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Abstract

Purpose of review—\Various groups have explored the effect of apolipoprotein E (APOE) on
neurodegeneration through nutritional and metabolic alterations. In this review, we hope to
summarize recent findings in humans as well as preclinical APOE models.

Recent findings—Metabolic pathways including lipid metabolism appear to play a large role in
the pathophysiology of Alzheimer’s disease. Carrier status of the E4 variant of the APOE gene is
the strongest genetic risk factor for Alzheimer’s disease, and increasing evidence suggests that E4
carriers may respond differently to a host of dietary and metabolic-related treatments. A new
appreciation is forming for the role of APOE in cerebral metabolism, and how nutritional factors
may impact this role.

Summary—Considering the role dietary factors play in APOE-associated cognitive decline will
help us to understand how nutritional interventions may facilitate or mitigate disease progression.
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INTRODUCTION

Apolipoprotein E (APOE) is the major apolipoprotein in the central nervous system,
responsible for lipid transport and cholesterol homeostasis. This gene has three human
isoforms — E2, E3, and E4 — with population frequencies of 8.4, 77.9, 13.7%, respectively.
The APOE gene has attracted much attention as the strongest genetic risk factor for the
development of late onset Alzheimer’s disease. Carriage of the E4 allele substantially raises
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one’s risk of developing late onset Alzheimer’s disease, whereas the E2 allele is protective
[1]. A new appreciation is forming for the role of APOE in cerebral metabolism of both
glucose and lipid substrates. In the current review, we will summarize recent findings in both
humans and experimental APOE mouse models.

Alzheimer’s disease is characterized by several neuropathological hallmarks, including
accumulation of extracellular amyloid plaques, intracellular tau tangles, and metabolic
abnormalities including disruption of glucose metabolism and mitochondrial dysfunction
[2®®]. The mechanisms by which E4 carrier status influences or causes these pathologies
are still unclear, but there are likely both amyloid dependent and independent effects.
Although it only differs from E3 and E2 by one or two amino acids, the structure of apoE4
protein is more compact and unstable which alters its ability to bind lipid, and in turn bind
and clear amyloid breakdown products from the brain. The E4 isoform also appears to alter
mitochondrial function, interfere with insulin signaling, and increase lipid oxidation [255].
E4 carriers also demonstrate more pronounced and earlier defects in cerebral glucose
metabolism [3,4]. The effects of E4 are numerous, and many of the pathologies appear to
involve cerebral energy metabolism, suggesting nutritional interventions could delay or
prevent cognitive decline in these individuals [4].

APOLIPOPROTEIN E INFLUENCES THE CONNECTION BETWEEN DIET
AND BRAIN HEALTH

Abundant epidemiologic evidence shows high-fat diets (HFDs) and resultant metabolic
abnormalities such as obesity and insulin resistance are risk factors for Alzheimer’s disease
[5,6]. Importantly, these findings are often modulated by APOE genotype. The association
between HFD and Alzheimer’s disease in human epidemiological work is limited to E4
noncarriers in some [7,8] but not all studies [9]. For example, we showed that acute high-fat
feeding improved cognition and plasma Alzheimer’s disease biomarkers in E4 carriers, but
worsened these biomarkers in E4 noncarriers [10]. Reasons for this paradoxical response to
HFD in E4 carriers is unknown, and could involve differences in transport of macronutrients,
differences in lipidation status of the apoE protein, or differences in insulin and glucose
metabolism [2HM 1M 1 HE]

One major consequence of HFD is peripheral insulin resistance, which decreases brain
insulin transport and subsequent function [13]. Both E4 carriers and noncarriers with
Alzheimer’s disease have reduced CSF insulin and demonstrate signs of brain insulin
resistance. However, the relationship between peripheral and brain insulin, and the
connection between insulin resistance and brain aging, is less established in E4 carriers [14—
16]. Similarly, E4 status influences the correlation between AB and insulin resistance. Only
E4 noncarriers showed a correlation between CSF Ap and CSF : plasma glucose ratio [15],
and showed reduced plasma amyloid and memory improvement after an insulin infusion; E4
carriers had no changes in memory and their plasma amyloid increased in response to
insulin [17]. In addition, in an acute meal study, E4 noncarriers showed an increase in
plasma Ap42 after a high-fat meal compared with a high carbohydrate meal. Conversely, E4
carriers demonstrated higher plasma Ap after the high carbohydrate meal accompanied by
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larger changes in insulin [10]. Given the brain insulin dysfunction in Alzheimer’s disease
patients, insulin sensitizers and intranasal insulin are being investigated as treatments, and
although the data are mixed, and the majority of these treatments improve cognition only in
E4 noncarriers [1288],

