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Martin Zeeb and Eckhard Lammert

The scientific community has increasingly recog-
nized metabolic alterations as being critical com-
ponents or even drivers of human disease.
Metabolism of Human Diseases discusses the
metabolism and signaling pathways in tissues and
organs known to be relevant for common human
diseases. It thus bridges the existing gap between
biochemistry and physiology textbooks, on the one
hand, and pathology textbooks, on the other hand.

Metabolism of Human Diseases is directed at
advanced students, doctors, and scientists from
all categories of life sciences and medicine (e.g.,
biochemists, biologists, physiologists, pharma-
cologists, pharmacists, toxicologists, and physi-
cians) with an interest in the metabolism and
molecular mechanisms of human diseases, irre-
spective of their specialization.

The book is divided into different parts, each
related to a human organ or tissue. Each part begins
with an overview chapter presenting the anatomic
and physiological properties of the organ or tissue
in question relevant for the subsequent disease
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chapters of the section (Fig. 1). The overview
introduces organ- or tissue-specific metabolism and
signaling pathways as well as intra- and inter-organ
communication (i.e., “inside-in,” “inside-out,” and
“outside-in” signaling). The disease chapters dis-
cuss pathomechanisms of the diseases with empha-
sis on metabolic alterations and affected signaling
pathways. In addition, they briefly introduce major
treatments currently in use and in clinical trials as
well as their influence on the patient’s metabolism.

The diseases have been selected to cover a
wide spectrum of human diseases in the industri-
alized world (as described in the tenth edition of
the International Classification of Diseases, ICD-
10). They include many of the most common
(based on diagnosis), most deadly (based on
numbers of deaths), and most expensive (based
on treatment costs) illnesses.

Each chapter of Metabolism of Human
Diseases contains up to three simplified figures
and tables that illustrate important elements of
anatomy, physiology, metabolism, signaling path-
ways, or treatment. All figures are presented in a
common layout to facilitate understanding of the
contents of each chapter (Fig. 2). Since Yousun
Koh provided the layout and final presentation,
we would like to express our gratitude to her.

Finally, more than a hundred international
experts contributed state-of-the-art chapters to
the book, and we would like to thank all of them
for their work and dedication.

We wish the owner of the book a pleasant read!

Best regards,
Martin Zeeb and Eckhard Lammert

E. Lammert, M. Zeeb (eds.), Metabolism of Human Diseases, 1
DOI 10.1007/978-3-7091-0715-7_1, © Springer-Verlag Wien 2014
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Fig. 1 Summary of overview chapters and disease chapters
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receptor symbol, transporter
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used in this book. Enzymes
are marked in brackets.
Outcomes of treatment are
indicated with light gray
arrowheads
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Lorraine V. Kalia

Anatomy and Physiology
of the Brain

The brain is a remarkably complex organ both in
its structure and function. At the macroscopic
level, it can be divided into three major compo-
nents: (1) brainstem (which includes medulla,
pons, and midbrain), (2) cerebellum (with its cor-
tex and deep nuclei), and (3) cerebral hemispheres
(which are composed of cerebral cortex, subcorti-
cal white matter, basal ganglia and thalamus, lim-
bic system, and hypothalamus and pituitary). The
cerebral cortex itself is divided into frontal, pari-
etal, temporal, and occipital lobes (Fig. 1). At the
microscopic level, there are two primary cell
types: (1) neurons (which receive, process, and
transmit information by electrical and biochemical
changes mediated, in part, by neurotransmitters)
and (2) glia (which are a diverse group of cells
with expanding roles in brain function).

The various macroscopic regions of the brain
are responsible for different physiological func-
tions. The brainstem contains nuclei required for
autonomic functions, such as regulation of heart
rate and respiration. Most cranial nerves, which

L.V. Kalia

Division of Neurology, Department
of Medicine, University of Toronto,
Toronto, ON M5T 2S8, Canada

Movement Disorders Centre, Toronto
Western Hospital, University Health Network,
Toronto, ON M5T 2S8, Canada

e-mail: lorraine.kalia @utoronto.ca

provide motor and sensory function to structures
of the cranium, are also located within the brain-
stem. These include the trigeminal nerve (cranial
nerve V); its sensory portion supplies touch, tem-
perature, and pain sensation to the face, as well as
innervates the cerebral vessels to form the tri-
geminovascular system (see chapter “Migraine
and cluster headache”). The cerebellum func-
tions to coordinate movements. The cerebral cor-
tex contains areas important for motor and
sensory functions, as well as association areas,
which are required for more complex functions,
such as language and executive function. The
basal ganglia, including the substantia nigra, are
responsible for the control of motor activity (see
chapter “Parkinson’s disease”). The limbic sys-
tem supports a variety of functions including
memory and emotion. It receives inputs from
diverse areas of the brain; for example, the meso-
limbic system, which plays important roles in
reward, motivation, and addiction, is composed
of projections from the midbrain to limbic areas
(see chapter “Major depressive disorder”). The
thalamus plays a critical relay function by medi-
ating all motor output from and nearly all sensory
input to the cortex. The hypothalamus is mainly
involved in the regulation of visceral and endo-
crine activities with the hypothalamus and pitu-
itary being the major hormonal regulators (see
chapters  “Major  depressive  disorder”,
“Rheumatoid arthritis”, and “Overview” under
part “Reproductive system”).

Optimal brain function requires a well-
regulated metabolic environment. Extracerebral

E. Lammert, M. Zeeb (eds.), Metabolism of Human Diseases, 5
DOI 10.1007/978-3-7091-0715-7_2, © Springer-Verlag Wien 2014
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systems remove metabolic products and protect
the brain from sudden metabolic perturbations.
Necessary nutrients are delivered via the circula-
tion and must cross the blood-brain barrier
(BBB), which is formed by endothelial cells lin-
ing cerebral microvessels, their basal lamina, and
the end-feet of specialized glial cells called astro-
cytes. Astrocytes and the entire BBB protect neu-
rons from toxic metabolites by preventing their
transport into the brain via exclusion or efflux
and by neutralizing harmful compounds via
uptake or enzymatic inactivation [1]. Neuronal
dysfunction and associated neurological diseases
can occur when the brain’s stable metabolic envi-
ronment is disrupted.

Brain-Specific Metabolic/Molecular
Pathways and Processes

Neurons are uniquely designed to receive infor-
mation from the environment or other neurons,
process this information, and send information
to other neurons or effector tissues (i.e., neuro-
transmission). The cell body, or soma, contains

—Midbrain

Pons
Medulla

the nucleus and additional organelles required
for protein synthesis and metabolic maintenance.
In most neurons, several dendrites and a single
axon extend from the soma. Information is typi-
cally transported from the dendrites to the soma
to the axon within a neuron by means of elec-
trical events, which are mediated by the opening
and closing of specific ion channels. Regulated
transport of Na* and K* through the cell mem-
brane is critical. Depolarization of the cell mem-
brane occurs if positive ions (Na*) enter the cell,
whereas hyperpolarization results from exiting of
positive ions (K*) from the cell. When the cell
reaches a threshold of depolarization, an electri-
cal signal called an action potential is generated,
and this signal is propagated along the length of
the axon. At the axon terminal, the neuron com-
municates with another neuron or an effector
tissue within a specialized structure called a syn-
apse. A typical synapse consists of a presynaptic
axonal bouton, a postsynaptic dendritic spine,
and the intervening space called the synaptic
cleft (Fig. 2). Arrival of the action potential at the
axonal bouton triggers the release of neurotrans-
mitter from presynaptic vesicles into the synaptic
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Fig. 2 Basic microscopic
anatomy of the functional
unit of the brain, the synapse.
Neurotransmitters are cleared
from the synaptic cleft by
diffusion, uptake, or
degradation. Postsynaptic
neurotransmitter receptors
are often ion channels or are
associated with ion channels

Astrocyte

Neuron

X (Postsynaptic)

cleft, thereby transforming the electrical signal
into a chemical one.

A variety of molecules can act as neurotransmit-
ters: amino acids, such as glutamate (Glu) and
y-aminobutyric acid (GABA), biogenic amines
(including acetylcholine, serotonin, and the cate-
cholamines dopamine, epinephrine, norepineph-
rine), nucleotides (e.g., adenosine), neuropeptides
(e.g., substance P), and even gases (e.g., nitric
oxide). Neurotransmitters act either directly or indi-
rectly in controlling the opening of ion channels in
the postsynaptic neuron or effector tissue (see
below). They can be classified based on their effects
on the postsynaptic cell; those neurotransmitters
that cause depolarization are classified as excitatory,
and those that cause hyperpolarization are classified
as inhibitory. The major inhibitory neurotransmitter
in the brain is GABA, whereas Glu represents the
major excitatory neurotransmitter.

To exert their effects on the postsynaptic tar-
get, neurotransmitters first traverse the synaptic
cleft and then bind to specific postsynaptic
receptors. There are two major classes of recep-
tors: ionotropic and metabotropic. Ionotropic
receptors are transmembrane proteins with an
intrinsic ion channel, which opens upon binding
of the neurotransmitter to the receptor’s extracel-
lular domain. Metabotropic receptors do not

Dendrite —

Soma —

— Neuron (Presynaptic)

Axon

Astrocyte Presynaptic axon

LX)

°<ro

Postsynaptic dendrite

receptors transporters

contain their own ion channel, but neurotrans-
mitter binding can activate intracellular signal-
ing cascades, which produce second messengers
that indirectly gate ion channels. Many neu-
rotransmitters utilize postsynaptic receptors
from both classes. As an example, Glu receptors
include metabotropic Glu receptors, as well as
N-methyl-D-aspartate (NMDA) receptor, AMPA
receptor, and kainate receptor, which are iono-
tropic receptors.

The actions of neurotransmitters are termi-
nated by their removal from the synaptic cleft
(Fig. 2). Three mechanisms are involved in neu-
rotransmitter removal: diffusion, enzymatic deg-
radation, and reuptake into neurons or uptake
into astrocytes. For example, dopamine is cleared
from the synaptic cleft by dopamine transporters
on the presynaptic neuron or on astrocytes and
then degraded by monoamine oxidase B and
catechol-O-methyltransferase. The latter also
acts to degrade dopamine within the synaptic
cleft (see also chapters “Major depressive disor-
der” and “Parkinson’s disease”). Similarly, sero-
tonin is removed from the synaptic cleft by a
reuptake mechanism as well as degrading
enzymes such as monoamine oxidase A (see also
chapters “Major depressive disorder” and
“Migraine and cluster headache”).
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Inside-In: Metabolites of the Brain
Affecting Itself

The fundamental metabolic pathways of brain
function have been uncovered studying diseases
associated with inborn errors of metabolism.
These inherited disorders can be classified into
three major categories: (1) intoxication disorders
(in which there is accumulation of toxic com-
pounds due to a metabolic block (e.g., phenylke-
tonuria)), (2) storage disorders due to abnormal
synthesis or degradation of complex molecules
(e.g., leukodystrophies), and (3) energy produc-
tion disorders resulting from deficiencies in
energy production or utilization (e.g., mitochon-
drial disorders) [2]. Because these metabolic
pathways are so critical to normal brain function,
perturbations due to genetic mutations often
result in the manifestation of disease in the neo-
natal period, infancy, or childhood. However,
abnormalities in any of these metabolic pathways
due to genetic and/or environmental factors can
also lead to neurological disorders in adults.

As an example, energy production abnormali-
ties are common to many neurological disorders,
which present in adulthood. The brain is an
energy-demanding organ because the metabolic
activity of neurons is high (see below). However,
the brain’s antioxidant capacity is relatively low,
which makes it particularly susceptible to oxida-
tive damage. Therefore, the brain is very sensi-
tive to mitochondrial dysfunction, which leads to
production of reactive oxygen species and result-
ing oxidative stress. This is demonstrated by the
growing list of neurological diseases in which
aberrations in mitochondrial function are impli-
cated, such as Parkinson’s disease (see chapter
“Parkinson’s disease””), Huntington’s disease,
and  Alzheimer’s disease (see chapter
“Alzheimer’s disease”) [3].

The brain is also sensitive to aberrations in
protein homeostasis, or proteostasis. Similar to
other cells, neurons possess a variety of cellular
systems to manage abnormal or damaging pro-
teins. For instance, a network of interactive mol-
ecules known as the chaperone system handles
misfolded proteins by refolding the proteins or
directing them toward protein elimination

LV. Kalia

systems including the ubiquitin-proteasome sys-
tem and autophagy-lysosomal pathway [4].
Impairments in these systems can cause harmful
proteins to accumulate within the intracellular or
extracellular space resulting in neuronal dysfunc-
tion and death. Neurodegenerative diseases are
increasingly recognized as disorders of proteos-
tasis and thus are termed proteinopathies. Specific
proteins appear to accumulate in different neuro-
degenerative diseases. For example, a-synuclein
is implicated in Parkinson’s disease (see chapter
“Parkinson’s disease”), B-amyloid and tau in
Alzheimer’s disease (see chapter “Alzheimer’s
disease”), and prion protein in Creutzfeldt-Jakob
disease [5].

Inside-Out: Metabolites of the Brain
Affecting Other Tissues

The by-products of neuronal metabolism are cur-
rently not known to directly cause disease in
other organs. However, the brain indirectly influ-
ences metabolism in other parts of the body. On
the one hand, the synthesis and release of hor-
mones from the hypothalamus and pituitary regu-
late the endocrine system; and on the other hand,
the action of neurotransmitters mediates neuronal
circuits and ultimately regulates behaviors of the
organism (e.g., dopamine mediates the reward
system which regulates motivational behaviors;
see chapter “Major depressive disorder”).

The hypothalamus and pituitary are physically
and functionally connected. The pituitary is com-
posed of a posterior lobe and an anterior lobe.
The supraoptic and paraventricular nuclei of the
hypothalamus synthesize oxytocin and vasopres-
sin (antidiuretic hormone), which are transported
to, stored in, and released from the posterior pitu-
itary lobe. The anterior pituitary lobe synthesizes
and releases gonadotropins (which influence the
gonads, see chapter “Overview” under part
“Reproductive system”), thyrotropin (which
influences the thyroid gland), corticotropin
(which influences the adrenal glands, see chap-
ters “Major depressive disorder”, “Rheumatoid
arthritis”, and “Chronic kidney disease”), prolac-
tin (which influences the mammillary glands, see
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chapter “Overview” under part “Reproductive
system”), and somatotropin/growth hormone
(which directly influences adipocytes and the
liver, see also chapters “Overview” under part
“Fat tissue” and “Overview” under part “Liver”).
Releasing or inhibiting hormones secreted by the
hypothalamus act on the anterior pituitary gland
to regulate the release of these hormones into the
circulation (see also chapter “Overview” under
part “Reproductive system”).

One of many examples of how the action of
neurotransmitters mediates neuronal circuits and
thereby regulates behaviors is the dopaminergic
reward system, called the mesolimbic pathway.
This circuit includes dopaminergic neurons
within the medial substantia nigra and ventral
tegmental area of the midbrain, which connect to
the nucleus accumbens/ventral striatum, as well
as limbic structures such as the amygdala and
hippocampus. The dopaminergic mesolimbic
pathway is involved in diverse motivational
behaviors including those related to appetitive
and aversive motivational processes [6].

Outside-In: Metabolites of Other
Tissues Affecting the Brain

The energy demand of the brain is immense and
mainly satisfied by consumption of glucose. At
rest, the brain accounts for 60 % of the body’s
glucose utilization [7]. The majority of energy
consumed by the brain is used by neurons for
maintenance of the membrane gradient (driving
ion pumps necessary for electrical transmission),
synthesis and recycling of neurotransmitters, as
well as dendritic and axonal transport. Unlike
most other tissues, the brain has limited fuel
stores and is quite inflexible with regard to sub-
strates for energy metabolism, deriving most of
its energy from the oxidation of glucose. Thus,
neurons are particularly vulnerable to disruptions
in glucose availability. For example, hypoglyce-
mia is associated with aberrations of cerebral
function, which can cause an altered mental state
depending on severity and duration of glucose
deprivation. Hence, nutrition critically influences
brain function. This is also illustrated by the use

of the ketogenic diet (the second source of energy
neurons are willing to accept) as treatment for
epilepsy (see chapter “Epilepsy”).

Metabolites of other tissues that enter the cir-
culation must be able to cross the BBB to influ-
ence brain function. Disorders in which
metabolites lead to brain malfunction resulting in
altered mental status ranging from a mild confu-
sion to coma are referred to as metabolic enceph-
alopathies. Hypoglycemia can cause such
encephalopathy (see above). Abnormalities due
to dysfunction in organs such as the kidney and
liver may also lead to metabolic encephalopa-
thies. More specifically, elevated ammonia in the
brain due to liver failure is a major factor involved
in the pathogenesis of hepatic encephalopathy
(see chapter “Cirrhosis”).

Certain hormones synthesized and secreted
from peripheral tissues can also cross the BBB.
Most hormones exert their influence by acting on
various nuclei within the hypothalamus. For
example, leptin is a hormone secreted by adipo-
cytes, which acts on the arcuate nucleus and lat-
eral hypothalamic area to suppress appetite (see
chapter “Major depressive disorder”). Gonadal
hormones (e.g., estradiol, progesterone, testoster-
one) and adrenal hormones (e.g., cortisol) circu-
lating in the bloodstream act on the hypothalamus
to suppress their own release (negative feedback
control of the hypothalamo-pituitary-gonadal
and hypothalamo-pituitary-adrenal axis, respec-
tively). Hormones are increasingly found to also
have effects on neuronal function in extra-
hypothalamic brain areas. This is illustrated by
leptin and ghrelin, two peripherally secreted pep-
tide hormones implicated in depression (see
chapter “Major depressive disorder”).

Final Remarks

The brain is critical for the survival of the organ-
ism, mediating functions and behaviors that range
from basic and fundamental to incredibly com-
plex. Yet, the brain is vulnerable to perturbations
or defects in metabolism. Some important associa-
tions between metabolism and brain disease will
be discussed in detail in the following chapters.
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Donatella Marazziti, Grazia Rutigliano,
Stefano Baroni, and Liliana Dell'Osso

Introduction to Depressive
Disorders

Depression affects about 121 million people
worldwide and is characterized by episodes of
affective, somatic, cognitive, and motivational
symptoms generally expressed by loss of interest
and pleasure with increasing functional impair-
ment, morbidity, and mortality.

Depressed patients die earlier [1] as they show
increased risk of cardiovascular disease (CVD) [2]
and significant increases in suicide [3]. Interestingly,
the association between depression and CVD is
likely mediated by metabolic syndrome (MetS, see
chapter “Metabolic syndrome”). Depression clearly
correlates with MetS, which is likely the cause for
premature CVD. The correlation is bidirectional, as
occurrence of depressive episodes is increased in
Mets, and symptoms and occurrence of MetS (most
commonly visceral obesity and dyslipidemia) are
increased in depression [4].

Several subtypes of depression exist, with major
differences in metabolic outcome of the disease, i.¢.,
melancholic, atypical, and undifferentiated type.
Melancholic depression is generally characterized
by anhedonia (from Greek, without pleasure) and is
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worse in the morning. It often includes lack of
reactivity to pleasurable stimuli, psychomotor also
retardation or agitation, loss of appetite or weight,
and insomnia. In contrast, atypical depression is
worse in the evening and is defined by mood reactiv-
ity (mood brightens in response to positive events),
appetite and weight increase, and hypersomnia.

Etiology of major depression is still largely
unknown, although it is likely associated with the
endogenous stress response. Stress response involves
several neurotransmitters, such as serotonin
(5-hydroxytryptamine, 5-HT), catecholamines (such
as norepinephrine (NE), dopamine (DA) and hista-
mine with a stated role in regulation of mood and
behavior. Additionally, exposure to prolonged, ines-
capable stress causes activation of the hypothalamic-
pituitary-adrenal (HPA) and sympathoadrenal axis.
HPA activation can promote inflammatory response,
thus increasing proinflammatory cytokines and pro-
duction of nitric oxide and reactive oxygen species
(ROS), which lead to neuro-metabolic disturbances
that are likely involved in the generation of depres-
sive episodes. Inflammation, disturbance of the auto-
nomic nervous system, and neurotransmitter defects
are all implicated in depression (Fig. 1) and may
cause major metabolic disturbances.

Pathophysiology of Depressive
Disorders and Metabolic Alterations

Although a common origin for the different
subtypes of depression is likely, they do differ
in metabolic outcome and phenotypes. Patients
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Fig. 1 Pathophysiological overlap between depres-
sion and metabolic syndrome. Depression and meta-
bolic syndrome (MetS) share common pathways in
the stress system, involving an abnormal activation
of the hypothalamus-pituitary-adrenal (HPA) axis and
an imbalance of the autonomic nervous system (ANS).
In both conditions, a low-grade systemic inflamma-
tion manifests, which leads to enhanced oxidative

with atypical and undifferentiated depression
show more appetite and subsequently more
total and abdominal fat, whereas melancholic
patients show reduced weight. It should also be
noted that depression has a higher prevalence
in women and their health-related risks are
likely different than in men. As women tend to
react to depressive episodes by hyperphagia,
whereas men tend to consume alcohol [5], they
show an increased risk for adiposity and thus
MetS [6].

Several intra- and extracerebral metabolic
pathways are changed during depression, which
are discussed below.

and nitrosidative stress (O&NS). An antidepressant
efficacy has been demonstrated for leptin and ghrelin,
two peripheral hormones classically implicated in the
homeostatic control of food intake. NE norepineph-
rine, SHT serotonin, DA dopamine, CRH corticotro-
pin-releasing hormone, ACTH adrenocorticotrophic
hormone, ROS reactive oxygen species, NO nitric
oxide, LPL lipoprotein lipase

Monoamine Systems

The monoamine hypothesis of depression pos-
tulates a pathogenic role for disturbances in the
monoaminergic systems, involving not only NE,
5-HT, and DA but also excitatory and inhibi-
tory amino acids, receptor families, and sec-
ond messengers. In animal models of chronic
stress, neurobehavioral responses are associ-
ated with perturbations in monoamines trans-
mission. Reduction in NE neurotransmission
from the locus ceruleus to the limbic system
and the cortex may explain anergia, anhedonia,
and diminished libido. 5-HT transmission is
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decreased, due to the depletion of 5-HT stores
and increased negative feedback via autore-
ceptors. Finally, the reduced mesocortical and
mesolimbic DA transmission may account for
the motivational, cognitive, and motor altera-
tions of depression.

