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Abstract. Diet is an important nonpharmacological risk-modifying factor for Alzheimer’s disease (AD). The approaches
used here to assess diet’s role in the risk of AD include multi-country ecological studies, prospective and cross-sectional
observational studies, and laboratory studies. Ecological studies have identified fat, meat, and obesity from high-energy
diets as important risk factors for AD and reported that AD rates peak about 15–20 years after national dietary changes.
Observational studies have compared the Western dietary pattern with those of the Dietary Approaches to Stop Hypertension
(DASH), Mediterranean (MedDi), and Mediterranean–DASH Intervention for Neurodegenerative Delay (MIND) diets. Those
studies identified AD risk factors including higher consumption of saturated and total fats, meat, and ultraprocessed foods
and a lower risk of AD with higher consumption of fruits, legumes, nuts, omega-3 fatty acids, vegetables, and whole grains.
Dietary-induced factors associated with a significant risk of AD include inflammation, insulin resistance, oxidative stress,
elevated homocysteine, dietary advanced glycation end products, and trimethylamine N-oxide. The molecular mechanisms
by which dietary bioactive components and specific foods affect risk of AD are discussed. Given most countries’ entrenched
food supply systems, the upward trends of AD rates would be hard to reverse. However, for people willing and able, a
low–animal product diet with plenty of anti-inflammatory, low–glycemic load foods may be helpful.

Keywords: Advanced glycation end products, Alzheimer’s disease, dementia, diet, meat, neuroinflammation, obesity, satu-
rated fat, TMAO, ultraprocessed foods

INTRODUCTION

Alzheimer’s disease (AD) is the most common
cause of dementia characterized by accumulation of
tau protein tangles and amyloid-� (A�) plaque, pro-
gressive loss of neurons, and deterioration of normal
brain function.

According to a 2023 review, the global number of
people with AD, prodromal AD, and preclinical AD
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were estimated at 32 million, 69 million, and 315
million, respectively. Together they constituted 416
million across the AD continuum, or 22% of all peo-
ple aged 50 or older [1]. Thus, AD is a serious health
risk. A 2022 article identified 75 genetic risk foci, of
which 42 were newly discovered [2]. However, peo-
ple with genetic risk factors such as apolipoprotein E
�4 can modify their risk of developing AD by taking
measures to reduce dietary risk factors.

A 2015 meta-analysis of modifiable risk factors
for AD identified a healthful dietary pattern as the
most important factor with a risk ratio (RR)/odds
ratio (OR) of 0.45 (95% confidence interval [CI],
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0.23–0.61) with grade II-A level of evidence [3]. The
RR/OR values for specific dietary consumption were
high folate intake, 0.49 (95% CI, 0.28–0.74), grade I;
fish consumption, 0.68 (95% CI, 0.46–0.95), grade II-
A; high vitamin E intake, 0.74 (95% CI, 0.63–0.83),
grade I; and high vitamin C intake, 0.75 (95% CI,
0.57–0.02), grade I.

A 2020 review outlined the modifiable risk fac-
tors for AD throughout the lifespan [4]. In early life,
more schooling reduces risk. Starting after age 45
years, many other modifiable risk factors become
important. The review identified 10 factors with level
A evidence (lack of cognitive activity, hyperhomo-
cysteinemia, increased body mass index (BMI) in
late life, depression, stress, diabetes, head trauma,
hypertension in midlife, orthostatic hypotension,
and education) and 9 factors with level B evidence
(obesity in midlife, weight loss in late life, lack
of physical exercise, smoking, poor sleep, cardio-
vascular disease (CVD), frailty, atrial fibrillation,
and lack of vitamin C). Levels of evidence were
summarized to represent the quality of scientific evi-
dence on the basis of directness of outcome for
AD, credibility of meta-analyses, and consistency
of evidence from clinical trials and/or observational
studies: level A > level B > level C (based on the evi-
dence level). Several of those factors, identified in
boldface, are related to diet, yet diet was not included
as a factor. However, a 2021 review did include
diet as a modifiable risk factor [5]. That review
cited the article by Morris and colleagues in 2015
[6] reporting that the Mediterranean diet (MedDi;
hazard ratio [HR] = 0.46; 95% CI, 0.26–0.79), the
Dietary Approaches to Stop Hypertension (DASH)
diet (Hazard ratio [HR] = 0.61 [95%, CI 0.38–0.97]),
and the Mediterranean–DASH Intervention for Neu-
rodegenerative Delay (MIND) diet (HR = 0.47 [95%
CI, 0.26–0.76]) were all inversely associated with
the risk of AD. The protective effects of those
dietary patterns on cognition might be attributed
to antioxidant, anti-inflammatory, protective plant
polyphenols, antidiabetic effects, and a higher ratio
of mono- or polyunsaturated fats to saturated fatty
acids (SFAs) [7].

Several ways exist to determine how diet affects
risk of AD and to assess their relative influence.
Ecological studies compare AD prevalence rates by
country or time with respect to dietary supply values
of macronutrients several years before the preva-
lence [8]. Cross-sectional studies compare prevalence
of AD with respect to dietary factors [9]. Prospec-
tive studies enroll participants, obtain data for many

factors, and use a food-frequency questionnaire to
determine dietary factors, and then monitor partici-
pants for several years and compare dietary patterns
for incidence of AD [10]. Such prospective studies
also can be used to examine the role of specific foods
and food groups in risk of AD [11]. Clinical trials
also can be conducted in which diets are modified
and changes in bioparameters associated with AD are
sought [12]. In addition, once the general risk factors
for AD are known, such as inflammation and insulin
resistance (IR), the foods that affect those factors can
be identified. Each approach can contribute to the
understanding of how diet and dietary factors affect
risk of AD.

The outline of this review is as follows:

1. A brief history of ecological and observational
studies regarding dietary patterns and risk of
AD is presented.

2. The mechanisms by which inflammation,
IR, and oxidative stress affect risk of AD
are discussed, followed by the roles of
obesity, advanced glycation end products
(AGEs), homocysteine, lipopolysaccharides,
arachidonic acid (AA), and trimethylamine N-
oxide (TMAO).

3. The effects of various food factors that reduce
risk of AD are discussed along with the mech-
anisms by which they affect risk of AD.

ECOLOGICAL STUDIES

The first ecological study regarding diet and AD
was published in 1997 [8]. It was inspired by a report
that Japanese-American men living in Hawaii had a
5.4% prevalence of AD, which was about 2.5 times
higher than that of Japanese living in Japan [13]. That
study identified total fat and total energy as risk fac-
tors for AD, fish as a minor risk-reduction factor, and
a rice-based diet as having little risk.

Also in 1997, data were analyzed from 5386
nondemented participants aged ≥ 55 years from the
population-based prospective Rotterdam Study and
who were followed up for a mean time of 2.1
years. After adjustment for age, sex, education, and
energy intake, high intakes of the following nutrients
were associated with an increased risk of dementia:
total fat (relative risk [RR] = 2.4 [95% CI, 1.1–5.2]),
SFAs (RR = 1.9 [95% CI, 0.9–4.0]), and cholesterol
(RR = 1.7 [95% CI, 0.9–3.2]) [14]. Dementia with a
vascular component was most strongly related to total
fat and saturated fat. Fish consumption, an important
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source of n-3 polyunsaturated fatty acids (FAs), was
inversely related to incident dementia (RR = 0.4 [95%
CI, 0.2–0.91]), and in particular to AD (RR = 0.3
[95% CI, 0.1–0.9]).