Promisingly, healthy diets and certain nutritional factors improve cognition and reduce
Alzheimer’s disease risk, but these findings are also influenced by APOE genotype. Perhaps
the best studied diet for Alzheimer’s disease prevention is the Mediterranean (MeDi) [18].
Most studies which have demonstrated cognitive or Alzheimer’s disease biomarker benefits
of MeDi included APOE geno-type as a control factor [19-21]. However, few if any have
done prespecified subgroup analyses by APOE status. A multicomponent interventional
study involving a diet similar to MeDi showed that 2 years of a healthy Nordic diet
(abundant fish, fruits, and vegetables), exercise and brain training can prevent cognitive
decline [22]. A subgroup analysis revealed that E4 carriers benefited more on tests of
cognition from this intervention [23].

Seafood intake is another dietary pattern associated with slower cognitive decline, but in one
study this finding was only noted in E4 carriers [24]. Seafood contains high levels of
polyunsaturated fatty acids (FAs), or PUFAs, including DHA and EPA, and high intake of
these nutrients is protective against Alzheimer’s disease. Despite the stronger protective
effect of seafood in E4 carriers, studies specifically examining PUFAs show more benefit in
noncarriers. In an intervention study in older adults, E4 noncarriers who received DHA for
18 months declined significantly less on a cognitive test compared with placebo, whereas
DHA had no effect on E4 carriers [25]. In another study, there was a stronger association
between fish consumption and increased plasma DHA levels in E4 noncarriers, whereas in
E4 carriers there was a positive association between meat and DHA [26]. Follow-up studies
have suggested several potential mechanisms, including decreased lipoprotein lipase activity
and differential FA processing, increased VLDL turnover, or higher levels of lipid
peroxidation and beta-oxidation in E4 carriers [26,27]. How these peripheral differences
affect brain transport and utilization of PUFAs and other FFA remains unknown [26,27].

As patients with Alzheimer’s disease have decreased cerebral glucose metabolism, diets and
pharmacologic agents which induce ketosis and supply the brain with ketone bodies are
being investigated as treatments [28]. Although E4 carriers have more pronounced and
earlier cerebral glucose dysregulation, only E4 noncarriers with Alzheimer’s disease
responded to a ketosis-inducing medium-chain triglyceride supplement. The authors
speculated that the mitochondrial dysfunction in E4 carriers, renders this group less able to
use ketone bodies in lieu of glucose for brain fuel; alternatively there could be differences in
ketone body brain transport [29].

The evidence continues to accumulate around the idea that APOE genotype influences
cognitive and neurological responses to diet and dietary supplements. To understand the
pathophysiology of diet and dementia risk, in-vitro and in-vivo mouse models serve as ways
to examine these mechanisms more carefully. However, most human cell lines are studied
without respect to APOE status, and the most utilized rodent models of Alzheimer’s disease
which have provided much of the data for the experimental link between dietary factors and
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Alzheimer’s disease pathology are analogous to E4 non-carriers [30]. However, new models
of human induced pluripotent stem cells (iPSC) edited to include APOE3and APOE4hold
promise, and recent studies have demonstrated important differences in function with respect
to lipid and cholesterol metabolism in neuronal-derived and glial-derived iPSCs [31]. In the
next sections, we will discuss how humanized APOE mice can help us better understand the
differences we are seeing /n vivo, in particular the response to HFDs and lipid-based
therapies in E4 carriers.

BASIC STUDIES: WHAT KNOWLEDGE AND TOOLS ARE AVAILABLE TO
STUDY APOLIPOPROTEIN E EFFECTS ON NUTRITIONAL METABOLISM IN
DEMENTIA?

