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Review

Does ionizing radiation influence Alzheimer’s disease risk?
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Alzheimer’s disease (AD) is a human neurodegenerative disease, and its global prevalence is predicted to
increase dramatically in the following decades. There is mounting evidence describing the effects of ioniz-
ing radiation (IR) on the brain, suggesting that exposure to IR might ultimately favor the development of
AD. Therefore better understanding the possible connections between exposure to IR and AD pathogenesis
is of utmost importance. In this review, recent developments in the research on the biological and cognitive
effects of IR in the brain will be explored. Because AD is largely an age-related pathology, the effects of IR

on ageing will be investigated.
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INTRODUCTION

Alzheimer’s disease (AD) is the leading cause of dementia
among the elderly and the fourth leading cause of death [1],
with as many as 24 million affected people worldwide [2].
In the USA alone, it is estimated that 4.5 million people
have AD [3], most of them older than 65 years old, with a
prevalence of up to one-third of those aged more than 85
years [4]. Knowing that the global prevalence of AD is pre-
dicted to double every 20 years and reach 80 million by
2040 [2], it is absolutely crucial to better understand the
various contributing factors and the molecular pathogenesis
as part of an AD prevention strategy. Significant evidence
suggests that exposure to ionizing radiation (IR) can lead to
the development of AD. Although radiation therapy is an
important tool in the treatment of primary [5] and metastatic
[6] brain tumors, it is also responsible for various adverse
neurological effects, such as cognitive dysfunction or de-
mentia, which might occur in >20% of brain tumor patients
aged 50 years or over and treated by radiotherapy [7, 8].
Recent work suggests that even relatively low dose expo-
sures (such as those resulting from computed tomography
(CT) scans) could trigger mechanisms associated with cog-
nitive dysfunctions seen in normal aging and AD [9].
However, little is known regarding the molecular mechan-
isms involved in radiation-induced dementia. Therefore

understanding the biological effects of IR at low and high
doses is emerging as a major neurological health concern.

ALZHEIMER’S DISEASE PATHOGENESIS AND
GENETICS

AD is a progressive irreversible neurodegenerative disease,
which accounts for 50-80% of all dementia cases [10-12].
The initiation of AD pathogenesis might start 10 years or
more before the apparition of the first clinical symptoms [13].

AD is characterized by the accumulation of neuritic
plaques and neurofibrillary tangles (NFT). The main com-
ponent of the plaques is amyloid-beta (AB), a 4.5-kDa
peptide resulting from the cleavage of amyloid precursor
protein (APP). Ample evidence suggests that the accumula-
tion of AP in the brain of AD patients, resulting from
increased production or reduced clearance, is associated
with inflammation [14], oxidative stress [15, 16], NFT for-
mation [17], neuronal loss [18] and ultimately results in
AD-related cognitive impairment [19].

The hypothesis that reactive oxygen species (ROS) for-
mation resulted in neurodegeneration and plaque formation
was formulated more than 20 years ago [20].The correlation
between ROS levels and degenerative diseases is now well
established [21]. Brain cells of AD patients exhibit chronic
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oxidative stress affecting not only the proteins of NFT and
senile plaques, but also the cytoplasm of neuronal popula-
tions vulnerable to death during AD [22]. Elevated ROS
levels result in damage to DNA, RNA, proteins and lipids
[23]. Accumulating evidence suggests that oxidative RNA
damage is a characteristic of vulnerable neurons at early
stages of AD [24]; in a recent report, it was shown that
neuronal RNA oxidation was higher in individuals showing
mild cognitive impairment than in age-matched control
individuals [25]. Increased levels of malondialdehyde
(MDA), a ketoaldehyde produced by peroxidative decom-
position of unsaturated lipids, were observed in the brains
of AD patients [26]. In support for the major role of oxida-
tive stress in AD, the administration of anti-oxidant vita-
mins and products reduced AD incidence in patients [27].

A number of studies pinpoint mitochondrial dysfunction
as a leading cause of oxidative stress in AD [28-30]. In
earlier stages of AD pathogenesis, oxidative stress might
result in AB deposition in order to shield neurons from oxi-
dative damage [31]. Subsequently, accumulated AB causes
Ca”*-dependent oxidative stress by stimulating NADPH
oxidase in astrocytes, leading to depleted glutathione
(GSH) levels in astrocytes and nearby neurons, which
might be sufficient to cause neuronal death [32]. AB accu-
mulation leads to increased ROS levels, which target mito-
chondrial enzymes such as o-ketoglutarate dehydrogenase
and aconitase, resulting in impaired mitochondrial function
and ultimately further increases in ROS levels [1].
Decreased cytochrome c oxidase (COX) activity was
observed in the brains of patients with AD [33] and was
associated with deficits in cognitive abilities [34].