Two more multi-country ecological studies have
been published. One was an eight-country study
involving AD prevalence in developing countries and
AD rates from 1985 to 2010 in Japan [15]. In that
study, total energy and animal fat correlated highly
with AD prevalence data, with a lag of 15–20 years.
Increases in obesity rates were proposed to explain
the finding. For Japan, AD rates increased greatly
from 1% in 1985 to 7% in 2008 [16]. The increases
correlated highly with increases in alcohol consump-
tion, animal products, meat and rice supply, and lung
cancer rates, with the strongest correlation for a lag
of 15–25 years. In another multi-country study, AD
prevalence data published after 1995 reconfirmed that
meat was the most important dietary link to AD [17].
Ten countries were included: Brazil, Chile, Cuba,
Egypt, India, Inner Mongolia, Korea, Nigeria, Sri
Lanka, and the US. Dietary supply data were obtained
from the United Nations Food and Agriculture Orga-
nization (FAO) [18] for 5, 10, and 15 years before the
AD prevalence data. The highest correlations were
found for a 5-year lag between dietary factor data
and AD prevalence data. The highest correlation was
found for meat, r = 0.95, p < 0.001; animal product
energy less milk, r = 0.94, p < 0.001; milk, r = 0.69,
p = 0.03; total energy, 0.39, p = 0.26; and cereals,
r = –0.56, p = 0.10. Nutrition transitions from the tra-
ditional diets to the Western dietary (WD) pattern
were proposed to explain the findings.

While preparing the manuscript, we reanalyzed the
data for the 1997 ecological study [8] by using data
∼15 years before the AD prevalence data obtained
from the Food and Agriculture Organization of the
UN (FAO). Table 1 shows the data and Table 2, the
results. Dietary supply values include food wasted
or otherwise not consumed. It is generally assumed
that humans consume about 70% of the dietary
supply.

As Table 2 shows, meat supply became the food
group with the highest correlation with AD, followed
by fat, fish (inverse), and total energy. The results are
considered more accurate than those reported in 1997
because two related ecological studies reported that
dietary factors 15–20 years before AD prevalence had
the highest correlation with AD prevalence [15, 17]
and that obesity 20 years before AD incidence has
higher correlations than do data from 5, 10, and 15
years before [19].

Figure 1 shows the correlation between the preva-
lence of AD for 11 countries in the 1997 study [8]
with respect to dietary meat supply obtained from the
FAO [18] ∼15 years before the AD prevalence data.
One factor, meat consumption, seems to explain the
prevalence well, indicating that it may be the single
most important dietary risk factor for AD.

A 2015 study examined AGEs’ possible role in risk
of AD by using dietary component data in ecologi-
cal and observational studies [20]. AGE values for
various foods were obtained from the data in Urib-
arri and colleagues [21]. One finding was that dietary
AGEs in the food supply for Japan increased from
3700 kU/day in 1961 to 11,800 in 2005, as shown in
that study’s Table 5A and Fig. 2. AGEs from meat
rose from 800 to 5100 kU/day. Table 5B in that arti-
cle gives AGE values for the countries included in
the 1997 ecological study [8] for the period ∼20
years before the AD prevalence data. The values
ranged from 2100 kU/day for China in 1967 to 15,000
kU/day for the US in 1972.

Dietary patterns and risk of AD

The study of AD incidence with respect to dietary
patterns offers useful information regarding how var-
ious food groups generally affect risk of AD. Those
studies form the basis for further research. The WD
pattern [22, 23], MedDi [24–26], DASH diet [27, 28],
and MIND diet [6] have received the most attention.
The WD is characterized as having high consump-
tion of fat, ultraprocessed foods (UPFs), and meat
[22]. A recent definition of the WD is a dietary pat-
tern in which 70% of calories originate from animal
foods, oils and fats, and sweeteners [23]. The WD
thus includes low intakes of fruits, vegetables, whole
grains, legumes, and nuts—all important sources of
vitamins, minerals, fiber, and antioxidants, which are
essential for optimal health. The MedDi has large
amounts of olive oil, fish, breads and cereals, fruits,
vegetables, legumes, nuts, beans, and seeds; moder-
ate amounts of dairy products, poultry, and alcohol;
and small amounts of red and processed meat and
sweets [9]. The DASH diet has large amounts of
grains, fruits, vegetables, legumes, nuts, and low-
fat dairy products; moderate amounts of poultry and
fish; and small amounts of red meat, sweets, satu-
rated and total fat, cholesterol, and salt [9]. The MIND
diet, based on the MedDi and DASH diets, has large
amounts of olive oil, fish, whole grains, berries, green
leafy vegetables, other vegetables, nuts, and beans;
moderate amounts of poultry and alcohol/wine; and
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Table 1
Dietary supply values for 13 countries from the FAO [18]

Factor China,
1970

Nigeria,
1980

Japan,
1970

Greece,
1961

Italy,
1961

Singapore,
1970

Sweden,
1970

Finland,
1965

Italy, 1970 Spain,
1970

UK,
1970

Canada,
1975

USA,
1980

AD prevalence (%) 1.2 1.4 1.9 1.9 3.2 3.6 3.9 4.1 4.4 5.1 5.5
Energy (kcal/cap/d) 1993 2032 2687 2839 2985 2693 2866 3110 3377 2833 3249 2947 3239
Animal product energy
(kcal/cap/d)

113 107 427 461 483 538 976 1309 633 663 1294 1040 1052

Animal fat (g/cap/d) 1.2 1 6 5 8 7 27 45 10 5 43 32 23
Total fat (g/cap/d) 22 52 54 92 83 55 116 121 109 101 141 117 131
Cereals (kcal/cap/d) 1344 766 1314 1288 1284 1250 611 865 1305 806 699 627 653
Starchy roots (kcal/cap/d) 297 395 85 59 94 44 159 207 82 202 188 111 89
Sweeteners (kg/cap/y) 2.5 11 32 15 25 52 46 44 30 29 49 46 59
Vegetables (kg/cap/y) 56 42 119 95 123 92 38 17 156 130 76 89 100
Pulses (kcal/cap/y) 6 61 31 69 50 27 9 11 48 71 33 17 28
Fruit (kg/cap/y) 8 71 62 157 108 66 83 44 136 90 62 105 111
Alcohol (kg/cap/y) 3 83 45 39 117 19 72 32 127 91 108 109 115
Meat (kg/cap/y) 9 11 19 26 36 43 55 43 56 47 77 100 112
Eggs (kg/cap/y) 2 2 16 6 9 7 12 9 11 13 15 13 16
Milk (kg/cap/y) 2 14 45 130 152 53 289 344 186 124 228 227 236
Fish (kg/cap/y) 5 15 65 20 12 48 29 18 13 30 21 18 16
Vegetable oils (kg/cap/y) 5 11 17 17 14 8 14 4 19 16 9 12 10

AD, Alzheimer’s disease; FAO, Food and Agriculture Organization of the United Nations; kg/cap/y, kilograms/capita/year.
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Table 2
Linear correlation coefficients for dietary factors ∼15 years before prevalence of AD in 11 countries [8]

Factor r, adjusted r2, p r, adjusted r2, p
(present analysis) (1997 analysis [8])

Meat, omit Singapore 0.95, 0.90, < 0.001
Meat 0.93, 0.85, < 0.001
Fat 0.91, 0.80, < 0.001 0.97, 0.88, < 0.001
Fish, omit China, Nigeria –0.83, 0.65, 0.005 –0.70, 0.42, 0.04
Energy 0.82, 0.64, 0.002 0.94, 0.88, < 0.001
Animal energy 0.80, 0.66, 0.003
Milk 0.75, 0.51, 0.008
Sweets 0.67, 0.39, 0.02
Animal fat 0.63, 0.33, 0.04
Cereals –0.62, 0.31, 0.04 –0.83, 0.69, 0.002

AD, Alzheimer’s disease.