HPA Axis

Increased HPA activity is present in 2040 % of
depressed inpatients as documented by anatomic,
responsive, and biomarker changes (e.g., adre-
nal and pituitary enlargement, enhanced adrenal
response, and increased plasma cortisol levels,
respectively). Acute stress triggers the release
of corticotropin-releasing hormone (CRH) from
the hypothalamus. CRH activates synthesis and
release of adrenocorticotrophic hormone (ACTH)
from the anterior pituitary, which, in turn, trig-
gers release of cortisol and other glucocorticoids
from the adrenal cortex. CRH also enhances pro-
inflammatory cytokines and decreases protective
neuropeptides [7].

The glucocorticoids hypothesis proposes
that melancholic depression results from
hyperactivity of CRH neurons, while atypi-
cal depression would be based upon increased
levels of peripheral corticosteroids, which
subsequently suppress CRH (hypoactive HPA
axis) [8]. Under acute stress, glucocorticoids
mobilize energy for the body’s “fight-or-flight”
response via gluconeogenesis, glycogenolysis,
and lipolysis. Under chronic stress, however,
allostatic effects are observed, as the HPA
axis is chronically activated and glucocorti-
coid levels are stably elevated. This activates
lipoprotein lipase in visceral fat depots, which
accumulates triglycerides in the visceral area
(see chapter “Hyperlipidemia”) [9]. Increased
generation of cortisol from cortisone in vis-
ceral fat further amplifies this effect and thus
visceral adiposity. Chronically elevated gluco-
corticoids also contribute to insulin resistance
and diabetes, by reducing the translocation of
glucose transporters (in particular GLUT4)
to the cell surface (see chapter “Diabetes
mellitus™).
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Autonomic Nervous System

An imbalance favoring sympathetic over para-
sympathetic activity is a consistent finding in
depression (likely caused by chronic stress as
well). Heightened sympathetic activity may be
mediated by increased NE metabolites [10].
Release of CRH from the hypothalamus and NE
from the locus ceruleus coordinates the stress
response. Increased sympathetic activity often
leads to/causes higher resting heart rates, dimin-
ished heart rate variability, and baroreflex dys-
function. It is also proposed to elevate serum
insulin and decrease insulin sensitivity [11].
Sympathetic activation enhances release of cate-
cholamines, which increase insulin resistance by
reducing uptake of glucose into muscle and sub-
cutaneous fat cells, stimulate release of free fatty
acids from fat cells, and increase production of
glucose in the liver (via glycogenolysis and glu-
coneogenesis) [12].

A disturbance in the sympathetic/parasympa-
thetic equilibrium is likewise found in MetS. In
healthy individuals, the autonomic balance oscil-
lates between active (catabolic) and inactive (ana-
bolic) periods. In conditions of increased energy
intake, parasympathetic activity is increased, in
particular in the abdominal compartment, resulting
in increased insulin secretion and growth of intra-
abdominal fat tissue [13]. On the other hand, due to
sedentary lifestyle, sympathetic activity remains
high in the skeletal muscle, thus reducing blood
flow and glucose uptake by the muscle cells.

Inflammation

According to the cytokine hypothesis, depression
is associated with immunological disturbances,
especially increased production of proinflam-
matory cytokines by lymphocytes. A chronic,
systemic low-grade inflammation is found in
depression, including cell-mediated immune
activation (see chapter “Overview” under part
“Immune system”) and activation of interferon
y-related pathways [14]. Levels of proinflam-
matory cytokines, particularly interleukin-1,
interleukin-6, tumor necrosis factor-oa (TNF-q;
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see also chapter “Diabetes mellitus”), and cell-
mediated macrophage activation, are increased.
Interestingly, these cytokines induce degradation
of tryptophan, thus reducing the availability of
tryptophan and 5-HT. They also inhibit the action
of lipoprotein lipase, inducing dyslipidemia (see
chapter “Hyperlipidemia”), and prevent vaso-
dilatation of resistance vessels, predisposing to
hypertension (see chapter “Hypertension™) [15].
Furthermore, TNF-a impairs the function of the
insulin receptor and insulin receptor substrate 1
via their phosphorylation, thus contributing to
insulin resistance.

Oxidative Stress

Chronic inflammation depletes the storage of
endogenous antioxidants and increases ROS lev-
els, which activate proinflammatory genes. This
vicious cycle is called the inflammatory and
nitrosidative pathway and leads to increased neu-
rodegeneration [16] and p-cell toxicity. The cen-
tral nervous system is particularly vulnerable to
oxidative stress due to its low expression of anti-
oxidant enzymes (characteristics it shares with
pancreatic p-cells), as well as its high content of
polyunsaturated fatty acids. Moreover, oxidative
stress alters intracellular signaling, most impor-
tantly Akt (also called protein kinase B) in the
liver leading to aberrant output of glucose and
triglycerides. Perturbations in Akt activity are
accompanied by impaired insulin-stimulated glu-
cose transport in muscle and adipocytes.

Peripheral Hormones Leptin
and Ghrelin

Leptin is secreted by adipocytes and acts on the
hypothalamus to reduce appetite and eating (see
chapter “Diabetes mellitus”). However, obesity
induces a state of leptin resistance. As leptin is
also involved in mood regulation with an antide-
pressant effect [17], leptin resistance could
underlie depressive symptoms. Thus, the leptin
hypothesis of depression is complementary to
previous hypotheses. Leptin receptors are present
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on SHT and DA neurons, allowing leptin to mod-
ulate the release of these monoamines. Leptin is
also known to decrease the release of corticoste-
roids during the stress response via the HPA axis.
Ghrelin is a gut-derived hormone, which
induces a potent feeding response via its recep-
tors in the hypothalamus, and probably mediates
hyperphagia in response to stress [18]. Since
ghrelin administration produces antidepressant
responses, it has been postulated that it helps
the organism to cope with stress. In addition, it
also activates the dopaminergic reward circuitry,
while reinforcing the search for palatable sweet
food. Thus, depressed patients may be more sus-
ceptible to so-called “Stress eating” [19].

Association Between Depressive
Symptoms and MetS

To date, the exact mechanisms linking MetS to
depression are unclear. MetS could be due to the
unhealthy lifestyle habits of depressed patients,
as it is reduced after adjustment of smoking sta-
tus, alcohol use, and especially body mass index
[20]. However, specific dyslipidemic changes
remain associated with corresponding depression
subtypes [20]. As it is apparent from the previous
sections, MetS and depression share common
alterations of the stress system (HPA, inflamma-
tion, ROS), indicating a common pathophysio-
logic mechanism (Fig. 1).

Treatment of Depressive Disorders

Nowadays, several classes of antidepressants are
available: tri- and tetracyclic antidepressants
(TCAys); selective reuptake inhibitors for 5-HT
(SSRIs), NE (NRIs), both 5-HT and NE (SNRIs),
and both NE and DA (NDRIs); as well as 5-HT
antagonist/reuptake inhibitors (SARIs).

TCAs, named after their chemical structure
(e.g., imipramine, amitriptyline), and SSRIs
(e.g., fluoxetine, fluvoxamine, citalopram) are
still common in pharmacological treatment of
depression, with SSRIs becoming favored over
TCAs due to fewer side effects (see below).
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The general mechanism of TCAs and the
reuptake inhibitors is to prevent presynaptic
reuptake of monoamines (5-HT, NE, DA), thus
increasing their activity in the synaptic cleft.
In particular, they ameliorate depressed mood,
psychomotor retardation, and suicidal ideation,
whereas sleep disturbances, concentration defi-
cits, and lack of interest usually persist. However,
acutely enhanced levels of neurotransmitters may
lead to adaptive desensitization of postsynaptic
neurotransmitter receptors.

Key to management and treatment of depres-
sion is the reduction or avoidance of depressive
episodes. Yet, metabolic derangements that
underlie both depression and MetS should also be
screened and targeted, including eating patterns,
thyroid dysfunction, body mass index, and fasting
blood glucose. These risk factors should also be
considered a primary therapeutic target. In mild
cases, dietary [21] and exercise [22] intervention
improve anxiety, depression, and affective symp-
toms especially in obese patients, probably nor-
malizing derangements in the HPA axis, peripheral
hormones, and inflammation. Furthermore, as
additive treatment options, cortisol synthesis
inhibitors could dampen the hyperactive HPA
axis; anti-inflammatory drugs could decrease
inflammatory and nitrosidative pathway-induced
damage [16]; and the antidiabetic drug metformin
could exert neuroprotective, neurotrophic, and
anti-inflammatory effects [23].

Influence of Treatment on
Metabolism

Several psychotropic drugs are associated with
adverse metabolic effects [24] that should be
taken into account, especially when dealing with
patients with metabolic comorbidity [25].

The classic TCAs, albeit efficacious, exert
many undesired pharmacological actions. For
example, they block histamine 1 receptors,
potentially explaining associated weight gain
and dyslipidemia. TCAs may also interfere
with insulin secretion, blocking M3 muscarinic
acetylcholine receptors in f-cells [26]. TCAs
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also activate peripheral ol adrenergic recep-
tors, contributing to hypertension (see chapter
“Hypertension™) [27].

SSRIs show a more favorable tolerability pro-
file because of their selectivity. However,
increased availability of 5-HT may have negative
effects as it regulates a multitude of functions,
such as sleep, sexual function, and appetite,
showing adverse effects on quality of life.
Although a weight loss has been observed during
early treatment, long-term therapy is associated
with significant weight gain.

Perspectives

Itis predicted that by the year 2020, depression will
be the second leading cause of death after CVD.
Thus, further targets, possibly within the inflamma-
tory and nitrosidative pathways, should be consid-
ered for the treatment of depression in the future:
proinflammatory cytokines and their receptors,
intracellular inflammatory mediators, glucocorti-
coid receptors, and neurotrophic factors.
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Peter F. Buckley and Adriana Foster

Introduction to Schizophrenia

Schizophrenia is the most serious and disabling of
all mental disorders, affecting just under 1 % of
the population. While its etiological bases remain
obscure and consequently its nosological boundar-
ies are uncertain, the condition classically has its
onset in childhood or early adolescence [1]. It is
characterized by (1) “positive” psychotic symptoms
like delusions (fixed false ideas that are held with
unshakable conviction), hallucinations (perceptions
without a stimulus), and thought disorder (difficulty
in assembling a coherent stream of speech); (2) so-
called negative symptoms like lack of motivation
and pleasure, inability of expressing the full range
of emotions, neglect of personal appearance, and
disinterest in life events; and (3) cognitive impair-
ment (memory and attention difficulties) [2]. All of
these attributes, persistent over time, culminate in
a decline in social and occupational performance.
These features — coupled with the consequences of
sustained impairment — result in comorbid depres-
sion (see chapter ‘“Major depressive disorder’)
among people with schizophrenia. Approximately
50 % of patients attempt and about 4 % of patients
commit suicide. Schizophrenia is poorly understood
by the public, and it is often highly stigmatizing [3].
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Pathophysiology of Schizophrenia
and Metabolic Alterations

The causes of schizophrenia are largely unknown
[4, 5]. However, an ever-increasing portfolio of
extensive, multinational genetic studies point to
subtle yet reproducible genetic findings [6, 7].
Replicated genes like COMT (catechol-O-
methyltransferase), implicated in dopamine and
norepinephrine degradation, neuregulin-1 impli-
cated in expression and activation of neurotrans-
mitter receptors, including glutamate, dysbindin
gene, DISC (disrupted in schizophrenia), DRD2
(dopamine receptor D2), and DAT (dopamine
active transporter), likely represent only a minor
part of genetic makeover of schizophrenia, while
genome-wide studies reveal DNA variants (sin-
gle nucleotide polymorphisms), which are com-
mon to schizophrenia and bipolar disorder, and
structural genomic variants (copy number vari-
ants) shared by schizophrenia and neurodevelop-
mental disorders like autism [6].

Nongenetic influences include obstetric events
like hypoxia and maternal malnutrition, birth
during late winter and spring, advanced paternal
age, urbanality, prenatal infections (such as
rubella and maternal influenza), changes in
inflammatory markers like cytokines, head injury,
and use of cannabis [8].

The exact mixture and confluence of etio-
logical factors that result in schizophrenia most
likely differs from one patient to another [5]. On
postmortem brain, patients with schizophrenia
reveal a series of macroscopic and histological
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abnormalities. The overall brain volume is
reduced (by around 5 %, in both white and gray
matter), and the temporal and frontal lobes are
smaller. In addition, the hippocampus is smaller,
with predominance of finding more left-sided
reductions. In contrast, the ventricles (especially
the lateral ones) are enlarged. On a cellular level,
changes more of attuned arrangement rather than
fundamental tissue loss or necrosis are observed,
likely resulting from convergence of genetic and
environmental factors, leading to abnormal neu-
ronal connectivity and synaptic signaling and
altering dopaminergic and glutamatergic path-
ways of neurotransmission in the brain.

Altered dopaminergic function is considered
as the final common pathway in schizophrenia
[1]. This hypothesis has most influenced antipsy-
chotic drug development and the clinical treat-
ment of schizophrenia, and it represents the best
(yet still inadequate) explanatory model for
schizophrenia and its treatment. According to
this hypothesis, in schizophrenia, the mesolimbic
dopamine pathway, believed to have a role in
thought and perception, is disrupted, especially
through dopamine receptor D2 (DRD2)-mediated
effects. An overactivation of this receptor is a
compelling pathobiological finding in schizo-
phrenia. The hypothesis also explains other
schizophrenia characteristics, as dopamine path-
ways in the brain affect cognition (through a
mesocortical pathway, which is important in the
flow of information in the frontal lobe), move-
ment through the nigrostriatal pathway, which is
instrumental as part of the basal ganglia motor
loop, and endocrine function through the tuber-
oinfundibular pathway, which involves dopamine
acting as an inhibitor of prolactin gene expres-
sion and secretion.

Other emergent hypotheses include an oxida-
tive stress and phospholipid dysregulation hypoth-
esis, a glutamate hypothesis [9], and a more
“all-encompassing” neurodevelopmental hypoth-
esis of schizophrenia [1, 8], which capitalize on
the fact that the pathological brain abnormalities
thought to be resulting from the gene-environ-
mental factors implicated in schizophrenia
(smaller prefrontal cortex and hippocampus,
enlarged ventricles) appear to be static in nature,
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at least in a subgroup of patients, and occur with-
out evidence of gliosis, commonly found in neu-
rodegenerative disorders. More recent drug
development is focusing on the glutamate system
as novel and potentially (more) effective way to
treat schizophrenia [9]. Schizophrenia has been
associated with metabolic abnormalities indepen-
dent of treatment with antipsychotic drugs; for
example, treatment-naive patients with schizo-
phrenia have increased prevalence of abnormal
glucose tolerance and insulin resistance compared
to normal controls [10, 11].

Treatment of Schizophrenia

Antipsychotic medications form the bedrock of
treatment for schizophrenia [12]. All these medi-
cations block dopamine (D2) receptors to some
extent, although newer antipsychotic medications
tend to have broader effects that extend to other
(e.g., cholinergic, adrenergic, serotonergic) neu-
rotransmitters. Antipsychotic medications should
be used in all florid psychosis, except drug-
induced psychosis and brief psychosis [12, 13].
Antipsychotic drugs are grouped into a first-
and second-generation antipsychotics (FGAs and
SGAs), based on their receptor and adverse effect
profiles. When starting schizophrenia treatment
(usually with a second-generation antipsychotic),
the lowest effective drug dose should be used.
Antipsychotic drugs often appear to work in about
48 h, although it may take up to 4 weeks at ade-
quate dose to determine whether the drug is ulti-
mately effective. Treatment response, tolerability,
and side effects of any given drug are highly vari-
able between patients [14], and side effects should
thus be monitored closely. Switching antipsy-
chotic medications may be indicated, for either
lack of effect or presence of side effects on the
present medications, although it is a complicated
process and the switch to a new medication should
be gradual and phased-in with a cross taper.
Antipsychotic polypharmacy is common although
probably not justified. At present, treatment
remains a clinical approach of “trial and error”
with the selection of each antipsychotic medica-
tion. The mechanism of action of the FGAs
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Fig. 1 Potential mechanism of side effects of antipsy-
chotics on gonadal system and bone structure. First-
generation antipsychotics (FGAs) act by inhibiting the
binding of dopamine (DA), released from the hypothala-
mus, to D2 receptors in the pituitary gland. Without this
activation, the DA block of prolactin secretion is released.

(e.g., haloperidol and perphenazine) is based pri-
marily on the inhibition of dopamine D2 receptors.
Clozapine, the initial SGA drug, only partially
binds to dopamine D2 receptors. However, it also
binds dopamine D4 receptors with high affinity.
Other targets include dopamine D1, D3, and D5
receptors as well as serotonin, adrenergic, and his-
taminergic receptors. Other SGAs (like risperi-
done, quetiapine, and olanzapine) maintain the
combined inhibition of dopamine D2 receptors
and serotonin 5-HT,, receptors [14].

Influence of Treatment on
Metabolism

As dopamine affects many neurological systems
in the brain (see above), antipsychotic and anti-
dopaminergic treatments have broad therapeutic
and adverse effects. Based on the all-
encompassing hypothesis, there is some evidence
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izing hormone (LH). Subsequently, gonadal failure can
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that medications may have neuroplastic effects
[15]. On the other hand, there is lingering con-
cern that antipsychotic medications might be
neurotoxic and thereby contribute to progressive
neurodegeneration in schizophrenia [16].

The FGAs have a side effect profile largely
characterized by acute and long-term muscle
impairments through their effect on the dopami-
nergic nigrostriatal pathway. In addition, FGAs,
which antagonize the action of dopamine, which
is also known as prolactin-inhibiting hormone
(seechapter “Overview” under part “Reproductive
system”), induce hyperprolactinemia by releas-
ing the dopamine block of prolactin secretion in
the pituitary gland. This can lead to gonadal fail-
ure and subsequently to bone loss and osteoporo-
sis (see chapter “Osteoporosis”, Fig. 1) [17, 18].

SGAs show a more complex side effect profile
that is increasingly characterized by metabolic
disturbances [19]. While they yield less risk for
movement disorders and hyperprolactinemia,
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Fig. 2 Side effect profile of second-generation antipsy-
chotics. Second-generation antipsychotics (SGAs) show
side effects different from the first generation due to their
binding to 5-HT,c dopamine (5-HT) and H1 histamine
receptors in the hypothalamus (left side) and M3 musca-
rinic acetylcholine receptors on pancreatic -cells

due to lower blockade of dopamine D2 receptors
and concomitant serotonin antagonism, SGAs
are known to induce dangerous metabolic effects
[20], for example, weight gain, and alterations in
glucose and lipid metabolism. SGAs increase
appetite activating histamine H1 and serotonin
5-HT,c receptors [20]. Serotonin 5-HT,¢ recep-
tors and leptin, a hormone implicated in the
pathophysiology of food and energy regulation
(see chapters “Diabetes mellitus” and “Metabolic
syndrome”), have been associated with weight
gain in replicated studies and may provide a basis
for individualized adverse effect risk assessment
in the future (Fig. 2) [21]. Therefore, guidelines
on monitoring patients on antipsychotics for obe-
sity, diabetes, lipid abnormalities, and cardiovas-
cular risk have been issued [22, 23].

Perspectives

In addition to the use of FGAs and SGAs in the
treatment of schizophrenia, there are a variety of
other novel approaches targeting specific aspects
of the illness, e.g., treatment of negative symp-
toms, and treatment of cognitive impairments.
The field is still awaiting a third generation of

[Insulin secretion Vl

1

Hyperglycemia A
Diabetes A

(right side). Blockade of 5-HT,c and H1 receptors releases
the inhibitory effect on appetite that these receptors share
with leptin. Increased appetite results in weight gain and
associated effects. Blockade of M3 receptors may reduce
insulin secretion and subsequently cause hyperglycemia
and diabetes

drugs for schizophrenia, which can exercise ther-
apeutic effect without considerable metabolic
and endocrine risk [24]. Pharmacogenetic analy-
ses have offered some insights into effectiveness,
tolerability, and side effects in individual patients.
However, the predictive potential to drive “per-
sonalized medicine” is still a long way off [25].
Although medications form the basis of treat-
ment, medications alone are insufficient for treat-
ing schizophrenia. Other psychological and
cognitive approaches (such as cognitive therapy
adapted for schizophrenia and cognitive remedia-
tion training particularly when combined with
functional adaptation skills training [26]) are
important and impactful treatment modalities [27].
Research also focuses on earlier diagnosis and
treatment of schizophrenia, thereby intuitively
leading to better results and less secondary con-
sequences of protracted psychosis. Indeed,
research points to subtle signs of psychosis in
advance of more florid psychotic manifestations
[28]. Moreover, many of the neurobiological
hallmarks of schizophrenia such as decreased
gray matter in the temporal, frontal, and cingu-
late cortex as well as subtle clinical symptoms
like attention difficulty, cognitive decline, social
withdrawal, and affective flattening exist in early
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states, albeit in much more attenuated forms [29].
Unfortunately, identification and clinical incor-
poration of disease biomarkers that could inform
and reliably predict treatment outcomes prove
difficult [30]. Moreover, the lack of fundamental
understanding of the pathobiology of schizophre-
nia greatly hampers this quest.
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Wesley Plinke and Detlev Boison

Introduction to Epilepsy

Epilepsy is a complex syndrome comprised of
seizures and associated comorbidities affecting
approximately 50 million people worldwide. The
disease is characterized by excessive electrical
discharges in hyperexcitable neuronal clusters
that result in spontaneous and recurrent seizures.
The seizures may be subclinical and thus only
apparent on an electroencephalogram (EEG), but
more often they fit into two clinical classifica-
tions: partial and generalized. Partial seizures
have a focused origin in the brain, and, therefore,
seizure symptoms may present in a localized
manner. Generalized seizures lack a focal origin
and instead involve the entire brain. Epileptic sei-
zures can range from altered states of conscious-
ness to those involving motor function with
clonic and/or tonic components.

