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Nutrients in Alzheimer’s Disease: The
Interaction of Diet, Drugs and Disease

S. Imindu Liyanage, Prachi Vilekar, Donald F. Weaver

ABSTRACT: Inrecent decades, clinical trials in Alzheimer’s disease (AD) have failed at an unprecedented rate. The etiology of AD has
since come under renewed scrutiny, both to elucidate the underlying pathologies and to identify novel therapeutic strategies. Here, diet has
emerged as a potential causative/protective agent. A variety of nutrients, including lipids, minerals, vitamins, antioxidants and sugars as
well as broader dietary patterns and microbiotal interactions have demonstrated associations with AD. Although clinical trials have yet to
definitively implicate any singular dietary element as therapeutic or causative, it is apparent that dietary preferences, likely in complex
synergies, may influence the risk, onset and course of AD. This review catalogs the impact of major dietary elements on AD. It further
examines an unexplored reciprocal association where AD may modulate diet, as well as how potential therapeutics may complicate these
interactions. In doing so, we observe diet may have profound effects on the outcome of a clinical trial, either as a confounder of a drug/
disease interaction or as a generally disruptive covariate. We therefore conclude that future clinical trials in AD should endeavor to control
for diet, either in study design or subsequent analyses.

RESUME: Les interactions entre I’alimentation et la prise de médicaments dans le cas de la maladie d’Alzheimer. Au cours des dernidres
décennies, les essais cliniques liés a la maladie d’ Alzheimer (MA) ont échoué a un rythme sans précédent. Depuis, 1’étiologie de cette maladie a fait 1’objet
d’un examen plus attentif a la fois pour mieux comprendre les troubles sous-jacents de la MA et pour identifier de nouvelles stratégies thérapeutiques. A cet
égard, I’alimentation est apparue au fil des années comme un agent potentiellement causal/protecteur dans le cas de la MA. On a ainsi pu démontrer qu’une
variété de nutriments, ce qui inclut des lipides, des minéraux, des vitamines, des antioxydants et des sucres, de méme que des habitudes alimentaires plus
variées et des interactions propres a la flore intestinale, pouvaient étre associées a 1’évolution de la MA. Bien que 1’on doive encore établir de fagon
définitive au moyen d’essais cliniques le role causal et thérapeutique de quelque élément nutritif que ce soit, il est clair que les choix alimentaires que I’on
fait, probablement dans le cadre de synergies complexes, pourraient avoir une influence sur le risque d’étre atteint de la MA, sur son apparition et son
évolution. Cette étude entend donc se pencher sur I’'impact des principaux éléments nutritifs en ce qui a trait a la MA. Elle examinera en outre les
associations réciproques peu abordées en vertu desquelles il est possible que la MA ait un impact sur I’alimentation ; elle cherchera aussi a savoir dans
quelle mesure d’éventuelles options thérapeutiques peuvent affecter ces interactions. Ce faisant, nous sommes d’avis que I’alimentation pourrait avoir de
profonds effets sur les résultats d’essais cliniques, que ce soit a titre d’élément perturbant les interactions entre un médicament et la maladie ou, le plus
souvent, a titre de covariable perturbatrice. En somme, nous sommes amenés a conclure que les essais cliniques du futur portant sur la MA devraient
s’efforcer de tenir compte de 1’alimentation, que ce soit dans leur méthodologie ou lors d’analyses ultérieures.

Keywords: Alzheimer’s disease, Diet, Clinical trials, Medications, Lipids, Cholesterol, Sugar, Vitamins, Minerals, Microbiota

doi:10.1017/¢jn.2018.353 Can J Neurol Sci. 2019; 46: 23-34

INTRODUCTION prevalence among Japanese migrants in the United States revealed
rates assimilative to local populations, and significantly higher
than in native Japanese.® Similar trends were discerned among
African-American and Hispanic-American populations, which
cumulatively suggest a role for environment in AD
pathogenesis.” ™

Significant changes in AD prevalence were also emerging
among static populations; of note again is Japan, which wit-
nessed a dramatic rise in prevalence from 1985 to 2010, as

Alzheimer’s disease (AD) is the most common form of
dementia,' affecting 1 in 10 North American seniors (aged
>65).>? Although the search for a disease-modifying agent has
been intense, 99.6% of compounds entering clinical trials have
failed.*> Typically, these failures are ascribed to an inadequate
understanding of the multifactorial etiology of AD; studies have
therefore urged renewed investigation of the underlying neuro-
pathologies. However, the emerging complexity and prevalence
of AD may suggest that broader systemic or environmental fac-

tors, not routinely considered in neurology, may also be relevant
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diet, were thought to be the definitive causes of AD. Although the
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etiology has since proven more complex, this environmental
hypothesis regained credence in the 1990s when studies of AD
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reported by Grant.'"® This loosely correlated with a period of
westernization, in which dietary habits underwent a transfor-
mation from traditional cuisines, rich in fish and fresh vege-
tables, to an appreciably more North-American diet, heavier in
fats and processed foods.'"'? Although purely speculative,
these loose associations revived some interest in diet as a
causative factor in AD.

