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SUMMARY

This communication explores the temporal link between the age-associated increase in body iron
stores and the age-related incidence of Alzheimer’s disease (AD), the most prevalent cause of senile
dementia. Body iron stores that increase with age could be pivotal to AD pathogenesis and
progression. Increased stored iron is associated with common medical conditions such as diabetes
and vascular disease that increase risk for development of AD. Increased stored iron could also
promote oxidative stress/free radical damage in vulnerable neurons, a critical early change in AD.
A ferrocentric model of AD described here forms the basis of a rational, easily testable experimental
therapeutic approach for AD, which if successful, would be both widely applicable and inexpensive.
Clinical studies have shown that calibrated phlebotomy is an effective way to reduce stored iron
safely and predictably without causing anemia. We hypothesize that reducing stored iron by
calibrated phlebotomy to avoid iron deficiency will improve cerebrovascular function, slow
neurodegenerative change, and improve cognitive and behavioral functions in AD. The hypothesis
is eminently testable as iron reduction therapy is useful for chronic diseases associated with iron
excess such as nonalcoholic steatohepatitis (NASH), atherosclerosis, hereditary hemochromatosis
and thalassemia. Testing this hypothesis could provide valuable insight into the causation of AD and
suggest novel preventive and treatment strategies.

Introduction

AD is a progressive and invariably fatal neurodegenerative disease. By recent estimates, the
$100 billion annual cost of providing care for the 4.5 million Americans with AD is expected
to rise as the American population ages and prevalence of AD-related risk factors such as
adiposity, hyperinsulinemia, and type 2 diabetes mellitus (T2DM) continue to increase [1].
Sporadic, late onset AD comprising the great majority of AD cases, most likely results from
the interactions of numerous genetic and environmental factors. Individuals diagnosed with
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AD survive an average of 5-10 years. During this period, they become increasingly and
severely incapacitated. There is no cure for AD. Present pharmaceutical interventions are
palliative and marginally effective. New therapies for AD should ideally minimize the impact
of coexistent risk factors, and target the earliest and most basic pathophysiological changes in
AD when intervention would likely provide the greatest benefit. Further, any intervention
should be minimally toxic since long-term treatment will likely be necessary. Advances in
brain imaging technologies offer much hope for early diagnosis of AD, but incomplete
understanding of AD etiology and pathogenesis has hindered development of effective
therapies. An explanatory model of AD etiology and pathogenesis should reconcile risk factors
identified from epidemiological studies, the histopathological changes characteristic of AD,
and age-related onset and the inexorable progression of the disease. A ferrocentric model of
AD development (Fig. 1) aims to achieve this goal.

Multiple studies associate disturbances in metal ion homeostasis with AD and suggest a
pathogenic role [2]. Iron is the most abundant redox active metal in humans. Dietary iron is
actively absorbed but minimally excreted [3], and there is mounting evidence that body iron
stores present in free-living apparently healthy adults, rise with age reaching toxic levels [4-
10]. Sullivan [6] raised two important questions in relation to iron and heart disease: first, are
body iron stores excessive, even if they fall within clinically “normal” limits? Second, is stored
iron safe? We believe these questions are relevant to AD whose risk increases with age [11].

Body iron stores increase with age and precede development of AD

Body iron stores increase with age in both men and women. Serum ferritin, which is a useful
marker of body iron stores [12], increases sharply between the teenage years and age 40 in men
[4,7]. A comparable increase in serum ferritin occurs in women after menopause, between 40—
49 and 60-69 years of age. Sullivan recognized that the risk of heart disease in men and women
paralleled the increases in body iron stores. He formulated the iron hypothesis of coronary
artery disease, which suggests that pre-menopausal women are protected from atherosclerosis
and atherosclerotic events because of low body iron stores until menopause after which body
iron stores rise [4-6]. Iron is implicated in the pathogenesis of atherosclerosis, which begins
relatively early in life and involves oxidation of low-density lipoprotein by incompletely
understood mechanisms [9]. Significantly, the relationship between increased body iron stores
and risk of heart disease is observed in men under 50 [13]. AD is a disease of aging; its incidence
rises dramatically after 60 years of age [11]. However, changes in brain metabolism can precede
disease-associated cognitive decline by decades [14]. Thus, it is likely that an age-associated
increase in body iron stores will precede or overlap the early cerebral metabolic changes that
presage AD in the majority of elderly individuals eventually diagnosed with this disease.