Recent genome-wide association studies (GWAS) have
associated several genetic factors (ABCA7, APOE, BINI,
CD2AP, CD33, CLU, CRI, MS4A4E, MS4A6A and
PICALM) with increased risk for late-onset sporadic AD [2,
35-38]. The only firmly established genetic variant for AD
is the 4 allele of the Apoliprotein E gene (APOE-4) on
chromosome 19 [35]. Individuals with two copies of the
APOE-4 allele have a 50-90% probability of developing
AD by the age of 85, and those with one copy are still
three times more likely to develop AD than individuals
expressing other variants [39]. Recently, molecular pathway
analyses on several GWAS datasets suggest that immune re-
sponse and sterol and lipid metabolism could be associated
with the etiology of AD [40].

EFFECTS OF IONIZING RADIATION ON THE
BRAIN

Physiological and cognitive effects

The brain is generally considered to be relatively resistant
to IR because neurons are resistant to radiation-induced cell
killing [41]. However, a number of studies have described
the existence of various physiological and cognitive effects

of IR at various doses [41, 42]. While macroscopic changes
(radiation myelopathy) are easily observable only after
high dose medical exposures (above 60 Gy in conventional
fractionation) [43], lower doses can nonetheless lead to
cognitive dysfunction without inducing significant morpho-
logical change [43].

Such cognitive changes are often manifested as deficits
in hippocampal-dependent functions of learning, memory
and spatial information processing [44—46]. Some reports
have suggested that cognitive dysfunction, including de-
mentia, can be observed in 20-50% of long-term brain
tumor survivors older than 50 years treated by radiotherapy
[7, 8, 47]. CT and magnetic resonance imaging (MRI) data
have shown evidence of progressive brain atrophy [48] or
global damage of the cerebral white matter [7]. The neuro-
logical deficits of high-dose radiation are progressively det-
rimental over time and are thought to be due to
demyelination and neural loss with associated neural and
cognitive deficiencies. Some of these cognitive defects
have been observed as a consequence of impaired neuro-
genesis after exposure to IR [49].

Actively dividing cells are known to be more sensitive to
IR than cells having completed division or differentiated
cells that seldom undergo division. Radiation effects in the
central nervous system (CNS) are more pronounced in chil-
dren than in adults; IR-induced cognitive effects include
learning disabilities and are more pronounced in children
younger than 4-7 years old [42]. Mental retardation result-
ing from prenatal irradiation in Hiroshima and Nagasaki is
also well documented and the critical time of exposure is
between the 8th and the 15th week of gestation, coinciding
with a window of neuronal cell migration in the developing
brain [50].

Ionizing radiation induces vascular abnormalities, de-
myelination and alterations in the microenvironment of the
brain, shifting the proliferative response of progenitors from
neurogenesis to gliogenesis [51]. Twenty-one-day-old mice
exposed to 2—10 Gy X-rays exhibited persistent changes in
neurogenesis, which were associated with spatial memory
retention deficits at 3 months post treatment [52]. A single
dose of 1-15 Gy to the heads of adult mice or rats perman-
ently abolished adult neurogenesis in the dentate gyrus
without incapacitating the animals [53]. In contrast, a
recent study using a single dose of 4 Gy to young adult
mice found a reversible effect on proliferation and neuro-
genesis in the dentate gyrus [54]. Ischemic brain injury
increases neurogenesis in rodent brains [55, 56]. Newborn
neurons can become functionally integrated into the dentate
gyrus [57]. Importantly, newly generated neurons may play
a significant role in synaptic plasticity, and a reduction in
the number of these cells or the inhibition of neurogenesis
impairs spatial learning and causes cognitive deficiencies
[52, 58, 59]. It was recently shown that 8 Gy irradiation of
10-day-old mice resulted in decreased hippocampal
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neurogenesis and subsequently increased the susceptibility
of the adult brain to hypoxia-ischemia [60].

Other IR effects on the CNS include acute disruption of
the blood-brain barrier (BBB), resulting from radiation-
induced apoptosis of microvascular endothelial cells, as
observed in mice and rats exposed to 50-Gy X-rays [61]. In
rats irradiated with 5-200 Gy X-rays, 15% of the endothe-
lial cells in the brain were lost within 24 h of irradiation
[62]. Using acid sphingomyelinase (ASMase) knockout
mice, several studies have shown that IR-induced endothe-
lial apoptosis is mediated by the ASMase pathway [61, 63].

Cerebral microvascular pathology precedes and accom-
panies age-related cognitive dysfunction and neurodegen-
eration [64]. Acute vascular changes within 24 h after
irradiation include increased vascular endothelial cell swel-
ling, vascular permeability and edema, lymphocyte adhe-
sion and infiltration and apoptosis. Late vascular effects
occur weeks to months after irradiation, and include capil-
lary collapse, thickening of basement membrane, scarring
and fibrosis, teleangiectasis and loss of clonogenic capacity
[63].