At present, extensive studies have identified various mitigating
and aggravating nutrients, in addition to regional diets and meta-
bolic states, which may play a role in AD development and pro-
gression. This review first examines the major nutritional
influences on AD, as currently understood, and catalogs the
relevant lipids, carbohydrates, vitamins, minerals and broader
dietary patterns associated with AD. In addition, we observe and
report on a relatively unexplored reciprocal association, wherein
AD may alter dietary preference and nutritional intake. This
review also considers the implications of these interactions to
therapeutic agents and clinical trials. Specifically, we present an
argument that the multifaceted interactions among diet, drugs and
AD may be sufficient to confound or obscure the efficacy of a
clinical agent in a drug trial, and suggest strategies to abate such
an influence.

ALZHEIMER’S DISEASE PATHOLOGY

Alzheimer’s disease is characterized by three dominant neu-
ropathologies: oligomerization of f-amyloid (Ap), aggregation of
tau into neurofibrillary tangles and brain atrophy.' The etiology
of these pathologies remains unclear; however, it is well estab-
lished that no recognized singular dysfunction directly precedes
the deposition of plaques and tangles. Rather, a complex interlay
of proteopathic and immunopathic changes culminate in the
observed pathologies.' 4-16

Ap aggregates originate from transmembrane amyloid-
precursor proteins (APP). APP is typically associated with
essential signaling roles in cellular physiology,'” but when
cleaved by a/y-secretase or f3-site APP cleaving enzyme (BACE),
they can misfold and aggregate into toxic oligomers.'® This is
attended by an inflammatory cascade, which causes further
damage to the neural parenchyma, as well as elevate oxidative
stress.'® Within neurons, AD is characterized by the accumulation
of fibrillary tangles composed of microtubule-associated tau pro-
tein.?’ Ordinarily, tau participates in intracellular transport and
structural functions. In AD, it becomes hyper-phosphorylated and
disassociates from the microtubules. Once free, tau aggregates to
form a helical fiber, which impedes intracellular transport and
communication.”® Together, Af and tau oligomerization lead to
neuronal death and cerebral atrophy. This manifests in the dete-
rioration of memory and cognition, as well as progressive declines
of reasoning, language, and executive function. Alzheimer’s dis-
ease eventually evolves to an end-stage disease, typically resulting
in mortality 4-8 years post diagnosis.

DIET AND ALZHEIMER’S DISEASE

Early associations between diet and AD were assumed to be
ancillary to other primary disorders, like cerebrovascular disease.
However, recent data have suggested a direct role for diet in
modulating oxidative stress, inflammation, synaptic plasticity,
amyloidogenesis and neurogenesis—processes fundamental to
AD pathogenesiszz_24 and major treatment strateg,gies.zs_28 This
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has implicated diet as contributory in AD, and sparked numerous
nutrient-based therapeutic trials. In this section, we review the
interaction of major dietary elements, both protective and detri-
mental, with AD pathologies.

LipipS: CHOLESTEROL AND FATTY ACIDS

In the 1990s, a relationship between lipids and AD was sug-
gested when mutations in the cholesterol carrier apolipoprotein E
were identified as a major genetic predisposition for late-onset
Alzheimer’s.?”*° Thereafter, cholesterol was shown to have a
regulatory role on the proteolytic enzymes cleaving APP, where
elevated membrane cholesterol increases both y-secretase and
BACEI activity, ultimately upregulating Af production.’'~>
Cholesterol may also facilitate the aggregation of Af from its
monomeric form to the neurotoxic oligomer.>*** In a mechanistic
study, Kakio et al demonstrated that cholesterol elicits the binding
of Ap to cellular membranes, which can then facilitate a con-
formational change from a helical-rich Af structure to an aggre-
gation prone f-pleated sheet.>> Cholesterol may therefore seed the
oligomerization of Af via membrane binding.35

This cholesterol hypothesis, reviewed by Liu and Zhang,* has
yielded contradictory clinical outcomes. Certain statin-based
therapies,%’37 and the inhibition of cholesterol biosynthesis,38
have offered protection against Af accumulation and AD devel-
opment. However, cholesterol is known to decrease with AD
progression, and a gradual decline of serum cholesterol was
identified as a risk factor for dementia in a large, 32-year inves-
tigation.**** Studies are further suggesting vital structural and
functional roles for cholesterol in neurons.*!** Consequently, as
an independent therapeutic strategy for AD, cholesterol manage-
ment alone may prove challenging.