Fig. 1. Correlation between prevalence of AD for 11 countries in
the 1997 study [8] with respect to dietary meat supply obtained
from the Food and Agriculture Organization. AD, Alzheimer’s
disease.

small amounts of red and processed meats, pastries
and sweets, cheese, butter/margarine, and deep-fried
foods [9].

Table 3 compares the quantities of the compo-
nents of three dietary patterns. No comparable data
are given for the WD since no tabulation similar to
those for the other dietary patterns could be found.
Instead, the data for Canada in 1975 and the US in
1980 given in Table 1 can be used. What is apparent
is that in these two countries, animal fat, animal prod-
uct energy, and meat supply is much higher than in
two Mediterranean countries, Greece and Italy, while
cereals and pulses supply is much lower. In scoring
the DASH dietary pattern, 0 points is given for the first
number, 0.5 points for values between the two num-

Fig. 2. Comparisons of risk of three dietary patterns with respect
to the WD based on data from the seminal studies.

bers, and 1 point for the higher number. The higher
the score, the closer the personal diet is to the ideal
DASH dietary pattern [28]. The average MIND diet
score for the AD sample was 7.4 and ranged from 2.5
to 12.5 in the MIND diet–Alzheimer’s disease risk
study [6].

Seminal observational studies show representa-
tive reductions in the risk of developing AD. In an
observational study conducted in New York involving
2,259 community-based nondemented people with a
mean age of 77 ± 7 years followed up for 4 ± 3 years,
262 AD cases occurred [29]. Those at the highest
tertile of the MedDi compared with the lowest ter-
tile had a HR for AD of 0.60 (95% CI, 0.42–0.87;
ptrend = 0.007). However, a recent review noted that
several other observational studies found much lower
reductions in dementia when following the MedDi
[30]. A 20-year study in Spain found only a 20%
reduced incidence of dementia [31]. Studies in France
[32] and Spain [33] found no statistically-significant
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Table 3
Comparison of major dietary patterns that affect risk of AD

Major components MedDi [25] (s/d
unless otherwise
noted)

Max Score DASH [28]
(s/d unless
otherwise
noted)

Max Score MIND [6] (s/d
unless otherwise
noted)

Max
Score

Reduces risk of AD
Fish >0.9 5 included with

meat
≥0.14 1

Fruits 0 to > 3 5 <2 – ≥ 4 1 berries ≥ 0.3 1
Legumes >0.9 5 <2 –>4 1 >0.4 1
Nuts included

with
legumes

included with
legumes ≥ 0.7

1

Olive oil 0 to 1 5 primary 1
Vegetables 0 to > 4.7 5 <2 – ≥ 4 1 green leafy > 0.9

other > 1
1
1

Whole grains 0 to > 4.6 5 <5 – ≥ 7 1 ≥3 1
Moderate effect on
risk of AD
Alcohol 0 or > 100 g

to < 40 g
5 1 1

Dairy <1 – ≥ 2 1
Potatoes 0 to > 3 5
Poultry >1.4 to ≤ 0.4 5 included with

meat
≥0.3 1

Increases risk of AD
Butter/margarine <1 T 1
Cheese, full fat diary >4.3 to > 1.4 5 <0.14 1
Fast/fried food <0.14 1
Meat, red and
processed

<1.4 to 0 5 <2 – ≥ 4 1 <0.6 1

Saturated fatty acids ≤6 – ≥ 9 %
kcal

1

Sodium ≤2400
to > 3000 mg/d

1

Total fats ≤27 – ≥ 30%
kcal

1

UPF ≤5 – ≥ 8 s/wk 1 <5 1
Total points possible 55 10 15

S/d, servings/day; T, tablespoon.

association between adherence to the MedDi and
AD and dementia. In a study conducted in Chicago
involving 923 nondemented participants of mean age
81 years followed up for an average of 4.5 years, of
whom 144 developed AD, the HR for highest versus
lowest tertile of the MIND diet was 0.47 (95% CI,
0.26–0.76) [6]. For the DASH diet, the similar anal-
ysis found the HR to be 0.61 (95% CI, 0.38–0.97),
and for the MedDi, HR was 0.46 (95% CI, 0.26–0.79)
[6]. Given the few participants, high ages, and short
follow-up times, those results may not apply to the
general population, especially in non-Western devel-
oped countries. Nonetheless, the findings do yield
evidence that dietary factors, even late in life, can
affect risk of developing AD.

Figure 2 shows the relative risk of AD for three
dietary patterns compared to the WD based on results

from the seminal studies for each dietary pattern [6,
29].

Those observational studies show that dietary pat-
terns with less red and processed meat than in the
WD reduce the risk of AD. However, the reduction in
risk is less than was found in ecological studies. The
likely main reason is that in the highest quantiles of
dietary adherence to those healthier eating patterns,
the amount of red and processed meat is larger than
that in countries with very low meat intake, as shown
in Table 1.

Cross-sectional and longitudinal studies related to
the MedDi, DASH, and MIND diets, generally with
respect to the WD, have been used to assess the
relative influence of food groups on risk of cogni-
tive decline, dementia, and AD [9]. Many more such
studies have explored the effect on cognitive decline
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rather than risk of dementia or AD but report similar
results.

In general, studies of dietary patterns and risk of
AD can show the general association of large food
factor categories on risk but cannot apportion the risk
according to food factor category. Also, the fact that
the DASH, MedDi, and MIND dietary patterns per-
mit some meat consumption means that meat’s role
cannot be carefully assessed.

Another way to assess diet’s role in risk of AD
is through observational studies involving many par-
ticipants followed up for many years along with
analysis of how food factors affect chronic disease
risk. A good example of that approach is a Harvard
study involving three cohorts with 205,852 health
care professionals monitored for up to 32 years with
dietary assessments using food-frequency question-
naires every 4 years [34]. Although results for AD
and dementia were not presented, results for diabetes
incidence can serve as a proxy for AD. Inflamma-
tory diets and diets that lead to IR increase risk of
both type 2 diabetes mellitus (T2DM) [35] and AD
[36–38].

Studies also have evaluated the risk of develop-
ing AD for existing diabetics. A meta-analysis of
results from cohort studies reported in 2017 that the
RR of AD with respect to diabetes was 1.36 (95%
CI, 1.18–1.53) for 12 Western country studies, 1.62
(95% CI, 1.49–1.75) for 5 Eastern country studies,
and 1.53 (95% CI, 1.42–1.75) for the 17 countries
combined [39]. The difference between Eastern and
Western country results was attributed to differences
in APOE alleles. A 2022 meta-analysis using differ-
ent studies reported a risk ratio for developing AD
after T2DM on the basis of 5 studies of 1.29 (95% CI,
1.06–1.57), an odds ratio based on 4 studies of 1.12
(95% CI, 1.01–1.25) and a HR based on 9 studies of
1.15 (95% CI, 1.06–1.25) [40].

