3 (CI 95% 0.1-11.9) in the age
group between 70-74 years (including both genders), 8.0 x 10

-3

(CI 95% 2.9-18.4) in

the group between 75-79 years, and 1.6 x 10-3 (CI 95% 0-8.0) in patients ≥ 90 years
(table 11) (figure 13); However, the global average hip fracture incidence for all the age
groups remained higher in the female population; 6.4 x 10

-3

(CI 95% 3.6-10.5) in

females and 2.6 (CI 95% 0.5-7.6) in males (table 11) and (figure 13).
When overlapping figures 12 and 13, we can appreciate a clear difference in the
evolution of the incidence curves. In the general population hip fractures tend to
progressively increase with age (SD 6.1), on the other hand hip fractures in AD reach a
peak at the age group between 74-79 years and then they progressively decrease (SD
2.8). However the total hip fracture incidence for both genders was almost equal in both
groups: 5.0 x 10-3 (CI 95% 3.0-8.0) in the AD group, and 5.1 x 10-3 (CI 95% 4.7-5.8) in
the general population (p>0.05) (tables 10 and 11). We can appreciate the evolution of
the hip fracture incidence in the general population and in AD patients in (figure 14).
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Table 6: The age distribution of the general population registered in Carlos Haya
Hospital health care area in 2008.

Table 7: The Alzheimer population (≥70 years) in Carlos Haya Hospital health care
area in 2008. A total of 2178 controls were selected from this group.
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Table 8: The total number of hip fractures (in all the age groups) treated in the Carlos
Haya Hospital in 2008 distributed in different age groups.

Table 9: The age distributions within the study group n=80 (the AD patients that
suffered a hip fracture within the period 1/1/2004- 31/12/2008 and met our inclusionexclusion criteria). The age group between 70-74 years is also illustrated (it is not part
of the study group, but was used to calculate the hip fracture incidence in AD patients).
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Total population
n=607217

Possible cases
n=135

Cases excluded
n=55 (40,7%)

Cases included
n=80 (59,3%)

Possible controls
n=2794

Cases excluded
n=616 (22,1%)

Cases included
n=2178 (77,9%)

Figure 11: Flow chart describing the selection for case and control subjects.

Table 10: The annual incidence (CI 95%) of hip fractures in the general population
(patients ≥70 years) per 1000 in the year 2008 (n=316). The age group between 70-74
years is also illustrated (which is not part of the study group).
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Age groups

Hip fractures incidence/
male- AD population per
1000
(CI 95%)

Hip fractures incidence/
female- AD population
per 1000
(CI 95%)

Hip fractures incidence/
total- AD population per
1000
(CI 95%)

70-74

1.2 ( 0.2-2.2)

2.7 ( 0.1-12.2)

2.1 ( 0.1-11.9)

75-79

1.0 ( 0.1-.1.7)

11.6 (3.2-29.3)

8.0 ( 2.9-18.4)

80-84

3.4 (0.1-18.7)

8.3 ( 3.0-19.1)

6.5 ( 2.7-14.1)

85-89

6.8 (1.2-26.6)

5.8 (1.9-14.9)

4.8 (1.4-11.0)

≥90

0.7 (0.1-1.3)

2.4 (0.1-10.9)

1.6 ( 0.0-8.0)

Total

2.6 ( 0.5-7.6)

6.4 (3.6-10.5)

5.0 ( 3.0-8.0)

Table 11: The average annual incidence of hip fractures in the AD population (patients
≥70 years) per 1000 (CI 95%) in the period 1/1/2004- 31/12/2008. The age group
between 70-74 years is also illustrated (which is not part of the study group).
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25
Hip fracture incidence in
males
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Hip fracture incidence in
both sexes

15

Hip fracture incidence in
females

10
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0
70-74

75-79

80-84

85-89

>90

Figure 12: The annual incidence of hip fractures in the general population (patients ≥70
years) per 1000 in the year 2008, according to gender and age.
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Hip fracture incidence in
male AD patients
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Hip fracture incidence in
both sexes
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female AD patients

4
2
0
70-74
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80-84
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Figure 13: The average annual incidence of hip fractures in the AD population (patients
≥70 years) per 1000 during the period 1/1/2004 to 31/12/2008, according to gender and
age.
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Figure 14: The average annual incidence of hip fractures in the AD population (patients
≥70 years) during the period 1/1/2004 to 31/12/2008 and in the general population
(patients ≥70 years) per 1000 during the year 2008; according to gender and age.
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3. Assessment of risk factors in cases and controls
A total of 55 patients were excluded from the study group; 30 patients were less than 75
years old at the index date, 6 were on treatment with bisphosphonates, 10 were on
corticosteroids due to pulmonary obstructive disease, 3 had chronic renal disease, there
were 4 cancer cases (excluding non-melanoma skin cancer), 1 case of alcohol abuse and
1 was on anti-epileptic drugs. None of the patients were diagnosed with Paget’s disease
or osteomalacia (figure 11).
A total of 616 patients were excluded from the control group; 460 patients were less
than 75 years old at the index date, 30 were on treatment with bisphosphonates, 61 were
on corticosteroids due to pulmonary obstructive disease, 6 had chronic renal disease,
there were 34 cancer cases (excluding non-melanoma skin cancer), 21 cases of alcohol
abuse and 1 was on anti-epileptic drugs. There were 2 cases of Paget´s disease and one
case of vitamin D deficiency (figure 11).
The distribution of hip fractures in the study groups as a function of age, gender, BMI,
MMSE, FRAT, CDR, BDS, CCS, SSRI, smoking, institutionalization and the presence
of other fractures are displayed in table 12. Results were adjusted to all confounders.
There were a total of 80 cases (21 between 75-79 years, 28 between 80-84, and 31
above 85 years) and 2178 controls (594 between 75-79 years, 846 between 80-84, and
738 above 85 years). Among these, there were 66 female cases, 14 male cases, 1548
female controls and 630 male controls.
Patients were divided according to their BMI in 3 groups; <25 [included 53 (66.3%)
cases and 396 (18.2%) controls], 25-29.9 [included 21 (26.3%) cases and 468 (21.5%)
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controls] and >30 [included 6 (7.5%) cases and 216 (9.9%) controls]. There were 1098
(50.4%) controls with missing information.
Regarding the cognitive status of the patients, the CDR scores were I, II and III for 13
(16.3%), 33 (41.3%), and 34 (42.5%) cases respectively, and 288 (13.2%), 1062
(48.8%), 828 (38.0%) controls respectively. Patients were also divided according to the
MMSE into 2 groups: scores between 21-30 [included 4 (5%) cases and 234 (10.7%)
controls], and 0-20 [included 76 (95%) cases and 1944 (89.2%) controls]. BDS scores
were divided into 3 separate groups: 0-9 [included 1 (1.3%) case and 78 (3.6%)
controls], 9-16 [included 42 (52.5%) cases and 900 (41.3%) controls], 17-28 [included
37 (46.3%) cases and 1200 (55.1%) controls] (table 12).
The FRAT scores were divided in 2 subgroups: 1 and 2-3. A total of 51 (63.7%) cases
and 810 (37.2%) controls scored 1 point according to the FRAT scale, while 29 (36.3%)
cases and 270 (12.4%) controls scored between 2-3 points, there were 1098 (50.4%)
controls with missing information.
Only 4.5% of the cases were bedridden; there was 1 (1.3%) institutionalized case and
152 (7.0%) institutionalized controls. However the large bulk of the patients were not
institutionalized 79 (98.7%) cases and 2026 (93.0%) controls). The CCS scores were
divided in 3 subgroups: 0-1, 2 and >3. A total of 30 (37.5%) cases and 753 (34.8%)
controls scored 0-1 points, 23 (28.8%) cases and 672 (30.9%) controls scored 2 points,
and 27 (33.8%) cases and 753 ( 34.6%) controls scored >3 points (table 12).
The non smoking group included 74 (92.5%) cases and 2163 (99.3%) controls; smokers
on the other hand included 6 (7.5%) cases and 15 (0.7%) controls. A total of 70
(87.5%) cases and 2003 (92.0%) controls did not take SSRI, while 10 (12.5) cases 175
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(8.0%) controls were SSRI users. Patients with other fractures included 21 (26.3%)
cases and 162 (7.4%) controls; on the other hand 59 (73.8%) cases and 2016 (92.6%)
controls did not have a fracture history.
Female patients had a slightly higher risk of hip fracture than male patients, although
not significant, and patients between the age of 80 to 85 years had a lower risk of hip
fracture than patients between the age of 75–79 and >85 years. On the other hand, the
risk of hip fracture was not associated with CDR, BDS, institutionalization, MMSE, and
SSRI treatment. Patients with a CCS ≥ 3 had a lower risk of hip fracture than those with
a CCS = 1 (table 12). Smokers, patients with a FRAT score >1, and patients with BMI
<25 showed a higher risk of hip fracture compared to nonsmokers, patients with FRAT
score = 1, and patients with BMI >25, respectively.
Potential confounders such as age, gender, BMI, MMSE, FRAT, CDR, BDS, CCS,
SSRI, smoking, institutionalization and the presence of other fractures were compared
between of users and non users AChEIs (table 13). The mean age among the users of
AChEIs was 82.15 (SD 4.49), and 83.49 (SD 4.16) in non users. The female: male ratio
was 2.8 for users and 2.55 for non users. The BMI in users of AChEIs and nonusers was
[26.0 (SD 3.5) and 24.56 (SD 4.3) respectively]. Regarding the cognitive scores, the
average CDR score was 2.16 (SD0.67) for users and 2.59 (SD 0.58) for non users, BDS
[15.72(SD 3.48) for users and 17.31 (SD 3.37) for non users], MMSE [15.66 (SD 3.98)
for users and 14.52 (SD 2.31) for non users]. The FRAT score in users and nonusers
was [1.33 (SD0.55) and 1.24 (SD5.68) respectively]. The average CCS score in users
and non users was [2.52 (SD 1.57) and 2.38 (SD 1.35) respectively). The presence of
other fractures was of [15.97 (CI 95% 13.34- 18.61) in users and 16.25 (CI 95% 11.8720.62) in non-users] (table 13).
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Patients treated with AChEIs had better mental indices (CDR, BDS, and MMSE) than
nonusers (table 13). The BMI was also higher in AChEIs users than in nonusers. The
use of SSRI appeared to be higher in non users than in users. Gender, smoking habits,
CCS and incidence of other fractures were not significantly different between users and
nonusers of AChEIs (table 13). Interestingly, users of AChEIs were associated with a
lower risk of hip fracture than nonusers even though they had a higher risk of falling
(FRAT) than nonusers [1.33 (SD0.55) and 1.24 (SD5.68) respectively] (table 13).
Values of p were two-sided and were considered statistically significant if less than
0.05.