Cardiovascular disease and diabetes are associated with increased body iron
stores and AD risk

AD shares common risk factors with vascular dementia including aging, atherosclerosis,
stroke, and type 2 diabetes mellitus (T2DM) [15-18]. Vasculopathy, cerebral hypoperfusion,
and tissue hypoxia biologically link these risk factors, and are implicated in the etiology of AD
[19,20]. Moreover, these common risk factors for AD are associated with increased body iron
stores. Thus, atherosclerosis is associated with increased risk for AD [18,21], and age-
associated increase in stored iron is associated with atherosclerosis and vascular disease
(discussed in [9]). Stroke increases risk for AD [18], and increased stored iron is associated
with poor outcome in stroke [22], possibly due to iron-dependent hypoxia-reperfusion injury.
T2DM increases risk for AD and for mild cognitive impairment (MCI), the transitional stage
between normal cognition and AD [1,23], and increased stored iron is associated with risk for
T2DM [24-27]. T2DM is a complex metabolic disease-associated with obesity, insulin
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resistance, hypo- and hyperglycemia, atherosclerosis and microvascular disease, and cognitive
dysfunction [1]. Insulin resistance syndrome (IRS) (metabolic syndrome) could be an
important link between T2DM and risk for AD [1,28]. IRS is a cluster of medical conditions
that includes chronically elevated levels of insulin, reduced insulin activity, hyperlipidemia,
and cardiovascular effects such as hypertension and atherosclerotic heart disease [29], and the
incidence of IRS in both men and women is associated with increased body iron stores [30].
Genetic influences could also be an important link between increased stored iron and AD.
Hereditary hemochromatosis (HH) is an autosomal recessive disorder resulting from mutation
of the HFE gene. In HH, iron absorption from the gut is increased and iron overload in body
tissues can lead to heart disease and diabetes and organ failure [31]. The most common HFE
gene variants are C282Y and H63D; the H63D variant, in particular, has been associated with
increased risk for AD in several studies [32].2

An important question is whether the association between age-related increase in stored iron
and the development of diseases that may increase risk for AD is merely coincidental. In other
words, is there evidence of molecular biological links between iron excess and abnormal lipid/
insulin metabolism that could be important in development of AD? While a definitive answer
is unavailable, experimental evidence suggests more than coincidence may be involved.
Cholesterol, a key molecule in AD pathogenesis [33], may provide an example of an important
interaction between iron and lipid metabolism. Hypercholesterolemia is a risk factor for both
cardiovascular disease and AD [18]. The potential importance of excess iron in the
development of atherosclerosis is suggested by inhibition of atherosclerotic lesion formation
in cholesterol-fed rabbits by the iron chelator desferrioxamine [34]. In addition, experimental
hypercholesterolemia in rabbits increased cerebral deposition of AB and iron, which
preferentially accumulated around amyloid plaques [35]. Interestingly, DNA microarray
analysis performed on primary human vascular smooth muscle cells from umbilical vein
revealed that cholesterol synthesis genes were upregulated by iron supplementation [36]. While
vascular smooth muscle cells are not neurons, this study is important because it suggests a
mechanism by which increased brain iron could lead to increased neuronal cholesterol and in
turn to increased AP [33]. Age-related iron increase could also contribute to abnormalities in
glucose and insulin metabolism [37]. Iron-induced oxidative stress could inactivate insulin-
degrading enzyme (IDE) [38] and contribute to increased levels of AB [39].

Are levels of stored iron excessive?

Studies demonstrating positive clinical benefits of phlebotomy for varied conditions, including
those associated with risk for AD, suggest that the answer to this question is affirmative.
Phlebotomy is an efficient means for reducing body iron stores. Frequent blood donation was
associated with reduced risk for cardiovascular events [40,41]. The iron (Fe) and
atherosclerosis study (FeAST) found evidence that iron reduction improved outcomes for
patients with symptomatic but stable peripheral vascular disease if intervention began before
age 60 [primary endpoint - all cause mortality; secondary endpoint - death plus nonfatal
myocardial infarction and stroke] [9]. Flow-mediated dilation of the brachial artery, a
noninvasive biomarker of vascular function, was enhanced in frequent blood donors (mean
serum ferritin = 17 ng/ml), compared to infrequent blood donors (mean serum ferritin = 52 ng/
ml) [42,43]. In addition, serum biomarkers of oxidative stress that are associated with
development of atherosclerosis, were reduced [42]. The cause of improved vascular function
in this study appeared to be increased responsiveness to endothelial-released nitric oxide, a
regulator of flow-mediated dilation of the brachial artery. This observation could be
particularly relevant for AD because chronic cerebral hypoperfusion and hypoxia, caused by