The Harvard study included Table 3, giving Spear-
man correlation coefficients between energy-adjusted
dietary patterns and food groups in the pooled data
of three cohorts (N = 205,852) [34]. Food groups
with a combined correlation coefficient > 0.20 in
the two patterns—reversed empirical dietary index
for hyperinsulinemia (rEDIH) and reversed empiri-
cal dietary inflammatory pattern (rEDIP)—were, in
descending order of correlation coefficient, coffee,
wine, leafy green vegetables, fruit, whole grains, dark
yellow vegetables, salad dressing, beer, and garlic.
Those food groups inversely correlated with the two
dietary patterns with a combined correlation coeffi-
cient ≤ –0.12 in the two patterns, ordered from worse,

were red meat, processed meat, French fries, high-
energy drinks, low-energy drinks, eggs, and poultry.
Because the analysis was based on health care pro-
fessionals with mean BMI ranging from 23.7 ± 3.5
to 26.5 ± 5.2 kg/m2 of body surface area, the results
may not apply to other groups and countries.

The data in Table 3 in the Harvard study [34] also
included results for the MedDi adjusted for the US
(AMED) and the DASH diet. The scores for those
two dietary patterns can be added and the same done
for the rEDIH and rEDIP dietary patterns. The two
pairs of dietary patterns generally show agreement
in results. The correlation coefficient for all 25 food
groups is 0.69; with coffee omitted, r = 0.81; with
coffee and food groups between 11 and –13 omitted,
r = 0.90; with high-fat dairy also omitted, r = 0.96. In
a comparison of the two pairs, the AMED + DASH
dietary pattern pair considered butter, condiments,
desserts, and pizza to increase risk, whereas the
rEDIH + rEDIP dietary pattern pair considered them
neutral. By contrast, the AMED + DASH dietary
pattern pair considered fish, legumes, other vegeta-
bles, poultry, and tomatoes to reduce risk, whereas
the rEDIH + rEDIP dietary pattern pair considered
them neutral or slightly negative for poultry.

MAJOR RISK FACTORS FOR AD

Inflammation

The main causes of systemic inflammation are diet
as well as overweight, obesity [41], and inflammaging
[42]. The mechanisms by which obesity and inflam-
maging produce systemic inflammation are discussed
later.

Systemic inflammation’s effect on AD pathology
was reviewed by Xie and colleagues [38]. Many
mouse model studies investigated the effect of inject-
ing immune-stimulating molecules to evoke systemic
inflammation by production of peripheral proin-
flammatory cytokines (presented in Table 1 of that
review). As a result of systemic inflammation, lev-
els of A� and phosphorylated tau were increased in
wild-type rodents [43].

Inflammation’s role in the brain in AD pathology
was reviewed by Sinyor, Mineo, and Ochner [44].
Proinflammatory cytokines such as tumor necrosis
factor-� (TNF-�), interleukin-1� (IL−1�), and IL-6
are upregulated in brains of people with AD, which
leads to an accumulation of A� plaque aggregates and
tau hyperphosphorylation, resulting in neuronal loss.
Both microglia and astrocytes mediate the effects
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of inflammation in the brain. Microglia are brain
cells that regulate brain development, maintenance of
neuronal networks, and injury repair [45]. The cells
function as scavengers, removing damaged material.
A� in the brain—in fibrils, aggregates, and senile
plaque—results in neuroinflammation by triggering
microglia. Microglia phagocytize the A�, but the
clearance process of A� decreases over time because
amyloid is hard to proteolyze. As a result, microglia
become compromised and less efficient in break-
ing down amyloid plaques. The microglia release
more proinflammatory cytokines, which may fur-
ther exacerbate AD progression. A review by Wang
and colleagues outlines the role of proinflammatory
cytokines released from microglia in AD [46]. Fig-
ure 2 in that review outlines how failure of A�
clearance leads to activated microglia in advanced
AD. Eventually a vicious cycle ensues between
microglia activation, neuroinflammation, and A�
accumulation. One process involved is that inflam-
mation increases A� generation through �-secretase,
one of the two main enzymes responsible for gener-
ating A� [47].

Astrocytes regulate synaptic transmission and
plasticity, protect neurons against toxic compounds,
and support metabolism to ensure their optimal func-
tioning [48]. Normal astrocytes protect the brain by
degrading plaque and inhibiting activated microglia.
However, when activated by accumulated A� or
endotoxins, astrocytes can express proinflammatory
cytokines.

Recent reviews further describe inflammation’s
role in AD [36, 49]. Dietary fats affect systemic
inflammation, as discussed in a review by Ricker
and Haas [50]. Omega-6 FAs tend to be more
proinflammatory, whereas omega-3 FAs are gener-
ally anti-inflammatory. Linoleic acid, an omega-6
FA found in corn, sunflower, and safflower oil, is
a precursor to proinflammatory eicosanoids pro-
duced from AA, such as leukotrienes. AA also is
obtained from animal products such as meat, dairy,
and eggs. Omega-3 FAs compete for the delta-6 desat-
urase enzyme, thereby reducing the biosynthesis of
AA [51]. Omega-3 FAs can reduce inflammation
by producing anti-inflammatory eicosanoids such as
leukotrienes, as well as resolvins, protectins, and
maresins [52]. Those eicosanoids were discussed
in a communication regarding their possible use in
preventing and treating nonalcoholic fatty liver dis-
ease (NAFLD) [53]. Studies suggest that increasing
levels of those eicosanoids in obesity could reduce
adipose inflammation (decrease in macrophage

accumulation and change to less inflammatory
macrophages).

Inflammaging is systemic chronic low-grade
age-related inflammation [42]. The recent viewpoint
is that, during ageing, chronic, sterile, low-grade
inflammation—called inflammaging—develops,
which contributes to the pathogenesis of age-related
diseases. From an evolutionary perspective, a variety
of stimuli sustain inflammaging, including pathogens
(non-self), endogenous cell debris and misplaced
molecules (self) and nutrients and gut microbiota
(quasi-self). A limited number of receptors, whose
degeneracy allows them to recognize many signals
and to activate the innate immune responses, sense
these stimuli. In this situation, metaflammation (the
metabolic inflammation accompanying metabolic
diseases) is thought to be the form of chronic
inflammation that is driven by nutrient excess or
overnutrition [54]. A 2016 review outlined the
evidence that n-3 polyunsaturated fatty acids and
vitamin D reduce inflammation in older individuals
[55]. A 2022 review outlined how inflammaging
leads to neurodegeneration, obesity, and AD [56].
An observational study followed 1,059 elderly
individuals (mean age, 73 years) in Greece for a
mean of 3.0 (SD 0.9) years to examine the role
of dietary inflammatory index (DII) on dementia
incidence [57]. The 2014 Shivappa DII was used
in the analysis [58]. Participants were divided into
three tertiles, the low DII tertile had a DII score
between –5.8 and –1.8; the middle DII tertile had a
DII score between –1.8 and 0.2; the high DII tertile
had a DII score between 0.2 and 6.0. Each additional
DII unit was associated with a 21% increase in risk
of dementia (HR = 1.21 [95% CI, 1.03–1.42]).