Our understanding of the pathophysiological
processes that turn a normally functioning brain
into a hyperexcitable one remains limited. Many
theories exist to explain the apparent disruption
of homeostatic functions that alter neuronal
excitation and/or inhibition. Research has thus
far examined extracellular ion homeostasis,
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altered energy metabolism, changes in receptor
function, and alterations in transmitter uptake.

Pathophysiology of Epilepsy
and Metabolic Alterations

Epileptic seizures result from significant electri-
cal discharges in hyperexcitable groups of neu-
rons in which the normal neurophysiology is
pathologically altered to favor excitation over
inhibition. This can be caused by decreased inhib-
itory or increased excitatory signals or altered
response to these input signals, all of which prob-
ably contribute to the etiology of epilepsy.

Within neurons, altered functions of ion chan-
nels, such as those controlling the flux of Ca?, K,
or Na*, a decrease in inhibitory y-aminobutyric
acid (GABA) signaling, or an excess in glutamater-
gic excitatory signaling, all contribute to the hyper-
excitable state of neuronal networks. Those
mechanisms generally decrease the threshold for
neuronal activation, and, thus, stimuli that normally
are subthreshold are now able to trigger excessive
excitation. Another feature of epileptogenic groups
of neurons is synchrony, which is favored by altered
neuronal connectivity leading to recurrent
circuitry.

Recent evidence suggests that neuronal hyper-
excitability in epilepsy is not only an intrin-
sic deficiency of neurons but to a large degree
determined by the disruption of homeostatic and
metabolic functions, which are controlled by
astrocytes (Fig. 1) [1]. Many forms of epilepsy,
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Fig.1 Disruption of multiple systems in epilepsy involv-
ing neurons and astrocytes. (/) Hyperexcitable neurons
are associated with overactivation of voltage-gated Na*
channels and reduced activity of K* channels, which gen-
erate an action potential that leads to (2) increased release
of glutamate (Glu). This activates AMPA and N-methyl-
D-aspartate (NMDA) receptors on the postsynaptic mem-
brane, causing excitatory synaptic potentials. (3)
Upregulated adenosine kinase (AdK) in reactive astro-
cytes increases the removal of extracellular adenosine,
enhancing hyperexcitability. (4) Decreased membrane

particularly those involving the temporal lobe,
are characterized by astrogliosis, a macroglial
response that leads to increased proliferation
and hypertrophy of astrocytes. Astrogliosis in
turn is associated with changes in the membrane
conductance for ions, which limits the buffering
capacity of astrocytes for K*, Ca*, and H*, and
disrupts the homeostasis of neurotransmitters
such as glutamate (Glu) and of neuromodulators
such as adenosine. As a consequence of those
alterations in astroglial physiology, the extracel-
lular concentrations of K+ and Glu are increased,
whereas those of adenosine are decreased. In

transporters for K* (not shown) and Glu (such as GAT-1)
on reactive astrocytes further enhance hyperexcitability.
(5) Excessive Ca** intake in astrocytes even induces Glu
release. Points of interference of a few antiepileptic drugs
are also shown. These drugs generally aim to decrease
hyperexcitability by reducing glutamate release or signal-
ing or by increasing glutamate removal or inhibitory sig-
naling. SV2A synaptic vesicle glycoprotein 2A, nt
nucleoside transporter, GABA y-aminobutyric acid, GAT-
1 GABA transporter-1, GABA-T GABA transaminase, SA
succinic semialdehyde

particular, overexpression of adenosine kinase,
the key enzyme for the metabolic clearance of
adenosine through astrocytes, has been identified
as a key pathological hallmark of epilepsy as it
results in adenosine deficiency [2].

Adenosine is a key link between energy
homeostasis and metabolic activity and has been
termed a “retaliatory metabolite” due to its capa-
bility to adjust energy consumption to energy
supplies [3]. In general, under any conditions of
stress or distress, the levels of adenosine rise, and
it is this rise in adenosine that limits further neu-
ronal energy consumption [4] by binding to
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inhibitory adenosine A, receptors [5], which cou-
ple to inhibitory G; and G, proteins and thereby
(1) lead to a decrease in the intracellular messen-
ger cAMP, (2) induce neuronal hyperpolarization
by augmenting G protein-coupled inwardly recti-
fying K* channels, and (3) induce presynaptic
inhibition by limiting Ca®* influx into the presyn-
aptic neuron. More specifically, in epilepsy, sei-
zures consume a large amount of energy, which
leads to a rise in adenosine that acts as an endog-
enous anticonvulsant and seizure terminator [6].

Treatment of Epilepsy

Treatment of epilepsy with antiepileptic drugs
(AEDs) generally attempts to correct the disrup-
tion in normal electrical functionality via
decreases in excitatory processes or increases in
inhibitory processes. AEDs aim to reduce sei-
zures by regulating the nervous system’s primary
excitatory neurotransmitter, Glu, its primary
inhibitory neurotransmitter, GABA, or ion chan-
nels that control the conduction of electrical
impulses in neurons. It should be noted, however,
that the treatment of epilepsy, based on the mod-
ulation of neuronal downstream targets, fails to
control seizures in more than 30 % of patients
with epilepsy [7, 8]. The control of neuronal
excitability by blockade of ion channels such as
those for Na*, K*, and Ca*" is a mechanism of
commonly used AEDs (e.g., phenytoin, carbam-
azepine, valproic acid). Newer AEDs act by
interfering with the synthesis, function, release,
and metabolism of neurotransmitters and their
receptors. Levetiracetam binds to the synaptic
vesicle glycoprotein SV2A and inhibits presyn-
aptic Ca?* channels. Presynaptic mechanisms are
thought to impede impulse conduction across
synapses. Vigabatrin blocks GABA transami-
nase, the major GABA degrading enzyme, and
tiagabine blocks reuptake of GABA via GABA
transporter 1 (GAT1), thereby increasing the
level of extracellular GABA in the brain.
Moreover, AEDs can enhance the effect of
GABA (e.g., benzodiazepine). However, conven-
tional pharmacological strategies frequently fail
due to the development of pharmacoresistance,
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and the global manipulation of ion channels leads
to widespread side effects, particularly in the
cognitive domain, at higher and more effective
doses. Alternative treatments include surgical
resection of a seizure focus. The goal of surgical
resection is to remove the seizure origin or dis-
rupt the spread of the seizure throughout the
brain. If an epileptogenic focus is found and does
not reside in cortical areas responsible for speech,
it may be possible to remove without compromis-
ing neurological functions. Surgery has been suc-
cessful in reducing seizures and in some instances
may completely alleviate the need for other treat-
ments [9]. While AEDs and surgery have been
the classical foundation of epilepsy treatment,
they do not provide a satisfactory solution for
many patients (see below). In contrast, dietary
therapies may provide seizure control in drug-
resistant forms of epilepsy [10]. The therapeutic
effect of fasting on the control of seizures has
been known since Hippocrates. Fasting’s sup-
pression of seizures can be mimicked by a high-
fat, low-carbohydrate ketogenic diet (Fig. 2). The
anticonvulsant effects brought on by metabolic
changes during this diet therapy offer great prom-
ise for identifying new antiseizure targets as well
as providing insight into the pathophysiology of
the epileptic brain (see below).

Influence of Treatment
on Metabolism

The sharp decrease in carbohydrate intake during
ketogenic diet treatment reduces glucose utiliza-
tion as an energy source. Instead, the liver utilizes
fatty acids to produce ketone bodies, mainly
p-hydroxybutyrate and acetoacetate. Neurons in
turn will use these ketone bodies for cellular
metabolism in place of glucose (Fig. 2). Many
hypotheses exist to explain the anticonvulsant
action of the ketogenic diet, but despite its name,
the ketone bodies themselves may not necessar-
ily be the primary effector, and the underlying
mechanisms leading to reduced seizure activity
are largely unknown. Among beneficial meta-
bolic changes induced by ketogenic diet therapy
are (1) increased levels of adenosine [11], (2)
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Fig. 2 Mechanism of action for the ketogenic diet. (a)
Schematic diagram illustrating ketone body formation
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subsequent use in the brain as fuel for ATP production.
Ketogenic diet is reported to increase adenosine and
y-aminobutyric acid (GABA), to decrease glutamate (Glu),
and to directly act on neurotransmitters subsequently

increased GABA, (3) and decreased Glu, which
all combine with a direct action of ketone bodies
on ion channels to reduce neuronal excitability
[10]. Ketosis increases mitochondrial biogenesis
and thereby the production of ATP, which is a
direct metabolic precursor of adenosine (as it
leaves the neuron via the transmembrane channel
pannexin and is converted to adenosine extracel-
lularly (Fig. 2) [12]. It is this unique metabolic
modulation that builds excitement not only for a
deeper understanding of the ketogenic diet but
for metabolic manipulations in general as a novel
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anticonvulsant strategy with good efficacy and
few side effects.

Perspectives

Inefficacy of current AED treatment in 30 % of
patients signals the need for a deeper understand-
ing of homeostatic mechanisms that govern the
pathophysiology of epilepsy. Future studies
should investigate the metabolic changes in epi-
lepsy in order to establish novel treatment
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approaches. Current investigations consider a
variety of alternative therapeutic interventions
such as focal cooling [13], cell therapy [14, 15],
gene therapy [16-18], or focal adenosine aug-
mentation [15] to harness endogenous anticon-
vulsant mechanisms of the brain therapeutically.

Indeed, it is time to redefine epilepsy as a com-
plex syndrome of disrupted network homeostasis,
which includes seizures not only as the major
pathological trait but also a wide range of so-
called comorbidities including cognitive impair-
ment, sleep dysfunction, depression (see chapter
“Major depressive disorder”), and psychiatric
impairment. Conventional AEDs were solely
designed to suppress seizures, which is only a
symptom of epilepsy, albeit the most obvious.
Based on the neurocentric rationale of drug devel-
opment, it becomes clear that conventional AEDs
are a poor choice to treat epilepsy as a syndrome
in a “holistic” sense. Novel therapeutic avenues
aimed at reconstructing the homeostasis of net-
work regulation may ultimately provide better
treatment options and hopes for finding a cure for
epilepsy. In this regard, metabolic interventions
and focal adenosine augmentation appear to be
promising homeostatic therapies, which might be
effective in pharmacoresistant epilepsy and poised
to reduce the disease burden of epilepsy.
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Introduction to Parkinson’s Disease

Parkinson’s disease (PD), the second most
common neurodegenerative disease after
Alzheimer’s disease, affects approximately 1 %
of the population over 65 years of age. PD is
primarily a sporadic disease and aging is the
principal risk factor. Sporadic PD is a complex
multifactorial disorder with variable contribu-
tion of genetic susceptibility and environmen-
tal factors. Several mechanisms are involved in
the disease pathogenesis, such as mitochondrial
dysfunctions, oxidative damage, autophagic
alterations, proteasome impairment and protein
aggregation [1]. There are also familial forms
of PD, accounting for 5-10 % of all cases,
associated with mutations in PARK genes.
Interestingly, PARK genes encode for proteins
involved in the maintenance of protein homeo-
stasis, mitochondrial integrity and release of
neurotransmitter-containing vesicles [2]. One
of the major pathological hallmarks of PD is
the accumulation of a-synuclein-containing
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aggregates (Lewy bodies) in neuronal perikarya
and processes as a consequence of the proteo-
lytic deficit, typical of the pathology.

On the clinical side, cardinal signs of PD
include resting tremor, bradykinesia (slowness of
movement), rigidity and postural instability (loss
of upright stability). These motor dysfunctions are
attributable to the progressive loss of dopaminer-
gic cells within the substantia nigra pars compacta
(SNc) and become overt when approximately
80 % of striatal dopamine (DA) and 50 % of nigral
neurons are lost [3]. In fact, the SNc sends dopa-
minergic projections to the corpus striatum, and
both the SNc and the striatum contribute to the
basal ganglia circuitry, a system of nuclei involved
in the modulation of voluntary movement. In
addition, various non-motor symptoms may
develop, such as autonomic dysfunctions, sleep
disturbances, depression (see chapter “Major
depressive disorder”) and cognitive impairment,
indicating that the neurodegenerative process is
not limited to dopaminergic cells but involves
other neurotransmitter systems. Non-motor symp-
toms often precede the onset of classical motor
manifestations and contribute considerably to
lower quality of life [4].

Pathophysiology of Parkinson’s
Disease and Metabolic Alterations

Metabolic changes associated with PD have been
evaluated in the brain as well as in peripheral
fluids such as blood, and may reflect alterations
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Fig. 1 Metabolic changes in Parkinson’s disease.
Metabolic changes in Parkinson’s disease include central
(right side) and peripheral (left side) alterations. Metabolic
changes in the brain affect the substantia nigra pars com-
pacta (SNc) and (non)-dopaminergic associated areas.
Increased levels of Ca?*, oxidized dopamine, and other
metals ions such as iron induce neuronal death and alter

occurring at central level and/or represent bio-
markers of ongoing pathology.

Selective vulnerability of dopaminergic neu-
rons likely involves DA oxidation and Ca?
homeostasis, which are both elevated in the SNc
of animal models of PD and patients [5]. In a
rodent model of PD, ions such as iron, manga-
nese, copper and zinc are increased in the brain
regions associated with the dopaminergic path-
way [6]. Changes in the striatal levels of excit-
atory (glutamate) and inhibitory (y-aminobutyric
acid or GABA) neurotransmitters were found in
another rodent model of PD indicating imbal-
anced neurotransmission in PD basal ganglia [7].

Epidemiologic data show that low levels of
circulating fatty acids and cholesterol increase
the risk of developing PD, suggesting that also
lipid metabolism is affected [8]. The involvement
of mitochondrial dysfunctions in the etiopatho-
genesis of PD suggests the existence of defects in
energy metabolism. Reduced complex I activity
was observed in mitochondria from SNc, platelets,

neurotransmission. Mitochondrial viability and integrity
are also strongly affected, both in the brain and in periph-
eral cells such as lymphocytes, platelets, red blood cells
(RBCs) and skeletal muscle cells. Changes in lipid content
and metabolism, together with energetic imbalances, can
also be found in the blood plasma

lymphocytes, and skeletal muscle in PD
patients [9]. Concerning metabolic intermedi-
ates, increased pyruvate concentrations, as well
as decreased levels of citrate, acetate, succinate,
and malate — intermediates of the citric acid cycle
(also called tricarboxylic acid cycle) — were
detected in the plasma of naive PD patients [10].
All these conditions ultimately favor neurode-
generation, suggesting that changes in energy
metabolism contribute to PD (Fig. 1).

Treatment of Parkinson’s Disease

The pharmacological treatment currently avail-
able for PD is purely symptomatic and is based
on the restoration of DA levels in the brain. The
typical treatment consists in the administration
of L-3,4-hydroxyphenylalanine (L-dopa), which
crosses the blood-brain barrier (unlike DA itself)
and is directly converted into DA by the aro-
matic L-amino acid decarboxylase. In everyday



Parkinson’s Disease

PD therapy, L-dopa is administered in combi-
nation with decarboxylase inhibitors (bensera-
zide or carbidopa), which prevent its peripheral
transformation into DA, thereby increasing the
drug’s availability in the brain. L-dopa signifi-
cantly ameliorates PD motor deficits. However,
chronic treatment is frequently associated with
progressive reduction of drug’s efficacy and the
development of complications such as involun-
tary movements known as L-dopa-induced dys-
kinesia (LIDs). LIDs are the result of pre- and
postsynaptic changes induced by chronic and
pulsatile stimulation of striatal dopaminergic
receptors [11]. Therefore, complementary drugs
are given in order to counteract side effects or
improve efficacy. One class of drugs is based
on DA agonists, which activate DA receptors
by mimicking the endogenous neurotransmitter.
They can be divided into two groups: the ergot
(cabergoline, bromocriptine) and the non-ergot
(rotigotine, pramipexole) derivatives. The two
groups are different not only in terms of struc-
ture but also for their spectrum of activity, with
the non-ergot derivatives being more selec-
tive on dopaminergic D2/D3 receptors and the
ergot acting also on non-dopaminergic targets,
thereby inducing more side effects. They can be
used as adjunctive therapy or as monotherapy,
before L-dopa or after motor complications
have appeared. DA agonists are less efficacious
than L-dopa in treating motor symptoms of PD
and are associated with the development of psy-
chiatric side effects and impulse control disor-
der [12].

Monoamine oxidase-B (MAO-B) inhibitors
(selegiline, rasagiline) block the oxidation of DA
by MAO-B, which is part of the physiological
inactivation of DA in the brain, thus increasing DA
levels at the synapse. MAO-B inhibitors have a
modest effect and are used as monotherapy at early
stages or as adjuncts to L-dopa for reducing motor
fluctuations [13]. Further interest was dedicated to
MAO-B inhibitors, in particular rasagiline,
because of their neuroprotective properties and
therefore their ability to slow PD progression [14].

Non-dopaminergic drugs, such as anticholin-
ergics and amantadine, may also be adopted.
In early phases of PD, anticholinergic drugs
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(trihexyphenidyl, benzatropine) may improve
tremor by antagonizing muscarinic acetylcho-
line receptors on striatal interneurons. Their use
is restricted to short periods because of the side
effects observed both at central (cognitive
decline) and peripheral (tachycardia, meaning
increased heart rate, and constipation) level.
Amantadine, an antagonist of the N-methyl-D-
aspartate (NMDA) receptor (an ionotropic glu-
tamate receptor), has shown antidyskinetic
effects in advanced PD patients under L-dopa
treatment [15] acting on central glutamatergic
neurons.

Over the past decades, neurosurgical interven-
tions have also been performed in PD patients.
Deep brain stimulation (DBS), based on the
implant of electrodes mainly in the subthalamic
nucleus of PD patients, is the most common sur-
gical therapy. PD patients with intractable tremor
and major side effects due to chronic L-dopa, but
free from dementia and psychiatric comorbidi-
ties, are typical candidates for DBS [16].

Influence of Treatment
on Metabolism and Consequences
for Patients

Only few studies have investigated changes in
metabolism due to antiparkinsonian treatment.
Altered levels of methylation products, such as
increased concentrations of homocysteine, were
found in plasma from PD patients under L-dopa
medication as a consequence of the catabolism of
this molecule (to 3-O-methyldopa) [17].

Many studies have found that PD patients
undergoing treatment show increased body
weight. DBS is accompanied by weight gain in
the first postoperation months. Reasons might
include lower energy expenditure, fewer motor
complications and altered eating behavior [18],
and might involve DBS-induced modulation of
hypothalamic areas, essential in maintaining
homeostatic control of bodily functions such as
feeding and sleeping [19]. Compulsive eating
and weight gain are also observed after treatment
with DA agonists such as pramipexole. These
disturbances have been attributed to excessive
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Fig. 2 Influence of Parkinson’s disease treatment on
metabolism. Metabolic changes after antiparkinsonian
therapy and surgical interventions are due to secondary
effects on the intact mesolimbic pathway parallel to the
affected nigrostriatal system and on the hypothalamus.
Dopamine-based medication (left side) hyperactivates the
mesolimbic pathway, associated with the brain nuclei
dedicated to the perception of reward, thereby causing

activation of the mesolimbic pathway, connect-
ing the dopaminergic ventral tegmental area with
limbic structures such as the nucleus accumbens
and the amygdala. This pathway has been linked
to the biological perception of reward and the
activation of responses associated with it; there-
fore, PD therapy causes compulsive behaviors
and binge eating through the hyperactivation of
this system [20]. Finally, weight gain in PD
patients increases the risk for other metabolic
disturbances, such as diabetes (see chapter
“Diabetes mellitus) and cardiovascular diseases
(see chapter “Atherosclerotic heart disease”),
thereby adding further levels of complexity to the
clinical phenotype (Fig. 2).

Perspectives
Identification of metabolic changes in the brain

or peripheral fluids is essential to develop bio-
markers and to unravel the mechanisms that

compulsive behavior and binge eating. Deep brain stimu-
lation (right side) affects mostly the hypothalamus, a
brain nucleus dedicated to control of homeostatic behav-
iors such as eating and sleeping. In both cases, the effects
are increased appetite and food intake leading to weight
gain and therefore complications of the clinical spectrum.
SNc substantia nigra pars compacta, PD Parkinson’s
disease

underlie PD pathogenesis, since metabolites act
as indicators of cellular physiology and homeo-
stasis. Indeed, the identification of biomarkers to
diagnose and monitor the progression of the dis-
ease is currently one of the most intriguing and
challenging areas of PD research. The evaluation
of metabolomic profiles is a promising tool for
supporting the diagnosis of PD, possibly in the
very early phases of the disease [10], and might
also be useful to identify prognostic markers, as
well as to anticipate the response to pharmaco-
logical treatment. These studies will eventually
lead to a better description of PD molecular and
clinical phenotypes and therefore optimization
of therapeutic intervention. New possible phar-
macological strategies to improve both neuro-
protection and motor dysfunction are in
development. Thus far, encouraging results have
been obtained by adopting antagonists of ade-
nosine and glutamate receptors [11] and com-
pounds that increase the endogenous levels of
antioxidants [21].
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Introduction to Alzheimer’s Disease

Alzheimer’s disease (AD) is a chronic neurode-
generative disorder and the leading cause of
dementia in the elderly. It is predicted that by
2050 over 13 million people in the United States
will have AD dementia [1]. AD has an immense
socioeconomic impact on patients, families, and
caregivers and is a huge burden to the health-care
system as the cost of care for AD and other
dementias is expected to increase from an esti-
mated $203 billion in 2013 to a projected $1.2
trillion per year by 2050 [2]. Clinical onset of AD
is characterized by initial symptoms of short-
term memory loss, which worsens gradually and
is accompanied by language disturbances, apathy,
and impairments in executive function and daily
functioning. Neuropsychiatric symptoms (e.g.,
depression, anxiety, hallucinations) are frequent
in mid- to late stages.