Characteristics

Age, y

Gender

Cases
(n=80)a

Controls
(n=2178)a

Crude Odds Ratio
(95%CI)

Adjusted Odds Ratio P Value
(95%CI) b

75-79

21(26.3)

594(27.3)

1.00

1.00

-

80-84

28(35.0)

846(38.8)

0.94(0.53-1.7)

0.39(0.18-0.85)

0.018

>85

31(38.8)

738(33.9)

1.19(0.68-2.09)

1.730.81-3.69)

0.159

Women

66(82.5)

1548(71.1)

1.00

1.00

-

Men

14(17.5)

630(28.9)

0.52(0.29-0.94)

0.41(0.15-1.08)

0.072

<25

53(66.3)

396(18.2)

1.00

1.00

-

25-29.9

21(26.3)

468(21.5)

0.34(0.20-0.57)

0.40(0.21-0.74)

0.004

>30

6(7.5)

216(9.9)

0.21(0.09-0.49)

0.16(0.06-0.41)

<0.001

Missing

0(0.0)

1098(50.4)

0.27(0.24-0.29)

0.47(0.23-0.96)

0.039

BMI c
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1

13(16.3)

288(13.2)

1.00

1.00

-

2

33(41.3)

1062(48.8)

0.69(0.36-1.33)

0.59(0.22-1.16)

0.304

3

34(42.5)

828(38.0)

0.91(0.47-1.75)

0.40(0.07-2.14)

0,282

21-30

4(5.0)

234(10.7)

1.00

1.00

-

0-20

76(95.0)

1944(89.2)

2.30(0.83-6.34)

2.53(0.85-7.51)

0.096

0-9

1(1.3)

78(3.6)

1.00

1.00

-

9-16

42(52.5)

900(41.3)

3.36(0.46-24.77)

2.06(0.23-18.58)

0.520

17-28

37(46.3)

1200(55.1)

2.21 (0.30-16.33)

1.93(0.15-24.75)

0.615

1

51(63.8)

810(37.2)

1.00

1.00

-

2-3

29(36.3)

270(12.4)

1.71 (1.06-2.75)

2.26(1.34-3.85

0.003

Missing

0(0.0)

1098(50.4)

0.43(0.40-0.45)

d

d

Yes

79(98.7)

2026 (93.0)

1.00

1.00

-

No

1 (1.3)

152 (7.0)

0.18 (0.02-1.28)

0.47 (0.06-3.53)

0.464

0-1

30 (37.5)

753 (34.8)

1.00

1.00

-

2

23 (28.8)

672 (30.9)

0.86 (0.49-1.49)

0.96 (9.00-1.02)

0.145

>3

27 (33.8)

753 (34.6)

0.90 (0.53-1.53)

0.52 (0.28-0.96)

0.026

CDR

MMSE

BDS

FRAT

Institutionalization

CCS
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Smoking

No

74 (92.5)

2163 (99.3)

1.00

1.00

-

Yes

6 (7.5)

15 (0.7)

11.67 (4.41-30.99)

33.90 (10.50-109.60) <0.001

No

70 (87.5)

2003 (92.0)

1.00

1.00

-

Yes

10 (12.5)

175 (8.0)

1.64 (0.83-3.23)

1.45 (0.73-2.90)

0.288

No

59(73.8)

2016(92.6)

1.00

1.00

-

Yes

21(26.3)

162(7.4)

4.43(2.63-7.47)

2.82 (1.60-4.99)

<0.001

SSRI

Fracture history

Table 12: Characteristics of AD patients as function of the presence of hip fractures
(group-cases) Abbreviations: CI, confidence interval; FRAT, Fracture Risk Assessment
Tool; BMI, Body Mass Index; AD, Alzheimer’s Disease; BDS, Blessed Dementia
Scale; MMSE, Mini-Mental State Exam; CDR, Clinical Dementia Rating Scale; CCS,
Charlson comorbidity score; SSRI, selective serotonin reuptake inhibitor. Results were
adjusted to all confounders.
a- Values are n (%); percentages may not sum to 100% due to rounding.
b- Adjusted to the categorical parameters presented in this table.
c- Measured as weight in kilograms divided by the square of height in meters.
d- Not calculated due to insufficient data.
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Characteristics

AChEI users (n=1771)

AChEI nonusers (n=487)

P

Age, y

82.15 (SD4.49)

83.49(SD4.16)

0.001a

Women

72(95%CI, 70-74)

69(CI95%, 65-73)

0.208b

Men

25(22-28)

27(22-33)

0.208b

BMI c

26.0(SD3.5)

24.56(SD4.30)

0.001a

CDR

2.16(SD0.67)

2.59(SD0.58)

0.001a

BDS

15.72(SD3.48)

17.31(SD3.37)

0.001a

MMSE

15.66(SD3.98)

14.52(SD2.31)

0.001a

FRAT

1.33(SD0.55)

1.24(SD5.68)

0.025a

Smokers

1 (0-1)

1 (1-2)

0.415b

SSRI

19 (17-21)

26 (20-32)

0.030b

CCS

2.52 ± 1.57

2.38 ± 1.35

0.776a

Fracture history

15.97(13.34-18.61)

16.25(11.87-20.62)

0.300b

Gender

Table 13: Characteristics of AD patients as function of the presence of AChEI
treatment. Abbreviations: CI, confidence interval; FRAT, Fracture Risk Assessment
Tool; BMI, Body Mass Index; AD, Alzheimer’s Disease; BDS, Blessed Dementia
Scale; MMSE, Mini-Mental State Exam; CDR, Clinical Dementia Rating Scale.
SSRI, selective serotonin reuptake inhibitor; CCS, Charlson comorbidity score.
a-Calculated with Student's t-test for independent samples.
b-Calculated with chi-square test.
c-Measured as weight in kilograms divided by the square of height in meters.
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4. Comparison between different AChEI treatments
Each specific AChEI had a different degree of association with the hip fracture risk.
Patients treated with galantamine had similar risk of hip fracture as non users of AChEI
[OR of 1.67 (0.63-4.45)] (p=0.305) (table 14). On the other hand, AD patients
undergoing AChEIs treatment with donepezil, and rivastigmine were associated with a
highly significant lower risk of hip fractures than nonusers, and this effect was dose
dependent; OR of 0.39 (0.19-0.76) ( p<0.002) and OR of 0.22 (0.10-0.45) (p<0.001)
respectively (table 14). However, we could not observe a significant relationship
between the duration of the treatment and the risk of hip fractures (table 15).
At α error = 0.05, we had 83% power for detecting risk of hip fracture in AD patients
treated with AChEIs equal to 0.42 or lower. The overall relative risk for AD patients
treated with AChEIs and for those not treated with AChEIs in relation to the general
population was 0.97 (CI 95% 0.89-0.99) for those treated with AChEIs [0.48 (CI 95%
0.14-0.85) for rivastigmine 0.92 (CI 95% 0.46-1.0) for donepezil and 1.9 (CI 95% 0.983.1) for galantamine] and 3.2 (CI 95% 2.1-4.6) for patients not treated with AChEIs.
The dose and duration of AChEI treatments in AD patients was tested for association
with risk of hip fracture (table 15). It was observed that patients receiving higher doses
of rivastigmine were associated with a significantly lower risk of hip fractures than
those treated with lower doses [crude OR 0.37 (CI 95% 0.12-1.10), adjusted OR 0.16
(CI 95% 0.03-0.79) (p =0.025]. The relationship between galantamine and donepezil
dosage and the risk of hip fracture could not be assessed for statistical significance due
to the small number of subjects collected, and the data missing from the patient’s
records [crude OR 0.12 (CI 95% 0.03-0.45), adjusted OR 0.02 (CI 95% 0.00-0.17) (p=
not calculated) for donepezil and crude OR 0.83 (CI 95% 0.22-3.21), adjusted OR 0.51
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(CI 95% 0.09-2.89) (p = not calculated due to insufficient data) for galantamine] (table
15).
The risk of hip fractures in patients that had been treated with either rivastigmine or
donepezil for a longer period of time (>2 years) was not significantly different from
those who had been treated for shorter periods of time (< 2 years) [crude OR 0.37 (CI
95% 0.12-1.10), adjusted OR 0.25 (CI 95% 0.06-1.04) (p=0.057) for rivastigmine,
crude OR 0.83 (CI 95% 0.26-2.64), adjusted OR 0.90 (CI 95% 0.19-4.20) (p=0.879) for
donepezil, and OR 0.83 (CI 95% 0.22-3.21), adjusted OR 0.51 (CI 95% 0.09-2.89) (p=
not calculated due to insufficient data) for galantamine] (table 15).
Characteristics

Cases

Controls

(n=80)

(n=2178)

Crude Odds
Ratio

Adjusted Odds
Ratio

(95%CI)

P

(95%CI) b

Non users of AChEI

No. (%) a
39(48.8)

No. (%) a
450(20.7)

1.00

1.00

-

Users of AChEI

41(52.2)

1728(79.3)

0.30(0.19-0.48)

0.42(0.24-0.72)

0.002

Rivastigmine 16 (20.0)

900(41.3)

0.20(0.11-0.37)

0.22(0.10-0.45)

<0.001

Donepezil 15(18.8)

630(28.9)

0.29(0.16-0.54)

0.39(0.19-0.76)

<0.002

182(8.4)

0.68(0.33-1.39)

1.67(0.63-4.45)

0.305

Galantamine 10 (12.5)

Table 14: Use of AChEI and Fracture Risk (vs. Nonuse).
Abbreviations: CI, confidence interval; AChEI, Acetyl Cholinesterase.
a- Percentages may not sum to 100% due to rounding.
b- Adjusted to the categorical parameters in table 10.
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Crude Odd-Ratio
Crude Odd-Ratio
1
0,9
0,8

0.68
(CI 95%, 0.33-1.14)

0,7
0,6
0,5
0,4
0,3
0,2
0,1
0

0.29
0.20 (CI 95%, 0.16-0.54)
(CI 95%, 0.11-0.37)

0.30
(CI 95%, 0.19-0.48)

Figure 15: Use of AChEIs and fracture risk (vs. Nonuse); Odd Ratio. Abbreviations:
CI, confidence interval.
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Treatment characteristics

Rivastigmine

Cases
(n=080) a

Controls
(n=2178) a

Crude OR (95% CI)

Adjusted OR
(95% CI) b

p

Duration, years 0.52

7

270

1.00

1.00

-

>2

6

630

0.37 (0.12-1.10)

0.25 (0.06-1.04)

0.057

Dose mg/day
3-9

7

270

1.00

1.00

-

6

630

0.37 (0.12-1.10)

0.16 (0.03-0.79)

0.025

6

234

1.00

1.00

-

7

396

0.83 (0.26-2.64)

0.90 (0.19-4.20)

0.879

3

18

1.00

1.00

-

12

612

0.12 (0.03-0.45)

0.02 (0.00-0.17)

c

Duration, years 0.52

3

72

1.00

1.00

-

>2

3

108

.67 (0.13-3.40)

c

c

Dose mg/day
6-16

4

74

1.00

1.00

-

5

108

0.83 (0.22-3.21)

0.51 (0.09-2.89)

c

9.5-12
Donepezil

Duration, years 0.52
>2
Dose mg/day
5
10

Galantamine

17-24

Table 15: Treatment duration and dosage of AChEI and Fracture Risk (vs. Non users).
AChEI = acetylcholinesterase inhibitors; OR= odd ratio; CI= confidence interval.
a

Values are number of cases or controls.