Insulin and insulin resistance

Insulin has important roles in the healthy brain.
Emerging evidence from human and animal studies
indicates that insulin influences cerebral bioenerget-
ics, enhances synaptic viability and dendritic spine
formation, and increases turnover of neurotrans-
mitters, such as dopamine. Insulin also has a role
in proteostasis, influencing clearance of AD’s hall-
marks: the A� peptide and neurofibrillary tangles.
Insulin also modulates vascular function through
effects on vasoreactivity, lipid metabolism, and
inflammation [59]. Through those multiple pathways,
insulin dysregulation could contribute to neurodegen-
eration. However, hyperinsulinemia, such as caused
by glucocorticoid treatment, reduces the activity of
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insulin-degrading enzyme [60], which is proteolytic
against A�-forming peptides [61].

IR is a pathological condition in which cells fail to
respond normally to insulin. Glucose thus remains in
the bloodstream and brain cells may not get enough
glucose for energy metabolism. The condition may be
defined as a state in which normal or elevated insulin
levels result in a poor biological response. IR often
is accompanied by hyperinsulinemia, in which pan-
creatic �-cells release excessive amounts of insulin
to maintain normal glycemia [62].

A review by Milstein and Ferris outlines insulin’s
role in the brain and how IR increases risk of
AD [63]. An important role of insulin is to initi-
ate a series of phosphorylation events. Through the
kinases phosphatidylinositol 3-kinase/protein kinase
B (PKB/AKT), insulin activates the glucose trans-
porter to move glucose out of the bloodstream and
into brain cells. Brain cells also have a non-insulin-
dependent transporter for glucose that is activated by
nerve activity. IR influences a large variety of cellular
functions, including synaptic plasticity, cholesterol
synthesis, neuronal survival, and neurotransmitter
biosynthesis and release [64, 65], as shown in Fig. 1
in that review. Insulin also can modulate cell growth
and proliferation. Insulin also plays a critical role
in intracellularly modulating metabolic activity by
regulating metabolic signaling pathways. Several
pathways have been identified regarding how insulin
regulates metabolism in different brain cell types
as well as promoting cell proliferation and sur-
vival and modulating mitochondrial homeostasis and
function. Insulin in the brain also regulates feeding
behaviors. Insulin signaling in astrocytes is impor-
tant for integrity of the blood–brain barrier (BBB)
and neuronal metabolic and redox homeostasis for
whole-body glucose homeostasis [66] and modulat-
ing behavior [67].

Brain IR can be defined as the failure of brain
cells to respond to insulin [68]. Mechanistically, the
lack of response could be due to downregulation of
insulin receptors, an inability of insulin receptors to
bind insulin, or faulty activation of the insulin sig-
naling cascade [69]. The mechanisms leading to IR
are outlined in Milstein and Ferris [63]. One pri-
mary mechanism proposed for the development of
IR is the accumulation of saturated free FAs and
ceramides in the brain as a result of a high–saturated
fat diet. Elevated free SFAs in the brain induce the
synthesis of ceramides in the brain [70]. They induce
inflammation by triggering Toll-like receptors, which
activate the NF-κB pathway, which coordinates the

Fig. 3. Obesity rate for adults in the US versus year and AD mor-
tality rates (number/100,000/year times 0.676) versus year minus
20 years. AD, Alzheimer’s disease.

transcription of proinflammatory cytokines, which
impair insulin signaling and activate c-Jun N-terminal
kinase, which disrupts brain insulin signaling [71].
Another mechanism of how dietary SFAs, especially
palmitic acid, induce IR is through reducing the num-
ber of active insulin receptors to about half their
normal value, thus contributing to hyperinsulinemia
[72]. Figure 3 in Milstein and Ferris [63] shows
how the mechanisms of brain IR develop from a
high–saturated fat diet, by impairing insulin receptor
signaling.

Figure 1 in Maciejczyk, Zebrowska, and
Chabowski [71] outlines how reactive oxygen
species (ROS) also lead to IR. The brain is par-
ticularly sensitive to free radical attack owing to
the organ’s increased oxygen consumption, lim-
ited antioxidative mechanisms, and high levels of
polyunsaturated FAs. In IR brain, overproduction
of ROS can lead to oxidative damage associated
with ATP depletion, activation of proinflammatory
cytokines, accumulation of protein aggregates, and
neuronal apoptosis. The antioxidant response to ROS
is discussed in Milstein and Ferris [63]. The endoge-
nous antioxidant response is controlled largely by
the transcription factor nuclear factor erythroid
2–related factor 2, which regulates expression and
activity of many key antioxidants and antioxidant
biosynthesis pathways [73], including superoxide
dismutases, glutathione, heme oxygenase 1, and
catalase. The short polypeptide antioxidant glu-
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Table 4
Findings on diet’s role in insulin and IR

Year Finding Ref.

2018 Dietary fiber consumption reduces risk of IR. [76]
2019 Three meals/day reduces insulin compared to six meals/day for T2DM patients. [77]
2019 Describes how dietary berries reduce IR. [78]
2020 Describes molecular mechanisms by which vitamin D prevents IR. [79]
2020 Presents results of an RCT (randomized controlled trial) showing that a low-fat vegan diet could significantly

reduce IR in overweight adults.
[80]

2021 Presents an analysis of how IR develops. Suggests a key role of adipose tissue, with a distal step in the insulin
action pathway more important than earlier steps.

[81]

2021 Discusses how lifestyle factors including physical activity, higher dietary fiber intake, and sleep sufficiency could
reduce IR.

[82]

2022 Reviews how healthy plant-based diets reduce IR and inflammation in the MetS. [83]
2022 Discusses the importance of oxidative stress in inducing IR and pancreatic �-cell dysfunction. [84]
2022 Discusses the dysregulated metabolic mediators released by adipose tissues to promote IR. [85]
2022 Reviews evidence that plant-based diets could treat IR. [62]

IR, insulin resistance; MetS, metabolic syndrome; RCT, randomized controlled trial; T2DM, type 2 diabetes mellitus.

Table 5
Findings on how IR affects AD

Year Finding Ref.

2015 Observational study: lower left medial temporal lobe glucose metabolism predicted by HOMA-IR was
significantly related to worse immediate and delayed memory performance.

[86]

2015 Cross-sectional study: IR may contribute to A� deposition in AD-affected brain regions. [87]
2018 Discusses importance of reduced brain insulin signaling in AD pathogenesis. [88]
2018 Reviews IR’s role in T2DM and AD. [69]
2020 Reviews evidence that IR may exacerbate A� accumulation and also tau hyperphosphorylation; reducing glucose

transportation, energy metabolism, and increasing inflammatory pathways, thereby linking T2DM to AD.
[89]

2020 Suggests that sirtuins, most notably SIRT1, could play a role in development of IR in T2DM patients, leading to
neurodegeneration and AD.

[90]

2021 Insulin plays an important role in brain health. Two significant insulin signal transduction pathways: the
PKB/AKT pathway is responsible for metabolic effects, and the MAPK pathway influences cell growth,
survival, and gene expression.

[91]

2021 Discusses multiple mechanisms by which IR exacerbates AD. [92]
2023 Role of MetS as a risk factor for AD through IR and involvement of the astrocytic insulin receptor. [93]

A�, amyloid-�; AD, Alzheimer’s disease; HOMA-IR, Homeostatic Model Assessment for Insulin Resistance; MAPK, mitogen-activated
protein kinase; MetS, metabolic syndrome; PKB/AKT, phosphatidylinositol 3-kinase and protein kinase B; SIRT1, a protein coding gene;
T2DM, type 2 diabetes mellitus.

tathione is used as a cofactor for antioxidant enzymes
such as glutathione peroxidases that are critical for
reducing ROS and lipid peroxides [74]. In addition,
many of those are localized within mitochondria to
regulate mitochondrially derived ROS, especially
coenzyme Q10. Of course, dietary antioxidants,
such as vitamin E, vitamin C, carotenoids, and many
polyphenols, also are critical for protecting the brain
from oxidation and neurodegeneration [75].