The role of fatty acids has garnered similar attention. These are
among the best-studied lipids, and have shared conclusive asso-
ciations to various diseases, including AD.** Moreover, following
early work by Foot et al, which demonstrated that diet can directly
alter the fat composition of the brain, fatty acid management has
long been purported to possess therapeutic potential.**

Dietary fats are classified by length, degree of saturation and
isomerism (cis or trans). Saturated fatty acids and frans-unsatu-
rated fatty acids have been associated with an adverse risk of AD.
An observational study by Morris et al discerned that diets high in
these fats could more than double the risk of AD over an average
of 4 years.44 Unlike cholesterol, a clear interaction with AD
pathologies has not been discerned. Rather, saturated and trans-
fats have been linked to altered gene expression, elevated
inflammatory signaling, disrupted metabolism, protein patholo-
gies and higher oxidative stress, all of which have been linked to
cognitive decline and behavioral changes.*>™*® Prominent asso-
ciations between these fats and traditional AD risk factors such as
cerebrovascular disease, obesity and diabetes may also mediate
the observed correlations.*° Although occasional studies have
revealed null or insignificant associations after extended follow-
up,51 the link between saturated and trans-fats with AD appears
conclusive and detrimental.

Conversely, some polyunsaturated fatty acids (PUFAs) have
revealed protective associations. Omega(w)-3 PUFAs in parti-
cular, typically obtained from fish, are associated with beneficial
outcomes in both AD and dementia.’>>* Studies have repeatedly
demonstrated that consumption of these fats (such as
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docosahexaenoic acid) are inversely associated with cognitive
decline and AD.>*"® Furthermore, an exhaustive review by Cole
et al identified 11 pleiotropic mechanisms by which @-3 fats may
confer this protection, ranging from regulating apoptosis to
diminishing local pro-inflammatory markers.” Yet, the effect is
not without contradiction, particularly among carriers of the
ApoE4 allele, as well as otherwise well-nourished subjects, where
no effect has been observed.”~® Clinical trials and meta-analyses
have also failed to demonstrate a significant benefit in AD,
although other cognitive parameters may be improved in unre-
lated cohorts.®*6*

Omega-6 PUFAs, however, derived from meat, and often more
abundant in a western diet, may be deleterious to an AD
brain.®>™%7 Specifically, the phospholipid product of w-6 fatty
acids, arachidonic acid, is implicated in upregulating inflamma-
tion and promoting Af aggregation.°®®® This claim has been
occasionally disputed, and studies have suggested that a ther-
apeutic ratio between w-6 and @-3 PUFAs may exist. Hosono et al
showed that in a 2:1 dietary ratio of arachidonic acid to doc-
osahexaenoic acid, Tg2576 mice had lower deposition of amyloid
plaques and altered APP processing;69 -6 and w-3 fats have also
been shown to preserve neural stem cells in rats.”® This suggests
PUFAs may operate under a dynamic synergy. However, without
further study it remains unclear whether combinations of these
fats are simply confounding the observation of each other’s
effects, or whether there is a genuine additive association.

Broadly, cholesterol, saturated fats, trans-fats and -6 fatty
acids are likely deleterious in the context of AD, while w-3 fatty
acids have demonstrated some potential benefits. Although in all
cases associations have been obscured by clinical inefficacy and
contradictory findings, dietary fats may alter Af dynamics,
influence neural inflammation and present numerous additional
mechanisms of interaction with AD.

CARBOHYDRATES: SUGARS AND INSULIN

High sugar and high calorie diets are well-established risk
factors for dementia and AD.”"™* Further, as contributors to
diabetes and other metabolic syndromes, which themselves are
risk factors for AD, the association between elevated sugar levels
and Alzheimer’s is strong.75*78 Paradoxically, AD-afflicted neu-
rons are typically starved of glucose with marked reductions in
glucose metabolism (up to 44%) across brain regions most asso-
ciated with AD pathology.”®™®' This pattern has become so robust
that topographic patterns of impaired glucose metabolism can
serve as an early marker of AD, and act as a criterion for staging
progression.®?