b

Adjusted to the categorical parameters in table 10.

c

Not calculated due to insufficient data.
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1. General aspects

Osteoporotic fractures such as hip, proximal humerus, distal radius and vertebral
fractures are becoming a major health and economic problem in many countries.
Worldwide, the total number of hip fractures is expected to reach 6 million per year by
2050. A total of 310,000 individuals were hospitalized with hip fractures in the US
alone in 2003, accounting for 30% of all hospitalized patients. Approximately one third
(101,800) of these patients underwent a hip replacement. The estimated cost for the
treatment of hip fractures is approximately $10.3 to 15.2 billion a year in the US (Kanus
et al, 1996) (Mark et al, 2012). Moreover, hip fractures substantially increase the risk of
death and major morbidity in the elderly. One year mortality rates have ranged from
12% to 37% in these patients (Bentler et al, 2009) (Panula et al, 2011) (Wolinsky et al,
1997). On the other hand the annual budget spent in the treatment of vertebral
compression fractures in the US alone is of $ 15 billion. It affects over 25% of the
population aged more than 70 years and 50% of those above 80 years (Kanus et al,
1996)

The global costs associated to osteoporotic fractures will most likely increase in the near
future as the world’s population continues to grow older. Therefore, we highlight the
need to prevent these fractures and to develop new lines of treatment that could
eventually reduce the extremely expensive human and economic costs related to
osteoporotic fractures (Lippuner, 2012). A better understanding of the cholinergic
pathways of the ANS and their relation to bone remodeling could lead to an alternative
approach in the treatment of osteoporosis and osteoporotic fractures.
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Clinical conditions and drugs that alter the acetylcholine signaling system have been
found to affect bone function (Alkondon et al, 2000) (En-Nosse et al, 2009) (Grimston
et al, 2007) (Hollinger et al 1999) (Glowacki et al, 2008) (Walker et al, 2001)
(Hoogduijn et al, 2009) (Warner et al, 2006). Botulinum neurotoxin inhibits the release
of acetylcholine from motor neurons at the pre-synaptic level, and has been found to
impair bone healing and induce a decrease in bone mineral content. Poliomyelitis
destroys motor neurons that use acetylcholine neurotransmitters and appears to be
directly related to osteoporosis. Smokers have high concentrations of nicotine in blood
that interacts with the nicotinic nAChR causing a desensitization of these receptors
(Mohammad et al. 2009).
The wide expression of cholinergic components in bone tissue points toward the
important role they could play in bone remodeling. Bone cells have been shown to
express all components of the cholinergic system (acetylcholine, cholinergic receptors
and AChE) (Bajayo et al, 2012) (Shi et al, 2010) (Dani et al, 2007) (Liu et al, 2011)
(En-Nosse et al, 2009) (Vogel-Hopker et al, 2012) (Grisaru et al, 1999) (Inkson et al,
2004) (Fujii et al, 2009). For instance, acetylcholine has been reported in osteoblasts
(Sato et al, 2010). Other studies have shown that acetylcholine might regulate the
migration of bone marrow mesenchymal stem cells (Tang et al, 2012). These are
multipotent cells capable to differentiate into bone cells. AChE is expressed in bone
cells such as bone marrow-derived monocytes, osteoclasts and osteoblasts (Bajayo et al,
2012) (Inkson et al, 2004) (Genever et al, 1999).
Recent research has also revealed the presence of a number of AChR subunits in bone
cells. Nicotinic AChR subunits have been detected in human primary bone cells, MSCs
and osteoblasts, while muscarinic receptors have been detected in MSCs and human
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osteoblasts. It has also been found that osteoblasts express specific AChR and
cholinergic components that may play a possible role in regulating the ALP activity as
well as the proliferation and differentiation of osteoblasts (Walker et al, 2001)
(Hoogduijn et al, 2009) (En-Nosse et al, 2009) (Alkondon et al, 2000) (Sato et al, 2010).
Cholinergic receptors, both nicoting and muscarinic, have shown to affect bone
turnover. It appears that the only nicotinic receptor that shows an effect on the bone
remodeling pattern is subtype α2 (Alkondon et al, 2000) (Kliemann et al, 2012)
(Rothem et al, 2009) (Bajayo et al, 2012). Indeed, knockout nicotinic receptor subtype
α2 mice are osteoporotic due to up-regulation of osteoclasts. Stimulation of nicotinic
receptors in wild type mice has been shown to induce bone mass gain as a result of an
increase in osteoclast apoptosis (Bajayo et al, 2012). On the other hand muscarinic
receptors, more specifically M3 receptors, have been shown to influence bone
remodeling favoring bone formation and decreasing bone resorption. Knockout M3
receptors mice are osteoporotic due to an increase in the number of osteoclasts and a
decrease in the number of osteoblasts. Stimulation of muscarinic receptors with
cholinergic agonists in vitro increases osteoblast proliferation, as previously illustrated
in (figure 5) (Shi et al, 2010) (Kliemann et al, 2012) (Liu et al, 2011).
The activity of cholinergic receptors in bone is terminated by AChE which has been
identified at sites of new bone formation, suggesting a role for AChE as a bone matrix
protein. Indeed, it has been reported that AChE can regulate cell proliferations,
differentiations, cell-cell contact as well as mesenchymal stem cells migration (Vogel et
al, 2012) (Inkson et al, 2004) (Genever et al, 1999) (Fujii et al, 2009) .
Altogether, the available literature seems to indicate that the inhibition of the AChR at
the bone level seems to cause a reduction in bone turnover. However, there are no
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clinical studies that determine whether or not boosting up of the acetylcholine activity
might have an anabolic effect on bone formation (Ma et al, 2010) (Klienmann et al,
2012) (Liu et al, 2011).
Recent studies have shown the role of the SNS in regulating bone turn over by
inhibiting bone formation. Accordingly, beta blockers have been shown to increase
bone density and reduce the incidence of bone fractures in osteoporotic patients. This
effect could be explained by a decrease in the osteoclastogenic effect associated with β2
receptors inhibition. Mice deficient for the β2 adrenergic receptor have a lower bone
resorption and increased bone formation, for this reason they appear to maintain greater
trabecular bone microarchitecture as they grow older (Pierroz et al, 2006). On the other
hand β-2 agonists used in obstructive lung disease patients have 2 x fold increased risk
of hip fracture. In reflex sympathetic dystrophy (also known as Sudeck Syndrome),
characterized by a hyperactivity of the adrenergic pathway, localized osteopenia is
caused by an increase in bone resorption. Athletes that consume β2 agonists for their
anabolic effect on muscle mass show bone loss and an increased risk of suffering
fatigue fractures (De Vries et al, 2007) (Schwartzman et al, 2000). This osteopenic
effect caused by an increased adrenergic signaling could be explained by the
osteoclastogenic effect associated with β2 receptor stimulation.
The results presented in this study expand our understanding of the role the autonomous
nervous system on bone remodeling, by confirming an anabolic effect of the cholinergic
system that antagonizes the effect of the adrenergic SNS (Takeda et al, 2008, Schlienger
et al, 2004).
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2. Methodological considerations
AD patients are known to be more susceptible to have falls than the general population,
due to cognitive and behavioral disorders, visual and motor problems, gait and balance
disturbances, and adverse effects of medications (Melton et al, 1994) (Visser, 1983)
(Buchner et al, 1987) (Strubel et al, 2001). A cohort study in the early nineties already
revealed that AD patients presented a much higher incidence of hip fractures than the
regular population, with an overall relative risk ratio of 2.7 (95% CI, 1.8-4.2). A similar
study done in the same period revealed that the rate of hip fractures in women with AD
and vascular dementia was more than twice that found in the general population. In a
more recent study performed between 1988 and 2007, AD patients had a hazard ratio
for hip fractures of 2.8. However, in this studies the authors did not discriminate
between AD patients receiving AChEIs and those who were not (Melton et al, 1994)
(Johanson et al, 1996) (Baker et al, 2011). In our study the overall relative risk for AD
patients treated with AChEIs and for those not treated with AChEIs in relation to the
general population was 0.97 (CI 95% 0.89-0.99) [0.48 (CI 95% 0.14-0.85) for
rivastigmine 0.92 (CI 95% 0.46-1.0) for donepezil and 1.9 (CI 95% 0.98-3.1) for
galantamine] and 3.2 (CI 95% 2.1-4.6) respectively. We can appreciate from these
figures that the relative risk for untreated AD patients found in our study are consistent
with the results published in the English literature.
AChEIs were introduced for the treatment of AD in the mid nineties, and eventually
became part of the standard treatment of AD patients. Unfortunately AChEIs can result
only in marginal clinical improvement in measures of cognition and global assessment
of dementia, and do not alter the natural course of the disease. In our study we observed
that users of AChEIs had overall slightly better indices of mental status (MMES, CDR
117

and BDS) than nonusers, which may have been caused by the medication as reported
elsewhere (Pepeu et al, 2009) (Rina et al, 2008) (Raschetti et al, 2005).
In our study we observed that AChEI users were associated with a higher risk of falling
than nonusers. AChEI could have two competing effects on fall risk, on one hand,
AChEI users are known to have a higher risk of bradycardia and consequently of
syncope related falls, while on the other hand, AChEI can improve cognition and
therefore prevent falls associated with mental issues. In our study we also observed that
AChEI users had a higher FRAT than nonusers, indicating that probably the possible
risks of falling due to bradycardia syncope might outweigh the cognitive benefits of
AChEI (Strubel et al, 2001) (Hernandez et al, 2009).
Another interesting finding observed in our study was that BMI was significantly higher
in AChEI users than in nonusers. The activity of the ANS has been shown to be a
primary factor regulating body mass index. Sympathetic activity is an important factor
limiting body weight gain. Indeed, recent studies have shown that the inhibition of
sympathetic activity with beta blockers in patients treated for hypertension is associated
with an increase in body mass index (Molfino et al, 2009) (Lee et al, 2011). On the
other hand, parasympathetic activity may also play an important role in body weight
regulation. Recent studies in animals have shown that enhanced parasympathetic
activity is associated with increased fat deposition. Treatments with AChEI have been
found to increase PSNS activity in the body, therefore, it is possible that the differences
in BMI between users and nonusers of AChEIs is a result of the effect of the drugs on
PSNS activity (Hernandez et al, 2009) (Balbo et al, 2007).
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3. Most relevant aspects
The annual incidence of hip fractures (per 1000 persons) in the general population of
Malaga in the year 2008 appeared to increase with age following a linear pattern. The
hip fracture incidence ranged from 1.4 x 10-3 (CI 95% 1.0-2.0) in the age group between
70-74 years (including both genders) and 17.3 x 10

-3

(CI 95% 12.6-23.1) in patients

≥90 years (table 10) (figure 12). However this tendency was more obvious in the female
population; the hip fracture incidence in female and male patients ≥90 years was 28.9 x
10