Table 4 lists findings regarding diet’s role on insulin
and IR.

Table 5 outlines findings regarding the effects of
IR on AD.

Oxidative stress

A review by Huang, Zhang, and Chen nicely
introduces the role of oxidative stress in AD [94].

Oxidative stress is induced in the brain by the gener-
ation of excess ROS, lack of dietary antioxidants, or
the dysfunction of the antioxidant system. Oxidative
stress can damage the brain by several mechanisms,
including an increase in Ca2+, release of excitatory
amino acids, and neurotoxicity. Reactive nitrogen
species such as nitric oxide and peroxynitrite also
can contribute. Mitochondria function as both one
source and a target of toxic ROS. Transition metals
including copper, iron, and zinc can play an impor-
tant contributing role in oxidative stress, as discussed
by Greenough, Camakaris, and Bush [95]. Because
the brain membrane’s phospholipid FAs are polyun-
saturated, the brain itself is vulnerable to free radical
attacks.

Excess amounts of free transition metals such as
copper, iron, and zinc accelerate aggregation of A�
peptide in the brain [96]. Brewer presented evidence
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Fig. 4. Effects of specific dietary food groups and factors on risk of AD.

that excess copper from drinking water and eating
meat is an important risk factor for AD [97]. Dietary
intake levels of iron and copper but not manganese
and zinc have been significantly correlated with lower
cognitive score in a cross-sectional study conducted
in the US. [34]. Red meat is an important source of
dietary copper, iron, and zinc, whereas poultry is not
[98]. Nonheme iron absorption in the intestines is
affected by dietary factors: animal tissues and ascor-
bic acid enhance absorption while calcium oxalic
acid, phytic acid and polyphenols inhibit absorp-
tion; dietary fibers and proteins can either enhance
or inhibit absorption [99].

The review by Thapa and Carroll [100] points out
that oxidative stress becomes more pronounced with
age. Also, they highlight that compounds such as
flavonoids; polyphenols; vitamins A, C, and E; and
carotenoids, found in fruits and vegetables, are pow-
erful antioxidants. The review also notes that trials
with antioxidant supplements have been inconclu-
sive regarding reduction of oxidative stress as of
2017. A 2021 review outlined the evidence that sev-
eral compounds, including coenzyme Q10, creatine,
and spermidine, have proven useful in mitigating
oxidative stress and enhancing mitochondrial bio-
genesis [101]. Although vitamin E levels are low
in people with AD, randomized controlled trials
have had limited success in showing that vitamin
E supplementation slows progression of AD. One
reason may be that nearly all studies have used a

single form of vitamin E, synthetic all-racemic �-
tocopherol [102]. However, tree nuts are an excellent
source of vitamin E [103] and have been significantly
associated with anti-inflammatory and antihyperinsu-
linemia diets [34].

A review by Tönnies and Trushina [104] discusses
how oxidative stress affects synaptic activity and
neurotransmission in neurons, leading to cognitive
dysfunction. In addition, molecular targets affected
by ROS include nuclear and mitochondrial DNA,
lipids, proteins, calcium homeostasis, mitochondrial
dynamics and function, cellular architecture, receptor
trafficking and endocytosis, and energy homeosta-
sis. Abnormal cellular metabolism in turn could
affect the production and accumulation of A� and
hyperphosphorylated tau protein, which indepen-
dently could exacerbate mitochondrial dysfunction
and ROS production, thereby contributing to a vicious
cycle.

A 2018 review outlined how oxidative stress con-
tributes to oxidative damage in both the A� peptide
and surrounding tissues [105].

Using five easily understood figures, a 2022 review
discusses oxidative stress as the core pathogene-
sis and mechanism of AD [106]. Figure 1 shows
how oxidative stress plays a vital role by caus-
ing inflammation according to the amyloid cascade,
neurofibrillary tangles, and metal ions hypotheses.
Figure 2 shows oxidative stress in the amyloid cas-
cade hypothesis; Fig. 3, in the tau hypothesis; Fig. 4,
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in the inflammatory hypothesis; and Fig. 5, in the
metal ions hypothesis.

A recent review [23] pointed out that the WD con-
tributes to oxidative stress by decreasing the activity
of endogenously created antioxidants such as glu-
tathione and superoxide dismutase, which depend on
dietary selenium, copper, zinc, and manganese [107].

Vitamin D can reduce oxidative stress as a risk
factor for AD. A mouse model study showed that
vitamin D deficiency promoted glial activation and
increased secretion of inflammatory factors. Further-
more, vitamin D: deficiency increased production
and deposition of A� by elevating expression levels
of amyloid-� protein precursor (A�PP) and �-site
APP cleavage enzyme 1 (BACE1). Also, vitamin
D deficiency increased phosphorylation of tau pro-
tein at Thr181, Thr205, and Ser396 by increasing
the activities of cyclin-dependent kinase 5 (CDK5)
and glycogen synthase kinase 3�/� and promoted
synaptic dystrophy and neuronal loss. All those
effects may be ascribed to enhanced oxidative stress
through downregulation of superoxide dismutase
1, glutathione peroxidase 4, and cystine/glutamate
exchanger as well as the lack of dietary antioxidants
[108]. Another mouse model study showed that sup-
plementation with vitamins D and E decreased an
index of oxidative stress, decreased malondialdehyde
level, and increased superoxide dismutase activity.
As a result, memory improved, learning deficit was
reduced, and neuronal loss was decreased [109].

Obesity

Some confusion has emerged in the journal litera-
ture regarding the correlation between obesity and
risk of dementia and AD: shorter follow-up stud-
ies often report reduced risk, whereas longer studies
often report increased risk [19]. As shown in Fig. 2
in that article, the HR for incident dementia per 5-
kg/m2 increase in BMI adjusted for age, sex, and
ethnicity varies from 0.87 (95% CI, 0.82–0.93) for
all studies, to 0.99 (95% CI, 0.93–1.05) for excluding
the first 10 years of follow-up, and to 1.16 (95% CI,
1.05–1.17) for excluding the first 20 years of follow-
up. The interpretation of that finding is that higher
BMI has a direct effect but that reverse causality is in
play as a result of weight loss during the preclinical
dementia phase.

Obesity is an important risk factor for AD and
becoming more important globally because of the
upward trends in obesity rates. Global obesity rates
for men > 20 years rose from 5% in 1980 to 10% in

2015, whereas those for females rose from 9% to 15%
[110]. Obesity rates show large regional differences:
obesity rates in 2015 were 5% in the Western Pacific,
6% in Southeast Asia, 13% in Africa, 20% in the
Eastern Mediterranean, 23% in Europe, and 28% in
the Americas.