One explanation for this apparent paradox implicates glucose
transport across the blood-brain barrier (BBB). AD brains have
lower levels of the glucose transporters GLUT1 and GLUT3, and
therefore diminished shuttling of glucose across the BBB.*?
Winkler et al demonstrated this transporter-mediated glucose
starvation can aggravate AD neuropathologies, vascular degen-
eration and impair cognition.go’84 An alternative theory implicates
insulin resistance for the observed glucose dysregulation. Insulin
resistance occurs when tissues loose sensitivity to insulin signal-
ing after protracted exposure, triggered by chronically elevated
blood sugar. The breakdown of signaling prevents glucose from
entering cells, leading simultaneously to hyperglycemia, and
diminished glucose within cells. Insulin resistance has also been
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implicated in triggering inflammation, which may exacerbate AD
pathologies.®® In addition, insulin signaling is integral to neural
function, maintenance, plasticity and is increasingly associated
with cognition (in the context of diabetes) all of which have been
compromised when insulin signaling is perturbed.®>~*’ More
recently, components of insulin signaling were implicated in
regulating tau phosphorylation and tangling,** " as well as Af
synthesis and degradation.”’~** This has led to speculation as to
whether altered glucose metabolism may be causative in AD.
Evidence of glucose dysregulation preceding clinical symptoms,
as well as its high prevalence among AD cohorts provide some
support for this notion.”*

MICRONUTRIENTS: VITAMINS AND MINERALS

The rise of commercial vitamins and dietary supplements
reflects a growing appreciation of the importance of micro-
nutrients in health maintenance. The accessibility of these sup-
plements also offers a practical strategy to manage AD on a large
scale. However, in spite of exhaustive investigations, including
several well-powered clinical trials, no isolated micronutrient has
yet been definitively demonstrated as an effective therapy for
AD.% Yet, deficiencies of various vitamins and minerals have
been associated with an elevated risk of AD, cognitive impairment
and other dementias.®>%°

The B vitamin family is critical to the metabolism of most
macronutrients, including carbohydrates and lipids, and has
therefore garnered some interest in the context of AD.’® Vitamin
B, or thiamine was among the first nutrients associated with
dementia when it was conclusively linked to Wernicke’s ence-
phalopathy in long-term alcoholics.””*® Earlier studies have noted
conspicuous similarities between the symptoms of Wernicke’s
and Alzheimer’s, including shared deficiencies of thiamine-
dependent processes, cognitive decline and aberrant glucose
metabolism.”®~'°" In vitro studies have since shown that in a state
of acute thiamine insufficiency, neurons produce markers of
stress, including reactive oxygen species, and begin apoptotic
processes, implying a physiologic role for thiamine in neuronal
function.'®*'%* This has been corroborated by Zhang et al'®" and
others'® who demonstrated that thiamine deficiency promoted
p-secretase activity, Af accumulation and oxidative stress. In
clinical trials, however, thiamine supplementation has not borne
significant outcomes. An early systematic review did not identify
a single trial with significant positive associations between thia-
mine and AD.?® Koh et al also demonstrated that thiamine defi-
ciency lost its associations with dementia when subjects were
otherwise well nourished.'” This may suggest that the initial
correlations were in fact between malnourishment, in which
thiamine deficiency is often concomitant, and AD.

Other B vitamins, including pyridoxine (Bg), cobalamin
(By»), folate (By) and homocysteine, have also come under
scrutiny for potential links to AD. Homocysteine is a metabolic
precursor of the amino acids methionine and cysteine; however,
before metabolism, homocysteine is a potent neurotoxin.'%
Multiple studies have demonstrated a persistent correlation
between dietary homocysteine and AD, with physiological
levels exceeding 14 umol/L estimated to double the risk of
AD.®7107719 Eyrther, in 3xTg transgenic mice, homocysteine
was directly associated with cognitive decline, as well as pro-
moting Af and tau patholog,gies.1 10
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As an upstream metabolite, homocysteine levels do not
necessarily have to be controlled by reducing dietary intake.
Instead, increasing consumption of vitamins Bg, B, and folate
can perpetuate the conversion of homocysteine into its amino acid
products. Wang et al evidenced this by demonstrating that when
vitamin B, and folate levels were impaired, subjects exhibited a
higher risk of AD (over a 3-year follow-up).111 Yet, the associa-
tion has been repeatedly proven insignificant and current evidence
on the role of these vitamins has been deemed insufficient.''?~''*

Additional B vitamins including riboflavin (B,) and niacin/
nicotinamide (B3) have also received attention owing to their
metabolic roles in the brain.®’ Niacin, in particular, has shown
promise with high doses demonstrating some protective and even
curative capacity in mouse models.''>''® Green et al demon-
strated that specific phosphorylated species of tau were reduced
and proteins associated with microtubule stability were elevated
upon exposure to a high dose of vitamin Bs.''> This rescued
cognition in their murine model (3xTg) raising the possibility of a
curative treatment, rather than a typical arresting strategy. How-
ever, clinical trials have not demonstrated any tangible improve-
ments to cognition from vitamin Bj, particularly when given as
supplements rather than in their natural form.''”-''® The optimal
dosage of vitamins is further controversial. Studies have often
examined high doses, well in-excess of established guidelines. It
has been suggested that this may exceed a therapeutic benefit, if
any, and potentially expose patients to toxic side effects. The
excretion of supplemental vitamins may also diminish a ther-
apeutic efficacy. As such, a re-examination of the optimal form,
dose and functional levels may be required.