2Inconsistent attempts to find linkage between Alzheimer’s disease and individual genes may reflect, as suggested by Connor and Lee’s
review [32], numerous environmental and genetic factors affecting a complex disease.
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perturbation of the balance between endothelial-derived vasoconstrictor and vasodilator
substances, may be a significant factor in the etiology of AD [18-20,44,45]. Significantly,
blood donation reduced insulin resistance in patients with hyperferritinemia and nonalcoholic
fatty liver disease, the hepatic expression of insulin resistance syndrome [46] In addition,
impaired vascular endothelial function in HH correlated with increased body iron stores
(increased serum ferritin and transferrin saturation), and phlebotomy was reported to improve
vascular function [47,48].

Is stored iron safe?

Sullivan [6] raised a second question in relation to iron and heart disease — Is stored iron
safe? This question is important for AD because disturbances in iron homeostasis contribute
to AD pathophysiology. Thus, oxidative stress/free radical damage is increased in brain in AD
and mild cognitive impairment [49,50], and development of oxidative stress may be a critical
early event in AD pathogenesis [51]. As was noted earlier, iron is the most abundant redox
active metal in humans and iron could become more available in AD brain. Thus, blood-brain
barrier dysfunction caused by AD-associated risk factors such as hypercholesterolemia could
increase cerebrovascular permeability to circulating iron [52]. In addition, microhemorrhages
are prominent in aging brain and implicated in AD progression [53,54]; heme oxygenase-
mediated degradation of blood-derived heme releases iron that could be a source of oxidative
stress and mitochondrial dysfunction in CNS [55]. Anomalies in iron regulatory proteins have
been reported in AD brain [56,57]. Iron uptake in neurons could be increased in AD brain
because a more stable IRE/IRP1 complex observed by Pinero and coworkers [57] is predicted
to increase the stability of transferrin receptor mMRNA. Intracellular iron storage in ferritin could
be impaired in AD brain [57-60]. Consistent with the possibility that stored iron is unsafe, in
vitro ferritin iron release assays suggest that elevated levels of molecules such as superoxide
anion and nitric oxide in AD could release iron from ferritin in vivo [61] but the importance of
this iron release mechanism in vivo is uncertain. If iron storage in ferritin is impaired in AD,
ferroportin-mediated cellular iron efflux, which is briefly discussed below, could become an
important mechanism for iron detoxification.

Ferroportin-1 (Fpnl, SLC11A3, IREG-1, MTP1) is a transmembrane iron exporting protein
[3]. Dietary iron is absorbed through the apical surface of enterocytes that line the intestinal
villi. Fpnl mediates transport of ferrous iron through the basolateral membrane of the
enterocyte. Fpnl is widely distributed in the CNS where it was localized in most cell types,
albeit with some inconsistency [62-65]. Its localization in neuronal perikarya, axons, dendrites
and synaptic vesicles [63] is important because it suggests iron efflux is a potentially important
mechanism for managing neuronal iron excess. In enterocytes, efficient cellular iron export by
Fpnl requires the copper-dependent ferroxidase, hephaestin, which oxidizes ferrous iron to
ferric iron enabling iron binding by transferrin in interstitial fluid [3]. In the CNS, two
ferroxidases, hephaestin and ceruloplasmin, may cooperate with Fpnl in exporting iron to
maintain optimal intracellular iron levels. The potential importance of neuronal iron export by
Fpnlisunderscored by the observation that retinal iron overload and retinal degeneration occur
in mice deficient in both ceruloplasmin and hephaestin, in spite of increased ferritin [66,67].
Ceruloplasmin levels in brain may be altered in AD [68,69] and it is noteworthy that increased
redox active iron was present in basal ganglia obtained at autopsy from two individuals with
aceruloplasminemia, an autosomal recessive disorder characterized by defective or absent
ceruloplasmin function [70]. Additional studies will be needed to establish the significance of
neuronal iron export by Fpn1l as an iron detoxifying mechanism in brain. The answer could be
important for AD. Microtubule modification and dysfunctional axonal transport are early
developments in AD [71,72]. Impaired distribution of Fpnl and accessory proteins to
appropriate membrane sites in cells could contribute to disturbances in iron homeostasis and
oxidative stress.
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Impaired iron management increases redox active iron in AD