Molecular effects

ATM- and p53-dependent radiation-induced apoptosis was
observed in several parts of the brain [65], relying on
BAX-mediated activation of caspase 3 [66]. IR also induced
increased expression of pro-inflammatory cytokines, such as
Tumor necrosis factor-o. (TNF-o) and Interferon-y (IFN-y)
[41, 67, 68], or adhesion molecules like E-selectin and
Intercellular Adhesion Molecule 1 (ICAM-1) [69].

There is no shortage of studies describing gene modula-
tions resulting from exposure to IR at various doses in a
number of experimental models [70-73], including in the
brain [9, 49, 74]. A recent study has shown that exposure
to low doses of IR trigger gene modulations that are differ-
ent from those triggered by high doses and involve genes
associated with damage response functions (such as those
controlled by Trp53 and Myc) and brain-specific functions,
such as memory, learning and cognition [9]. Overall, early
IR-induced changes involved signal transduction mechan-
isms, ion regulation and synaptic signaling; late changes
involved metabolic functions, including myelin and protein
synthesis [74]. Low dose IR also modulated the expression
of genes involved in stress response, cell cycle control and
DNA synthesis/repair [74].

RADIATION AND AGEING

The relationship between IR and ageing has been thorough-
ly investigated for several decades [75]. IR has been asso-
ciated with various age-related effects, such as
cardiovascular diseases [76, 77], cataracts [78], osteoporosis
[79], digestive and respiratory diseases [77]. Exposure to
IR shortened the life span of radiologists, radium dial

painters, Thorotrast patients and atomic bomb survivors
[80, 81]. IR-induced oxidative damage is acknowledged to
contribute to ageing in the brain and other organs [82].
Indeed, elevated ROS levels and oxidative DNA damage
(such as 8-hydroxydeoxyguanosine-8-0xo-dG) were asso-
ciated with decreased levels of glutathione peroxidase Cu/
Zn superoxide dismutase (SOD), catalase (in the cytosol
and cell nucleus) and the manganese form of SOD
(Mn-SOD, in mitochondria) in ageing human skin fibro-
blasts [83]. There has been mounting evidence that antioxi-
dant activity declines with age, resulting in elevated
oxidative damage to lipids, proteins and DNA [84-86].

During the past 20 years, a number of studies have
shown that the progressive loss of telomeres plays a major
part in the aging process of somatic cells [8§7-89], by ultim-
ately triggering DNA damage signals [90, 91] and senes-
cence. It was noticed that the G-rich nature of telomeric
DNA makes it sensitive to oxidative damage [92]. In
human cells, IR induced c-Abl-dependent phosphorylation
of the telomerase protein (hTERT), which resulted in the
inhibition of hTERT activity and a decrease in telomere
length [93]. Irradiated mouse fetuses with forelimb defects
exhibited shortened telomeres [94].

IS IONIZING RADIATION A RISK FACTOR FOR
AD?

Altogether, the above-mentioned available data indicate that
low and high doses of IR trigger molecular mechanisms
that could ultimately result in cognitive dysfunction, sug-
gesting that IR might be a risk factor for the induction of
AD.

The question of whether AD onset or prevalence might
be influenced by IR is of particular interest in the context
of low dose medical irradiations or for space research
studies.

The Linear Non-Threshold (LNT) model is currently
applied to estimate the health risks from low doses of IR
[95] but there is strong controversy as to whether biological
effects of radiation are really linear with dose or whether
there is a threshold below which no biological effect could
be observed. Slight AD risk resulting from non-IR exposure
(such as extremely low frequency electromagnetic fields —
ELF-EMF) has been described [96]. Non-cancer risks
resulting from low dose IR exposures have been observed,
for example in Japanese atomic bomb survivors [97], but
these included no significant increase in AD prevalence or
mortality [77, 98]. To date, there is no epidemiological data
linking low dose IR exposure with increased AD.
Large-scale population studies are urgently needed to
measure the risks resulting from IR exposure in terms of
AD induction.

In agreement with the idea that low-dose IR is a potential
risk factor for AD, Lowe et al. have shown that the global



818 N. Begum et al.

gene modulations in the brain of irradiated mice were
similar to those observed in aged individuals or in AD
patients [9]. Gamma-irradiation of B6C3F1 mice triggered
the expression of the troponin T1 gene (TNNTI), an early
biomarker of CNS stress [49].