Nutrients with antioxidant properties have also been an area of
intense study. Oxidative damage, elevated production of reactive
oxygen species and impeded clearance of oxidative stress markers
are well recognized in AD neurons, % 119:120 Furthermore, accu-
mulating evidence suggests that this oxidative damage may pre-
cede the deposition of Af or tau.''® Accordingly, antioxidants
have been proposed as a potential preventative and therapeutic
strategy. Common dietary antioxidants include vitamin C, vitamin
E, polyphenols and carotenes.®® The Cache County Study invol-
ving over 3000 participants demonstrated that in combination,
vitamins C and E supplements were associated with a lower
incidence of AD.'?! Several other studies of comparable scope
demonstrated similar associations,95 though randomized control
trials have largely failed to demonstrate any therapeutic utility for
antioxidants.'?? Rather, a double-blind trial by Galasko et al noted
that cognitive decline appeared accelerated in AD subjects given a
combination of antioxidants, in spite of diminished oxidative
stress markers.'?> As with other vitamins, these inconsistencies
may arise from the form of antioxidant under consideration, where
supplements, as opposed to dietary antioxidants, may prove less
effective; though further study is required to ascertain the validity
of this supposition.

The most controversial debate in the realm of antioxidants has
been relating to the minerals zinc and copper. With some varia-
bility, serum zinc deficiency has been repeatedly correlated with
AD."**'?" The zinc cation (Zn>") is integral to neural enzymes
mediating clearance of Af, APP processing and the neutralization
of reactive oxidative species, all of which imply a protective role
for zinc in AD.'?!?8 However, Zn?* is often elevated in AD
brains and has also been directly implicated in potentiating the
neurotoxicity of Af and tau; further, by binding to Ap, Zn** may
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promote oligomerization.'?*~'3° This inconsistency has brought
the role of Zn*>* into dispute, and studies have speculated on a
potential dual role in the context of AD."?!

However, it is more likely that Zn** levels are elevated in the
brain as a physiological countermeasure against the oxidative and
inflammatory stress of AD. This would decrease serum Zn**
concentrations, as observed, but may elevate cerebral 7n** to
toxic levels, perpetuating the observed pathological functions.
This phenomenon, termed zinc flooding, implies that dietary zinc
should be reduced, in spite of the observed zinc deficiency among
Alzheimer’s patients. The copper ion (Cu”*) has similarly been
implicated in AD, sharing much the same associations as Zn**.
Studies have shown that binding of Cu** to Af may lead to the
creation of neurotoxic products and that it may have further roles
in mediating the characteristic oxidative signature of AD. 1327134
However, as with zinc, Cu®* deficiencies have also been linked to
AD."** As reported by Quinn et al, these contradictions have led
to the investigation of both copper-sequestering and copper-
supplementing agents in clinical trials.'*®

In general, inconsistencies are ubiquitous when considering
the role of individual micronutrients in AD. It is likely that var-
iations in dosing, disease stage and the form of nutrient may
influence any perceived utility on AD risk or progression. Fur-
thermore, few studies have attempted to consider any broad
synergistic effects among differing nutrients, preferring instead to
focus on a single cause-and-effect relationship. As diets seldom
provide nutrients in isolation, traditional trials may fail to capture
the inherent interactions among different dietary elements.

DIETARY PATTERNS

Analysis of larger dietary patterns may alleviate some of the
uncertainties raised by single-nutrient trials. In particular, they
offer the ability to examine the role of nutrients in sifu or as
components of a larger system rather than distinct entities. Among
the best studied has been the Mediterranean diet (MeDi). In stu-
dies of other diseases, the MeDi has demonstrated significant
reductions in mortality and morbidity.'*”"'*® The MeDi may have
benefit in AD as it features many nutrients suggested to have
beneficial impacts on AD risk and progression. This includes a
high intake of fruits and vegetables, rich in natural antioxidants
and -3 unsaturated fatty acids (in the form of fresh fish and olive
oil). Moreover, the diet is low in saturated fats, cholesterol, high-
fat dairy products and red meats. 1391t therefore excludes many of
the known foods associated with AD risk, and includes several
protective nutrients.'*” Tt is thus unsurprising that in numerous
studies and meta-analyses, adherence to the MeDi was correlated
with a reduced risk of AD."*'~'*3 Scarmeas et al were further able
to demonstrate that in addition to AD onset, the MeDi also
reduced the risk of mortality after diagnosis.'**

Other diets, such as the “Dietary Approaches to Stop Hyper-
tension” (DASH) diet were associated with improved cognition in
hypertensive cohorts.'** Observational studies have also correlated
general diet quality to cognition in non-demented cohorts. #6147 1t
is noteworthy that when attempting to resolve this effect, no single
element of the diet could be independently associated with the
purported benefits. Even supplementation of multiple discrete
nutrients have proved clinically insignificant, as was the case in a
recent trail of Souvenaid (branded Fortasyn Connect) which pro-
vided a preformulated combination -3 PUFAs, synaptic
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membrane precursors, cofactors and vitamins.'*®'*’ Therefore, it is
likely that a complex additive relationship may sustain the observed
benefits of the MeDi and other diets.