Impaired physiological iron management could help to explain accumulation of hemosiderin
and biogenic magnetite in AD brain [73], and redox active iron associated with senile plaques
and neurofibrillary tangles, the pathological hallmarks of AD [74]. Possibly the most
significant consequence of iron excess is expansion of the labile iron pool (LIP). The LIP is a
small fraction of total cellular iron. It consists of Fe*2 and Fe*3 ions that are loosely bound to
avariety of organic anions and macromolecules and in dynamic equilibrium with transport and
stored forms of cellular iron [75,76]. Labile iron (so called free or redox active iron) is
predominantly cytosolic but is also present in other subcellular compartments including the
nucleus. Traditionally viewed as an “intracellular iron transit pool”, the LIP is a source of
readily available iron to meet physiological needs. It is also a source of redox active iron capable
of catalyzing formation of reactive oxygen species. The size of the LIP is subject to change
depending on physiological conditions. Short-term low-level expansion of the LIP consistent
with normal physiological functions may result in manageably increased production of reactive
oxygen species. However, prolonged expansion of the LIP could be a cause of oxidative stress/
free radical damage, a critical early neuronal change in AD [51]. Does the LIP expand in AD?
This is unknown and direct measurement of the LIP in vivo presents formidable technical
problems. Nevertheless, indirect evidence supports this possibility. Redox active iron is
increased in vulnerable neurons in AD brain and associates with nucleic acid [77,78]. This
would explain conspicuous oxidative damage to DNA [79] and RNA [80]. The potential
importance of iron-mediated oxidative stress/free radical damage in the development and
progression of AD is underscored by efforts to develop iron chelators as therapeutic agents for
AD [81,82]. In the sections to follow, we suggest that calibrated phlebotomy could also be a
useful therapeutic option to reduce iron in AD.

A ferrocentric model of AD pathogenesis

We propose that an age-associated increase in body iron stores, which is potentially modifiable
by diet and genetics, could be at the apex of a pathophysiological cascade that increases risk
for AD and promotes disease progression (Fig. 1). A key idea is that increased body iron stores
could increase risk for AD, even if they fall within the clinically “normal” range (see [12]).
The model shown in Fig. 1 suggests how physiological iron excess could be a common cause
for major pathological features of AD - oxidative stress and free radical damage to cell
macromolecules, expression of cell cycle proteins in post-mitotic neurons, Ap accumulation,
and aberrant tau protein metabolism.

The model is consistent with important hypotheses regarding AD pathogenesis:

+  The “two-hit” hypothesis of AD causation that proposes development of oxidative
stress/free radical damage and cell cycle abnormalities in vulnerable neurons, can act
independently to initiate AD [51].

+  The two-hit hypothesis that development of cell cycle abnormalities in neurons and
a second hit, perhaps inflammation or hypoxia, are critical for development of AD
[83].

+  The amyloid cascade hypothesis that proposes accumulation of toxic forms of AB is
the cause of neuronal dysfunction and cell loss in AD.

»  The tau hypothesis that proposes development of neurofibrillary tangles consisting
primarily of hyperphosphorylated forms of microtubule-associated protein tau causes
neuronal dysfunction and cell loss in AD.

Med Hypotheses. Author manuscript; available in PMC 2009 August 26.
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«  The model also recognizes that Ap accumulation and altered tau could possibly be a
protective cellular response (albeit ineffective in the long-term) to cell stress in AD
[84].