-3

(CI 95% 20.5-39.4) and 4.9 x 10

-3

(CI 95% 1.8-10.6) respectively, as previously

illustrated in (table 10) and (figure 12). These results are similar to other studies
published in the English literature (Sambrook et al, 2006) (De Laet et al, 1997).
In contrast to what was observed in the general population the average incidence of hip
fractures (per 1000 persons) in AD patients in the period between 1/1/2004-31/12/2008
followed a negatively-skewed distribution, increasing in younger age groups and
decreasing in older groups; ranging from 2.1 x 10-3 (CI 95% 0.1-11.9) in the age group
between 70-74 years (including both genders), 8.0 x 10

-3

(CI 95% 2.9-18.4) in the

group between 75-79 years, and 1.6 x 10-3 (CI 95% 0.0-8.0) in patients ≥90 years
(table 11) (figure 13). However the average hip fracture incidence for all the age groups
remained higher in the female population; 6.4 x 10 -3 (CI 95% 3.6-10.5) in females and
2.6 (CI 95% 0.5-7.6) in males, as previously illustrated in (table 11) and (figure 13).
These results differ from the results that have been published in other studies where the
hip fracture risk in AD patients followed a linear progression, however these studies did
not discriminate between patients that were treated with AChEIs from those who didn’t
(Baker et al, 2011) (Melton et al, 1994) (Johanson et al, 1996).
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The progressive decrease in the hip fracture risk in AD patients that has been observed
in our study, especially in the older age groups cannot be explained by the mobility
status of the patients, as only 4.5% were bedridden, and an alternative explanation
should be proposed. We believe that the prolonged pharmacological treatment with
AChEI may explain this tendency.
We also observed that the risk of hip fracture varied dramatically among AD patients
depending on the AChEI treatment received. The risk of hip fractures in patients treated
with donepezil and rivastigmine was lower than in patients receiving no AChEIs
[adjusted OR of 0.39 (0.19-0.76) (p<0.002) and of 0.22 (0.10-0.45) (p<0.001)
respectively]. However, treatment with galantamine had no beneficial effect on the risk
of hip fractures [adjusted OR of 1.67 (0.63-4.45)] (p=0.305). Galantamine has a similar,
if not better, effect than donepezil and rivastigmine, on the cognitive abilities of AD
patients, therefore the difference in hip fracture incidence observed is not justified by
changes in patients AD conditions. On the other hand, the AChEIs evaluated in this
study have different effects on AChRs subunits, and this may explain the variability of
their association with hip fracture risk (Pepeu et al, 2009) (Raskind et al, 2000). For
instance, galantamine is able to bind to all nAChRs regardless of their tissue or cell
origin; but it cannot bind to mAChRs. Hence, the allosteric potentiating ligands (APL)
action of galantamine produces a predominant nicotinic cholinergic enhancement. In
contrast, the cholinergic enhancement by donepezil and rivastigmine is both, nicotinic
and muscarinic, and is devoid of the nicotinic APL action (Maelicke et al, 2000)
(Samochocki et al, 2003) (Basselin et al, 2009). Excessive nicotinic activity has been
associated with reduced bone remodeling capacity. Therefore galantamine predominant
action on nAChRs may have been the reason behind the significantly higher incidence
of hip fractures in patients taking galantamine compared to those receiving donepezil or
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rivastigmine. On the other hand, activity of muscarinic receptors has been found to
favor bone mass accrual. Therefore the action rivastigmine and donepezil on mAChR
may have been the reason behind a significant reduction of hip fracture risk in the
patients receiving these treatments. This effect could be caused by the activation of M3
muscarinic receptors on osteoblasts and α2 nicotinic receptors on osteoclasts induced by
higher levels of acetylcholine in the synaptic space (Kleinmann et al, 2012) (Shi et al,
2010) (Alkondon et al, 2000).
Nowadays the most commonly and successful drugs used for the prevention of bone
fractures in elder osteoporotic patients are bisphosphonates, and PTH. In general terms,
bisphosphonates have shown a protective RR in hip fractures relative to placebo of
0.66 (95% CI, 0.51–0.85). Moreover, the RRs of zoledronic acid, alendronate, and
risedronate relative to placebo are 0.58 (95% CI, 0.41-0.82), 0.95 (95% CI, 0.54-1.68),
and 0.73 (95% CI, 0.37-1.44), respectively (Shi et al, 2010) (Hodsman et al, 2002)
(Jansen et al, 2011). On the other hand, PTH treatments have shown a reduction in the
incidence of hip fractures with a RR relative to placebo of 0.46 (95% CI 0.25 - 0.86). In
our case-control study, the OR shown by rivastigmine and donepezil vs. nonusers
AChEIs was of 0.22 (95% CI 0.10-0.45) and 0.39 (95% CI, 0.19-0.76) respectively.
Although these results cannot be directly compared with RR values from controlled
trials, they still indicate that AChEIs stimulating mAChRs may have potential
applications in the prevention of hip fractures in elder patients, especially in AD
patients. However, future clinical and in vivo studies will have to be performed to
further confirm this hypothesis (Neer et al, 2001).
Recent studies have shown the role of the adrenergic SNS in regulating bone turn over
by inhibiting bone formation. Accordingly, β-blockers have been shown to increase
bone density and reduce the incidence of bone fractures in osteoporotic patients. The
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results presented in this study expands our understanding of the role the autonomous
nervous system on bone remodeling, by confirming an anabolic effect of the cholinergic
system that antagonizes the effect of the adrenergic SNS (Takeda et al, 2008)
(Schlienger et al, 2004).

4. General conclusions
The main result observed in our study was that our working hypothesis was confirmed;
AD users of AChEIs had a significantly lower risk of developing hip fractures than
nonusers. These results were adjusted to cognitive factors related to the course of the
disease, as well as to other factors affecting hip fractures previously shown in (table 12).
Therefore, our findings are likely to be due to the effect of AChEIs on the cholinergic
metabolic activity. The association that we observed between AChEI intake and BMI
may also confirm the effect of AChEIs on cholinergic metabolic activity. The fact that
the reduction in hip fracture risk in AChEIs users was dose dependent strengthens this
possibility. Moreover, a recent retrospective cohort study carried out by our research
team on female AD patients with hip fractures, has observed that the bone quality
determined by the Singh index, and radiographic hip fracture consolidation capacity
measured using the Hammer index, were both superior in patients treated with AChEIs
compared to non users of AChEIs (Eimar, Perez Lara et al, 2013). These last findings
add further evidence to our working hypothesis.
Nevertheless, the retrospective design of these studies does not allow us to determine a
cause-effect relationship between AChEI intake, the ANS and bone metabolism;
therefore, additional experimental controlled trials would need to be done in order to
confirm these potentially important findings.
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The use of these medications is also associated with a series of side effects that can
affect a significant percentage of the patients, such as nausea, vomiting, diarrhea,
abdominal pain, loss of appetite, vertigo, dyspepsia, and headaches. All these factors
should be taken in consideration when prescribing these drugs (Hoffmann et al, 2011)
(Suh et al, 2011). Despite these generally bearable side effects, we believe that AD
patients would benefit from the reduction in the hip fracture risk related to the use of
AChEIs, and we encourage their prescription in this population group. However, their
indication in healthy elderly groups or in osteoporotic patients will certainly need
further evidence, but could become a real alternative option in the prevention of
osteoporotic fractures in the future.
This study presents the first clinical evidence suggesting that stimulation of muscarinic
cholinergic receptors may reduce the risk of hip fracture in a group of elderly patients
(AD patients). These receptors are present in the CNS as well as in bone cells; therefore,
it is not clear whether the effect of AChEIs on bone is a systemic or a local one. Recent
studies have described the presence of cholinergic nerve fibers in bone that could be
having a direct effect on the AChRs in bone. However it remains unclear whether these
fibers are part of the sympathetic cholinergic system or the PSNS. On the other hand,
AChEIs might be having a systemic effect on bone through either the SNS or humoral
mechanisms (Shi et al, 2010) (Sisask et al, 1996) (Gajda et al, 2010). Therefore further
investigations will be needed to unravel the exact mechanism by which the phenomenon
works.
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5. Limitations
One limitation of this study was the reduced number of subjects that could be included,
which lead to non significant statistical results regarding the effects of galantamine on
the hip fracture risk and the relation between galantamine and donepezil dosage and the
hip fracture risk. Another limitation of our case-control design was that we could not
detect the competing risk of death on the different groups, and this might have an effect
on the outcome of the study (Berry et al, 2010). AD leads to excess mortality (Larson et
al, 2004); this renders comparison between AD patients and AD-free patients
complicated, and for this reason we did not include patients free of AD in our study.
However, mortality among AD patients themselves also varies depending on factors
such as age of AD onset, as well as general and mental health of the patients. Median
survival of AD is longer for patients with younger onset of the disease and shorter in
patients with later onset (Larson et al, 2004). Accordingly, older AD patients have a
much higher mortality than younger ones, and this could be contributing to the loss of
the ‘‘normal’’ age distribution of fractures that is seen in this study. In a similar way,
the association between the mortality of patients and their general and metal health
conditions could also affect our results. However, even though our case-control design
did not adjust for mortality, our risk estimates were adjusted to the strongest predictors
of mortality in AD (age, MMSE, BDS, fall risk, and comorbidity) (Larson et al, 2004)
and were still confirmatory of the protective effect of AChEIs on hip fracture.
Confounding by indication could also be a limitation in this retrospective study. Despite
the fact that AChEIs are strongly recommended for the treatment of AD, the criteria
used by physicians to prescribe AChEIs are often not clear (Hoffmann et al, 2011).
AChEIs do not have any significant effect on the mortality and survival of AD patients,
regardless of their baseline comorbid medical conditions (Suh et al, 2011). Also, there is
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no information in the literature correlating expected mortality of AD patients with
physician’s decisions to prescribe AChEIs. However, it is possible that AChEIs might
be targeted to patients based on their expected residual life. Indeed, it has been found
that clinicians are less likely to prescribe AChEIs to patients with worse overall clinical
conditions and frailty (Hoffmann et al, 2011). In our study we observed that AD
patients in an advanced stage of the disease were less likely to receive AChEIs,
probably due to the terminal status of their condition. This issue could be a limitation in
our study because it could drive an artificial risk reduction for hip fracture with AChEIs.
However, risk estimates adjusted to the grade of AD and comorbidity were still
confirmatory of the protective effect of AChEIs on hip fracture. Another limitation of
this study was that our retrospective design does not allow us to determine a causeeffect relationship between AChEI intake and hip fracture. An additional limitation in
our study was that the effect of AChEIs on bone was only examined in an indirect way
by assessing risks of hip fractures, and we do not provide information on the
physiological conditions of bone.
Other medications such as proton pump inhibitors that alter bone metabolism and act as
potential confounders were not analyzed in this study, these could influence to a certain
point our results. Compliance, which could act as a possible confounder, was not
measured during the collection of data. For all these reasons, future large-scale
prospective cohort studies will have to be performed in order to confirm our findings by
increasing the sample size, determining cause-effect relationships, and eliminating the
possibility of bias by competing risk of death. Moreover, in vivo and clinical studies
assessing biochemical bone markers, bone density measurements, and bone
microarchitecture (high-resolution [HR]-pQCT) will have to be undertaken to explore
the effect of AChEIs on bone structure and mineral content.
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Our research team is currently designing a large scale prospective cohort study that aims
to analyze the hip fracture risk in AD patients in the United Kingdom. All the clinical
information needed to complete this work will be acquired from the British health
system computer database. A second line of research in collaboration with McGill
University, University of Malaga and Carlos Haya Hospital is also in progress. It aims
to study a possible syndrome of hypocholinergic activity which could include clinical
conditions such as osteoporosis, AD, and several autonomic system dysfunctions. We
believe that these studies will provide valuable information that could add further
evidence to the results stated in this thesis
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Conclusions
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• This is the first clinical evidence demonstrating that the administration of
acetylcholinestarase inhibitors; donepezil and rivastigmine, is associated with a
reduction in the risk of hip fracture in patients with Alzheimer disease.
• The administration galantamine an acetylcholinestarase inhibitor which also
causes an allosteric stimulation of nicotinic receptors, does not reduce the risk of
hip fracture is patients with Alzheimer disease.
• The decrease in the risk of hip fracture caused by the administration of donepezil
and rivastigmine could be explained by the stimulation of type M3 muscarinic
receptors on osteoblasts.
• Elderly patients with Alzheimer disease could benefit from the positive effects
that acetylcholinestarase inhibitors may have on the hip fracture risk.
• It will be necessary to perform additional controlled clinical trials in order to
fully confirm these findings.
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Introducción
Las condiciones clínicas y fármacos que alteran el sistema de señalización cholinérgica
parecen tener una serie de efectos sobre la fisiología ósea.
La toxina botulínica inhibe la liberación de acetilcolina de la neurona motora a nivel
presináptico y ejerce un efecto negativo sobre la consolidación ósea así como una
disminución de la mineralización del hueso. Sin embargo la mineralización ósea no se
mejora con la recuperación de la actividad muscular. Esto indica que el efecto negativo
que ejerce la toxina botulínica sobre el hueso no está relacionado con la actividad
muscular. La poleomielitis destruye las neuronas motoras que dependen de la
acetilcolina. Los pacientes que padecen esta enfermedad sufren alteraciones en el
crecimiento