Santos and Sinha published a comprehensive
review of the molecular mechanisms and therapeu-
tic approaches regarding obesity and aging [111]. To
begin with, obese adipose tissue has a chronic inflam-
matory cellular environment that leads to increased
production of ROS, resulting in oxidative stress and
mitochondrial dysfunction, which results in further
ROS formation and exacerbation of the inflamma-
tory process. Adipose tissue contains adipocytes as
well as a matrix of connective tissue, nerve tissue,
stromovascular cells, and immune cells. Adipocytes
secrete adipokines or adipocytokines, which include
proinflammatory cytokines and cytokine-related pro-
teins, renin–angiotensin proteins, and a variety of
other proteins that exert hormone-like actions [112].
Leptin is one of those adipokines. The nonadipocyte
cells secrete compounds such as TNF-�, IL-6, and
IL-8. The development of obesity involves a coor-
dinated increase in size and number of fat cells.
The expansion of white adipose tissue along with
the ensuing local hypoxia promotes the recruitment
of immune cells, resulting in low-grade inflamma-
tion [113]. The enlarged obese adipocytes have fewer
insulin receptors, leading to increased release of free
FAs into the blood. That outcome results in IR in
peripheral tissues, oxidative stress, and tissue injury
[114]. Also, the higher oxygen consumption in obe-
sity increases mitochondrial respiration, resulting in
increased ROS production and oxidative stress [115].
Oxidative stress promotes development and progres-
sion of metabolic dysfunction [116] and disruption
of the BBB [117].

Obesity’s importance as a risk factor for AD is
evident from comparing maps of obesity in the US
for 2019–2021 based on data from the Behavioral
Risk Factor Surveillance System program of the Cen-
ters for Disease and Control and Prevention [118]
with the map for AD prevalence (%) for adults ≥ 65
years by county in the US for 2020 [119]. Counties
with highest AD prevalence rates are primarily in the
southeast and Texas along the Mexican border. Self-
reported obesity among non-Hispanic black (NHB)
adults are 45%–50% in six southeastern states, where
NHB people make up 17%–38% of the population.
In 2014, the estimated percentage AD by race and
sex were as follows: NHB, male, 13.8%, female,
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Table 6
Findings regarding obesity and its effects related to risk of AD

Finding Ref.

Both aging and obesity are characterized by oxidative stress and low-grade inflammation caused by dysregulation of
mitochondrial function, senescence, DNA damage, and telomere shortening.

[123]

Increased blood/plasma cholesterol, glucose and insulin; increase in FFAs leading to increases in LDL and triglycerides,
decreases in HDL, increase in activated macrophages, and secretion of proinflammatory cytokines.

[124]

Altered signaling by two adipokines, leptin and adiponectin, lead to cognitive dysfunction and augmented risk for AD. [125]
Obesity results in lower 25(OH)D concentration. [126]
WD drives the pandemic of obesity. [127]
Rat model study showed that a high-fat diet leads first to gut dysbiosis, followed by brain pathology. [128]
Obesity and AD are multifactorial pathologies, and different are the links that, interacting, promote dysfunctions: A�
generation due to amyloidogenic APP cleavage, oxidative stress excess, inflammation, toxic lipid production, mitochondrial
dysfunction, insulin/leptin resistance, and alteration of BBB integrity.

[129]

Adipose tissue dysfunction downregulates adiponectin, an adipokine that sensitizes the insulin receptor signaling pathway
and suppresses inflammation.

[130]

Adipokines that are produced primarily by adipocytes trigger the release of FFAs from adipocytes into the bloodstream and
lead to deposition of FAs into the liver and muscle, which in turn can increase the resistance of organs to insulin. Excess
FFAs also damage � cells to reduce insulin secretion capability. Liver IR can increase blood glucose levels as long as the
liver continues to produce glucose in the bloodstream. High and steady blood glucose levels lead to damaged pancreatic �
cells and impair their ability to secrete insulin. High blood glucose levels can lead to the accumulation of AGEs and AD.

[131]

Molecular mechanisms link the obesity-induced impairment in insulin signaling to the upregulation of A� aggregation, tau
hyperphosphorylation, inflammation, oxidative stress, and mitochondrial dysfunction.

[132]

25(OH)D, 25-hydroxyvitamin D; A�, amyloid-�; AD, Alzheimer’s disease; AGEs, advanced glycation end products; APP, amyloid precursor
protein; BBB, blood–brain barrier; FAs, fatty acids; FFAs, free fatty acids; HDL, high-density lipoprotein; IR, insulin resistance; LDL,
low-density lipoprotein; WD, Western diet.

15.1%; Hispanic, male, 9.9%, female, 13.9%; non-
Hispanic white (NHW), male, 8.3%, female, 11.9%
[120]. Conversely, states with the lowest AD rates
were predominately in the northwest, states with low
rates of obesity for NHW people and high NHW
percentages of the population.

Trends in obesity rates and AD mortality rates can
be used to predict increases in AD in the US. The AD
death rate increased from 17.6/100,000 people/year
in 2000 to 37.0/100,000/people/year in 2019 (Fig. 8
in ref. [121]), an annual increase of 4.1%. As a mea-
sure of obesity, data for the percentage of adults with
obesity (BMI > 30 kg/m2) from 1975 to 2016 from
data at the WHO Global Health Observatory were
obtained from [122]. Because a 20-year lag exists
between obesity and AD [19], the AD mortality rate
data were shifted back 20 years and multiplied by a
factor of 0.68 to bring the data for obesity and AD
into general coincidence (Fig. 3). The two linear fits
to the data show strong agreement. The graph implies
that the AD mortality rates out to 2039 are already
baked into the US. In 2039, the AD mortality rate
is thus projected to be 35% higher than in 2019, or
50 per 100,000/year. AD prevalence rates also should
increase by 35% by 2039. That finding is confounded
because many dietary factors that produce obesity
also contribute to AD.

Table 6 presents some findings regarding obesity
and its effects related to risk of AD.

Homocysteine

The single source of homocysteine (Hcy) in
humans is the demethylation of the essential amino
acid methionine (Met) through two intermediate
compounds, S-adenosylmethionine (SAM) and
S-adenosylhomocysteine (AdoHcy) [133, 134]. The
main source of Met in the human diet is animal prod-
ucts. Meat is the largest source of Met because meat
is the largest source of animal products with high Met
content in the diet. The annual consumption of milk
in the US diet in 1980 was about 16 oz/person/day,
whereas the amount of meat consumed was about 7.5
oz/day (see Table 2). According to data at My Food
Data (http://www.myfooddata.com/articles/high-
methionine-foods.php; accessed July 9, 2023), meat
such as beef has about 1500 mg of Met in a 6-oz
skirt steak, whereas 16 oz (1 pint) of milk has about
430 mg of Met. (See also [135].)

A 2020 review outlined how Hcy may affect risk
of AD through the DNA methylation pathway [136].
Figure 1 in that review shows that the predominant
metabolism of Hcy can proceed by three pathways.
In one pathway, Hcy is remethylated to Met with the
assistance of vitamin B12. In the second pathway, with
vitamin B6 as a coenzyme, Hcy is converted to cys-
teine, which can be oxidized to sulfur and excreted
through the urine. The third pathway is direct release
into the intracellular fluid, followed by being exported
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to the systemic circulation. Without adequate vitamin
B6, vitamin B12, and folate, Hcy concentrations can
increase to the point of hyperhomocysteinemia, an
important risk factor for AD.

Elevated Hcy is an important risk factor for
AD [137]. That review presented meta-analyses of
plasma Hcy and risk of dementia, AD, and vascu-
lar dementia (VaD) from prospective studies. The
findings were as follows. Risk of dementia based
on 11 studies: RR = 1.22 (95% CI, 1.08–1.36); AD
based on 9 studies, RR = 1.07 (95% CI, 1.04–1.11);
and VaD based on 3 studies, RR = 1.13 (95% CI,
1.04–1.23). Another study based on 35 case–control
studies with 2172 AD patients and 2289 healthy con-
trols reported a ratio of mean blood Hcy for AD
patients vs. controls of 1.32 (95% CI, 1.25–1.40).
Figure 7 in [137] showed a linear increase in rel-
ative risk for AD versus blood Hcy of 1.09 (95%
CI, 1.06–1.13) per 5 �mol/L. That study also showed
an inverse correlation between blood Hcy and folate
levels (p = 0.006).