There is still controversy regarding the
cause of the disease. Dr. Alois Alzheimer, who
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published the first clinicopathological report of
the disease in 1906 [3], observed the two major
histopathological hallmarks of AD, “senile”
plaques (also called amyloid plaques) and neuro-
fibrillary tangles [4], composed primarily of the
amyloid-p peptide and over-phosphorylated tau
protein, respectively. Pathological aggregates of
other proteins (e.g., ubiquitin and a-synuclein)
are also commonly found in AD as well as other
proteinopathies such as Parkinson’s disease (see
chapter “Parkinson’s disease”) [S]. As the disease
progresses, there is loss of synapses and neurons
[6]. These structural losses, which correlate with
cognitive decline [7], are accompanied by atro-
phy in the medial temporal lobe and eventually
severe diffuse brain atrophy more marked in the
association cortices.

At present, brain biopsy or postmortem exam-
ination of the brain is the only definitive method
of diagnosing AD. However, clinical diagnosis is
increasingly accurate, using biomarkers in the
cerebrospinal fluid and imaging of amyloid
plaques with positron emission tomography
(PET). Additionally, longitudinal computer
tomography (CT) and now magnetic resonance
imaging (MRI) yield a clearer understanding of
the rate of volume loss and correlation with cog-
nitive decline (Fig. 1) [8].

The most powerful risk factor for AD is
advanced age. Epidemiological studies sug-
gest that the prevalence of AD doubles every 5
years after age 65 and approaches 50 % by age
90. Other risk factors include cardiovascular and
metabolic diseases and related conditions, such
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Fig. 1 Clinical and neuropathological continuum of mild
cognitive impairment (MCI) and Alzheimer’s disease
(AD). AD pathology is initiated over a decade prior to
symptoms. The earliest detectable pathological changes
are amyloid-B (Af) plaque deposits in the brain paren-
chyma, detectable using amyloid positron emission
tomography (PET) imaging, and decreased Af concentra-
tion in the cerebrospinal fluid (CSF), as AP is retained
in the brain rather than cleared to the CSF. The latter is
detectable using enzyme-linked immunosorbent assay

as hypertension (see chapter “Hypertension”),
hyperlipidemia (see chapter “Hyperlipidemia”),
obesity, diabetes (see chapter “Diabetes mel-
litus”), and metabolic syndrome (see chapter
“Metabolic syndrome”); brain injury, such as trau-
matic brain injury, stroke (see chapter “Stroke”),
and microhemorrhages; substance abuse, e.g.,
smoking and alcohol abuse; and depression (see
chapter “Major depressive disorder”).

Based on genetic risk factors, AD can be divided
into autosomal dominant familial AD (FAD) and
nondominant forms, which are most commonly
those of late life onset [9]. FAD forms are caused
by mutations in several genes essential for metabo-
lism of the amyloid precursor protein (APP, see
below). Transgenic mice expressing these gene
mutations are common animal models to study
AD. FADs show earlier onset (usually between

Progression of AD pathology

AP aggregation and deposition/ CSF Af} and amyloid PET
p-tau aggregation/ CSF tau, tau PET in development

Impaired brain metabolism, synapse loss/
FDG PET

Neuronal loss, brain atrophy/ Structural MRI

(ELISA). AP aggregation precedes p-tau aggregation.
Impairment of neuronal metabolism and loss of synaptic
structure and function may begin in the preclinical stage
and are detectable using fluorodeoxyglucose (FDG)-PET.
Finally, neuronal loss and resulting brain atrophy occur,
detectable with structural magnetic resonance imag-
ing (MRI). Once initiated, these pathologies proceed to
advance progressively and are believed to contribute to
clinical symptoms. MMSE mini-mental state examination

ages 35 and 50), yet they are responsible for less
than 1 % of all AD cases. In contrast, nondominant
forms of AD are seen in over 99 % of cases and are
characterized by late onset (usually over age 65)
and slow clinical progression. There is a clear
genetic association with subjects’ inheritance of an
apolipoprotein E4 allele (ApoE4, see below).

Pathophysiology of Alzheimer’s
Disease and Metabolic Alterations

Amyloid pathology is detectable in the preclinical
phase of AD, prior to changes in any other bio-
markers and sometimes a decade or more before
the earliest changes in an individual’s cognition
(Fig. 1) [10, 11]. This is in agreement with the
“amyloid cascade” hypothesis of AD, in which
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Alzheimer’s Disease

Presynaptic terminal

Fig. 2 Generation of AP and the pathological cascade in
Alzheimer’s disease. The amyloid precursor protein APP
is metabolized (/) physiologically mainly by a-secretase
(left arrow), preventing excessive formation of the Af
peptide. - and y-secretase (right arrow) cleave APP to
release soluble AP. Ap monomers assemble into soluble
AP oligomers (2). AP oligomers can be cleared via the
brain vasculature, but in advanced disease stages, Ap
fibrils can deposit in cerebral blood vessels walls (3).
Soluble A oligomers are believed to interfere with syn-
aptic function and cause memory impairment (4). Further,

altered metabolism of APP results in accumulation
of AP peptides in extracellular fibrillar aggregates
(amyloid plaques) or diffusible oligomeric forms,
driving AD pathogenesis [12]. Additionally,
neurofibrillary tangles consisting of intracellular
fibrillar bundles of the microtubule-associated
protein tau, which has been highly phosphory-
lated and cross-linked and thus rendered nonfunc-
tional, are commonly observed in AD.

APP is a putative transmembrane protein, with
a short intracellular C-terminus and a long extra-
cellular N-terminus. While much is now known
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the oligomers form Ap fibrils that comprise the dense
B-pleated sheet of amyloid in plaques (5). Typical amy-
loid plaques in the brain parenchyma consist of fibrillar
AP deposits (6) and apolipoproteins. In advanced stages,
they are surrounded by dystrophic neuronal processes and
are called neuritic plaques. Amyloid plaques probably ini-
tiate an inflammatory process that involves reactive
microglia and astrocytes (7). Finally, AP is believed to
contribute to the development of neurofibrillary tangles
(8) and neuronal cell death

about APP metabolism, its primary function is
unclear [13]. Under physiological conditions, the
predominant APP metabolic pathway involves
the enzyme a-secretase, which cuts the APP
within the AP peptide sequence, thus preventing
its genesis (Fig. 2). An alternative metabolic
pathway (the amyloidogenic pathway) produces
Ap peptide via proteolytic actions of the enzymes
- and y-secretase (Fig. 2).

The AP sequence spans 40—43 amino acids
from an N-terminal location (the f-secretase cut
site) to an intramembranous location (the
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y-secretase cut site). The intramembranous
y-secretase is a complex of four proteins. One of
them (presenilin 1) is the target of the most fre-
quent gene mutation causing FAD [14].

AP is found in many heterogeneous forms, includ-
ing truncations and modifications at C- and N-terminus.
Once released from APP, A monomers self-assemble
into diffusible oligomers (Fig. 2), which further assem-
ble into protofibrils and insoluble fibrils that clump
together and form amyloid plaque deposits in brain
parenchyma, as well as in cerebral blood vessel walls
(causing cerebral amyloid angiopathy, CAA).
Amyloid fibrils (and their characteristic -sheet struc-
ture) can be detected using Congo red histochemistry
postmortem or PET imaging in living patients. PET
utilizes the differential uptake of amyloid-binding PET
radioligands (e.g., ''C-Pittsburgh compound B, '®F flo-
rbetapir, 8F-florbetaben, '8F-flutemetamol), all of
which bind transiently to Ap fibrils, enabling differen-
tial focal positron emission and generating elevated
signal in the region of plaque deposition and/or CAA
in the brain.

AP plaques are morphologically heteroge-
neous and in advanced stages contain a dense
amyloid core surrounded by dystrophic neurites
(i.e., “neuritic” plaques), the latter associated
with inflammatory reactions in AD brain (Fig. 2).
Diffusible (non-fibrillar) AP oligomers cause
synapse dysfunction (Fig. 2), contributing to cog-
nitive impairment [12].

The relationship between amyloid pathology
and the development of phosphorylated tau
(p-tau), which leads to neurofibrillary tangles, is
an important question that is not understood fully.
Ap and p-tau fibrils might propagate AD lesions
via a common mechanism, allowing the spread of
Ap, tau, and other misfolded fibrillar proteins
among interconnected brain areas [15-18].

The accumulation of AP in the brain might
be due to increased production or decreased
clearance or both. Progressive slowing of
AP clearance in aging may lead to increased
concentrations in the brain and reduced con-
centrations in cerebrospinal fluid. ApoE is
the lipoprotein carrier that docks with low-
density lipoprotein (LDL) receptor-related
protein 1 and removes AP from the central
nervous system, and the E4 allele produces
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an apolipoprotein that is not as efficient at
such removal, providing a rationale for why
it is associated with greater risk of AD and
adding support to the hypothesis that the
buildup of amyloid plaques in the brain is due
to decreased removal of A over the lifespan
(rather than increased production).

Implications for Treatment
and Influence of Treatment
on Metabolism

Medications for AD can be grouped into three
categories: (1) symptomatic medications, such as
efforts to boost neurotransmitter signaling in
affected systems or preventing excitotoxicity; (2)
medications directed at nonspecific pathological
processes in AD, e.g., antioxidants or anti-
inflammatory medications; and (3) medications
directed at specific AD pathologies, e.g., against
AP or against pathological transformation of tau.
There are no approved and effective disease-
modifying treatments, although a number of
studies are underway.

As reduced acetylcholine transmission and
metabolism is a well-known feature of AD, ace-
tylcholinesterase inhibitors (e.g., donepezil, riv-
astigmine, galantamine) are the most common
symptomatic treatment. They act by preventing
the degradation of acetylcholine, thereby pro-
longing its action at the synapses and improving
cholinergic neurotransmission. Most common
side effects include nausea and vomiting, due to
excessive cholinergic signaling.

Memantine, a noncompetitive antagonist of
N-methyl-D-aspartate (NMDA) receptors, has
also been shown to correct neurochemical abnor-
malities, such as excitotoxicity. Side effects
are rare but include headache, dizziness, and
hallucinations.

Despite high hopes and suggestions of risk
reduction seen in epidemiological studies, anti-
oxidants, anti-inflammatories, and endocrine
agents have been unsuccessful in showing posi-
tive effects in clinical trials in mild to moderate
AD. Decreases in amyloid plaques (based on
PET imaging) have been reported in anti-amyloid
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therapies [19]. However, even with the effects of
reducing plaque, the anti-amyloid interventions
have thus far been unsuccessful in improving
clinical outcomes. Thus, increased attention is
being directed at intervention in earlier disease
stages, including mild cognitive impairment, a
prodromal stage of the disease, in which abnor-
mal cognitive function (usually short-term mem-
ory) does not yet meet the clinical criteria for AD
dementia (Fig. 2) [20].

Perspectives

New analyses of biological fluids and imaging
biomarkers in younger people with known muta-
tions indicate that pathology is present more than a
decade prior to development of the earliest symp-
toms [11]. Thus, therapies will continue to be
directed toward people in all phases of the disease,
with increasing emphasis on the earliest clinical
manifestations and on preclinical detection and
intervention. Prevention trials, while expensive
and of long duration, are necessary to prevent or
delay the disease from emerging [21, 22].

Development of medications for people in
later stages will continue and must be accompa-
nied by a search for medications that better treat
neuropsychiatric symptoms. Currently approved
medications, the cholinesterase inhibitors and
memantine, have mild effects and do not effec-
tively slow disease progression. Like other com-
plex diseases, e.g., cancer or heart disease, more
than one therapy will likely be necessary to treat
the symptoms or slow disease progression. More
effective behavioral interventions to maintain the
dignity and safety of people with dementia will
also be necessary. The recognition that minimiz-
ing barriers and allowing patients in chronic care
facilities to use wandering paths and safe envi-
ronments has decreased the use of physical and
“chemical” restraints and improved quality of life
for people with moderate to severe AD.

In sum, the onset and course of AD likely is
influenced by a combined effect of multiple
demographic and genetic risk factors, and thus
genetics of AD continues to be a major area of
research [23].

39

References

1. Hebert LE, Weuve J, Scherr PA, Evans DA (2013)
Alzheimer disease in the United States (2010-2050)
estimated using the 2010 census. Neurology 80:
1778-1783

2. Alzheimer’s Association’s (2013) Alzheimer’s dis-
ease facts and figures report. www.alz.org/downloads/
facts_figures_2013.pdf. As available on 18 Aug 2013

3. Alzheimer A (1907) Uber eine eigenartige Erkrankung
der Hirnrinde. Allgemeine Zeitschrift fur Psychiatrie
und Psychisch-Gerichtliche Medizin 64:146-148

4. Maurer K, Volk S, Gerbaldo H (1997) Auguste D and
Alzheimer’s disease. Lancet 349:1546-1549

5. Jellinger KA (2008) Neuropathological aspects of
Alzheimer disease, Parkinson disease and frontotem-
poral dementia. Neurodegener Dis 5(3—4):118-121

6. Arendt T (2009) Synaptic degeneration in Alzheimer’s
disease. Acta Neuropathol 118:167-179

7. DeKosky ST, Harbaugh RE, Schmitt FA, Bakay RA,
Chui HC, Knopman DS, Reeder TM, Shetter AG,
Senter HJ, Markesbery WR (1992) Cortical biopsy in
Alzheimer’s disease: diagnostic accuracy and neuro-
chemical, neuropathological and cognitive correla-
tions. Ann Neurol 32:625-632

8. Leung KK, Bartlett JW, Barnes J, Manning EN,
Ourselin S, Fox NC (2013) Cerebral atrophy in mild
cognitive impairment and Alzheimer disease: rates
and acceleration. Neurology 80:648—-654

9. Tanzi RE (2012) The genetics of Alzheimer disease.
Cold Spring Harb Perspect Med 2. pii:a006296

10. Jack CRJ, Knopman DS, Jagust WJ, Petersen RC,
Weiner MW, Aisen PS, Shaw LM, Vemuri P, Wiste
HIJ, Weigand SD, Lesnick TG, Pankratz VS, Donohue
MC, Trojanowski JQ (2013) Tracking pathophysio-
logical processes in Alzheimer’s disease: an updated
hypothetical model of dynamic biomarkers. Lancet
Neurol 12:207-216

11. Reiman EM, Quiroz YT, Fleisher AS, Chen K, Velez-
Pardo C, Jimenez-Del-Rio M, Fagan AM, Shah AR,
Alvarez S, Arbelaez A, Giraldo M, Acosta-Baena
N, Sperling RA, Dickerson B, Stern CE, Tirado V,
Munoz C, Reiman RA, Huentelman MJ, Alexander
GE, Langbaum JB, Kosik KS, Tariot PN, Lopera F
(2012) Brain imaging and fluid biomarker analysis
in young adults at genetic risk for autosomal domi-
nant Alzheimer’s disease in the presenilin 1 E280A
kindred: a case-control study. Lancet Neurol 11:
1048-1056

12. Hardy JA, Higgins GA (1992) Alzheimer’s dis-
ease: the amyloid cascade hypothesis. Science 256:
184-185

13. Thinakaran G, Koo EH (2008) Amyloid precursor
protein trafficking, processing, and function. J Biol
Chem 283:29615-29619

14. Steiner H, Capell A, Leimer U, Haass C (1999) Genes
and mechanisms involved in beta-amyloid generation
and Alzheimer’s disease. Eur Arch Psychiatry Clin
Neurosci 249:266-270


http://www.alz.org/downloads/facts_figures_2013.pdf
http://www.alz.org/downloads/facts_figures_2013.pdf

40

15.

16.

17.

18.

19.

20.

Braak H, Del Tredici K (2011) Alzheimer’s pathogen-
esis: is there neuron-to-neuron propagation? Acta
Neuropathol 121:589-595

de Calignon A, Polydoro M, Sudrez-Calvet M,
William C, Adamowicz DH, Kopeikina KJ, Pitstick
R, Sahara N, Ashe KH, Carlson GA, Spires-Jones TL,
Hyman BT (2012) Propagation of tau pathology in a
model of early Alzheimer’s disease. Neuron
73:685-697

Liu L, Drouet V, Wu JW, Witter MP, Small SA,
Clelland C, Duff K (2012) Trans-synaptic spread of
tau pathology in vivo. PLoS One 7:31302

Iba M, Guo JL, McBride JD, Zhang B, Trojanowski
JQ, Lee VM (2013) Synthetic tau fibrils mediate
transmission of neurofibrillary tangles in a transgenic
mouse model of Alzheimer’s-like tauopathy. J
Neurosci 33:1024-1037

Rinne JO, Brooks DJ, Rossor MN, Fox NC, Bullock
R, Klunk WE, Mathis CA, Blennow K, Barakos J,
Okello AA, Martinez R, de Liano S, Liu E, Koller M,
Gregg KM, Schenk D, Black R, Grundman M (2010)
11C-PiB PET assessment of change in fibrillar
amyloid-beta load in patients with Alzheimer’s dis-
ease treated with bapineuzumab: a phase 2, double-
blind, placebo-controlled, ascending-dose study.
Lancet Neurol 9:363-372

Jack CRIJ, Albert MS, Knopman DS, McKhann GM,
Sperling RA, Carrillo MC, Thies B, Phelps CH (2011)

21.

22.

23.

M.D. lkonomovic and S.T. DeKosky

Introduction to the recommendations from the
National Institute on Aging-Alzheimer’s Association
workgroups on diagnostic guidelines for Alzheimer’s
disease. Alzheimers Dement 7:257-262

Sperling RA, Aisen PS, Beckett LA, Bennett DA,
Craft S, Fagan AM, Iwatsubo T, Jack CR Jr, Kaye J,
Montine TJ, Park DC, Reiman EM, Rowe CC,
Siemers E, Stern Y, Yaffe K, Carrillo MC, Thies B,
Morrison-Bogorad M, Wagster MV, Phelps CH
(2011) Toward defining the preclinical stages of
Alzheimer’s disease: recommendations from the
National Institute on Aging-Alzheimer’s Association
workgroups on diagnostic guidelines for Alzheimer’s
disease. Alzheimers Dement 7:280-292

DeKosky ST, Williamson JD, Fitzpatrick AL,
Kronmal RA, Ives DG, Saxton JA, Lopez OL, Burke
G, Carlson MC, Fried LP, Kuller LH, Robbins JA,
Tracy RP, Woolard NF, Dunn L, Snitz BE, Nahin RL,
Furberg CD (2008) Ginkgo biloba for prevention of
dementia: a randomized controlled trial. JAMA
300:2253-2262

Jun G, Vardarajan BN, Buros J, Yu CE, Hawk MV,
Dombroski BA, Crane PK, Larson EB, Alzheimer’s
Disease Genetics Consortium, Mayeux R, Haines JL,
Lunetta KL, Pericak-Vance MA, Schellenberg GD,
Farrer LA (2012) Comprehensive search for
Alzheimer disease susceptibility loci in the APOE
region. Arch Neurol 69:1270-1279



Massimo Leone and Paola Di Fiore

Introduction to Migraine
and Cluster Headache

Migraine

Migraine is a common primary episodic head-
ache disorder. The most common migraine form
is migraine without aura, with an estimated prev-
alence of 10-12 % in most Western societies. It is
more frequent in women and usually starts before
the age of 20, peaking between 35 and 45. In
women, migraine often develops post menarche,
worsens during menses, and may vanish during
the last two trimesters of pregnancy or after
menopause, suggesting an endocrine component
to be involved. Two forms of migraine without
aura are recognized: episodic (0-14 days per
month with headache) and chronic (15 or more
days per month with headache; Table 1). Usually,
headache is unilateral, in the frontotemporal
region, reaches its peak intensity gradually, is
moderate to severe, is usually throbbing, and is
aggravated by movements. It lasts 4-72 h
(untreated or unsuccessfully treated) and can be
associated with other symptoms, such as phono-
phobia, photophobia, nausea, and vomiting.
Premonitory symptoms occur in 20-60 % of
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patients with migraines, hours to days before
headache onset. They can include depression,
fatigue, irritability, sensory sensitivity, anorexia/
hunger, diarrhea/constipation, sensations of heat
or cold, and sweating. In migraine with aura,
focal neurological symptoms, mainly in the
visual field, precede the headache and last about
15-30 min.

Cluster Headache (CH)

CH is a rare primary headache disorder character-
ized by severe painful attacks of strictly unilateral
headache, mainly in the orbital and temporal
regions, lasting 15-180 min accompanied by ipsi-

Table 1 Diagnostic criteria of migraine without aura [1]

A. At least five attacks fulfilling criteria B-D

B. Headache attacks lasting 4-72 h (untreated or
unsuccessfully treated)

C. Headache has at least two of the following four
characteristics:

1. Unilateral location

2. Pulsating quality

3. Moderate or severe pain intensity

4. Aggravation by or causing avoidance of routine

physical activity (e.g., walking or climbing stairs)

D. During headache at least one of the following:

1. Nausea and/or vomiting

2. Photophobia and phonophobia
E. Not better accounted for by another ICHD-3

diagnosis

ICHD3 International Classification of Headache Disorders,
3rd edition

E. Lammert, M. Zeeb (eds.), Metabolism of Human Diseases, 41
DOI 10.1007/978-3-7091-0715-7_8, © Springer-Verlag Wien 2014


mailto:leone@istituto-besta.it
mailto:paola.difiore@libero.it

42

Table 2 Diagnostic criteria of cluster headache [1]

A. At least five attacks fulfilling criteria B-D

B. Severe or very severe unilateral orbital, supraorbital,
and/or temporal pain lasting 15-180 min (when
untreated)

C. Either or both of the following:

1. At least one of the following symptoms or signs,
ipsilateral to the headache:

(a) Conjunctival injection and/or lacrimation

(b) Nasal congestion and/or rhinorrhea

(c) Eyelid edema

(d) Forehead and facial sweating

(e) Forehead and facial flushing

(f) Sensation of fullness in the ear

(g) Miosis (pupil constriction) and/or ptosis

(droopiness of body parts, mostly face)

2. A sense of restlessness or agitation

D. Attacks have a frequency between one every other
day and eight per day or more than half of the time
when the disorder is active

E. Not better accounted for by another ICHD-3
diagnosis

ICHD?3 International Classification of Headache Disorders,
3rd edition

lateral oculofacial autonomic symptoms, such as
lacrimation, rhinorrhea, conjunctival injection
(inflammation of the conjunctiva; see chapter
“Overview” under part “Eye”), tearing, facial
sweating, or ptosis; a sense of restlessness may be
present (Table 2). The prevalence of CH is esti-
mated to be at least 0.05-0.3 % [2] in the overall
population. CH is predominant in males, but
increasing in women; the ratio is now 2.5:1. The
most common age of onset is the third or fourth
decade of life. There are two forms of CH: episodic
and chronic CH. About 80 % of CHs are episodic
and are characterized by periods with daily or
almost daily attacks, up to 8 per day, followed by
spontaneous remission. In chronic CH, remission
periods are usually absent or last less than 1 month.
CH attacks often occur at fixed times of the day and
of the night with a typical circadian periodicity. In
episodic CH, most of cluster periods occur during
spring or autumn. Alcohol; nitroglycerine, a vaso-
dilator used in chronic heart failure (see chapter
“Heart failure”); and exercise are recognized pre-
cipitants of acute cluster attacks. It is of interest to
note that alcohol triggers attacks only during a
cluster period but not during remission.
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Although CH attacks are clearly distinguish-
able from migraine attacks, the two conditions
share involvement of the trigeminovascular sys-
tem at peripheral level and derangement of pain
modulating structures within the brain. Today,
both migraine and CH are regarded as neurovascu-
lar headaches, meaning that they are triggered by a
complex series of neural but also vascular events.