de los miembros afectados y tienen una tendencia a desarrollar

osteoporosis mucho más elevada que en la población general, incluso muchos años
después de haber recuperado la actividad muscular.
La nicotina parece tener un efecto negativo sobre la consolidación ósea en los
fumadores. Estos

tienen una elevada concentración de nicotina en la sangre que

interacciona con los receptores de acetilcolina de tipo nicotínico (nRACh) que conlleva
a una desensibilización de los mismos.
Varios estudios recientes han identificado la presencia de un número de subunidades de
RACh en las células que componen el tejido óseo. Se han detectado subunidades de
receptores de tipo nRACh en los osteoblastos y en las células mesenquimales primarias
del hueso (CMSs), en estas últimas también se han identificado receptores de tipo
muscarínico (mRACh). Por otra parte, otros estudios han hallado una relación entre la
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regulación de la actividad de la fosfatasa alcalina (FLP), la expresión de RAChs en los
osteoblastos y la proliferación de los osteoblastos.
La información disponible en la literatura indica que la inhibición de los RACh podría
conllevar una reducción en el metabolismo del tejido óseo. A pesar de lo anterior, no
está claro si estimulación de estos receptores puede tener un efecto anabólico sobre la
formación del hueso.
Los inhibidores del actilcolinestarasa (IAChEs) son un grupo de medicamentos que
estimulan los RChA mediante la inhibición de la AChE y aumentan los niveles de
acetilcolina en el espacio sináptico. Estos medicamentos se han utilizado en el
tratamiento de la enfermedad de Alzheimer (EA) y otras demencias desde la década de
los noventa.
Hipótesis
La literatura disponible parece indicar que la inhibición de los receptores AChR
presentes en las células del tejido óseo puede causar una reducción en el remodelado
óseo. Sin embargo, todavía no está claro si la estimulación de estos receptores puede
tener un efecto anabólico sobre la formación de tejido óseo.
Consideramos que la administración de IAChEs puede tener un efecto beneficioso
sobre el remodelado óseo que podría traducirse en una reducción en el riesgo de
fracturas. Con el objetivo de probar esta hipótesis, hemos diseñado un estudio
retrospectivo de casos y controles en el que se compara la incidencia de fracturas de
cadera en un grupo de pacientes con EA en tratamiento IAChEs, con un segundo grupo
de pacientes con EA que no reciben tratamiento con IAChEs.
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Materiales y Métodos
Tras obtenerse la aprobación del comité de ética de nuestro centro hospitalario se lleva a
cabo un estudio retrospectivo de casos y controles sobre los pacientes diagnosticados
de EA residentes dentro de la zona sanitaria correspondiente al " Hospital Carlos Haya”.
Los datos demográficos y epidemiológicos se obtuvieron de los archivos informatizados
de los servicios de Neurología y Cirugía Ortopédica, y de los registros estadísticos del
“Hospital Carlos Haya”. La duración del estudio fue de 5 años; entre el 1 de enero 2004
y el 31 de diciembre de 2008. Se revisaron todas las fracturas de cadera en pacientes
con EA tratadas en nuestro centro durante dicho periodo.
A continuación se seleccionaron los pacientes que tenían una edad entre los 75 a 95
años en el momento de la fractura, y con al menos 2 años de seguimiento en el servicio
de Cirugía Ortopédica. Se excluyeron
trastorno médico que

los pacientes

que padecían algún tipo de

pudiera afectar sustancialmente el metabolismo óseo (ej.

Antecedentes de osteoporosis, osteomalacia, enfermedad de Paget, procesos malignos
[excluyendo el carcinoma basocelular], o el alcoholismo), así como los pacientes que se
estaban en tratamiento con corticosteroides , anticonvulsivos o bisfosfonatos ( como
tratamiento para la osteoporosis o metástasis ósea ).
En el grupo de control se incluyeron a todos los pacientes diagnosticados de EA
registrados en la base de datos del servicio de Neurología entre enero de 2004 y
diciembre de 2008 y que no tenían antecedentes de haber sufrido una fractura de cadera
antes del 31 de diciembre de 2008 (fecha de finalización del estudio). Los pacientes
pertenecientes al grupo de control tenían que continuar con vida al final del estudio.
Estos fueron sometidos a los mismos criterios de exclusión utilizados en el grupo de
estudio.
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A continuación se revisaron las historias clínicas de los pacientes seleccionados y se
completaron una serie de cuestionarios estandarizados.

Los parámetros obtenidos

fueron los siguientes: edad del paciente, sexo , movilidad, institucionalización, tipo
de fractura de cadera (incluyendo fracturas subcapitales , transcervicales , basicervicales
,pertrocantericas

y subtrocantericas), antecedentes de fracturas osteoporóticas

(incluyendo, fracturas vertebrales , de radio distal, húmero proximal, y fracturas de
cadera previas al estudio), índice de masa corporal (IMC), el riesgo de caída según la
escala “ FRAT “, consumo de tabaco, institucionalización, escala de comorbilidad de
Charlson (CCS), el uso de inhibidores selectivos de la recaptación de serotonina (ISRS)
y antecedentes de osteoporosis familiar . La severidad de la EA de acuerdo con la
escala de “CDR” y el estado cognitivo según las escalas de valoración cognitiva
“MMSE” y “BDS”. También se revisó el tratamiento específico para la EA (IAChEs
[ej. clorhidrato de donepezilo, galantamina, rivastigmina, o ningún IAChE] y / o
memantina), incluyendo la dosis y la duración (0,5 a 2 años > 2 años).
Se realizaron análisis de regresión logística condicional utilizando el SPSS IBM
Statistics 19TM (SPSS Inc., Chicago, IL). Se calculó la incidencia anual de fracturas de
cadera en la población general y en la población de pacientes con EA con sus
correspondientes intervalos de confianza (IC) del 95%. Las estimaciones de riesgo de
fractura entre los distintos subgrupos de pacientes con EA según el tratamiento seguido
se presentaron como odds ratio (OR) con IC del 95% . Los valores de P fueron de 2 lados y se consideraron estadísticamente significativas si éstos eran inferiores a 0,05.
Los OR se ajustaron a posibles factores de confusión:
institucionalización, BDS ( < 9,9-16.9 , ≥ 17 ),

edad, género, movilidad,

puntuación del CDR ( 1,2,3),

puntuación del MMSE ( ≤ 20 , > 20 ), puntuación del FRAT ( = 1 , > 1 ), antecedentes
de fracturas osteoporóticas, tipo de IAChE utilizado, IMC ( < 25,25-29.9 , ≥ 30 ), CCS
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(0-1, 2, >3), el uso de ISRS y tabaquismo ( fumador, no fumador). Las diferencias entre
pacientes tratados con o sin IAChEs fueron evaluadas con el test t-Student (para
variables continuas, es decir: la edad, MMSE, CDR, BDS, el IMC, CCS y FRAT), y
con la prueba de Chi cuadrado (para variables nominales, es decir: sexo, otras fracturas,
uso de ISRS y tabaquismo) los valores de P fueron de 2 caras y se consideraron
estadísticamente significativas si éstos eran inferiores a 0,05.
Resultados
La población registrada en la zona sanitaria correspondiente al Hospital Universitario
Carlos Haya el año 2008 fue de 607.217 habitantes, de los cuales un total de 40011
personas tenía una edad superior a los 75 años (Tabla 1). De estos últimos se
identificaron un total de 2794 pacientes con EA, de los cuales 2178 pacientes
cumplieron con los criterios de inclusión del grupo de control (Tabla 2).
El número total de fracturas de cadera tratadas en nuestro centro durante el año 2008 fue
de 381 (Tabla 3). También se identificaron 135 casos de fracturas de cadera en
pacientes con EA entre 2004 y 2008, de los cuales 80 pacientes cumplieron los criterios
de inclusión de grupos de casos (Tabla 4).
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Grupos de Población masculina Población femenina
edad

Población femenina y masculina
residentes en nuestra zona hospitalaria
el año 2008

≤69

270054 (49,6%)

274993 (50,4%)

545047

70-74

9444 (42,6%)

12715 (57,4%)

22159

75-79

7322 (39,4%)

11266 (60,6%)

18588

80-84

4091 (34,0%)

7938 (66,0%)

12029

85-89

1465 (21,4%)

5379 (78,6)

6844

≥90

1233 (48,4%)

1317 (51,6%)

2550

Total

293609 (48,4%)

313608 (51,6%)

607217

Tabla 1: La población general registrada en la zona sanitaria del Hospital Carlos Haya
de Málaga el año 2008.
Grupos de edad

Varones /Alzheimer
población

Mujeres/ Alzheimer
población

Población total de
Alzheimer

70-74

158 (34,3%)

302 (65,7%)

460

75-79

162 (26,6%)

448 (73,4%)

610

80-84

286 (31,9%)

610 (68,1%)

896

85-89

277 (48,6%)

293 (51,4%)

570

≥90

111 (43,0%)

147 (57,0%)

258

Total

994 (35,6%)

1800 (64,4%)

2794

Tabla 2: La población de pacientes con Alzheimer (≥70 años) en la zona sanitaria del
Hospital Carlos Haya de Málaga el año 2008.
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Grupos de edad