Implication for AD therapy

The ferrocentric model shown in Fig. 1 suggests a testable hypothesis on the causation and
progression of AD: reducing body iron stores will improve vascular function, slow or possibly
prevent neurodegenerative change, and improve cognitive and behavioral functions in
individuals with AD. If begun early, iron reduction could prevent or delay disease onset in at-
risk individuals. The hypothesis is readily testable. Phlebotomy and common sense measures
such as limiting dietary intake of iron, is a safe and effective way to reduce body iron stores
[8,9]. A single donation of 500 ml of whole blood removes 200-250 mg of iron and reduces
serum ferritin levels by about 50 ng/ml in healthy men [42]. Graded phlebotomy as used in the
FeAST study predictably reduced body iron stores to levels of serum ferritin approximating
25 ng/ml, which is typical of premenopausal women and conditioned athletes [7]. A simple
formula is used to calculate the volume of blood to be removed to achieve this targeted nadir.
Because blood donation 2-3 times per year should be sufficient to maintain targeted levels of
serum ferritin, a high rate of compliance is expected. Iron reduction in peripheral tissues by
phlebotomy is well documented, but how might phlebotomy reduce brain iron? Recent
detection of Fpnl in brain cells suggests cellular iron export is an important iron detoxifying
mechanism [62—67]. Thus, iron exported from brain cells into extracellular fluid enters
cerebrospinal fluid (CSF), which is continuous with the extracellular fluid, and returns to the
blood stream when CSF is reabsorbed [87,88]. However, MRI measurement of brain iron stores
(ferritin/hemosiderin) [85,86] may be desirable in initial studies because the rate of reduction
of brain iron stores may lag the reduction of body iron stores. There is evidence for optimism
with this experimental approach. Treatment with the iron chelator desferrioxamine (125 mg
intramuscularly twice daily, 5 days per week for 24 months), slowed the rate of decline of daily
living skills in AD patients [89]. In addition, intravenous infusion of desferrioxamine (500 mg
twice a week for 10 months) reduced serum ferritin, decreased brain iron (by MRI), and
improved clinical status of a patient with aceruloplasminemia [90]. Phlebotomy could be useful
as an adjunct therapy. It could improve the efficacy of novel metal iron chelators, minimize
potential toxicities associated with their use, and supplement other types of treatment such as
those designed to reduce AB accumulation. Finally, testing the ferrocentric hypothesis could
provide valuable mechanistic insight into competing theories of the etiology and
pathophysiology of AD.

Abbreviations

AB, amyloid-B; AD, Alzheimer’s disease; Fpn1, ferroportin; HH, hereditary hemochromatosis;
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Fig. 1.

The pervasive and modifiable role of iron on the development of AD. The most widely accepted
theories of AD causation implicate four significant changes: (1) AB accumulation, (2) tau
hyperphosphorylation and development of neurofibrillary pathology, (3) oxidative stress and
free radical damage in vulnerable neurons, and (4) expression of cell cycle proteins in post-
mitotic neurons. Age-related increase in stored iron is at the apex of a pathophysiological
cascade that could promote these critical changes by increasing the risk for diabetes and
cardiovascular disease, two common medical conditions associated with increased risk for AD,
and by expanding the pool of redox active iron (LIP) in brain cells. Insulin resistance syndrome
and T2DM could increase AP} accumulation because hyperinsulinemia modifies Ap
metabolism and glycation reactions alter Ap aggregation [1,28]. Cardiovascular disease
causing cerebral hypoperfusion and tissue hypoxia could be a cause of mitochondrial damage
and dysfunction that results in increased generation of reactive oxygen species including
hydrogen peroxide [45,50]. Increased redox active iron due to increased iron availability and
impaired iron storage/detoxification could exacerbate Fenton reaction-mediated oxidative
stress and free radical damage to essential cell components. Moreover, mitochondria are both
a source of reactive oxygen species and a target of reactive oxygen-mediated oxidative stress,
so a vicious circle could develop leading to increased mitochondrial damage and dysfunction.
Iron-mediated oxidative stress, perhaps in association with cell signaling disturbances, could
promote increased phosphorylation of microtubule-associated protein tau and expression of
cell cycle proteins in post-mitotic neurons [91-94]. The figure also depicts a novel pathway
by which iron could potentially regulate AB accumulation. Expression of furin, a subtilisin-
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like proprotein convertase that stimulates a-secretase activity, is decreased in AD brain, and
brain from Tg2576 AD-transgenic mice [95]. Silvestri and Camaschella [96] proposed that
iron-mediated decrease of furin protein and a-secretase activity in AD brain, and iron-mediated
increase in APP expression [97], could favor the accumulation of Af. The figure does not
presume to be an exhaustive review of how AD-related pathology develops, and indeed, does
not depict other potentially important developments such as neuroinflammation. Our intent is
to highlight potential linkage between increased body iron stores and some potentially
important pathophysiological changes in AD that would possibly respond to iron reduction by
calibrated phlebotomy.
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