Pathophysiology of Head Pain
and the Trigeminovascular System

The trigeminovascular system consists of trigem-
inal neurons innervating cranial pain-sensitive
structures such as dural, meningeal, and cerebral
arteries and veins, venous sinuses, and bones.
Pain information is transmitted via peripheral tri-
geminal first-order sensitive neurons to the tri-
geminal nucleus caudalis in the caudal brain stem
and higher cervical spinal cord. The latter form
the so-called trigeminocervical complex (Fig. 1).
Pain information from the craniofacial district is
further transmitted via this complex to the ven-
troposterior thalamus and then to the sensory cor-
tex, the frontal cortex, insulae, cingulate cortex,
and other pain-related brain areas (the so-called
pain matrix), resulting in the experience of pain
(Fig. 1).

Pain-sensitive information from the trigeminal
nerve may also activate brain stem parasympa-
thetic autonomic neurons of the superior salivatory
nucleus due to a direct connection between the two
systems in the brain stem. Fibers from this nucleus
then run through the facial nerve to peripheral
parasympathetic ganglia (e.g., the sphenopalatine
ganglion); from these ganglia, neurons project to
cranial vessels including dura mater vascular sys-
tem and are responsible for vasodilation there
(Fig. 1) [4]. Activation of parasympathetic fibers
accounts for autonomic phenomena (such as lacri-
mation, rhinorrhea, facial sweating) accompany-
ing CH attacks (see above, Table 2).

In addition to activation of the central pain
pathway, trigeminal sensory nerve endings anti-
dromically (“backward/upward”) release vasoac-
tive and pro-inflammatory neuropeptides around
cranial vessels provoking dilation of cranial and
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Fig. 1 Structures and centers implicated in migraine and
cluster headache. The trigeminovascular system consists of
the trigeminocervical complex (7CC), which includes the
trigeminal nucleus caudalis (TNC) located in the brain stem
and the upper cervical spinal cord (C1 and C2) and the affer-
ent trigeminal nerve(s), which receives and transfers pain
information from facial and cranial pain-sensitive structures
(e.g., blood vessels in the dura mater). The afferent first-
order neurons (/) are interconnected in the TCC to second-
order neurons (2) projecting to the thalamus. Subsequently,
cortical areas involved in pain transmission (third-order sen-
sory neurons, (3) the pain matrix) are activated (including
insula, sensory cortex, and anterior cingulate cortex (ACC)).
The posterior hypothalamus (PH) might have a role in

meningeal vessels and inducing a so-called sterile
neurogenic inflammation. Involved neurotrans-
mitters are calcitonin gene-related peptide
(CGRP), substance P, neurokinin A, enkephalins,
endothelin 1, somatostatin, and vasoactive intesti-
nal peptide. CGRP and substance P are thought to
sensitize pain receptors by inducing the release of
inflammatory mediators such as histamine, brady-
kinin, tumor necrosis factor-«, nitric oxide, and
serotonin (5-hydroxytryptamine, 5-HT). 5-HT
has long been implicated as a key neurotransmitter

terminating and regulating attacks. It receives input from the
thalamus, but also from the pain matrix, directly. The PH is
implicated in autonomic phenomena occurring during head-
ache attacks. These (mostly) parasympathetic symptoms
can be caused by a direct effect of the hypothalamus (not
shown) or by the TCC/ipsilateral trigeminal system via acti-
vation of the superior salivatory nucleus (SSN). This nucleus
activates parasympathetic efferents mainly via the spheno-
palatine (or pterygopalatine) ganglion (PPT). The PPT
causes lacrimation, rhinorrhea, and facial sweating and is
also connected to the dura mater where it can cause vasodi-
lation. A dysfunction or disturbance in interactions between
these pain areas might enable headache attacks to take place
(Adapted from Leone and Bussone [3])

in migraine (and CH), and some antimigraine
drugs exert their effect by binding to 5-HT recep-
tors (most importantly 5-HTgp, see below).

Treatment of Migraine
and Cluster Headache

An effective management plan must include acute
treatment to relieve the pain and may also include
prophylactic treatments with the aim of decreasing
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attack frequency, severity, and duration and of pro-
moting an improved responsiveness to acute treat-
ments. Comorbidities will influence drug choice,
as will the side effect profile of the drug.

Treatment of Acute Migraine

Acute antimigraine treatment includes ergot alka-
loid derivatives (ergotamine and dihydroergota-
mine), triptans, analgesics, and nonsteroidal
anti-inflammatory drugs. Before intake of ergots,
nonsteroidal anti-inflammatory drugs, analgesics,
and, toalesserextent, triptans, oral metoclopramide,
or domperidone can be recommended to control
nausea and vomiting. Migraine prophylaxis should
be considered when attacks are frequent (more
than 4 headache days per month), disabling, and
acute medication is failing. Prophylaxis also helps
to prevent medication overuse headache.

Prophylactic Treatment of Migraine

Preventive medication must be given for at least
3—6 months, usually aiming at a 50 % reduction
in headache frequency. Secondary end points are
reduction of pain intensity and duration, reduc-
tion of acute medication intake, and an improved
acute treatment efficacy. First-line preventive
drugs include f-blockers (such as propranolol
and metoprolol), flunarizine (an atypical calcium
channel antagonist), pizotifen (see above), and
antiepileptic drugs (such as topiramate and val-
proate). Second-line preventive drugs with lower
efficacy include other p-blockers, such as biso-
prolol, timolol, and atenolol; tricyclic antidepres-
sants (see chapter “Major depressive disorder”),
mainly amitriptyline; selective serotonin reup-
take inhibitors; and calcium channel antagonists,
such as verapamil (see above). Avoidance of food
or environmental triggers; stabilization of bed-
times, mealtimes, and exercise times; limitations
on the frequency of use of acute medications or
analgesics; and implementation of cognitive
behavioral therapies or stress management strate-
gies are also recommended [5].
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Treatment of Acute Cluster Headache

In episodic and chronic CH, the drug of choice to
treat acute attacks is subcutaneous sumatriptan.
Nasal spray formulation of sumatriptan or zolmi-
triptan can also be used. The triptans are the first-
line medication and have revolutionized the acute
treatment of both migraine and CH. Triptans exert
an agonistic effect on both 5-HTp and 5-HTp
receptors. The primary sites of action are cranial
blood vessels, where they lead to vasoconstriction
and block the release of pro-inflammatory neuro-
peptides. Activation of 5-HT)p, receptors on nerve
endings decreases the release of pro- inflamma-
tory peptides such as CGRP and substance P.
Second-line acute treatments include intrana-
sal lidocaine (an anesthetic) and subcutaneous
injection of octreotide (a somatostatin analog),
which likely acts via vasoconstrictive effects.
Inhalation of pure oxygen via a non-rebreathing
facial mask is also effective but to a lesser extent.

Prophylactic Treatment of CH

Prophylaxis of episodic and chronic CH should
be tried first with verapamil. Verapamil is an
L-type calcium channel blocker that is also used
to treat hypertension (see chapter “Hypertension”)
and angina pectoris (see chapter “Atherosclerotic
heart disease”). It acts by relaxing smooth muscle
cells around blood vessels, causing vasodilation.
The maximum dosage depends on tolerability,
and electrocardiography monitoring is recom-
mended especially when increasing doses, to pre-
vent atrioventricular block.

Lithium, valproic acid (likely interacting with
y-aminobutyric acid transmission), methysergide,
and pizotifen can be used if verapamil is ineffective
or contraindicated. All these prophylactic drugs
can be used in combination when single therapy
did not produce improvement. Methysergide is the
most effective of these, yet it is ineffective in acute
attacks. Today, it is no longer recommended due to
its side effects. Pizotifen, while effective, is also
limited by its side effects (weight gain and drowsi-
ness) and used when other approaches fail.
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When these prophylactic drugs fail, cor-
ticosteroids can be used for short periods of
time and with caution. Corticosteroids such as
prednisolone, prednisone, and dexamethasone
are the most effective preventive agents for CH,
but prolonged use leads to potentially serious
adverse events, such as insulin resistance (see
chapter “Diabetes mellitus”), osteoporosis (see
chapter “Osteoporosis”), and hypertension (see
chapter “Hypertension”). Intramuscular dexa-
methasone can be administered when CH attacks
are aggressive [6]. At the same time, other pre-
ventive medication is to be started. Injection of
local corticosteroids plus local anesthetic in the
area of the greater occipital nerve ipsilateral to
the pain may exert some benefit. In drug-resistant
chronic CH, greater occipital nerve stimulation
and deep brain stimulation of the hypothalamus
are recognized procedures to treat the condition.

Perspectives

In the last years, neuroimaging findings and the
introduction of neurostimulation for the treat-
ment of primary headache such as migraine and
CH have provided considerable contributions to
better understand the pathophysiology of these
headache syndromes.

Functional imaging studies showed that several
brain regions are involved in head pain processing
and modulation. Hopefully, future studies will
improve our knowledge on neuronal networks
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operating in migraine and CH, possibly offering
rationale for new therapeutic targets.

In previous years, the increased CGRP levels
in jugular vein blood, during both migraine and
CH attacks, suggested a fundamental role for this
substance in the origin of neurovascular head-
aches. New treatments based on anti-CGRP anti-
bodies for both migraine and CH are currently
being developed.
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Introduction to Multiple Sclerosis

Multiple sclerosis (MS) is a complex multifactorial
polygenic disease, influenced by various factors
including age, gender, hormonal, and environ-
mental factors. Despite an unknown etiology, the
(histo-) pathological hallmarks of MS lesions are
well defined and include demyelination and
inflammation of various brain regions. The most
widely accepted hypothesis explaining MS is that
autoreactive T and B cells and autoantibodies
induce myelin damage, neuroinflammation, and
neurodegeneration, making MS part of the group
of autoimmune diseases (see also chapters
“Rheumatoid arthritis” and “Diabetes mellitus™).
MS affects persons of all ages, but symptoms are
most likely to appear in individuals between 20
and 50 years of age. The estimated prevalence of
MS is about 2.5 million people worldwide and is
two to three times higher in women than in men.
The diagnosis of MS requires evidence of lesions
in at least two separate areas of the central ner-
vous system (CNS), including the brain, spinal
cord, and optic nerves (dissemination in space),
and evidence that new lesions developed at least
1 month apart (dissemination in time). Other
potential causes for CNS lesions must be
excluded. Technically, diagnosis includes medical
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history, neurologic exam, and magnetic reso-
nance imaging (MRI) to detect dissemination in
space and time, visual-evoked potential measure-
ment, cerebrospinal fluid analysis to detect the
levels of immune system proteins and the pres-
ence of oligoclonal bands (immunoglobulin
bands in gel electrophoresis analysis), and blood
tests to rule out conditions causing symptoms
similar to MS. The McDonald diagnostic criteria
additionally require the first MS attack, which is
also known as clinically isolated syndrome (CIS),
to be clinical, with features typical or suggestive
of MS and with objective abnormalities on neu-
rologic examination. Such symptoms have to last
for at least 24 h.

Relapsing remitting MS (RRMS) is the most
common type of MS, affecting around 85 % of MS
cases. RRMS means that symptoms appear (i.e., a
relapse) and then fade away either partially or com-
pletely (i.e., remitting). Benign MS is usually a
subset of RRMS and comprises patients who accu-
mulate little disability over many years or even
remain clinically stable. Secondary progressive
MS (SPMS) is characterized by at least one relapse
followed by progressive clinical worsening over
time. This progressive course may develop slowly
after an initial CIS, but more commonly follows a
period of well-defined RRMS. Finally, primary
progressive MS (PPMS) is characterized by steady
worsening of neurologic functioning, without any
distinct relapses or periods of remission. A PPMS
patient’s rate of progression may vary over time,
with occasional plateaus or temporary improve-
ments, but the progression is continuous.
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Pathophysiology of Multiple
Sclerosis and Metabolic Alterations

On the histopathological level, MS lesions are
characterized by oligodendrocyte loss and subse-
quent demyelination of axons, neuroaxonal loss,
astroglia and microglia activation (i.e., gliosis),
and, to a certain extent, regeneration of myelin
around axons. Both white and gray matter areas of
the brain are affected (Fig. 1). These pathological
events are paralleled by the recruitment of periph-
eral inflammatory cells such as lymphocytes and
monocytes. Several advanced magnetic resonance
imaging (MRI) techniques have been developed
that, compared with conventional MRI measures,
are better able to capture the complexity of the
pathological processes occurring in the CNS of MS
patients. Among those, proton MR spectroscopy
(*H-MRS) has the unique ability to provide chemi-
cal-pathological characterization of MR-visible
lesions and normal-appearing brain tissues.
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'H-MRS brain imaging revealed profound
changes in the level of metabolites such as
N-acetylaspartate (NAA, a derivative of aspartic
acid acting as an important metabolic precursor
and osmolyte in the brain), choline, creatine,
myoinositol, glutamate (Glu), glutamine (Gln),
macromolecules, lipids, and lactate. Reduced
NAA levels indicate neuronal/axonal loss.
Increased choline and creatine levels suggest gli-
osis and cell-membrane turnover (de- and remy-
elination), respectively. Furthermore, lactate, the
end product of anaerobic glycolysis, is also
increased in MS lesions [2, 3], along with Gln,
fructose, and glucose (at early stages of MS)
highlighting severe metabolic changes (Fig. 2).

Interestingly, metabolic abnormalities were also
found in the “normal-appearing” white matter, hence
in regions which are not yet affected by demyelin-
ation. Furthermore, studies have demonstrated a
reduction in cerebral blood flow of different white
[5] and gray matter regions [6] in MS patients

White matter

—Abnormal perfusion

NAAY Glutamate A
Oxaloacetate ¥ Acetate A
Citrate Y/ Lactate A
Alanine}y/ NOA
B-hydroxybutyrate /' Creatine A
Choline

Fig. 1 Pathological and metabolic changes in the brain
of an MS patient. Classical active MS lesions [1] can be
found in the white and gray matter of the brain.
Hallmarks of such lesions are demyelination as indi-
cated by loss of proteolipid protein (PLP) staining
(top-left image) and increased luxol fast blue (LFB)
staining (middle-left), recruitment of inflammatory

cells into the perivascular space, and massive accumu-
lation of major histocompatibility complex (MHC) II
expressing macrophages (bottom-left image). Likewise,
abnormal perfusion is present at multiple locations in
the CNS. The brain and cerebrospinal fluid demon-
strate abnormal levels of several metabolites. NAA
N-acetyl aspartate, NO nitric oxide
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Neuron

Fig. 2 Movement of metabolites. The brain is mainly
fueled by glucose (Glc), transported via the blood and
taken up by glucose transporters (GLUT) 1 and 3
(expressed in endothelial and brain cells, respectively).
Alternatively, astrocytes are the main reservoir of glyco-
gen in the brain. Therefore, they might serve as supporters
for neurons and oligodendrocytes during energy depriva-
tion periods. According to the lactate (Lac) shuttle
hypothesis for energy transfer between cells, a heavily
glycolytic (i.e., non-oxidative) cell (e.g., an astrocyte)
produces large amounts of pyruvate (Pyr) and subse-
quently lactate, which is then transported out of the cell
along its concentration gradient through specific

(Fig. 1). The globally decreased blood perfusion in
MS is thought to result from diffuse perivascular
inflammation leading to microvascular damage,
thrombosis, and fibrin deposition. Furthermore,
hypoperfusion might result from widespread astro-
cyte dysfunction, which contributes to the regulation
of vascular tone in the CNS [7].
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monocarboxylate transporters (MCTs). The extracellular
lactate is taken up via distinct MCTs. Intracellularly, lac-
tate is recycled to pyruvate and transformed into acetyl-
CoA (Ac-CoA), which is metabolized in the tricarboxylic
acid cycle (TCA, also called citric acid cycle) to finally
produce ATP via oxidative phosphorylation in the respira-
tory chain of the mitochondria. This interdependence is
hypothesized to occur mainly between astrocytes (center)
and neurons (/eff). Recently, oligodendrocytes have been
included in the hypothesis as critical intermediaries for
lactate transport to neurons [4]. Oligodendrocytes are also
able to take up glucose directly from the endothelial cells
of the vessels, probably via GLUT 1 and 3 as well

Metabolic alterations in MS patients can also
be detected by 'H-MRS in biofluids, most impor-
tantly cerebrospinal fluid (CSF), instead of imag-
ing the brain. This enables quantification of a
much larger range of biochemical compounds. In
this context, it is important to note that many MS
lesions are located in the periventricular white
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matter of the brain as well as in superficial areas of
the spinal cord, which are close to the CSF space.
Since MS lesions are not routinely biopsied, CSF
analysis remains an important tool to discern MS
pathology. CSF is a clear, colorless fluid surround-
ing the brain and the spinal cord to protect them
from injury and is predominantly produced by the
choroid plexus, a dense network of blood vessels
located in each of the four ventricles. CSF contains
trace proteins, electrolytes, and nutrients that are
needed for the metabolism and normal function of
the brain. Remarkably, it also serves to remove
waste products from the CNS parenchyma and is
thus a vital source of information on physiological
and pathological processes occurring within the
brain parenchyma.

In animal models of MS, the concentration of
several metabolites was altered in the CSE. As an
example, significantly lower levels of arginine
were observed during the early stage of experi-
mental autoimmune encephalomyelitis (EAE),
which is one of the most commonly used MS ani-
mal models. Arginine is the main substrate for
nitric oxide (NO) synthesis, and its reduction
likely results from increased activity of inducible
NO synthase (iNOS) in activated immune cells
and microglia. This NO can react with the free
radical superoxide O,”, arising from oxidative
phosphorylation in the mitochondria to create per-
oXynitrite anion, a very reactive oxidizing agent,
capable of inducing cell death through multiple
pathways. Thus, lowered levels of arginine might
be an indirect indicator of cell stress and death.

Furthermore, levels of alanine and branched-
chain amino acids (leucine, isoleucine, and valine)
are decreased in early EAE and likely MS. These
amino acids are utilized as a source of pyruvate for
energy metabolism; thus, decreased levels indicate
increased cell turnover. As the onset of EAE is
associated with maximum infiltration of the CNS
by blood monocytes and T cells, the observed
decrease may suggest these metabolites are uti-
lized for energy metabolism by invading cells [8].

Human MS patients additionally show
increased levels of lactate in the CSF correlating
with disease activity in the brains of patients with
CIS [9]. Increased levels of lactate likely arise
from increased anaerobic glycolysis, an attempt
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to compensate for reduced oxidative phosphory-
lation caused by perturbed microcirculation and
hypoxia-like injury during MS plaque formation.
Continued perturbation of mitochondrial func-
tion results in cellular energy deficit and loss of
mitochondrial transmembrane potential ulti-
mately leading to apoptotic cell death. Thus, the
increase in lactate in active plaques and CSF can
be interpreted as a result of inflammation, local
ischemia, and mitochondrial dysfunction.

Similarly, the concentration of B-hydroxybut-
yrate (a ketone body and substrate for gluconeo-
genesis) is increased in the CSF of CIS patients
corresponding to the presence of inflammatory
lesions [9]. Recent evidence suggests that astro-
cytes are in principle capable of gluconeogenesis
and glucose release. Thus, the increased levels
of p-hydroxybutyrate may reflect a perturbation
of astrocytic gluconeogenesis potentially due to
the presence of inflammatory plaques or due to
reduced cerebral blood flow as a result of a pertur-
bation of microcirculation.

Another important metabolic factor playing a
role in MS pathogenesis is nitric oxide (NO). NO
products are significantly raised in the CSF of MS
patients [10]. NO competitively inhibits the bind-
ing of oxygen to mitochondrial respiratory com-
plex, and, thus, its increase perturbs ATP synthesis
[11]. This condition, in which oxygen is in princi-
ple available but cells are unable to use it, mimics
hypoxia and is called histotoxic or metabolic
hypoxia. Again, subsequent mitochondrial respira-
tory dysfunction may cause cell death and, in con-
sequence, demyelination and neurodegeneration.

Elevation of Glu levels in CSF, a known CNS
neurotoxic trigger, compounded by low levels of
oxaloacetate (an inhibitor of neuronal cell death,
Fig. 1) may contribute to axonal loss and repre-
sents an area for further study [12].