Long-term exposure to radiation represents a significant
risk factor during space travel missions. Astronauts are
exposed to high-LET radiation from galactic cosmic rays
with potential deleterious consequences for the CNS. A
certain amount of interest has been given to the potential
risks (including AD risks) associated with space travel. A
recent report has shown that exposure to high energy *°Fe”*
iron nuclei accelerated age-related neurological dysfunction
in APP23 transgenic mice overexpressing human APP [99].
Knowing that AD was often described as a process similar
to accelerated ageing [100], the authors concluded that ex-
posure to cosmic high-energy particles might accelerate
AD-related neurological deficits.

Further studying the effects of IR on ageing could
provide new evidence linking IR and AD. IR, ageing and
AD are all associated with elevated oxidative damage
levels [15, 26, 82-84]. Telomere shortening is one of the
ageing-related mechanisms potentially involved in AD, as
it might cause the accumulation of DNA damage and sensi-
tize neurons to oxidative stress [101]. Furthermore, it has
been shown that oxidative stress can itself trigger telomere
shortening [102]. Telomere shortening was accelerated in
lymphocytes of AD patients [103—105], but it was not
observed in neurons [105]. The presence of shorter telo-
meres was associated with increased mortality in indivi-
duals carrying the APOE-4 allele or with AD [104]. In the
human brain, neurogenesis occurs in the dentate gyrus, and
it has been suggested that the combination of telomere
shortening and decreased neurogenesis might predispose to
AD [106]. A recent investigation however showed that telo-
mere shortening slowed down the progression of amyloid
plaques in APP transgenic mice [107].

Epidemiological studies have identified risk factors for
AD, such as hypertension, hypercholesterolemia, diabetes
and air pollution [108-111]. Interestingly, cardiovascular
diseases are also among documented aging-related non-
cancer effects of IR [76, 77], as mentioned above.
Exposure to air pollution can lead to chronic oxidative
stress through the production of inflammatory cytokines
[112], accelerated amyloid-f accumulation and AD-like
brain pathology [113]. Furthermore, there is increasing evi-
dence that oxidative stress (resulting for example from IR
exposure) is strongly involved in the pathogenesis of dia-
betes through the inhibition of insulin expression and
increased apoptosis [114]. These data bring additional
weight to the idea that AD and IR effects are somehow
linked.

Finally, developing discoveries of the genetic factors
associated with AD [115] might bring some understanding

of the possible connections between IR and AD. For
example, it has been shown by GWAS that a variant for the
locus containing the clusterin gene (CLU, or apolipoprotein
J; APQJ) is associated with susceptibility for late-onset AD
[38]. Clusterin gene expression is responsive to various
stress-inducing agents, including IR [116] and oxidative
stress [117]; it has been involved in ageing and various
ageing-related pathological conditions like atherosclerosis,
kidney degenerative diseases and neurodegenerative dis-
eases (AD, Scrapie, Pick’s disease) [118, 119]. Membrane-
spanning-4-domains, subfamily A, member 6A (MS4A6A)
is another locus associated with AD by GWAS [36].
MS4A6A expression was modulated in human lymphocytes
exposed to o particles [40], but additional data are needed
to determine the relevance of MS4A6A in the CNS and
after other medically relevant sources of IR.

Future investigations will probably identify new genetic
factors and rare variants (occurring in less than 1% of the
population) for AD and ageing, which might in combin-
ation with IR influence AD risk in sensitive subgroups of
the population.

Recent advances in neuroimaging and other bioassays
bring new opportunities to detect AD at an early preclinical
stage. For example, high position emission tomography
(PET) amyloid tracer retention and low levels of amyloid-$
levels in the cerebrospinal fluid (CSF) might constitute
markers of the first stage of preclinical AD (or asymptomat-
ic cerebral amyloidosis) [120]. In the future, a proactive
AD prevention strategy might include early screening of
individuals at risk of developing AD based on risk and
genetic factors as well as irradiation history.

CONCLUSION

In the absence of conclusive epidemiological or molecular
data proving unequivocally that exposure to IR increases
the risk of developing AD, the precise relationship between
IR and AD pathogenesis cannot be drawn. However, given
the strong association between AD and ageing, and in light
of the studies describing the general effects of IR on
ageing, there is consistent evidence that IR might trigger
mechanisms that could ultimately favor AD. Elevated oxi-
dative damage has been seen both in the context of normal
ageing and during AD pathogenesis, and it can be triggered
by IR exposure. There are strong arguments for a major
involvement of oxidative stress in AD pathogenesis, sug-
gesting that agents modulating oxidative stress (such as IR)
might directly influence the development of AD.
Additional investigations about IR-induced aging might
give us new clues concerning the possible effects in terms
of AD, in particular in conjunction with other AD risk
factors. Finally, a better understanding of the possible inter-
actions between AD genetic factors (such as APOE-4 or
CLU) and IR is necessary.
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