PERSPECTIVES ON THE MICROBIOTA

Although the human microbiota has recently emerged as a
major contributor to various disease states, it remained largely
unexplored in the field of neurology until the recognition of the
gut-brain axis, which revealed the existence of complex bilateral
communication between the brain and the intestines.'>° To date,
investigations have catalogued a variety of signaling molecules
originating from the gut as modulators of pain, stress and possibly
emotions."”'™">* Murine models have also demonstrated sig-
nificant behavioral and biochemical differences in animals raised
with a sterile gut, which can be restored after colonization with
probiotic bacteria.'*

The role of microbiota in AD is an emerging area of study.
From preliminary data, we glean three gross mechanisms by
which the microbiota may influence AD. The first involves the
well-studied ability of the microbiota to affect nutrient absorption
and activation.'>® Jandhyala et al report that absorption and acti-
vation of polyphenols, a class of organic antioxidants with pro-
tective associations in AD, is contingent on enteric microbial
enzymes.'>® Likewise, the absorption of -3 fatty acids'®’ and the
bioavailability of macronutrients may also depend on the state and
composition of the microbiome. ' 8 It is therefore conceivable that
the microbiota may mediate the physiological levels of the nutri-
ents implicated in AD. Thus, the microbiota may cause identical
quantities of administered nutrients to result in substantially dif-
ferent concentrations within the body. The failure of most trials to
account for this may therefore offer some explanation for the
inability of nutrient-based trials to demonstrate associations on
AD. However, this remains speculative pending definitive quan-
tification of the potential influence and variability imposed by the
microbiota.

A second emerging mechanism lies in the capacity of the
microbiota to modulate inflammation. The gut is known to be a
source for various oxidative stressors and signals,15 %160 and
recent data by Bruce-Keller et al and others have demonstrated
that varying the microbiota can directly alter inflammation, both
in the brain and systemically.m’162 Studies have narrowed this
tendency to specific bacterial species, which can secrete or
otherwise generate pro-inflammatory cytokines; others may
counteract this signaling by producing anti-inflammatory
agents.'>>19%12 Notably, it was microbes thriving in a high-fat
environment that were directly associated with elevated neuroin-
flammation.'®! Mice enriched with these bacteria further demon-
strated significant behavioral changes in several domains, in
comparison to healthy controls.'®" As high fat consumption and
inflammation are directly associated with AD, it is conceivable
that the microbiota may, at least in part, moderate the pathogenic
effects of fats in AD.

Data have also suggested a role for the microbiota in amyloi-
dogenesis. Bacteria may perpetuate the leakage of dietary amy-
loids into the blood, where they may eventually enter the nervous
system and seed further amyloid transformations.'®*'®* The gut
may therefore facilitate Af oligomerization in a manner similar to
transmissible encephalopathies or prion diseases.'®®> However,
this theory is again speculative and has yet to be proven in
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patients. It is also unlikely any pathogenic amyloids derived from
diet may preserve their unique misfolded conformations as they
pass through the gastrointestinal tract. Nonetheless, it is now
known that in transgenic murine models (3xTg) of AD, a probiotic
formula can slow cognitive decline and decrease amyloid plaques
in the brain.'® A role for the microbiota in AD is therefore pos-
sible. In future, this should be a field of study, and trials, parti-
cularly in nutrition should begin to consider the state of the
microbiota as a potential disrupting variable.

ALZHEIMER’S DISEASE, DRUGS AND DIET

We have thus far summarized how diet may mediate the onset
and progression of AD. Although this has been the principal focus
of nutritional studies, the reciprocal relationship, wherein AD may
alter diet, is also an emerging area of investigation. As early as
1990, Mungas et al demonstrated that patients with dementia
displayed significantly altered dietary preferences when compared
with healthy controls.'®® Specifically, they preferred high-fat and/
or high-sugar foods, which may arise from diminished inhibition
of cravings.166 More recent data suggest that various forms of
dementia are associated with broader changes in appetite, food
preference, eating habits and swallowing, with up to 80% of AD
patients displaying some dietary disturbance (although data have
varied heavily by form and stage of dementia considered).'®’~'7°
These conclusions posit an intriguing scenario: AD may drive
patients toward a diet that may worsen outcomes and prognoses.
The fact that sizable fractions of AD cohorts are routinely
observed with hyperphagia,'”*~'7> and poorer adherence to ben-
eficial diets,'’® add suggestive evidence to this hypothesis.