Fracturas de cadera
en varones

Fracturas de cadera
en mujeres

Numero total de
fracturas de cadera

≤69

36 (55,4%)

29 (44,6%)

65

70-74

7 (21,9%)

25 (78,1%)

32

75-79

21 (28,8%)

52 (71,2%)

73

80-84

27 (27,0%)

73 (73,0%)

100

85-89

11 (36,6%)

56 (63,4%)

67

≥90

6 (13,6%)

38 (86,4%)

44

Total

108 (28,3%)

273 (71,7%)

381

Tabla 3: El número de fracturas de cadera (en todos los grupos de edad) tratadas en la
zona sanitaria del Hospital Carlos Haya de Málaga el año 2008 (por grupos de edad).
Grupos de edad

Fracturas de cadera
en varones /
Población Alzheimer

Fracturas de cadera
en mujeres /
Población Alzheimer

Fracturas de cadera
/Total población
Alzheimer

70-74

1 (20,0%)

4 (80,0%)

5

75-79

1 (4,5%)

21 (95,5%)

22

80-84

5 (17,9%)

23 (82,1%)

28

85-89

7 (28,0%)

18 (72,0%)

25

≥ 90

1 (20,0%)

4 (80,0%)

5

Total

15 (17,6%)

70 (82,4%)

85

Tabla 4: La distribución de las fracturas de cadera por edad y sexo en el grupo de
estudio n=80 (pacientes con Alzheimer tratados en el periodo 1/1/2004- 31/12/2008,
tras aplicar los criterios de inclusión-exclusión). El grupo de edad entre 70-74 años
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también se incluye en esta tabla (este no forma parte del grupo de estudio, pero se
utilizo para calcular la incidencia de fracturas en pacientes con EA).
La incidencia anual de fracturas de cadera en la población general aumenta con la edad.
Esta tendencia fue más evidente en la población femenina (tabla 5). No obstante, la
incidencia de fractura de cadera parece disminuir con la edad en los pacientes con EA,
tanto en hombres como en mujeres, en contraste con lo observado en la población en
general (Tabla 6) (Figuras 1, 2 y 3).
La distribución de las fracturas de cadera en el grupo de estudio según la edad, sexo,
IMC, MMSE, FRAT, CDR, CCS, BDS, uso de ISRS, institucionalización y la presencia
de otras fracturas se muestra en la (Tabla 7).
Los pacientes con una puntuación FRAT> 1 e IMC <25 mostraron un mayor riesgo de
sufrir una fractura de cadera que los pacientes con una puntuación FRAT = 1 o con
IMC> 25, respectivamente. Las mujeres diagnosticadas de EA tenían un riesgo
ligeramente mayor de sufrir una fractura de cadera que los varones con EA, aunque esta
diferencia no era significativa. Por otra parte los pacientes entre los 85 a 89 años tenían
un menor riesgo que los pacientes con edades que oscilaban entre 75-84 años. No se
apreció una asociación entre el riesgo de fractura de cadera y la puntuación obtenida en
las escalas CDR, BDS y MMSE (Tabla 7). Los pacientes en tratamiento con IAChEs
tuvieron un mejor rendimiento en los test cognitivos (CDR, BDS y MMSE) que los
pacientes que tomaban IAChEs (Tabla 8). El uso de ISRS parecía ser mayor en los
pacientes tratados con IAChEs que en los no tratados. No se apreciaron diferencias
significativas con respecto al sexo, tabaquismo, y la puntuación en la escala CCS entre
los pacientes tratados y no tratados con IAChEs. El IMC también fue más elevado en
los pacientes en tratamiento con IAChEs que en los pacientes no tratados.
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Curiosamente, los pacientes tratados con IAChEs tenían un menor riesgo de fractura de
cadera que los que no tomaban estos medicamentos a pesar de que los primeros tenían
un mayor riesgo de caída en la escala (FRAT) en comparación con los pacientes no
tratados (Tablas 8 y 9).
Los distintos tipos de IAChEs tuvieron resultados dispares en cuanto a su efecto sobre
el riesgo de fractura de cadera. Los pacientes tratados con galantamina tuvieron el
mismo riesgo de sufrir una fractura de cadera que los pacientes que tomaban IAChEs.
Pese a esto, los pacientes tratados con donepezilo, rivastigmina tuvieron un menor
riesgo de sufrir fracturas de cadera en comparación con los pacientes que no tomaban
IAChEs. Las diferencias entre estos últimos dos grupos eran muy significativas y se
asociaban a la dosis administrada. No se observó una relación significativa entre la
duración del tratamiento y el riesgo de fracturas de cadera. La administración de
rivastigmina y donepezilo tenía una protección total OR ajustado de 0,22 (IC del 95%
0,10 a 0,45) y 0,39 (IC del 95% 0,19-0,76), respectivamente, en comparación con los
pacientes no tratados con IAChEs (Tabla 9) (Figura 4). Con un error α = 0.05, se obtuvo
un potencia del 83% para detectar el riesgo de fractura de cadera en pacientes con EA
tratados con IAChEs igual a 0,42 o menor.
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Grupos de edad

Incidencia de
fracturas de cadera
en varones

Incidencia de
fracturas de cadera
en mujeres

Incidencia total de fracturas
de cadera

70-74

0.74 (0.3-1.5)

2.0 (1.3-2.8)

1.4 (1.0- 2.0)

75-79

2.9 (1.8-4.4)

4.6 (3.5-6.0)

3.9 (3.1-4.9)

80-84

6.6 ( 4.4-9.6)

9.2 ( 7.2-11.6)

8.3 (6.8-10.1)

85-89

7.5 (3.8-13.4)

10.4 ( 7.9-13.5)

9.8 ( 7.6-12.4)

≥90

4.9 (1.8-10.6)

28.9 ( 20.5-39.4)

17.3 ( 12.6-23.1)

Total

3.1 ( 2.4-3.9)

6.3 ( 5.6-7.2)

5.1 ( 4.5-5.7)

Tabla 5: La incidencia anual (CI 95%) de fracturas de cadera en la población en
general (por 1000 habitantes) el año 2008 (n=316). El grupo de edad entre 70-74 años
también se incluye en esta tabla (este no forma parte del grupo de estudio, pero se
utilizo para calcular la incidencia de fracturas en pacientes con EA).
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Grupos de edad

Incidencia fracturas
cadera / población EAvarones

Incidencia fracturas
cadera / población EAmujeres

Incidencia fracturas
cadera / población EAtotal

70-74

1.2 ( 0.2-2.2)

2.7 ( 0.1-12.2)

2.1 ( 0.1-11.9)

75-79

1.0 ( 0.1-.1.7)

11.6 (3.2-29.3)

8.0 ( 2.9-18.4)

80-84

3.4 (0.1-18.7)

8.3 ( 3.0-19.1)

6.5 ( 2.7-14.1)

85-89

6.8 (1.2-26.6)

5.8 (1.9-14.9)

4.8 (1.4-11.0)

≥90

0.7 (0.1-1.3)

2.4 (0.1-10.9)

1.6 ( 0.0-8.0)

Total

2.6 ( 0.5-7.6)

6.4 (3.6-10.5)

5.0 ( 3.0-8.0)

Tabla 6: La incidencia anual (CI 95%) de fracturas de cadera en
diagnosticados de Alzheimer (por 1000 habitantes)

pacientes

durante el periodo 1/1/2004-

31/12/2008 (n=80). El grupo de edad entre 70-74 años también se incluye en esta tabla
(este no forma parte del grupo de estudio, pero se utilizo para calcular la incidencia de
fracturas en pacientes con EA).
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fracturas
(per 1000)
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Incidencia de fracturas de
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Incidencia de fracturas de
cadera en ambos sexos
Incidencia de fracturas de
cadera en mujeres
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5
0
70-74

75-79

80-84

85-89

>90

Grupos de edad

Figura 1: La incidencia anual de fracturas de cadera en la población en general
(pacientes ≥70 años) por 1000 habitantes el año 2008, por edad y sexo.
14
12
Incidencia de
fracturas
(per 1000)
10
8

Incidencia fracturas de
cadera en hombres con EA

6

Incidencia fracturas de
cadera en ambos sexos
Incidencia fracturas de
cadera en mujeres con EA

4
2
0
70-74

75-79

80-84

85-89

>90

Grupos de edad

Figura 2: La incidencia anual de fracturas de cadera en pacientes diagnosticados de
Alzheimer (pacientes ≥70 años) por 1000 habitantes durante el periodo 1/1/201431/12/2008. (pacientes ≥70 años) por 1000 habitantes el año 2008, por edad y sexo.
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16
Incidencia de
fracturas
14
(per 1000)
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Incidecia de fracturas de
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Figura 3: La incidencia anual media (por 1000 habitantes) de fracturas de cadera en
pacientes diagnosticados de Alzheimer durante el periodo 1/1/2004-31/12/2008
comparada con la incidencia de fracturas de cadera en la población general el año 2008.

197

Characteristicas

Edad, a

Casos
(n=80)a

Controles
(n=2178)a

Odds Ratio (95%CI)

Odds Ratio
Ajustado (95%CI) b

Valor -P

75-79

21(26.3)

594(27.3)

1.00

1.00

-

80-84

28(35.0)

846(38.8)

0.94(0.53-1.7)

0.39(0.18-0.85)

0.018

>85

31(38.8)

738(33.9)

1.19(0.68-2.09)

1.730.81-3.69)

0.159

Women

66(82.5)

1548(71.1)

1.00

1.00

-

Men

14(17.5)

630(28.9)

0.52(0.29-0.94)

0.41(0.15-1.08)

0.072

<25

53(66.3)

396(18.2)

1.00

1.00

-

25-29.9

21(26.3)

468(21.5)

0.34(0.20-0.57)

0.40(0.21-0.74)

0.004

>30

6(7.5)

216(9.9)

0.21(0.09-0.49)

0.16(0.06-0.41)

<0.001

Faltan

0(0.0)

1097(50.4)

0.27(0.24-0.29)

0.47(0.23-0.96)

0.039

1

13(16.3)

288(13.2)

1.00

1.00

-

2

33(41.3)

1062(48.8)

0.69(0.36-1.33)

0.59(0.22-1.16)

0.304

3

34(42.5)

828(38.0)

0.91(0.47-1.75)

0.40(0.07-2.14)

0,282

21-30

4(5.0)

234(10.7)

1.00

1.00

-

0-20

76(95.0)

1944(89.2)

2.30(0.83-6.34)

2.53(0.85-7.51)

0.096

0-9

1(1.3)

78(3.6)

1.00

1.00

-

9-16

42(52.5)

900(41.3)

3.36(0.46-24.77)

2.06(0.23-18.58)

0.520

17-28

37(46.3)

1200(55.1)

2.21 (0.30-16.33)

1.93(0.15-24.75)

0.615

IMC c

CDR

MMSE

BDS
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FRAT

1

51(63.8)

810(37.2)

1.00

1.00

-

2-3

29(36.3)

270(12.4)

1.71 (1.06-2.75)

2.26(1.34-3.85

0.003

Falta

0(0.0)

1098(50.4)