Treatment of Multiple Sclerosis

Despite tremendous scientific efforts, to date, MS
has no cure. Treatment usually focuses on strategies
to treat acute MS attacks, to lower attack frequency,
and to reduce progression (i.e., progression of
clinical disability).
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Corticosteroids are mainly used to reduce the
inflammation that spikes during a relapse. These
drugs inhibit lymphocyte proliferation, synthesis
of pro-inflammatory cytokines, and expression of
cell surface molecules required for immune func-
tion (see chapter “Overview” under part “Immune
system”). Furthermore, it is believed that cortico-
steroids stabilize the blood-brain barrier (BBB),
for example, by decreasing the expression of
angiopoietin-1 and vascular endothelial growth
factor A (VEGFA), both well known to regulate
the permeability of the BBB (see chapters
“Overview” under part “Brain” and “Stroke”).
Alternatively, plasmapheresis (meaning removal
of blood components) might be applied to help
combat severe symptoms of relapses in patients
who are not responding to corticosteroids.

Disease-modifying drugs are prescribed with
the aim to reduce relapse frequency. Currently,
this group includes p-interferons (Avonex,
Betaseron, Extavia, and Rebif), fingolimod
(Gilenya), glatiramer acetate (Copaxone), mito-
xantrone (Novantrone), natalizumab (Tysabri),
teriflunomide (Aubagio), and dimethyl fumarate
(Tecfidera or BG-12).

p-interferons balance the expression of pro-
and anti-inflammatory agents in the brain and
reduce the number of inflammatory cells that
cross the BBB.

Fingolimod, which is in vivo converted to its
active form fingolimod phosphate, suppresses
lymphocyte egress from lymphoid tissues into
the circulation.

Glatiramer acetate is a mixture of random
polymers of four amino acids, which mimics the
antigenic properties of the myelin basic protein, a
component of the myelin sheath of nerves with
which it competes for presentation to T cells.

Mitoxantrone is a type II topoisomerase inhib-
itor; it disrupts DNA synthesis and DNA repair in
both healthy cells and cancer cells. Hence, it sup-
presses the proliferation of T cells, B cells, and
macrophages (see chapter “Overview” under part
“Immune system’), impairs antigen presentation,
and decreases the secretion of pro-inflammatory
cytokines.

Natalizumab is a humanized monoclonal anti-
body against the cell adhesion molecule integrin
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o4 and reduces the ability of inflammatory
immune cells to pass through the BBB.
Teriflunomide belongs to a class of drugs called
pyrimidine synthesis inhibitors. Its ability to
inhibit the mitochondrial enzyme dihydroorotate
dehydrogenase, which is relevant for the de novo
synthesis of pyrimidine, is believed to exert the
most important therapeutic effect. By inhibiting
dihydroorotate dehydrogenase and diminishing
DNA synthesis, teriflunomide has a cytostatic
effect on proliferating B and T cells.

Dimethyl fumarate is a lipophilic, highly
mobile molecule in human tissue. As a electro-
philic compound, dimethyl fumarate is rapidly
attacked by the detoxifying agent glutathione
(GSH). GSH depletion and subsequent induction
of the anti-inflammatory stress protein HO-1 is
thought to be one of the mechanisms responsible
for the immunomodulatory actions of dimethyl
fumarate. Other postulated mechanisms of action
include direct cytoprotective effects through
upregulation of nuclear factor (erythroid-derived
2)-like 2 (Nrf2) and subsequent induction of an
antioxidant response.

Influence of Treatment
on Metabolism

There is some evidence that the metabolic
changes in MS can be ameliorated by the admin-
istration of disease-modifying drugs. For exam-
ple, CIS patients who received glatiramer acetate
or interferon beta 1b showed improvement in
brain neuroaxonal integrity, as indicated by an
increased NAA/creatine ratio [13, 14]. However,
our knowledge about the efficacy of disease-
modifying drugs to modulate metabolic changes
in MS is in its infancy and warrants further stud-
ies. One has to point out that currently available
immune-directed therapies have been shown to
decelerate the inflammatory process in MS and,
thus, restore acute clinical deficits, which occur
during a relapse. However, such therapy is less
effective in preventing the progression of the dis-
ease and neurodegeneration, which appear to be
at least in part independent from inflammatory
attacks.
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Perspectives

Clearly, several metabolic pathways are dis-
turbed in the CNS of MS patients (see above).
However, we are far from understanding how
these alterations impact cellular physiology and
whether a manipulation of these pathways might
result in new therapeutic options in the future.
Recent findings suggest that neurons, astro-
cytes, and oligodendrocytes form a so- called
tri-cellular compartmentation of brain metabo-
lism [15], meaning that complex metabolic
pathways are scattered over different cell types
and the metabolites are then transported to their
target cells. This is, for example, well described
for NAA metabolism and catabolism. Aspartate
needed for NAA production can only be synthe-
sized de novo in astrocytes and is transported to
neurons in the form of glutamine. In neurons,
NAA is then assembled and released.
Subsequently, NAA is hydrolyzed to acetate and
aspartate by aspartoacylase, which is predomi-
nantly located in oligodendroglia. Following
this theory, oligodendrocytes and astrocytes are
pivotal for neuronal survival and functioning by
providing energy metabolites to axons and/or
neuronal cell bodies. A better understanding of
these cellular interactions will help to generate
new treatment strategies and diagnostic tools in
the future.
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Maria D. Torres and Jorge Busciglio

Introduction to Down Syndrome

Down syndrome (DS) or trisomy of chromosome
21 is the most prevalent cause of genetic intellec-
tual disability affecting approximately 1 in 700
live births. Most DS cases are caused by full trip-
lication of chromosome 21, and a small number
of cases arise from mosaicism or chromosomal
translocations, resulting in multiple medical
and physical manifestations. Common charac-
teristics of individuals with DS include skeletal
anomalies, craniofacial alterations, hypotonia,
increased incidence of congenital heart disease
and seizures, abnormalities of the gastrointestinal
tract, thyroid dysfunction, and premature aging
[1]. Additional clinical features include altered
folate metabolism and hormone imbalances [2, 3].
Neurological changes include reduced brain
mass, impaired neuronal differentiation, aberrant
dendritic spine morphology, and defects in syn-
aptic plasticity [4]. Most middle-aged individu-
als with DS develop Alzheimer’s disease (see
chapter “Alzheimer’s disease”) due to increased
expression of the amyloid precursor protein
gene located on chromosome 21 [5]. Alterations
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in reactive oxygen species (ROS) and energy
metabolism have long been associated with the
development and progression of DS neuropa-
thology [6]. This section focuses on the role of
oxidative stress, mitochondrial dysfunction, and
hypothyroidism in DS.

Pathophysiology of Down
Syndrome and Metabolic
Alterations

Altered Oxidative Stress and Energy
Metabolism in DS

Oxidative stress is a prominent feature associ-
ated with DS [7]. Enhanced lipid peroxidation
(which can cause DNA damage) has been docu-
mented [8], as well as differential expression of
oxidative stress-related genes [9]. Similarly, DS
cortical neurons exhibit intracellular accumula-
tion of ROS, increased lipid peroxidation, and
reduced neuronal survival [10]. Another feature
of DS pathology closely related to oxidative
stress is mitochondrial dysfunction (Fig. 1). DS
cells exhibit reduced mitochondrial transmem-
brane potential, ATP production, and oxidore-
ductase activity [9]. These energy deficits lead
to an abnormal pattern of protein processing and
secretion in DS including intracellular accumula-
tion of AP [11]. Mitochondria are not only the
main intracellular source of ROS and free radi-
cals but also play a critical role in apoptotic path-
ways. Increased levels of ROS and mutations in
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Fig.1 Schematic representation
of the proposed pathological
cascade leading to
Alzheimer’s disease in Down
syndrome. Down syndrome
is caused by triplication,
mosaicism, or translocation
of chromosome 21 and
characterized by altered
expression of genes on
chromosome 21, but also
other genes. These changes
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accumulation) that interact
and favor each other
reciprocally. In turn, this
causes energy depletion,
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finally, neuronal death. The
latter factors, along with
B-amyloid accumulation, all
contribute to dementia and
Alzheimer’s disease
(Adapted from Lott et al. [7])

mitochondrial DNA can initiate a series of molec-
ular events leading to activation of apoptosis
[12]. In this regard, reduced mitochondrial activ-
ity in DS appears to represent an adaptation to
prevent cellular damage and preserve basic cellu-
lar functions. In fact, upon stimulation, DS mito-
chondria possess the capacity to increase ATP
production [13]. However, sustained increase of
mitochondrial activity leads to lipid peroxidation
and increased cell death. Interestingly, down-
regulation of mitochondrial activity to prevent
oxidative damage has been observed in different
organisms and cell types [14].

DS neurons and astrocytes also show a reduc-
tion in thrombospondin-1 (TSP-1) expression and
secretion contributing to dendritic spine abnor-
malities [15]. TSP-1 is an astrocyte-secreted
protein involved in the formation of excitatory
synapses. Deficits in TSP-1 lead to defects in
learning and memory in mice (M. Torres and
J. Busciglio unpublished data). A possible expla-
nation is that reduced TSP-1 levels are linked to
interferon (IFN) hypersensitivity. Overexpression

\ ¢
Energy depletion
v

—rNeuronaI dysfunction—’

Neuronal death

Dementia

Alzheimer’s disease

of and hypersensitivity to IFN-y have been linked
to the presence of two IFN receptor genes on
chromosome 21 [16]. IFN-y inhibits TSP-1 gly-
cosylation and reduces its cellular levels and
secretion [17, 18].

Endocrine dysfunction is another prominent
medical feature of Down syndrome. In particular,
the function of the thyroid gland is often compro-
mised. The latter secretes several hormones, i.e.,
thyroxine (T,), triiodothyronine (T;), and calcito-
nin, which regulate metabolism, heart rate, and
growth. Alterations in their balance can lead to
short stature, skin problems, and intellectual dis-
ability. It has been hypothesized that the develop-
ment of thyroid dysfunction in DS is influenced by
oxidative stress [19] or deregulation of genes on
chromosome 21 that participate in the immune
response [20]. Individuals with DS are likely to
have congenital hypothyroidism or develop thyroid
dysfunction later in adulthood. The incidence of
hypothyroidism in individuals with DS ranges
from 3 to 54 %, and recent studies suggest that the
prevalence increases after the age of 40 [21].
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Hypothyroidism results in decreased T, and T,
which are important for physical and intellectual
development by affecting protein synthesis and
increasing metabolic rate, bone growth, and sensi-
tivity to catecholamines. Symptoms of hypothy-
roidism further include hypotonia, enlarged tongue,
small stature, skin problems, constipation, and
lethargy [22]. Because many of the characteristics
involving hypothyroidism overlap with features of
DS, it is difficult to get an initial diagnosis.

Thyroid dysfunction is normally diagnosed
through blood analysis of thyroid stimulating
hormone (TSH). As part of a feedback loop,
decreased T, leads to increased levels of TSH to
help stimulate more T, production. Ultimately,
early diagnosis of hypothyroidism is critical for
preventing deterioration of physical and mental
development in DS individuals. Individuals who
develop thyroid autoimmune disease are more
likely to develop other endocrine disorders
including diabetes mellitus (see chapter “Diabetes
mellitus”). Thus, proper endocrine screening
should be routine in individuals with DS.

Treatment of Down Syndrome
and Its Influence on Metabolism

To date, there is no cure for Down syndrome.
Existing treatments are directed to alleviate or pre-
vent clinical complications such as congenital
heart defects or gastrointestinal blockage.
Additionally, physical and speech therapy are
available to further assist in providing a better life-
style for DS individuals. Nutritional therapies have
been used to enhance cognition although there is
little data supporting their effectiveness [23].
Antioxidants (such as resveratrol, celastrol,
vitamins, and Coenzyme Q10) are used to protect
cells against oxidative damage through the clear-
ance of free radical intermediates and by delay-
ing lipid peroxidation. Antioxidants increase
viability of DS neurons in culture and prevent
neuronal death while improving spatial learning
in a DS mouse model [10, 24]. Coenzyme Q10, a
cofactor of the electron transport chain, has
shown promising results to treat mitochondrial
dysfunction [25], acting as a scavenger of ROS
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and preventing lipid peroxide-induced DNA
damage (in conjunction with vitamin E) [26].
Recent work indicates that Coenzyme Q10 sup-
plementation restores the antioxidant/oxidant
balance in plasma in children with DS [27].
Considering the high prevalence of Alzheimer’s
disease (AD) in DS individuals, some interven-
tions directed at treating AD have been tested.
However, acetylcholinesterase inhibitors and the
NMDA receptor antagonist memantine (common
AD treatments; see chapter “Alzheimer’s dis-
ease”) have been unsuccessful or inconclusive
when applied to DS patients [28].
Hypothyroidism in general and in DS is easily
controlled with T, replacement therapy. However,
artificial elevation of T, levels reduces TSH (see
above), which can lead to significant side effects.
Because TSH stimulates production of thyroid hor-
mones, reduction of TSH leads to decreased hor-
mone secretion affecting hormones such as
calcitonin. Calcitonin is important for preventing
Ca? loss (see chapter “Overview” under part “Teeth
and bones”), and synthetic replacement of T, has
been associated with increased osteoporosis (see
chapter “Osteoporosis”) [29]. Nutritional therapies
such as iodine, L-tyrosine, and zinc have also been
suggested for treatment of hypothyroidism [30].

Perspectives

Given the genetic and phenotypic complexity
underlying Down syndrome, therapeutic inter-
ventions have been limited. The significant
increase in life expectancy that individuals with
DS enjoy today requires to be complemented
with effective treatments to enhance cognition
and to prevent age- and AD-related cognitive
decline. Dendritic spine pathology has been asso-
ciated with intellectual disability in DS and other
neurological disorders, yet no therapeutic
approach exists to prevent or restore spine struc-
ture and function. This is a promising area of
active research, which may pave the way for the
discovery of new therapies to ameliorate func-
tional connectivity at the cellular level in DS and
other neurodevelopmental and neurodegenerative
conditions.
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Anatomy and Physiology of the Eye

Vision is our dominant sense. The eyes, special-
ized for the detection of light, are our most impor-
tant sensory organs, providing approximately
70-80 % of our total sensory information. The
optical apparatus projects an image of our envi-
ronment onto the back of the eye covered by the
retina. The retina is a neuronal tissue originating
from the brain during embryonic development and
is, thus, a true part of the central nervous system.
The retina is a well-layered, appr. 200 pm thick
tissue and can be divided into an outer part that
harbors the light-sensitive cells — the rod and
cone photoreceptor cells — and an inner part that
comprises a neuronal network [1]. This network
performs the first steps of information processing
before the signal is relayed by the retinal ganglion
cells to the brain via the optic nerve. A human
retina harbors around 120 million rod and 6 mil-
lion cone photoreceptor cells. Rods are highly
sensitive, can respond to single light quanta, and
provide vision during night and at twilight. Cones
are less sensitive and provide color vision during
daylight. Behind the retina, two more layers are
located: the retinal pigment epithelium (RPE) and
the choroid (see Fig. 1), a dense network of blood
capillaries, which provides nutrients and oxy-
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gen to the photoreceptors. Both are separated by
Bruch’s membrane, an elastin- and collagen-rich
structure [2].

Due to its function, the eye has to cope with
special problems. Retinal cells are the only
neurons exposed to light. Bright illumination
can result in the generation of free radicals that
damage the retinal cells (see below). As pho-
toreceptors (like most other central neurons)
cannot be replaced, the eye has developed sev-
eral mechanisms of protection. The optical
apparatus absorbs high-energy ultraviolet light,
which would otherwise damage the retina [3].
Moreover, in the center of the retina, protective
pigments are embedded that absorb light of short
wavelengths, giving this area a yellowish appear-
ance, called macula lutea (Latin: yellow spot) or
briefly macula (Fig. 1a). Finally, the light-sensi-
tive segments of the rod and cone photoreceptors
are continuously renewed.

The eyeball is well protected in a cavity of the
skull called orbit. The frontal part of the human
eye can be covered by the eyelids. The surface
of the eye is moisturized by tears produced by
the lacrimal gland (situated in the upper outer
part of the orbit). Tears are drained by the lac-
rimal puncta in the inner corner of the eyelids
via the lacrimal sac into the nose (see chapter
“Glaucoma”). Most of the eyeball is covered by
the tough white sclera (Fig. 1a). In the front, the
sclera changes over to the transparent cornea, the
first and most refractive part of the optical appa-
ratus. The iris is the colored part of the eye. It is
a pigmented muscle tissue situated between the
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Fig. 1 Schematic cross section of an eye. The different
layers perform important tasks: the choroid is a layer of
blood vessels important for photoreceptor supply. The
retina is a neuronal tissue comprising the photoreceptor
cells, a network of neurons, and the retinal ganglion cells
as output neurons that relay the information to the brain;
it also contains the macula lutea with the fovea, the central
part of the retina with the highest visual acuity. The retinal
pigment epithelium, a monolayer of pigmented cells that
forms part of the blood-retinal barrier, is involved in the

cornea and lens. Depending on the brightness of
ambient light, the iris can contract or expand, thus
changing the diameter of the pupil and control-
ling the amount of light falling into the eye. The
lens is suspended by the zonula fibers attached
to the ciliary muscles. Humans can adjust their
focus to different viewing distances by contract-
ing the ciliary muscles, which ultimately leads
to changes in the shape of the lens. For their
function, the cornea and lens must be transpar-
ent and, therefore, devoid of blood vessels. They
are nourished by diffusion from the aqueous
humor, a transparent, jellylike fluid located in the
anterior and posterior chamber of the eye. The
compartment between the lens and retina is filled
with the jellylike vitreous body. The pressure of
both aqueous and vitreous humor, the so-called

regeneration of the photopigment and the phagocytosis of
the photoreceptors’outer segments. The vitreous body is a
jellylike transparent substance that maintains the eye in its
spherical shape. Inset: Structures responsible for the con-
trol of aqueous humor. The ciliary epithelium secrets
aqueous humor into the posterior chamber. The trabecular
meshwork is a spongy tissue, which drains the aqueous
humor from the anterior chamber together with Schlemm’s
canal

intraocular pressure, is slightly elevated, keeping
the eyeball spherical.

Metabolic and Molecular Pathways
and Processes in the Eye

Production of Aqueous Humor

The aqueous humor is secreted into the posterior
chamber of the eye by a part of the ciliary epithe-
lium situated close to the region where the zonula
fibers are attached (Fig. 1b). The composition of
aqueous humor is relatively similar to blood plasma.

However, its protein concentration is low (less
than 1 %), whereas ascorbate is up to 50 times
higher than in blood plasma. Oxygen is derived
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by diffusion from the cornea and from the vascu-
lature of the iris [4]. The aqueous humor flows
from the posterior chamber through the pupil into
the anterior chamber (Fig. 1b) and drains away at
the angle between the cornea and iris, where it
passes through a porous tissue — the trabecular
meshwork —into a collecting channel (Schlemm’s
canal), which empties into veins and thus into the
bloodstream. In the healthy eye, the delicate bal-
ance between aqueous fluid production, circula-
tion, and drainage must be maintained in order to
keep the intraocular pressure at a constant level.
Slow drainage of aqueous humor or overproduc-
tion may lead to an increase in intraocular pres-
sure that can result in the death of retinal ganglion
cells — a disease called glaucoma (see chapter
“Glaucoma”).

Retinal Metabolism

The retina is inverse, i.e., before light reaches the
photoreceptors, it has to pervade the different
retinal layers: three layers of somata (termed gan-
glion cell layer, inner nuclear layer, and outer
nuclear layer), separated by two synaptic layers
(i.e., inner and outer plexiform layer). The gan-
glion cells are the output neurons of the retina.
Their axons form the optic nerve (Fig. 1a). As all
neurons, retinal cells conduct information by
generating electrical signals at their plasma mem-
brane (see chapter “Overview” under part
“Brain”). Inside the cell, there is a high concen-
tration of K* ions and large polyanions (such as
proteins and nucleic acids), while outside the Na*
ion concentration is high resulting in a resting
membrane potential of =70 mV.

Photoreceptor cells can be divided into two
compartments (Fig. 2a). The inner compartment
comprises the cell body, the axon with the synaptic
region, as well as the biochemical machinery with
the mitochondria and ribosomes for routine cell
metabolism. The outer segment harbors all pro-
teins to absorb light, to amplify the signal, and to
generate an electrical signal in response to light.

Rod outer segments are effective light catchers.
The outer segment of a human rod contains a stack
of up to 800 flat, hollow membrane compartments,
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called discs (Fig. 2b). The latter contain a high con-
centration of the photopigment rhodopsin in their
membranes (Fig. 2¢). Altogether 50-150 million
rhodopsin molecules are found within a photo-
receptor cell. Rhodopsin belongs to the family of
G-protein-coupled receptors (see below). It consists
of a protein part (the opsin) and a light-absorbing
cofactor, the aldehyde form of vitamin A, retinal
(Fig. 2c, d).

Retinal can exist in two different conforma-
tions. The folded 11-cis-retinal is covalently
bound within the opsin molecule (Fig. 2c).
Absorption of a light quantum causes 11-cis-
retinal to switch to the elongated all-trans-retinal
(Fig. 2d), inducing a conformational change in
the rhodopsin molecule. This conformational
change activates the G-protein transducin, which
in turn activates phosphodiesterase 6 (PDEG).
The latter hydrolyzes cGMP, which acts as a sig-
nal transducer, amplifier, and molecular switch.
In the dark, due to an elevated cGMP concen-
tration, cGMP-dependent ion channels (called
cyclic nucleotide-gated ion channels) in the outer
segments are open, leading to an influx of Na* and
Ca*, depolarization of the membrane potential,
and transmitter release. Upon illumination and
c¢GMP hydrolysis via PDE6, cGMP-dependent
ion channels close. As fewer Na* and Ca* enter
the cell, the membrane potential becomes more
negative. Thus, during illumination, the cells are
more hyperpolarized, and fewer transmitter mol-
ecules are released from the synapse. This kind
of membrane potential modulation, also termed
graded potentials, controls the activity of pho-
toreceptor cells, like that of most retinal cells.
Graded potentials induce variations in the site
of membrane potential in contrast to the “all-or-
nothing” action potentials. To shut off the signal-
ing cascade, rhodopsin becomes phosphorylated
[5] and then sealed by arrestin, which ultimately
stops the interaction with transducin.