An alternate scenario suggests that AD and dementia, parti-
cularly in its latter stages, may be associated with malnutrition and
nutrient deficiencies.'””'”® Both are near endemic among elderly
and AD populations, and are well associated with deleterious
outcomes and prognosis.!”®"'®° It is currently unclear whether AD
may be more strongly associated with malnourishment or higher
fat and sugar consumption, or a complex mix of both. However,
given that both dietary states are known to impact AD, either case
implies that AD and diet may exert a self-modifying interaction,
wherein each may modulate the other.

The impact of these associations may also be significant in
the context of drug metabolism. Nutrition has long shared
associations to the efficacy and bioactivity of drugs, and it is well
known that diet is an important determinant of drug metabo-
lism."®" A review by Walter-Sack and Klotz summarized many
known interactions, including changes in excretion, enzyme
function and clearance that have been demonstrated by altera-
tions in diet.'®" In the context of AD, perhaps the most relevant
observation is that a high-fat diet may moderate the clearance of
drugs."®'~'®? Studies have also indicated that malnutrition may
decrease drug efficacy by impeding requisite biotransformation
and activation reactions.'®*'®> States of elevated inflammation
may similarly hamper crucial drug activation and metabolism
systems.l%’187 As evidenced previously, inflammation as well
as both high-fat diets and malnutrition are endemic in AD, and
may be partly perpetuated by AD itself. Though the reported
associations have been largely from isolated studies for unre-
lated disease and drug models—donepezil, rivastigmine and
memantine—three major drugs used to manage AD symptoms,
are all associated with gastrointestinal reactions and/or appetite
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changes. 188-190 A5 such, drugs and diet may conceivably interact
in yet another multifaceted, reciprocal interaction, where drugs
can modify diet and diet can in turn modify the efficacy of drugs.
Although it is premature to know whether this interaction may
have any role in AD, these relationships underlie a definitive
web of dynamic interactions between diet, drugs and disease
(Figure 1).

DIET IN ALZHEIMER’S CLINICAL TRIALS

An ideal clinical trial would administer a singular inter-
vention, in isolation, and discern the effect on a discrete
therapeutic outcome. However, the complexity of AD inevi-
tably means that numerous interceding factors may modulate
outcome measures, irrespective of the action of a potential
therapy. In cataloguing the interaction of diet and AD, this
review has identified various dietary elements as potential
intervening factors (Table 1).

To the best of authors’ knowledge, the role of diet has not been
systematically considered in the context of a non-nutritional
therapeutic agent in AD. Although an array of extensive interac-
tions has now been established, along with a potentially reciprocal
self-modifying interactions, studies have largely relied on the
control group to mitigate any variability induced by diet. Yet, in
raising the variability of cohorts, studies can compromise statis-
tical power, and hinder the observance of the efficacy of a therapy.
We therefore suggest that trials in AD proactively consider stra-
tegies to account for diet in their study design and analysis.

Shim et al have reviewed approaches to assess diet in the
context of epidemiology.191 They note that diet may be tracked by
objective observation or subjective reports;'®! however, in AD
both may prove challenging. Alzheimer’s disease trials require
extended follow-up to observe the manifestation of symptoms;
thus consistent observations of diet by study personnel is
impractical—although it should be considered the gold standard.
Likewise, patients with advancing dementia cannot reliably be

Table 1: Summary of mechanistic interactions between major nutrients and AD pathologies

Dietary elements AD interaction

Reference

Cholesterol Facilitate Af misfolding

Kakio et al (2001)*; Di Scala et al (2014)**; Xiong et al (2008)*";

Facilitate A neurotoxicity

Thirumangalakudi et al (2008)*?; Julien et al (2010)*;
Reviewed by: Liu & Zhang (2014)*

Increase Af production

Alter tau dynamics

Elevated inflammatory/oxidative stress

Saturated fats, rrans-fats Altered gene expression

Reviewed by: Liu and Zhang (2014)**; Takechi et al (2010)*;

Elevated inflammatory signaling

Pugazhenthi et al (2017)*°; Freeman et al (2014)45; Nakamura
et al (2004)*°; Julien et al (2010)*®

Raise oxidative stress

Predispose to detrimental vascular disorders

Promote Af and tau pathologies

-3 PUFAs Favorably regulate inflammation, apoptosis, plasticity (and Summarized by Cole et al (2009)°®
others)
w-6 PUFAs Elevate inflammation Otsuka et al (2002)°®; Amtul et al (2012)%%
Modulate Af dynamics
Sugars Inflammatory stress mediation by glucose/insulin dysregulation Mushtaq et al (2015)"; Hong et al (1997)%; Planel et al (2007)°°;