0.43(0.40-0.45)

d

d

Si

79(98.7)

2026 (93.0)

1.00

1.00

-

No

1 (1.3)

152 (7.0)

0.18 (0.02-1.28)

0.47 (0.06-3.53)

0.464

0-1

30 (37.5)

753 (34.8)

1.00

1.00

-

2

23 (28.8)

672 (30.9)

0.86 (0.49-1.49)

0.96 (9.00-1.02)

0.145

>3

27 (33.8)

753 (34.6)

0.90 (0.53-1.53)

0.52 (0.28-0.96)

0.026

No

74 (92.5)

2163 (99.3)

1.00

1.00

-

Si

6 (7.5)

15 (0.7)

11.67 (4.41-30.99)

33.90 (10.50-109.60) <0.001

No

70 (87.5)

2003 (92.0)

1.00

1.00

-

Si

10 (12.5)

175 (8.0)

1.64 (0.83-3.23)

1.45 (0.73-2.90)

0.288

No

59(73.8)

2016(92.6)

1.00

1.00

-

si

21(26.3)

162(7.4)

4.43(2.63-7.47)

2.82 (1.60-4.99)

<0.001

Institucionalización

CCS

Fumador

ISRS

Otras fracturas
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Tabla 7: Relación entre los factores de riesgo en pacientes con EA y la presencia de
fracturas de cadera; comparación entre casos y controles.
Abreviaturas: IC, intervalo de confianza; FRAT, escala de evaluación de riesgo de
fractura, IMC, índice de masa corporal, EA, Enfermedad de Alzheimer, Y, edad, BDS,
escala “Blessed Dementia Score”; MMSE, “Mini-examen del Estado Mental”, CDR,
“Clinical Dementia Rating Scale”; CCS, escala de comorbilidad de Charlson; ISRS,
inhibidores selectivos de la recaptación de serotonina.

Los resultados han sido

ajustados a todos los factores de confusión.
a- Los porcentajes no suman el 100% debido al redondeo.
b- Ajustado a otros parámetros categóricos en esta tabla.
c- Medido como el peso en kilogramos dividido por el cuadrado de la altura en metros.
d- No calculado por falta de datos.
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Caracteristicas

Edad, a

Tratados con IAChEs
(n=1771)

No tratados con IAChEs
(n=487)

P

82.15 (SD4.49)

83.49(SD4.16)

0.001a

Mujeres

72(95%CI, 70-74)

69(CI95%, 65-73)

0.208b

Hombres

25(22-28)

27(22-33)

0.208b

IMC c

26.0(SD3.5)

24.56(SD4.30)

0.001a

CDR

2.16(SD0.67)

2.59(SD0.58)

0.001a

BDS

15.72(SD3.48)

17.31(SD3.37)

0.001a

MMSE

15.66(SD3.98)

14.52(SD2.31)

0.001a

FRAT

1.33(SD0.55)

1.24(SD5.68)

0.025a

Fumadores

1 (0-1)

1 (1-2)

0.415b

SSRI

19 (17-21)

26 (20-32)

0.030b

CCS

2.52 ± 1.57

2.38 ± 1.35

0.776a

Otras fracturas

15.97(13.34-18.61)

16.25(11.87-20.62)

0.300b

Sexo

Tabla 8: Las características de los pacientes con Alzheimer en relación al tratamiento
con IAChEs. Abreviaturas: IC, intervalo de confianza; FRAT, escala de evaluación el
riesgo de fractura, IMC, índice de masa corporal, EA, la enfermedad de Alzheimer, y,
edad, BDS, escala “Blessed Dementia”; MMSE, Mini Examen del Estado Mental,
CDR, escala “Clinical Dementia Rating”; CCS, escala de comorbilidad de Charlson;
ISRS, inhibidores selectivos de la recaptación de serotonina.
a- Calculado con la t de Student para muestras independientes.
b- Calculado con la prueba de Chi cuadrado.
c- Medido como el peso en kilogramos dividido por el cuadrado de la altura en metros.
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Características

Casos

Controles

Odds Ratio

(n=80)

(n=2178)

(95%CI)

No. (%)a

No. (%)a

Tratados con IAChEs

39(48.8)

450(20.7)

No trarados con IAChEs

41(52.2)

Odds
ajustado

Ratio Valor-P

(95%CI) b
1.00

1.00

-

1728(79.3) 0.30(0.19-0.48)

0.42(0.24-0.72)

0.002

Rivastigmina 16 (20.0)

900(41.3)

0.20(0.11-0.37)

0.22(0.10-0.45)

<0.001

Donezepilo 15(18.8)

630(28.9)

0.29(0.16-0.54)

0.39(0.19-0.76)

<0.002

Galantamina 10 (12.5)

182(8.4)

0.68(0.33-1.39)

1.67(0.63-4.45)

0.305

Tabla 9: Comparación entre el uso de IAChEs y riesgo de fractura.
Abreviaturas: IC, intervalo de confianza; IAChEs, inhibidores de acetilcolinesterasa.
a- Los porcentajes pueden no sumar el 100% debido al redondeo.
b- Ajustado para los parámetros categóricos en la tabla 10.
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Odd-Ratio
1
0,9
0,8
0,7
0,6
0,5
0,4
0,3
0,2
0,1
0

0.676
(0.329-1.138)

0.203
(0.11-0.373)

0.29
(0.157-0.535)

0.303
(0.193-0.475)

Odd-Ratio

Figura 4: Relación entre el uso de IAChEs y el riesgo de fractura de cadera (en Odd
Ratio).
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Casos
(n=080) a

Controles
(n=2178) a

OR (95% CI)

OR (95% CI) b
ajustado

Valor-p

Duration, years 0.52

7

270

1.00

1.00

-

>2

6

630

0.37 (0.12-1.10)

.25 (0.06-1.04)

0.057

Dose mg/day
3-9

7

270

1.00

1.00

-

6

630

0.37 (0.12-1.10)

0.16 (0.03-0.79)

0.025

6

234

1.00

1.00

-

7

396

0.83 (0.26-2.64)

0.90 (0.19-4.20)

0.879

3

18

1.00

1.00

-

12

612

0.12 (0.03-0.45)

0.02 (0.00-0.17)

c

Duration, years 0.52

3

72

1.00

1.00

-

>2

3

108

.67 (0.13-3.40)

c

c

Dose mg/day
6-16

4

74

1.00

1.00

-

5

108

0.83 (0.22-3.21)

0.51 (0.09-2.89)

c

Tratamiento / caracteristicas

Rivastigmina

9.5-12
Donepezilo

Duration, years 0.52
>2
Dose mg/day
5
10

Galantamina

17-24

Tabla 10: Relación entre la duración del tratamiento con IAChEs, la dosis utilizada y
riesgo de fractura.
Abreviaturas: IAChEs, inhibidores de la acetilcolinesterasa; OR, Odd Ratio, IC,
intervalo de confianza.
a-Número de casos o controles.
b- Valores justados a los parámetros categóricos en la tabla 7.
c- No calculado por falta de datos.
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Discusión
Los pacientes con EA son más susceptibles de sufrir caídas accidentales que la
población general, esto se debe a los problemas cognitivos y alteraciones sensitivas
asociadas a la EA (ej. trastornos del comportamiento, de la marcha, del equilibrio,
alteraciones visuales, y efectos secundarios asociados a los medicamentos). Un estudio
de cohorte realizado en los años noventa reveló que los pacientes con EA presentan una
incidencia mucho mayor de fracturas de cadera que la población general, con un riesgo
relativo global de 2,7 (IC del 95 % 1.8 a 4.2). Un estudio similar realizado en el mismo
período reveló que la tasa de fracturas de cadera en mujeres con EA y demencia
vascular era dos veces mayor que la población general. Un estudio

más reciente

realizado entre 1988 y 2007, reveló que los pacientes con EA tenían un “hazard ratio”
del 2,8. Aun así, en este último estudio, los autores no diferenciaron entre los pacientes
tratados con IAChEs y los no tratados con estos medicamentos.
Los IAChEs se comenzaron a utilizar en el tratamiento de la EA a mediados de los años
noventa, y posteriormente pasaron a formar parte del tratamiento estándar de estos
pacientes. Desgraciadamente, estos medicamentos sólo causan una leve mejoría de los
síntomas asociados a la EA y no alteran el curso natural de la enfermedad. En nuestro
estudio observamos que los pacientes tratados con IAChEs mostraban en general unos
índices de estado mental (MMES, CDR y BDS) levemente mejores que los pacientes no
tratados con IAChEs. Esta diferencia entre los dos grupos podría deberse al efecto
farmacológico de los IAChEs sobre el estado cognitivo de los pacientes. También se
puede apreciar en nuestro estudio un mayor riesgo de caída en los pacientes tratados con
IAChEs que en los no tratados. Esto se podría explicar por una mayor prevalencia de
bradicardias y cuadros sincopales asociados al uso de estos fármacos. Por otra parte,
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algunos estudios

indican que los IAChEs pueden disminuir el riesgo de caída al

mejorar el estado cognitivo de los pacientes. En nuestro estudio hemos observado que
los pacientes tratados con IAChEs presentaron un mayor riesgo de caída según la escala
(FRAT) en comparación con los pacientes no tratados. Esto se podría explicar por el
predominio del efecto bradicárdico sobre los beneficios cognitivos de los IAChEs.
Otro hallazgo interesante observado en nuestro estudio fue el IMC significativamente
mayor en los pacientes tratados con IAChEs que en los no tratados. El sistema
nervioso autónomo desempeña un papel primordial en la regulación del IMC, ya que la
actividad simpática limita el aumento de peso corporal, y su inhibición se asocia a un
aumento del IMC. Por otro lado, algunos estudios realizados en animales han
demostrado que el incremento de la actividad parasimpática se asocia a un aumento de
la producción grasa en los modelos utilizados. Los IAChEs ejercen un efecto
estimulador sobre el sistema nerviosos colinérgico en el cuerpo, por lo tanto, es posible
que las diferencias en el IMC entre los pacientes tratados con IAChEs y los no tratados
se deban a un aumento de la actividad colinérgica causada por estos fármacos.
El resultado más relevante de nuestro estudio fue la confirmación de la hipótesis de
trabajo: los pacientes con EA tratados con IAChEs tuvieron un riesgo de desarrollar
fracturas de cadera significativamente menor que los no tratados. Estos resultados se
ajustaron a factores cognitivos relacionados con el curso de la enfermedad, así como
con otros factores asociados a las fracturas de cadera (Tabla 7). En consecuencia,
nuestros hallazgos probablemente se deben a un efecto de los IAChEs sobre la actividad
colinérgica. La reducción del riesgo de fractura en los pacientes tratados con IAChEs
dependió de la dosis suministrada (Tabla 10). Esto refuerza la posibilidad de que se
deba a un efecto farmacológico. Por otra parte, la asociación que observamos entre el
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uso de IAChEs y el aumento del IMC también puede confirmar el efecto de estos
fármacos sobre la actividad metabólica del sistema colinérgico. Con todo, el diseño
retrospectivo de nuestro estudio no nos permite determinar una relación de causa efecto
entre el uso de IAChEs, la actividad del sistema colinérgico y el metabolismo óseo, por
lo que tendrían que llevarse a cabo ensayos clínicos controlados para confirmar estos
resultados potencialmente importantes.
Otro resultado significativo de este estudio es la diferencia en el riesgo de fractura de
cadera entre los pacientes con EA en función del tipo de IAChE utilizado. El riesgo de
fractura de cadera en pacientes tratados con rivastigmina y donepezilo fue
significativamente menor que en los pacientes no tratados con IAChEs. Sin embargo, el
tratamiento con galantamina no tuvo ningún efecto beneficioso sobre el riesgo de
fractura de cadera. La galantamina tiene un efecto sobre el estado cognitivo de los
pacientes con EA similar al donepezilo y la rivastigmina. Luego es improbable que las
diferencias entre los distintos tratamientos se deban