The photoreceptor information is relayed syn-
aptically via the bipolar cells to the ganglion cells.
Along this path, lateral neuronal interactions and
feedback loops are provided by horizontal cells in
the outer and by amacrine cells in the inner plexi-
form layer. As retinal output neurons, ganglion
cells communicate via action potentials — short
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Fig.2 Rod photoreceptor and rhodopsin. (a) Schematic
overview of a rod photoreceptor and its surrounding lay-
ers. The blood capillaries of the choroid provide nour-
ishment and oxygen to the photoreceptors. The retinal
pigment epithelium (RPE) cells fulfill many functions
(e.g., retinal metabolism and blood-retinal barrier). Note
that the center of the eye is towards the bottom. The
outer segments of the photoreceptor cells contain light-
absorbing discs. The inner segments contain cell body
and normal metabolic machinery. (b) Shows an electron

(1-2 ms) stereotyped changes in membrane poten-
tial that propagate in an all-or-none fashion along
the axons of neurons (chapter “Overview” under
part “Brain”).

The physiology of photoreceptors is extraor-
dinary in the sense that a large ionic current in the
dark is switched off in the light. Therefore, the
energy consumption of the retina is four times
higher in the dark than during illumination [6]. In
the dark, about 50 % of the energy is used by the
Na*/K*-ATPase to pump out excess Na* that enter

d 11-cis-retinal
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micrograph of the region indicated in (a), showing an
outer segment of a photoreceptor cell with its membra-
nous discs. (¢) Schematic of a disc membrane harboring
the light-sensitive pigment rhodopsin, a G-protein-
coupled receptor with seven transmembrane helices
(left). Two helices are removed to reveal the retinal-
binding pocket (right). (d) Chemical structure of free
11-cis- and all-trans-retinal. Light converts 11-cis-reti-
nal into all-trans-retinal

the photoreceptors through open cGMP-
dependent ion channels in the outer segment [7].
As during illumination the ion flux into the pho-
toreceptor outer segment decreases, energy con-
sumption by the Na*/K*-ATPase drops. However,
the energy expenditure for the subsequent phos-
phorylation of rhodopsin and the regeneration of
11-cis-retinal increases.

Photoreceptor cells produce ATP from glu-
cose mainly via oxidative phosphorylation and to
a lesser extent via glycolysis [8], and thus large
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mitochondria are found densely packed in the
photoreceptor inner segments. Glucose and oxy-
gen are supplied from the capillary network of
the choroid that lies close to the photoreceptors
(Figs. 1a and 2a). The oxygen consumption of the
retina is appr. 20 % higher than the oxygen con-
sumption reported for the brain [5].

The Role of the Retinal Pigment
Epithelium

Together with the retina, the RPE is among the
most metabolically active tissues in the body. The
RPE serves many functions. First, melanin in
RPE cells absorbs light that has passed through
the retina in order to prevent light scattering and
to reduce light-induced damage. Second, the
tight junctions between RPE cells form a barrier
between the choroid and photoreceptors [9].
Analogous to the blood-brain barrier, this blood-
retinal barrier controls exchange between blood
and retina and thus maintains the specialized
environment of the photoreceptors. The barrier
function of the RPE is physically supported by
Bruch’s membrane that acts as a semipermeable
molecular sieve [2]. At the same time, RPE cells
utilize glucose transporters that allow passive
transport of glucose from the choroid to the pho-
toreceptors [10]. Third, the RPE is involved in
the regeneration of 11-cis-retinal. All-trans-
retinal (see above) detaches from the opsin and is
enzymatically reduced to all-frans-retinol.
Retinoid binding proteins shuttle the retinol from
the outer segments to the RPE, where the rest of
the retinal metabolism takes place. Here, all-
trans-retinol is first esterized with palmitate, then
isomerized to 11-cis-retinol, and finally, oxidized
to 11-cis-retinal. The latter is transported back to
the outer segment, where it spontaneously reacts
with opsin to regenerate rhodopsin, thus complet-
ing the visual cycle.

Finally, the RPE is of utmost importance for
the regeneration of the photoreceptor outer
segments. The strong illumination of the outer
segments in a high-oxygen environment can lead
to photochemical damage. If the energy from a
photon is transferred from a light-absorbing
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molecule to oxygen, reactive oxygen species
(e.g., singlet oxygen) can be created. Those can
break molecular bonds or induce photooxidation.
Accumulation of such events can ultimately lead
to damage of the outer segments. Therefore, pho-
toreceptor outer segments must be constantly
renewed. Around sunrise, the tips of the outer
segments are shed off and are phagocytosed by
RPE cells, while new discs are added at the bases
of the outer segments [11]. Complete renewal of
the rod outer segment takes approximately 10
days. Due to the high amount of material, phago-
cytosis in RPE cells is metabolically demanding.
Some of the breakdown products may be recy-
cled, while others are discharged into the chorio-
capillaries. Some undigested proteins, lipids, and
retinoids remain as an aggregation complex
called lipofuscin [9]. Chemical reactions between
these components lead to the formation of
retinoid-lipid complexes in lipofuscin, the so-
called bisretinoids [12]. Lipofuscin can absorb
light, shows autofluorescence, and is susceptible
to photochemical changes. Lipofuscin accumula-
tion is thought to contribute to the development
of age-related macular degeneration (see chapter
“Age-related macular degeneration”).

Inside-Out: Signals from the Eye
Affecting Other Organs and Tissues

The impact of the eye on other organs results
mainly from the projection of the retinal output
neurons, the ganglion cells, which relay the sig-
nals from the retina via their axons to the brain.
Most of the ganglion cell output provides the
basis for visual information processing that
involves at least 30 % of the cerebral cortex.
Recently, a class of ganglion cells has been
described that serves an entirely different function.
These ganglion cells express their own photo-
pigment called melanopsin, which is distantly
related to rhodopsin. This cell class provides input
to the suprachiasmatic nucleus (SCN) in the brain
(together forming the retinohypothalamic tract).
The SCN functions as pacemaker, responsible for
the generation of the circadian clock. Retinal input
from the melanopsin-containing ganglion cells
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resets the clock in the SCN every day [13]. SCN
cells project to the paraventricular nucleus of the
hypothalamus — a site of hormone production. The
projection from the SCN to the pineal gland con-
trols the release of melatonin, the “hormone of the
night” that is involved in the regulation of our
sleep-wake cycle. Circadian rhythms also influ-
ence body temperature, blood pressure, and heart
frequency (see chapters “Migraine and cluster
headache” and “Rheumatoid arthritis™).

Outside-In: Signals and Metabolites
Affecting the Function of the Eye

Vitamin A, the precursor of retinal, is an essential
vitamin [14]. It is stored in the liver (see chapter
“Overview” under part “Liver”) and transported
in the blood (see chapter “Overview” under part
“Blood”) by retinoid binding proteins. RPE cells
absorb vitamin A from the choroidal circulation
and convert it to retinal to supply the photorecep-
tors. As retinal is pivotal for rhodopsin function,
lack of vitamin A may lead to night blindness.
Diabetes (see chapter “Diabetes mellitus™)
can affect the performance of the eye in two
major ways. First, in the lens, glucose can be
converted into sorbitol, which is later — but more
slowly — converted into fructose [15]. Under nor-
mal conditions, only small amounts of sorbitol
are synthesized. However, unphysiologically
high blood glucose levels cause excess sorbitol
production, which results in osmotic swelling
of the lens (as sorbitol and fructose cannot leave
the lens and thus are highly osmotic) that can
ultimately lead to lens clouding, i.e., cataract.
Second, diabetes triggers pathological changes
in retinal blood vessels. In early diabetic reti-
nopathy (the so-called non-proliferative stage),
retinal blood vessels become blocked, which
results in reduced nourishment and oxygen sup-
ply. In response to the hypoxic state, in a second
phase (called proliferative diabetic retinopathy),
new blood vessels are formed. These vessels are
thinner, mechanically less stable and their endo-
thelial cells form a less effective blood-retinal
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barrier. Consequences are bleedings into the
retina and vitreous as well as scar formation and
detachment of the retina. Diabetic retinopathy
may ultimately lead to blindness.

Final Remarks

The main functions of the eye are to provide
visual information about our environment and to
synchronize our internal clock to the day/night
cycle. Partial or total blindness can be induced by
several mechanisms, including the destruction of
retinal ganglion cells and optic nerve due to an
increase in intraocular pressure, as in glaucoma
(see chapter “Glaucoma”), or the loss of photore-
ceptor cells triggered by photochemical damage
or other factors, such as in age-related macular
degeneration (see chapter “Age-related macular
degeneration”).
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Introduction to Age-Related
Macular Degeneration

Age-related macular degeneration (AMD) is the
leading cause of irreversible blindness in the
elderly population of industrialized countries [1].
Based on a meta-analysis, the prevalence of early-
stage AMD is estimated to be 6.8 % and for the
late stages 1.5 % [2]. Prevalence, incidence, and
progression of all forms of AMD rise with increas-
ing age. Thirty percent of all probands aged 75
years were found to have early AMD and 7.1 %
suffered from late stages of the disease [3, 4].

Various cell layers are involved in the disease
process: the choriocapillaris (i.e., the layer of capil-
laries adjacent to Bruch’s membrane in the choroid),
Bruch’s membrane, the retinal pigment epithelium
(RPE), and photoreceptors (see chapter “Overview”
under part “Eye”). AMD typically affects the central
retina (macula including the fovea) as the area with
the highest resolution. Untreated, the disease results
in severe loss of vision.

Different stages and phenotypic manifesta-
tions of the disease have been categorized [5].
The early and intermediate dry forms of the dis-
ease are characterized by the so-called drusen
and pigmentary alterations. Drusen are extracel-
lular deposits located within Bruch’s membrane
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under the RPE. The late stages of AMD are sub-
divided into an exudative and a non-exudative
form. The exudative form is characterized by the
formation of choroidal neovascularizations
(CNV) with concomitant extracellular fluid accu-
mulation, RPE detachment, and/or hemorrhages.
The non-exudative late stage, termed “geographic
atrophy” (GA), is characterized by cell death of
all affected cell layers. It has been speculated that
GA is the natural end stage of AMD, if the dis-
ease does not convert into CNV [6]. The exuda-
tive and non-exudative forms are not mutually
exclusive, as these may develop in the same eye.

Pathophysiology of Age-Related
Macular Degeneration and
Metabolic Alterations

The pathogenesis of AMD is incompletely under-
stood. As a complex, multifactorial disease, it is
thought to be affected by numerous systemic,
genetic, and environmental factors, e.g., smoking.

Aging processes appear to play a major role in
the pathogenesis of AMD, and it is presumed that
everybody would develop AMD if only a high
enough age would be reached.

During AMD, changes in Bruch’s membrane
are observed and accompanied by activation of
the complement system. Deposition of molecules
within Bruch’s membrane leads to formation of
drusen, a characteristic of early- and late-stage
AMD. Accumulation of lipofuscin and reactive
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oxygen species (ROS) damage the RPE and like-
wise contribute to the progression of AMD.
Considerable structural changes in Bruch’s
membrane occur due to aging processes [7]. As a
result of calcification, loss of its elastin layer, and
formation of cross-links such as advanced glyca-
tion end products (AGEs), the membrane
becomes more brittle. Furthermore, it increases
in thickness due to the lifelong entrapment of
molecules and cellular debris, particularly lipids.
These accumulations of proteins and lipids are
called drusen. Structural changes and accumula-
tion of material within Bruch’s membrane may
reduce the free flow of molecules between the
choroid and the photoreceptors and, eventually,
in the most severe cases, lead to cellular atrophy.
Altered immune responses with complement
system activation are thought to be further involved
in AMD [8], as complement proteins are found
within the drusen, and contain rise allows of com-
plement jensen are associater with the disease. The
complement system belongs to the innate immune
system (see chapter “Overview” under part
“Immune system”) and can be activated via three
different pathways, i.e., the classic, lectin, and
alternative ones. Whereas the classical and lectin
pathways are activated via antibodies and opso-
nins, respectively, which are bound to the surface
of a pathogen, the alternative complement path-
way is continuously active at a low level and
becomes activated by the absence of complement
regulatory proteins on the surface of most micro-
bial pathogens. In each pathway, a proteolytic cas-
cade is amplified, and effectors such as
anaphylatoxins, the membrane attack complex,
and opsonins may be activated. It has been sug-
gested that aging causes an increased activation of
the alternative complement system in the blood
[9]. The role of the alternative complement path-
way in AMD pathogenesis has been exemplified
by the discovery of the gene for complement fac-
tor H (CFH) [10-12], an inhibitor of the alterna-
tive pathway, as well as other risk loci in this
pathway [13-15]. Specific polymorphisms in
these genes are thought to be associated with
abnormal complement activation [16].
Furthermore, the retina provides an ideal envi-
ronment for the generation of ROS due to its
specific anatomical and metabolic characteristics
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[17], such as (1) high oxygen consumption by the
retina and RPE compared to many other tissues, (2)
high levels of cumulative irradiation, and (3) abun-
dance of photosensitizers within the neurosensory
retina and RPE. Furthermore, photoreceptor outer
segment membranes are rich in polyunsaturated
fatty acids, which are readily oxidized and thus can
initiate a cytotoxic chain reaction.

Accumulation of lipofuscin granules in post-
mitotic RPE cells apparently due to incomplete
lysosomal degradation of photoreceptor outer
segments further contributes to AMD progression
[7]. Lipofuscin is a photosensitizer generating a
range of ROS. Furthermore, the photoreactivity of
individual lipofuscin granules increases with age.
Exposure of lipofuscin-containing RPE cells to
blue light results in lipofuscin-dependent lipid
peroxidation, protein oxidation, loss of lysosomal
integrity, mitochondrial DNA damage, and retinal
pigment epithelium (RPE) cell death (Fig. 1).

The interaction of these metabolic and struc-
tural alterations with genetic and environmental
risk factors is thought to induce pathological
changes promoting the development of pheno-
typic AMD changes and resulting in an earlier
onset of the disease. They also form the basis for
therapeutic rationales, e.g., targeting oxidative
stress with prophylactic and interventional phar-
macological measures (see below).

In exudative AMD, vascular endothelial growth
factor-A (VEGF-A, or VEGEF, in brief) has been
identified as a major factor inducing ocular neo-
vascularizations [18]. Further, VEGF plays a role
in inflammatory processes, immunity, and wound
healing; it acts as a survival factor for endothelial
cells and as a neuroprotectant for neurons in the
central nervous system and the retina. The angio-
genic cascade and vascular permeability induced
by VEGEF [18] play an essential role in the thera-
peutic concept of VEGF inhibition (Fig. 2).

Treatment of Age-Related
Macular Degeneration

So far, a number of different approaches have been
tried to prevent the development of the late stages
of AMD. However, with the exception of small
effects of dietary supplements, efficacious
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measures are currently lacking. Only recently it has
been achieved to treat exudative AMD successfully
using anti-VEGF compounds injected into the vit-
reous at regular intervals. In clinical practice, this
treatment strategy for exudative AMD has replaced
angio-occlusive therapies such as laser photocoag-
ulation and verteporfin photodynamic therapy.

For the non-exudative late stage of AMD,
there is no treatment available yet to slow or to
halt GA progression. A number of preclinical and
clinical trials are currently carried out to find a
treatment for this form of AMD manifestation.

Influence of Treatment
on Metabolism

Nutritional Supplementation
to Prevent Development
of Late-Stage AMD

Alleviation of oxidative stress is thought to be a
critical step to prevent the conversion from early to
late AMD stages. Nutrients that may reduce oxida-
tive damage include vitamins, carotenoids, and
trace elements. The AREDS (Age-Related Eye
Disease Study) trial demonstrated that a combina-
tion of vitamins C and E, p-carotene, and zinc oxide,
reduces the risk of late-stage AMD in patients with
intermediate risk of conversion [19]. A recent
update suggested lutein and zeaxanthin as appropri-
ate substitutes for B-carotene, which increased the
incidence of lung cancer in former smokers [20].
Due to their high number of double bonds, these
macular carotenoids/pigments can quench ROS,
limiting oxidative stress, increasing membrane sta-
bility, and may also act as filters for blue light and
thus limit retinal photo-stress [21].

Anti-VEGF Therapy in the Treatment
of Exudative AMD

Pegaptanib, the first approved intravitreally
injected anti-VEGF medication, is an oligonucle-
otide aptamer with a high binding specificity for
the VEGF-A isoforms 165, 189, and 201. An
important basis for the development of pegap-
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tanib sodium was the results of studies showing
that VEGF-A-165 plays an important role in the
neovascularization process [22]. The complete
blockage of all VEGF-A isoforms was thought to
impair physiological functions [23]. Efficacy of
pegaptanib in clinical studies was limited.

Ranibizumab is a Fab antibody fragment neu-
tralizing all VEGF-A isoforms. It is well toler-
ated and shows a favorable safety profile.
Monthly injected ranibizumab has been shown to
stabilize or to improve vision in over 90 % of
patients and significantly improve vision in over
30 % of patients [24-26].

Aflibercept is a fusion protein, consisting of
the key domains of the human VEGEF receptors 1
and 2, coupled to the Fc part of a human IgG mol-
ecule. It has a high affinity for all VEGF-A and
VEGF-B isoforms as well as placental growth
factor [27], and theoretical models as well as tri-
als [28] indicate a longer duration of action com-
pared with current treatments. In the studies with
intravitreal aflibercept, no increase in ocular or
systemic adverse events was noted, despite the
increased affinity of aflibercept for all VEGF-A
and VEGEF-B isoforms [28].

Bevacizumab, a full antibody against VEGF-A,
has originally been developed as a cancer thera-
peutic. It is also used for the intravitreal treatment
of exudative AMD. However, the drug has not
been approved for this indication and, therefore,
represents an off-label therapy.

Intravenous administration of anti-VEGF com-
pounds in the treatment of cancer has been associ-
ated with increased risks of stroke (see chapter
“Stroke”), venous thromboembolism, congestive
heart failure, and bleeding. However, results across
studies with differing methodologies provide some
reassurance that the widespread use of injections
of VEGF inhibitors within the vitreous to treat
exudative AMD has not resulted in significant
increases of systemic adverse events [29].

Perspectives
The treatment of AMD will be one of the major

challenges in health care during the next decades.
In particular, primary prevention of AMD as well
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as prevention of progression from early to late
AMD stages represent an unmet need and are,
therefore, in the focus of current research activi-
ties. While anti-VEGF therapy represents a
breakthrough in the therapy of neovascular
AMD, repeated, sometimes lifelong, administra-
tion of the drug is an enormous burden for the
patients and health systems. Long-acting drug
delivery systems would therefore be desirable.
As of yet, there is no treatment available to slow
or to halt progression of the dry late form of AMD,
i.e., GA. However, various preclinical and clinical
trials are currently ongoing. Targets for this pheno-
type address various pathways including inflam-
mation, complement system, trophic factors,
oxidative stress, reduction of retinal toxins, and
improvement of choroidal blood flow [30].
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Introduction to Glaucoma

The term “glaucoma” includes a number of optic
neuropathies that share certain commonalities.
Together they make up the leading cause of irre-
versible blindness worldwide, estimated to affect
80 million people by 2020 [1]. Primarily, these
neuropathies are characterized by a progressive
vision loss due to dysfunction and degeneration of
retinal ganglion cells in the eye [1]. Most glauco-
mas have a genetic component where family his-
tory and ethnicity increase its likelihood, e.g.,
African-Americans are up to eight times as likely
to develop glaucoma—and at an earlier age—than
their Caucasian counterparts. Most glaucomas are
age related, with sharp increases in the incidence
of glaucoma occurring after age 60. Thus, age
poses the primary overall risk factor for glau-
coma. Elevated intraocular pressure (IOP), how-
ever, is the primary modifiable risk factor [2].
Glaucoma can be subdivided into two main
types: open-angle and closed-angle glaucoma.
The distinctions between them are the morphol-
ogy of the angle between the iris and cornea (the
iridocorneal angle)—the location where aqueous
humor (AH) drains out of the anterior chamber
(see chapter “Overview” under part “Eye”)—and
the speed of pathological progression. Open-angle
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glaucoma, where the angle appears normal, is the
most common type, comprising 90 % of diag-
nosed glaucomas [3]. It is a slow, progressive
clogging of the angle between the iris and cornea.
Symptoms may not be noticed and it can take
decades until blindness occurs. Closed-angle glau-
coma is caused by blockade of drainage canals due
to a narrowing of the iridocorneal angle. It is an
acute disorder—evident to the patient right away
and requiring immediate medical attention as
damage occurs rapidly. Within each of these types
there are variants depending on the specific causes
or characteristics of each. Some examples of these
variants include pigmentary glaucoma (where
degeneration of the iris causes blockade of the
iridocorneal angle), traumatic glaucoma (where
glaucoma develops due to eye trauma), and juve-
nile glaucoma (caused by abnormal development
of drainage canals in the eye).

The interactions between IOP and age in the
development of glaucoma are complex. A signifi-
cant proportion of glaucomatous vision loss
occurs in the absence of elevated IOP (called
“normal-tension glaucoma”), and most people
with high IOP never develop glaucoma [4].

Within the retina, interrelated mechanisms
common to other neurodegenerative conditions
such as oxidative stress, calcium dysregulation,
hemodynamic changes, metabolic defects, intra-
cellular transport deficits, gliosis, and neuroin-
flammation have been suggested to play a role in
the pathogenesis and progression of glaucoma-
tous pathology [5]. These disturbances result in
functional deficits in neuronal signaling, intracellular

E. Lammert, M. Zeeb (eds.), Metabolism of Human Diseases, 73
DOI 10.1007/978-3-7091-0715-7_13, © Springer-Verlag Wien 2014


http://dx.doi.org/10.1007/978-3-7091-0715-7_11
mailto:scrish@neomed.edu
mailto:ccrish@neomed.edu

74

transport in the retinal ganglion cells, as well as
degeneration of neuronal processes resulting in
apoptotic cell death. To date, the mechanisms
underlying these changes are not well understood.