Promote tau phosphorylation and tangling via insulin signaling

Promote Af synthesis and degradation via insulin signaling

Vekerellis et al (2000)°"; Qiu et al (1998)>

Vitamin B; (thiamine)

Diminish neuronal stress and apoptosis

Favorably mediate Af production

Wang et al (2007)'93; Zhang et al (2011 ytot. Karuppagounder et al
(2009)'4

Homocysteine and Vitamins
Bs, Bo, B12

Mediate neurotoxicity

Alter amyloid accumulation (angiopathy)

Moderate tau pathology

Obeid et al (2006)'°; Li et al (2014)''; Li et al (2015)'*°

Vitamin B,, B;

Diminish protein pathologies

Green (2008)''°

Antioxidants

Diminish oxidative stress and neuroinflammation

Zandi et al (2004)'?"; Reviewed by Verdile et al (2015)'"?;
Polidori et al (2014)'#

Zinc and Copper

Mediate Af processing and toxicity

Mediate oxidative stress

Promote Af oligomerization

Mediate neurotoxicity of protein pathologies

Miller et al (2010)'%; Huang et al (2014)"%; Syme et al (2004)'34;
Reviewed by Nuttall et al (2014)'%°; Watt et al (2010)'%%,
Mathys et al (2017)'*?

AD = Alzheimer’s disease; PUFAs = polyunsaturated fatty acids.
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Figure 1: Summary of the interactions of diet, drugs and Alzheimer’s disease (AD). Dietary nutrients (fats or sugars) may medicate
inflammatory signaling, or contribute toward underlying metabolic states associated with AD. This interaction may be modified by the
actions of the microbiota. Likewise, cholesterol and vitamins may interact directly with Ap, contributing to AD risk. Antioxidants and drugs
may counteract some of the exacerbating signaling, even though further reciprocal interactions among diet and nutritional status may affect

their efficacy.

asked to track food intake or adhere to a prescribed diet. Care-
givers may be a potential substitute for self-reporting, yet typical
concerns about recall, bias and overburdening may be raised.

A more feasible strategy may be to track baseline dietary pre-
ferences in domains like fat, sugar, vitamin and mineral status. In
secondary or sensitivity analyses, this data could stratify patients
in the exposure and control cohorts into subgroups of comparable
diet. Similar results could be attained by multivariate modeling for
studies of sufficient size, and appropriate design. Alternatively,
for pair-matched control trials, diet may be a factor of considera-
tion when matching subjects and controls. Either strategy may
strain study resources, and stratification is known to diminish
statistical power. However, these measures may be performed as
sensitivity analyses, and accompany primary data, rather than
detract from it.

Studies should further consider substantial changes in these
nutrients’ levels during the study period as a potential confound-
ing interaction. For example, a dramatic rise of cholesterol, an
ostensible Af pro-aggregate, or perturbations in micronutrients
(including the use of nutritional supplements) may combat the
efficacy of an anti-aggregative agent. Likewise, intra-study var-
iations of w-6 fatty acid levels, or the development of glucose/
insulin dysregulation may alter neuroinflammation, thereby con-
founding anti-inflammatory therapies. Data on these parameters
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may serve to refine participant inclusion and exclusion criteria, or
shape data analysis and the selection of control subjects as out-
lined previously.

CONCLUSIONS

A comprehensive analysis of the repeated failure of AD clin-
ical trials must consider secondary factors which may diminish the
apparent efficacy of these drugs. Since diet may be a major factor
in regulating the onset and progression of AD, as well as influ-
encing the ultimate bioavailability of drugs, we suggest that diet
may be an important uncontrolled variable in conventional AD
clinical trial design.

The role of diet in altering AD risk is well established. Nutri-
ents including fats, sugars, minerals and vitamins have been
conclusively associated with varying AD risk and disease pro-
gression via a range of mechanisms. Larger dietary patterns have
also been definitively linked to AD risk, and the microbiota is
emerging as a potent variable in this context. A reciprocal asso-
ciation in which AD modulates diet is also conceivable. Notably,
the diets that AD predisposes are those linked with worse prog-
noses, and impeded drug metabolism. As such, a highly complex
set of interactions between diet, AD, and drugs is evident.

This review cannot claim that the failure of experimental drugs
in AD is attributable to diet; however, it does suggest that diet may
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play a role in the outcomes of AD, and the perceived clinical
efficacy of novel agents. We therefore suggest that future studies,
particularly clinical trials make a concerted effort to monitor,
regulate or account for diet among AD patients. This may require
significant investment of resources, and may burden patients and
caregivers. Studies may also diminish statistical power depending
on the mode of analysis undertaken. However, the extent of diet’s
interactions with AD and its apparent role modulating outcomes
justifies greater scrutiny in clinical trials.
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