a un efecto sobre el estado

cognitivo de los pacientes. Los IAChEs utilizados en este estudio tienen diferentes
mecanismos de acción sobre los distintos tipos de IAChEs, esto podría explicar las
diferencias en el riesgo de fractura de cadera apreciadas entre los distintos grupos de
pacientes. Por ejemplo, la galantamina es capaz de unirse a todos los nRACh
independientemente de su tejido o célula de origen; pero no se puede unir a los
mRAChs. Por consiguiente, la acción de la galantamina se limita a un aumento selectivo
de la estimulación a nivel nicotínico. Esto contrasta con la estimulación nicotinica y
muscarinica inducida por el donepezilo y la rivastigmina. La sobreactividad nicotínica
se asocia a una reducción de la capacidad de remodelación ósea, así pues, la acción
selectiva de la galantamina sobre los nRACh

puede explicar

las diferencias

significativas entre los pacientes tratados con donepezilo o rivastigmina y los tratados
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con galantamina. A pesar de esto, la estimulación de los mRACh parece favorecer el
remodelado óseo; por esta razón creemos que el efecto de la

rivastigmina y el

donepezilo sobre los receptores mRACh podría explicar la reducción significativa del
riesgo de fractura de cadera en los pacientes tratados con estos fármacos.
Los fármacos más utilizados actualmente en el tratamiento de la osteoporosis son la
hormona paratiroidea y los bisfosfonatos. Estos últimos han demostrado su eficacia en
la protección contra las fracturas de cadera en comparación con el placebo con un riesgo
relativo (RR) del 0,66 ( IC , 0,51-0,85 95 % ) [ácido zoledrónico 0,58 ( IC , 0,41 a 0,82
95 % ) , alendronato 0,95 ( IC , 0,54-1,68 95 % ) , y risedronato 0,73 ( IC , 0,37-1,44 95
% )]. Además, el uso de la hormona paratiroidea ha demostrado reducir la incidencia de
fracturas de cadera de forma muy significativa con un RR en comparación con el
placebo de 0,46 (IC del 95 % 0,25 - 0,86).
En nuestro estudio el OR de la rivastigmina y el donepezilo en comparación con los
pacientes no tratados con IAChE fue de 0,22 (IC del 95%: 0,10 a 0,45) y 0,39 (IC, 0,19
hasta 0,76 95 %), respectivamente. Aunque estos resultados no se pueden comparar
directamente con el RR observado en los ensayos clínicos mencionados anteriormente,
sí parecen indicar que los IAChEs estimuladores de mRAChs podrían utilizarse en la
prevención de fracturas de cadera en pacientes ancianos, especialmente en aquellos
diagnosticados de EA. Sin embargo, harán falta nuevos ensayos clínicos y estudios
experimentales para confirmar esta hipótesis.
Los resultados obtenidos en nuestro estudio indican que el uso de los IAChEs podría ser
beneficiosos en la prevención de fracturas de cadera en pacientes osteoporóticos.
Aunque estos medicamentos tienen una serie de efectos secundarios que limitan su uso

208

en un porcentaje significativo de la población (ej. Nauseas, vómitos, y vértigo), esto
será un factor a tener en cuenta a la hora de recetar esto fármacos.
En este estudio se presenta la primera evidencia clínica que sugiere que la estimulación
de los receptores mRACh puede reducir el riesgo de fractura de cadera en pacientes de
edad avanzada. Estos receptores están presentes en el sistema nervioso central, así como
en células del tejido óseo; por lo tanto, no está claro si el efecto de IAChEs sobre el
hueso es sistémico o local. Varios estudios recientes han descrito la presencia de fibras
de nerviosas cholinérgicas en el hueso que podrían afectar directamente a los ARChs
en el hueso. Por otra parte, los IAChEs podrían ejercer un efecto sistémico sobre el
hueso a través de los sistemas autonómico o humoral. Debido a esto, será necesario
desarrollar nuevos estudios que determinen el mecanismo exacto por el cual estos
fármacos actúan en el hueso.
Limitaciones
Este es un estudio observacional retrospectivo y será necesario el desarrollo de futuros
estudios prospectivos para confirmar nuestros resultados. Por otra parte, la alta
mortalidad de los pacientes con EA, y el número relativamente limitado de fracturas de
cadera registradas en este estudio son factores limitantes que hay que tener en
consideración. Otro posible factor de confusión es la menor probabilidad de recibir
tratamiento con IAChEs en las fases más avanzadas de la enfermedad, probablemente
debido al estado terminal de estos pacientes. Sin embargo, el “Odd ratio” ajustado al
grado de EA sigue confirmando el efecto protector de los IAChEs en estos pacientes.
Por otra parte, este estudio analiza el efecto de los IAChRs sobre el hueso de forma
indirecta mediante la evaluación de la incidencia de fracturas de cadera.
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Por estas razones, será necesario realizar futuros estudios prospectivos multicéntricos
que confirmen nuestros hallazgos. Estos estudios deberán cuantificar la densidad ósea
de los pacientes tratados con IAChEs.
Conclusiones
• Este estudio representa la primera evidencia clínica que demuestra que la
administración de los inhibidores de acetilcolinesterasa donepezilo y rivastigmina se
asocia a una reducción del riesgo de padecer fractura de cadera en pacientes con
enfermedad de Alzheimer.
• La administración del inhibidor de acetilcolinesterasa galantamina, que además
estimula alostéricamente receptores nicotínicos, no disminuye el riesgo de padecer
fractura de cadera.
• La disminución en el riesgo de padecer fractura de cadera secundario a la
administración de rivastigmina y donepezilo podría explicarse por la estimulación de
receptores M3 muscarínicos en osteoblastos.
• Estos hallazgos pueden ser potencialmente importantes ya que muchos pacientes
ancianos con Alzheimer o con otras demencias podrían beneficiarse de los efectos
positivos que los inhibidores de acetilcolinesterasa parecen tener sobre el riesgo de
fractura.
• Es necesario realizar estudios observacionales y ensayos clínicos más extensos que
confirmen definitivamente estos hallazgos.
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Reply to reviewer I:
The following changes have been made:
- The less relevant topics have been omitted from the introduction.
- Percentages have been added to the tables is the results section.
- The date 2008 and the value of “n” have been added to table 10.
- The value of “n” has been added to table 9.
-“Assessment of risk factor” has been changed to “Assessment of risk factors in
control and study groups” in the results section.
Reply to reviewer II:
The following changes have been made:
-Regarding the quality of data source: All the hip fractures that were treated between
January 2004 and December 2008 were reviewed; all these cases were registered in the
computerized database of the orthopedic surgery department. All the patients included
in the study group were subject to an additional standardized questionnaire in order to
complement any missing information in the medical records.
- Data regarding the socioeconomic status of the patients was not registered because the
Spanish public healthcare system provides universal free healthcare, and all of our
patients have equal access to the drugs assessed in this study.
- Compliance, which could act as a possible confounder, was not measured during the
collection of data; however, we believe that it could be high, as most of the patients
relied on relatives and caregivers for the administration of the medications which were
generally very involved in the care of the patients.
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-The Charlson comorbidity score, uptake of selective serotonin reuptake inhibitors, and
smoking were also included as possible confounders.
- Potential cases had to be recorded in the neurology department database for at least 2
years, in order to ensure an adequate record of the treatment received for Alzheimer
disease.
-It has been clarified in tables (9, 10 and 11) that the age group between 70-74 years is
also illustrated but it is not part of the study group (it was used to calculate the hip
fracture incidence in AD patients and in the general population).
- Other medications such as proton pump inhibitors that alter bone metabolism and act
as potential confounders were not analyzed in this study, these could influence to a
certain point our results; however, there is no known relation between the use of
AChEIs and the intake of proton pump inhibitors. Therefore the use of proton pump
inhibitors should be similar in AD patients treated with AChEIs and those not treated.
Other medications such as ISRS and bisphosphonates were taken in consideration in the
material en methods section.
-The statistical analysis performed was an unconditional logistic regression. The use of
AChEIs is not a confounder in table 12
-In table 8: All the fractures were treated in the Carlos Haya Hospital in 2008.
-In table 12: all the parameters were used for adjustment: Fracture Risk Assessment
Tool, Body Mass Index, Alzheimer’s disease, Blessed Dementia Scale, Mini-Mental
State Exam, Clinical Dementia Rating Scale, Charlson comorbidity score, selective
serotonin reuptake inhibitor, age, gender, smoking and institutionalization.

224

-The BMI was higher in patients treated with AChEIs, and this could be explained by an
increase in the parasympathetic signal in these patients as a result of these drugs.
-The values of “p” have been checked in table 13.
-One of the limitations of this study was the reduced number of subjects that could be
included, which lead to non significant statistical results regarding the effects of
galantamine on the hip fracture risk and the relation between galantamine and donepezil
dosage and the hip fracture risk; however, the main result observed in our study was
that our working hypothesis was confirmed; AD users of AChEIs had significantly
lower risk of developing hip fractures than nonusers, despite the small number of cases.
-Despite these generally bearable side effects, we believe that AD patients would
benefit from the reduction in the hip fracture risk related to the use of AChEIs, and we
encourage their prescription in this population group. However, their indication in
healthy elderly groups or in osteoporotic patients will certainly need further evidence,
but could become a real alternative option in the prevention of osteoporotic fractures in
the future.
-Our research team is currently designing a large scale prospective cohort study that
aims to analyze the hip fracture risk in AD patients in the United Kingdom. All the
clinical information needed to complete this work will be acquired from the British
health system computer database. A second line of research in collaboration with
McGill University, University of Malaga and Carlos Haya Hospital is also in progress,
it aims to study a possible syndrome of hypocholinergic activity which could include
clinical conditions such as osteoporosis, AD, and several autonomic system
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dysfunctions. We believe that these studies will provide valuable information that could
add further evidence to the results stated in this thesis
-The study population was included in the flowchart containing the numbers of the
cases and controls.
-Regarding the assessment of risk factors in the results section we have changed: “in
the control and study group” into “in cases and controls”.
-The inclusion criteria is age >75 years.
-We have darkened the characters in table 12 and chose a single color for the rows in
order to make it easier to read.
-The p-values have been corrected in the text in order to match the figures in table 13.
-The number of cases and controls in table 14 have been corrected.
-The controlled variables for tables 14 and 15 are those in table 12.
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