Pathophysiology of Glaucoma
and Metabolic Alterations

An association between glaucoma and metabolic
conditions has long been postulated and debated.
Early studies have shown an increased preva-
lence of acute closed-angle glaucoma among
patients with metabolic disorders, such as homo-
cystinuria, and Lowe’s syndrome [6]. However,
the focus of most research in this area has been
on the putative relationship between glaucoma
and diabetes mellitus (see chapter “Diabetes mel-
litus”)—and whether each of the respective con-
ditions serves as a risk factor for the other. While
diabetic retinopathies are well described, the rea-
sons for the increased incidence of glaucoma in
diabetic patients are poorly understood [7].

Closed-angle glaucoma is likely associated
with diabetes since abnormal glucose responses,
shallow anterior chambers of the eye, and dys-
function of the autonomic nervous system seem to
be related. Open-angle glaucoma is even more
widely studied but also less understood [8].
Interestingly, obesity [9], hypertension [8], and
insulin resistance (symptoms of metabolic syn-
drome, see chapter “Metabolic syndrome”) have a
stronger relationship to increased IOP than diabe-
tes itself [10]. This could be explained by several
factors (Fig. 1). Fat deposits around the eye and
blood viscosity are often increased among obese
individuals—the latter being due to elevated lev-
els of hematocrit, lipids, fibrinogen, and immuno-
globulins as well as changes in red blood cell
rigidity [11]. Both fat deposits and high blood
viscosity can increase resistance of the episcleral
vein, which in turn impedes AH outflow [12]. The
accumulation of AH in an environment that
restricts its exit can ultimately lead to a net
increase in IOP [13].

While the mechanisms are less clear, insulin
resistance and associated elevated blood glucose
are suggested to alter the osmotic gradient to
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cause fluid accumulation in the intraocular space,
thus increasing IOP [12].

Systemic hypertension increases ciliary capil-
lary pressure and can increase AH filtration through
the ciliary body of the eye [14]. In a mechanism
similar to that described for fat deposits and blood
viscosity, increased blood volume associated with
elevated systemic blood pressure can increase epi-
scleral and ciliary vein resistance [15]. This resis-
tance opposes flow through the drainage canals and
ultimately increases IOP [16]. However, other
studies have associated low blood pressure with
increased likelihood of developing glaucoma [17].
In this case, reduced ocular perfusion pressure (the
difference between IOP and systemic blood pres-
sure—opposing pressures that determine blood
flow to optic tissues) results in decreased blood
flow to the retina or optic nerve head [17]. As the
retina is one of the most metabolically demanding
tissues in the body, even relatively subtle declines
in oxygen and nutrient supply may directly blunt
retinal function and/or raise vulnerability to insult
through increased oxidative stress, calcium dys-
regulation, and abnormal neuronal signaling [5].

Treatment of Glaucoma

Although the dysfunction and degeneration of reti-
nal ganglion cells and their projections are what
cause blindness in glaucoma, existing therapies tar-
get lowering IOP through medication or surgery
[18]. Currently, first-line treatment for glaucoma is
the topical use of eyedrops to reduce IOP [19].
There are five main classes of IOP-lowering drugs,
all of which either reduce the production of AH (by
reducing activity of the ciliary body) or increase
AH outflow (by action on the drainage canals in the
iridocorneal angle, Table 1). Interestingly, lowering
IOP often slows the progression of vision loss even
in patients with normal IOP [20].

AH production can be reduced with drugs tar-
geting the adrenergic system, antagonizing - and
activating o-receptors (e.g., timolol or brimoni-
dine, respectively), or with carbonic anhydrase
inhibitors (e.g., dorzolamide), presumably by
slowing the formation of bicarbonate ions with
subsequent reduction in Na* and fluid transport.
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Mechanical effects
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Fig. 1 Relationship between conditions associated with
metabolic syndrome, diabetes, and glaucoma. Different
factors act to (1) increase intraocular pressure (/OP) or (2)
reduce blood flow to the retina (due to either low blood
pressure or microvascular changes). Either of these effects
will reduce ocular perfusion pressure (OPP), leading to a
decrease in retinal blood supply. Ultimately, this impairs

—

RGC damage 2

retinal function and leads to retinal ganglion cell (RGC)
damage and degeneration through specific (Ca?*-activated
degenerative cascades) and nonspecific (oxidative stress-
induced damage) mechanisms. Another major factor in
glaucoma is age. Terms highlighted in framed boxes
change with age in a way that age increases the prevalence
and severity of the disease

Table 1 Classes and examples of the most important glaucoma treatments

Drug class Examples AH production AH outflow
Prostaglandin analogs Latanoprost, travoprost A
B-Blockers Timolol, carteolol v

a-Agonists Brimonidine, apraclonidine \ A
Carbonic anhydrase inhibitors Dorzolamide, brinzolamide v

Cholinergic agonists Pilocarpine, carbachol A

AH aqueous humor

Alternatively, AH outflow can be increased by Influence of Treatment

prostaglandin analogs (e.g., latanoprost, a prosta-
glandin F analog) or agonists of adrenergic and
cholinergic signaling (e.g., carbachol).

Patients who are unresponsive to these medica-
tions or have other issues can undergo surgery to
physically increase AH outflow by creating new
drainage canals in the eye. Shunts or cannulae
used as drainage devices may also be implanted.

on Metabolism

Pharmacological treatment of glaucoma typically
does not affect systemic metabolism to a large
degree. The most common side effects impact the
eye itself and may include irritation or discomfort
due to corneal dryness, inflammation, or allergic
reaction. However, some of the topical drugs
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Eyedrops

B-BLOCKERS Lacrimal puncta

<

[LPL] —>

Fig. 2 Effects of topical p-blocker treatment (eyedrops)
on systemic function. Eyedrops travel through the lacri-
mal puncta and enter systemic circulation through the
nasolacrimal duct. Common intraocular pressure-lower-
ing drugs that inhibit the adrenergic system can decrease

used to treat glaucoma do cause systemic effects
upon entering the circulation through the nasal
mucosa by way of the lacrimal ducts (Fig. 2).

Drugs targeting f-adrenergic receptors can
decrease systemic blood pressure (see chapter
“Hypertension”) and pulse rate (see chapters
“Atherosclerotic heart disease” and “Heart fail-
ure”), as well as cause bronchospasm and nega-
tively affect blood glucose levels and lipid
profile, the latter through impairing low-density
lipoprotein and triglyceride metabolism by
inhibiting lipoprotein lipase (LPL, see chapter
“Hyperlipidemia”) [19]. Conflicting research
on the safety of topical p-blockers exist: several
studies have found no increase in cardiovascu-
lar events [21] or respiratory issues in elderly
populations [22], but others found an increased
risk of developing airway obstruction [23].
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My

Heart rate V

Blood pressure \7

Bronchospasm
Airway obstruction
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heart rate, lower blood pressure, impair respiratory func-
tion, and produce unfavorable blood lipid profiles through
inhibition of lipoprotein lipase (LPL) in heart, muscle,
and adipose tissue. LDL low-density lipoprotein, HDL
high-density lipoprotein

Perspectives

The relationship between metabolism and glau-
coma is murky as most of the links examine the
connection between metabolism and elevated
IOP, a risk factor for glaucoma, rather than glau-
coma itself. Given the variety of glaucomas, the
variability in disease progression, the intricate
relationships between the risk factors, and the
specific mechanisms proposed to contribute to
the pathology, it is very likely that several meta-
bolic changes can impact the development or
progression of the disease.

An area of great interest in glaucoma research
is the development of a “complete therapy,”
where mechanisms of neurodegeneration are
addressed in addition to lowering IOP [18]. At
present, there are no dedicated neuroprotective
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agents used for the treatment of glaucoma
(although some of the existing IOP-lowering
drugs such as brimonidine are thought to have
neuroprotective effects). Researchers are cur-
rently exploring a number of avenues—some of
which could potentially have effects on metabo-
lism—such as drugs affecting hemodynamics,
mitochondrial function, or Ca?* dynamics. With a
projected increase in glaucoma prevalence, this
avenue represents one of the best hopes for reduc-
ing disease burden in the future.
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Teeth and Bones



Kazuhiko Kawasaki and Kenneth M. Weiss

Anatomy and Physiology of Teeth
and Bones

Bone and teeth comprise the mineralized hard
tissues of the human body. They have evolved
from a hard external skeleton in early vertebrates
that led eventually to bony plates, teeth, and
scales as well as to the internal skeleton that char-
acterizes modern jawed vertebrates [1]. Bone and
teeth form in organic extracellular matrix. The
mineral component essentially consists of
hydroxyapatite (i.e., a special calcium phosphate,
Ca,((PO,)s(OH),) with various potential substi-
tutes, such as fluoride, replacing hydroxide (see
chapter “Dental caries”). The organic constitu-
ents vary in different tissues [1]. Bone consists of
~65 % (w/w) minerals, 25 % organic matrix
(~95 % of which are collagen fibrils), and water.
The tooth consists of a bulk of dentin covered
with enamel on the crown (Fig. la). Dentin is
similar to bone in proportion of mineral (~70 %
w/w) and collagen fibrils, but includes different
non-collagenous proteins. Unlike bone and den-
tin, enamel is a highly mineralized (~97 % w/w),
virtually inorganic tissue; its initial organic
matrix is removed through specific maturation
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processes [2]. In addition to these three principal
hard tissues, the roots of the teeth are covered by
cementum, a bone-like tissue (Fig. 1a).

The tooth is essential for mastication and also
important for proper speech and aesthetics [2],
while bone constitutes the skeleton, which sup-
ports and protects our body and enables move-
ment. In addition, bone is critical to the homeostasis
of calcium and phosphate [3-5]. In the following,
growth of bone and teeth is briefly explained.

Bone Growth

Bone can develop by two mechanisms, i.e.,
intramembranous ossification or endochondral
ossification [3, 4], in which cartilage is not pres-
ent or serves as a model, respectively. In intra-
membranous ossification, mesenchymal cells
proliferate and condense. Some of these cells dif-
ferentiate into osteoblasts, which secrete organic
matrix of bone. As osteoblasts secrete the bone
matrix, some become entrapped within the
matrix. These cells are referred to as osteocytes.
Intramembranous bones grow appositionally by
recruiting newly differentiated osteoblasts. It
takes place in most bones of the skull. In con-
trast, endochondral ossification uses a cartilage
model. The cartilage model grows interstitially
by proliferation and differentiation of chondro-
cytes, with the old cartilage model progressively
getting replaced by endochondral bone. During
this process, mineralized portions of cartilage
are partially resorbed by chondroclasts (similar

E. Lammert, M. Zeeb (eds.), Metabolism of Human Diseases, 81
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Fig. 1 Tooth-specific (a) and bone-specific (b) metabolic
pathways. (a) A sagittal section of a tooth is illustrated
in the middle showing the different zones and structures
in a human tooth. The pulp-dentin border is enlarged
on the left. In the right enlargement, flows of calcium
(Ca**), phosphate (P;), and fluoride (F-) during demin-
eralization and remineralization are shown. The yellow

Y OPG

[old bone | [new bone |

to osteoclasts, see below), and osteoblasts that
have invaded the cartilaginous model secrete
bone matrix onto the remaining cartilage.
Endochondral ossification takes place, e.g., in the
long bones of the skeleton.

Throughout our lives, bone undergoes remod-
eling, the coupling of bone resorption by osteo-
clasts and bone formation by osteoblasts (Fig. 1b).
By remodeling, bone can meet changing mechan-
ical demands, prevent the accumulation of micro-
damage, and regulate calcium homeostasis.
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Tooth Growth

The organic matrix of dentin is secreted by odon-
toblasts that align in the pulp cavity and extend
the cell process to the dentin-enamel junction
(Fig. 1a) [2]. The odontoblast process is thought
to serve as the secretory conduit for particular
matrix proteins. After primary dentin is com-
pleted finally in the root, odontoblasts continue to
secrete dentin matrix, but at reduced rates. This
secondary dentin formation continues throughout
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life, and the pulp space reduces progressively
with age.

Enamel matrix is secreted by ameloblasts that
overlay the forming enamel surface. Before tooth
eruption, ameloblasts fuse with the oral epithe-
lium and the cells covering the top of the crown
subsequently degenerate, leaving mature enamel
acellular. The enamel is highly mineralized and
wear resistant, but this tissue is brittle and frac-
tures by the forces of mastication. However, the
enamel is supported by underlying dentin, which
is more resilient and compensates for the brittle-
ness of enamel.

Humans have two complete sets of dentition.
The deciduous teeth are replaced by the perma-
nent successors with additional permanent molars
erupting behind the deciduous tooth row. During
tooth replacement, dentin and cementum of
deciduous teeth are resorbed, and the jaw bone is
remodeled.

Calcium and Phosphate Metabolism
and Physiological Reactions in Bone
and Tooth

Bone Remodeling

Bone remodeling progresses through bone
resorption and bone formation (Fig. 1b) [3]. For
resorption, preosteoclasts, derived from the
hematopoietic lineage, first mature into multinu-
cleated osteoclasts, which adhere to the bone sur-
face and form a closed compartment.

Into this sealing zone, osteoclasts secrete
acid (protons) and proteolytic enzymes, includ-
ing cathepsin K. The acid dissolves hydroxyapa-
tite, whereas cathepsin K digests collagens and
other organic bone constituents. Following bone
resorption, osteoclasts probably produce signals
for new bone formation, although the details
remain unclear.

The receptor activator of nuclear factor-xB
ligand (RANKL), a membrane-bound cytokine
that is presented by various cells in the osteoblast
lineage, plays a critical role for differentiation of
osteoclasts [3] (Fig. 1b). RANKL binds its recep-
tor, RANK, on osteoclast precursor cells, thereby
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inducing their maturation and subsequent bone
resorption, as well as promoting the survival of
osteoclasts. The RANKL-RANK interaction can
be interrupted by antagonistic binding of osteo-
protegerin (OPG) to RANK. OPG is a soluble
receptor, secreted by osteoblast-lineage cells.
Thus, the local RANKL/OPG ratio determines
the activity of RANK signaling that induces bone
remodeling.

For bone formation, osteocytes play an essen-
tial role [4]. Osteocytes represent osteoblast-
derived cells that are embedded in bone (Fig. 1b).
Osteoblasts that do not differentiate to osteocytes
either line the surface of quiescent bone or
undergo apoptosis. In bone, osteocytes lie in
lacunae and extend cell processes through cana-
liculi. These processes form a network with other
osteocytes and osteoblasts present on the bone
surface (Fig. 1b). It is thought that osteocytes
sense mechanical strain as shear stress in intersti-
tial fluid filling the lacuna-canalicular system.

In response to mechanical loading, osteocytes
suppress expression of the sclerostin gene [3].
Sclerostin antagonizes Wnt/p-catenin signaling
that induces differentiation of preosteoblasts to
osteoblasts and the production of bone matrix
(Fig. 1b). Furthermore, mechanical loading may
cause microdamage and osteocyte apoptosis near
the damage site. However, surviving osteocytes
activate the production of RANKL and suppress
OPG production, thus inducing bone resorption
(Fig. 1b). Subsequent bone formation would
eventually repair the microdamage.

The bone remodeling cycle ends when
resorbed bone is completely replaced by new
bone. Imbalance of bone resorption and bone for-
mation may lead to a loss of bone mass and
strength, that is, osteoporosis (see chapter
“Osteoporosis”). In addition to replacement,
bone remodeling is important for homeostasis of
calcium and phosphate, and bone serves as the
reservoir of these ions. Bone is thus highly vascu-
larized, which is essential for the transport of cal-
cium and phosphate, as well as oxygen and
nutrients (common to teeth). A rich vasculature
also facilitates the circulation of various hor-
mones that regulate bone remodeling (see below).
Another important function of bones is to provide


http://dx.doi.org/10.1007/978-3-7091-0715-7_16

84

the space for the bone marrow, in which various
blood cells develop from hematopoietic stem
cells. The bone marrow is crucial for the hemato-
poietic system (see chapter “Overview” under
part “Blood”) and immune system (see chapter
“Overview” under part “Immune system”).

Calcium Metabolism in Teeth

Unlike bone that undergoes dynamic remodeling,
teeth are less metabolically active, resorbed only dur-
ing replacement in normal physiological conditions.
Yet, the superficial layer of enamel repeats deminer-
alization and remineralization (Fig. la) [2], espe-
cially when challenged (see chapter “Dental caries”).
Remineralization occurs by deposition of calcium,
phosphate, and fluoride, supplied by saliva. Fluoride-
substituted hydroxyapatite is more acid resistant, and
fluoride selectively remains in enamel. A similar pro-
cess is known as posteruptive maturation. Shortly
after eruption of the developing tooth, the enamel is
more permeable and susceptible to acid dissolution.
Incorporation of calcium, phosphate, and fluoride
into such enamel from saliva increases surface hard-
ness and resistance to demineralization.

If demineralization dominates remineraliza-
tion in enamel, dental caries progresses (see chap-
ter “Dental caries”). When caries process reaches
dentin, odontoblasts respond by inductive miner-
alization in two principal ways, tubular sclerosis
and tertiary dentin formation. Tubular sclerosis
represents mineralization of dentinal tubules that
enclose odontoblast processes. Tertiary dentin
forms in the pulp by preexisting odontoblasts or
newly differentiated odontoblast-like cells.

Bone and Tooth: Roles in Calcium-
Phosphate Homeostasis

In adult humans, 5-10 % of bone is remodeled
each year. Such high rates of bone turnover are
essential for the homeostasis of calcium and phos-
phate in the extracellular fluid (mostly blood
plasma and interstitial fluid) to ensure physiological
activities [4, 5]. Approximately 99 % of calcium
and 80 % of phosphate in our body are located in
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bone and teeth as hydroxyapatite crystals, primar-
ily providing the rigidity of these structures. Thus,
metabolically more active bone is considered as the
reservoir of calcium and phosphate. The homeosta-
sis of calcium and phosphate is regulated in a
dynamic equilibrium accomplished by intestinal
absorption, renal excretion, and bone remodeling
through hormonal controls, largely by parathyroid
hormone (PTH) and calcitriol (Fig. 2) [3, 5].
Calcitriol is the active form of vitamin Ds; vitamin
D; (cholecalciferol) is synthesized in the skin or
ingested with the food and sequentially hydroxyl-
ated initially to calcidiol in the liver and then to
calcitriol in the kidney.

Changes in the calcium concentration within
the extracellular fluid are detected by the calcium
sensing receptor (CaR) in the parathyroid glands
[3]. There, a rise in calcium concentration leads
to suppression of the synthesis and secretion of
PTH (Fig. 2). Conversely, a decrease in calcium
concentration enhances PTH secretion.

PTH binds its receptor (parathyroid hor-
mone 1 receptor; PTHIR) in the kidney, which
leads to calcium reabsorption, phosphate excre-
tion, and hydroxylation of calcidiol to calcitriol
(Fig. 2) [3, 5]. In the small intestine, calcitriol
increases absorption of calcium and phosphate.
Furthermore, PTH induces bone resorption (see
below). These mechanisms cooperatively increase
the calcium concentration in the extracellular
fluid. The increased concentrations of calcium and
phosphate could cause their pathological precipi-
tation. However, such precipitation is prevented by
phosphate excretion mediated by PTH. Calcitriol
suppresses PTH gene expression in the parathy-
roid glands, acting as a negative feedback regula-
tor. The interplay of PTH and calcitriol is essential
for calcium and phosphate homeostasis (Fig. 2).

PTH also affects bone, causing an increase
in bone resorption (triggered, e.g., by calcium-
deficient diet) [3, 5]. PTH binds PTHIR on osteo-
blast-lineage cells, thereby activating RANKL
expression and suppressing OPG expression. This
induces bone resorption (Fig. 1b). Paradoxically,
intermittent administration of PTH at low doses
increases bone formation probably through sup-
pression of the sclerostin gene and enhancing
Whnt/B-catenin signaling (Fig. 1b).
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Fig.2 Metabolic pathways
of calcium (Ca?*) and
phosphate (P;) involving
bone, kidney, small intestine,
and parathyroid glands. An
increase and a decrease of
calcium concentration in the
extracellular fluid (ECF) are
detected by the calcium
sensing receptor (CaR).
Physiological doses of
calcitriol do not stimulate
bone resorption, but
pharmacological or toxic
doses of calcitriol induce
bone resorption

Small intestine

It has been postulated that calcitriol also
induces bone resorption by activating RANKL
and suppressing OPG production directly in
osteoblast-lineage cells [3]. However, this action
has been only detected by administration of cal-
citriol at pharmacological doses. At physiologi-
cal doses, calcitriol reduces bone resorption
partly by suppressing PTH production (Fig. 2).

Final Remarks

A toothlike structure originated on the surface
of dermal bone in Paleozoic jawless fish. So,
bone and teeth both evolved as skeletal ele-
ments, which provide mechanical strength. As
vertebrates invaded terrestrial environments,
where calcium and phosphate may not be as
freely available as they were in aquatic envi-
ronments, bone became even more important
not only to convey stability in an environment
of lower density (air versus water) but also as
the storage of calcium and phosphate, which
ensures the organism’s metabolism. The tooth
is less metabolically active, serving mainly for
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mastication. Yet, even though the tooth surface is
acellular, it repeats demineralization and remin-
eralization. Similarly, bone is constantly remod-
eled by osteoblasts and osteoclasts to adapt to
changing needs (of the skeleton), repair damage,
and regulate mineral metabolism. An imbalance
of calcium and phosphate metabolism in teeth
and bone may result in potentially life-threat-
ening conditions including caries (see chapter
“Dental caries”) and osteoporosis (see chapter
“Osteoporosis”), respectively.
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Introduction to Dental Caries

Dental caries uniquely is prevalent worldwide and
the annual oral health costs in Europe are estimated
at €79 billion [1]. Essentially, the tooth’s outer cov-
ering, dental enamel and subsequently the sub-
adjacent dentine are attacked and eventually
destroyed by bacterially produced acid. If untreated
this often results in infection of the alveolar bone of
the jaw leading in turn to systemic infection includ-
ing endocarditis. If the tooth is lost, supporting
bone of 