Research into the effect of APOE on nutritional metabolism has often relied on mouse
models as a correlate for human disease. Although several mouse models of human APOE
exist (Table 1), the most widely used are the targeted replacement mice developed by
Sullivan et al. in the laboratory of Dr Nobuyo Maeda. These mice were created by mating
C57BL/6J mice with chimeras whose embryos had been injected with embryonic stem cells
electroporated with human APOEZ, APOES3, or APOE4 constructs [32]. The vector was
inserted at the normal murine APOE locus to maintain physiologic expression of the human
variant. The metabolic profiles of these mice have been explored by many groups,
specifically with respect to how they differ from wild type mice and humans.

Although 5 -10% of human E2 homozygotes develop type Il hyperlipoproteinemia, all E2-
targeted replacement mice display features of it, including spontaneous atherosclerosis,
xanthomas, and decreased VLDL clearance [37]. Although the abnormal lipid profile
confounds studies of E2’s lipid-associated role in mitigating Alzheimer’s disease risk, the
model is still useful for probing alternative roles of E2. For example, some have posited that
E2 provides a metabolic advantage and thereby decreases Alzheimer’s disease risk. Venzi et
al. found E2 mice to exhibit a significant increase in cerebral glucose metabolism beyond 3
months of age. Compared with E3 mice at 6 months, E2 mice showed increased glucose
uptake by [18F]FDG imaging in whole brain, cingulate cortex, cortex, and hippocampus and
then a global increase at 9 months of age [38™™]. However, the first comprehensive human
study to examine E2 carriers with [18F]FDG imaging showed that age-related decreases in
glucose uptake did not significantly differ from E3 individuals [39]. Thus, the cerebral
metabolic effects of E2 remain an important, but unsettled issue.

The E3 and E4-targeted replacement mice also express their human isoforms at physiologic
levels [32,37,40]. They are normolipidemic but become hyperlipidemic in response to a
westernized diet [37,41]. Although E4 confers a higher risk of dementia in humans, it is
controversial what cognitive effects are present in targeted replacement E4 mice (in the
absence of amyloid or tau over expressing mutations). Rodriguez et a/. [42] observed
impairments in spatial learning and memory in young E4-targeted replacement mice in the
Barnes maze test, but no difference in a hidden platform water maze experiment. In contrast
to mixed effects of E4 on behavioral outcomes and age-related cognitive decline, the
association of E4 with cerebral metabolic changes is more clear. Several groups have
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demonstrated reductions in cerebral glucose uptake in E4 mice compared with mice
expressing E3 [43 — 45] — similar to the well established findings via FDG PET in human E4
carriers.

In humans, E4 carrier status is associated with a higher brain amyloid burden, but it has been
more difficult to demonstrate this in E4 mice unless other Alzheimer’s disease-related genes
are present [11™™] When Alzheimer’s disease mice are crossed with APOE knockout mice,
the resultant phenotype is less amyloid depositions, suggesting that the apoE protein is
necessary for amyloid breakdown products to cause plaques. Alzheimer’s disease mice that
express human APOE alleles do recapitulate what is seen in humans with more amyloid in
E4 compared with E3, and less still in E2 [46]. One important difference that may affect
amyloid burden studies is that humanized E4 is less stable in mouse brain and is degraded,
whereas this does not appear to be the case in humans [11™™ 47].

As glucose uptake and utilization is impaired in E4 carriers and Alzheimer’s disease
individuals, many groups have studied the insulin-signaling pathway as a potential target of
APOE modulation. Hippocampal RNA from middle-aged female E2, E3, and E4-targeted
replacement mice was arrayed for genes involved in insulin signaling. This revealed that E2
mice have higher levels of Igf1, insulin receptor substrates, and the glucose transporter
GLUT4 than E3 and E4 [48]. Furthermore, E4 mice showed a significant decrease in PPAR-
gamma and insulin-degrading enzyme, pointing to a further compromise of insulin signaling
and glucose utility. These findings were confirmed by another group who used an array for
glucose and ketone body metabolism and identified glucose transporters and hexokinases
were robustly altered by APOE genotype [49™]. The Bu group discovered that E4 restricts
insulin receptors to endosomes and thereby impairs trafficking and signaling, an effect
exacerbated by HFD [50™™], To test the effect of APOE on peripheral insulin receptor
sensitization, To et al. fed E3 and E4 mice a diabetogenic diet then treated the mice with a
thiazolidinedione. They found a reduction in tau phosphorylation, but only in E3 mice [51].
These studies support the idea that E4 renders the brain insulin resistant, likely through
regulation of insulin receptors and glucose transporters.

Despite growing evidence for a role of diet in Alzheimer’s disease and the potential of
personalized medicine and gene—diet interactions, very few studies have attempted to tackle
the interaction between APOE and diet in the context of Alzheimer’s disease or cognitive
function. Our group explored the potential interactive effects of diet and E4 on cognition by
using a mouse model of chronic high-fat feeding. We found that disruption of glucose
homeostasis following 6 months of HFD led to more pronounced cognitive impairments in
E4 compared with E3 mice. These cognitive deficits were specific to hippocampal-
dependent spatial learning and memory outcomes, and were accompanied by wide-ranging
isoform-specific alterations in the epigenetic landscape and changes in cerebral metabolism
[52]. It is hypothesized that its effects on cerebrovascular function could be the driving force
of the cognitive impairing effects of HFD. We found that E4 mice fed a HFD exhibit reduced
glucose uptake compared with both E4 mice on a control diet and E3 mice on both control
and HFD [52]. Further, E4 carriage and HFD acted synergistically to lower cerebral blood
flow [44]. Significantly, when challenged with an acute glucose bolus, E4 but not E3 mice
responded beneficially in terms of both increased blood flow and enhanced performance in a
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memory task; hinting at a potential role for APOE in modulating neurovascular coupling and
cognitive function [44].

In the APP mouse model of distorted amyloid processing, expression of E4 along with a
HFD significantly increases amyloid deposition compared with E3 [53]. E4 was also found
to increase amyloid and glial activation in the EFAD model of Alzheimer’s disease when fed
a westernized diet [54]. E3 mice gain more weight on a HFD, whereas E4 mice seem to
upregulate genes involved in FA mobilization and utilization in the periphery [55]. This
could parallel a central E4 promoted HFD-induced bioenergetic shift toward FAs and away
from glucose as the primary cerebral energy source. Together, these studies show that E4
seems to exacerbate the negative effects of a HFD on cognition.

CONCLUSION

As we continue to uncover the role of the APOE gene as a contributor to cognitive decline,
we must take into account the additive effects that the westernized HFD and insulin
resistance seem to have on disease progression. Human epidemiologic and experimental
evidence suggests that APOE genotype changes the relationship between several lipid-
related macronutrients and markers of brain health and cognition. Whether it is diet-induced
insulin resistance, PUFAs from fatty fish, or ketone bodies from medium chain triglycerides,
APOE status appears to modulate important responses to lipid-related therapies. Mouse
models have been vital in confirming that E4 exacerbates the negative cognitive effects of
diabetogenic and HFD, and also suggest reasons by which E2 carriers are less susceptible to
developing Alzheimer’s disease. Future studies should utilize these and other experimental
models of APOE to implicate specific cells and tissues in the E4 response to nutritional
interventions, and include APOE genotype as an important subgroup for analysis of human
interventions.
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KEY POINTS

. Many attempted nutritional therapies for cognitive decline have not shown
promise in E4 carriers.

. Epidemiological dietary studies should include APOE genotype in subgroup
analysis to better inform the field of APOE’s nutritional role in disease
progression.

. E4 seems to exacerbate the cognitively deleterious effects of a high-fat diet.

. Other models of APOE should be studied to detail cell and tissue-specific
effects of APOE in metabolism.
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Table 1.

Summary of apolipoprotein E models by expression and original report or source

Model

APOE expression

Original study

Targeted replacement mice
NSE promoter

GFAP promoter

Dox inducible

APOE- KI mice

hApoE4 knock-in rat
hApoE knock-in fly

Global E2, E3, E4
Neuron

Astrocyte

Cell specific
Global E2, E3, E4
Global E4

Global E3, E4

Sullivan et al. [32]
Raber et al. [33]
Sun et al. [34]

Liu et al. [35]
Jackson Laboratory
Horizon Discovery

Haddadi et al. [36]

APOE, apolipoprotein E.
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