A 2021 review outlined how Hcy increases risk
of AD and other central nervous system diseases
through inflammation [138]. One way is by impair-
ing the BBB, thereby increasing the production of
proinflammatory cytokines, which in the early stages
of AD worsens the synapse destruction and the accu-
mulation and activation of microglia, and in the late
stage of AD, increases deposition of A� in blood
vessels.

A 2022 review outlined several mechanisms
whereby Hcy could affect neurodegeneration and
lead to VaD and AD [139]. Regarding neurodegen-
eration, a rat model study showed that after 4 weeks
of Hcy exposure, a decrease in speed of basic synap-
tic transmission emerged [140]. In a laboratory study
involving cultured rat cerebellar granule neurons,
acute Hcy-induced neurotoxicity was mediated both
by group I metabotropic glutamate receptors and N-
methyl-d-aspartate receptors [141]. An observational
study involving 465 people in Massachusetts with
various degrees of neurogenerative disease reported
that Hcy was positively correlated with A� concen-
trations [142]; in the AD group (n = 145), for A�40,
r = 0.36, p < 0.0001. In a mouse model study, com-
pared with controls, tau mice fed with a diet low
in folate and B vitamins had a significant increase
in brain Hcy levels and worsening of behavioral
deficits. The same mice had significantly elevated tau
phosphorylation, synaptic pathology, and astrocyte
activation. In vitro studies showed that Hcy’s effect
on tau phosphorylation was mediated by an upreg-

ulation of 5-lipoxygenase through cyclin-dependent
kinase 5 (cdk5) kinase pathway activation [143].

Regarding AD, an observational study conducted
in Italy assessed the frequency of Hcy > 10 �mol/L
for 267 patients with probable AD, 198 patients
with VaD, and 141 patients with possible AD [144].
Sixty-seven percent of those with probable AD had
Hcy > 10 �mol/L, compared with 50% with proba-
ble AD and 60% with VaD. In longitudinal cohort
study in the UK, with 38 patients with mild to mod-
erate AD followed up for an average period of 13
months, global cognition status (Addenbrooke’s Cog-
nitive Examination Revised) declined significantly
from 70 ± 10 to 66 ± 13 (p = 0.006) and was paral-
leled by a significant increase in Hcy concentrations
(from 16 ± 5 to 17 ± 6 �mol/L; p = 0.006) [145]. A
dementia-free cohort of 816 subjects from an Italian
population-based study was followed up for a mean
period of 4 years, of whom 70 developed AD [146].
For Hcy > 15 �mol/L, the HR for AD was 2.11 (95%
CI, 1.19–3.76; p = 0.01). For folate < 11.8 mmol/L,
the HR for AD was 1.98 (95% CI, 1.15–3.40;
p = 0.01). A meta-analysis of Hcy as a risk factor for
AD reported in 2014 involving five prospective stud-
ies showed RR for high versus low Hcy as 1.93 (95%
CI, 1.50–2.49) [147]. However, a later meta-analysis
reported a much smaller value. Nine prospective
investigations conducted on 7,474 subjects with mean
follow-up of 9.5 years (range, 3.7–10) were included
in the meta-analysis [148]. A total of 875 of those sub-
jects converted to AD and had significantly higher
Hcy (HRadjusted = 1.48 [95% CI, 1.23–1.76]) than
those who did not convert to AD. A significant pub-
lication bias (Egger’s test, t = 6.39, p = 0.0003) was
overcome by the trim-and-fill method, which allowed
calculating a bias-corrected imputed HRadjusted of
1.20 (95% CI, 1.01–1.44).

One way Hcy increases risk of AD is through self-
assembly of amyloid-like toxic fibrils, their inhibition
by polyphenols, and their ability to see the aggrega-
tion of A� peptide [149]. That finding was shown
in a laboratory study. One way that low folate and
vitamin B12 increase AD is by decreasing synthesis
of SAM. SAM can methylate and quench the expres-
sion of both �- and �-secretase, thus directly reducing
production of A� [150].

Cysteine is synthesized from Hcy in the liver
by transmethylation of Met [151]. Cysteine plays
an important role in biological processes in the
body such as catalyzing many important metabolic
reactions, taking part in lipid biosynthesis, being
an important component of skeletal muscles, and
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playing important roles in mitochondria and the endo-
plasmic reticulum. However, cysteine seems to play
no direct role in risk of AD.

Advanced glycation end products

The predominant process of forming endogenous
AGEs is through the classical Maillard reaction.
Reducing sugars react nonenzymatically with an
amino group of proteins, lipids, and nucleic acids
through a series of reactions forming a Schiff base,
followed by an Amadori rearrangement and later
oxidative modifications (glycoxidation) to produce
AGEs [152]. However, several other paths exist, start-
ing with glycolysis, ketone body metabolism, lipid
peroxidation, glucose in the polyol pathway, and sev-
eral other pathways involving oxygen and steps along
the Maillard reaction (see Fig. 1 in Khalid, Petroianu,
and Adem [152]). Figure 1 in Twarda-Clapa and col-
leagues [153] also shows the various pathways by
which AGEs are formed. That review also classifies
AGEs according to their precursors as well as show-
ing the dietary AGE content in 38 common types of
food.

AGEs also are found in many foods [21]. Butter,
cheese, and margarine have the highest concentra-
tions, followed by meats cooked with their own
liquid or fried in oil. Baked carbohydrates, dried figs,
non-broiled/fried fish, and eggs have moderate con-
centrations. Fruits, vegetables, and liquids such as
apple juice and milk have low concentrations. Cook-
ing animal-source food at high temperatures, such
as baking, broiling, or frying rather than boiling,
increases production of AGEs [154]. Baking foods
with spices commonly used in Europe can reduce for-
mation of AGEs [155]. Recommended spices include
allspice, cloves, cinnamon, star anise, oregano, and
thyme. However, only about 10%–30% of exoge-
nous AGEs are absorbed into the systemic circulation
when eaten [156]. A low-AGE diet decreased serum
AGEs by 30% in humans, whereas a high-AGE diet
increased serum AGEs by 65%. The diets were sim-
ilar, other than their AGE content. Alterations in
circulating AGEs occurred within 2 weeks of the diet
change [157]. Good evidence indicates that exoge-
nous sources of AGEs have important health effects
[158–160]. However, good evidence also exists that
formation of AGEs in the gut from food is impor-
tant [161], especially from meals with high fructose
concentrations [162].

AGEs act through binding to their receptor, recep-
tor for advanced glycation end products (RAGE).

AGEs explain many neuropathological and bio-
chemical features of AD such as extensive protein
crosslinking, glial induction of oxidative stress, and
neuronal cell death. Oxidative stress and AGEs
initiate a positive feedback loop, wherein normal age-
related changes develop into a pathophysiological
cascade. RAGE and its decoy receptor soluble RAGE
may contribute to or protect against AD pathogene-
sis by influencing transport of A� into the brain or by
manipulating inflammatory mechanisms [163]. Fig-
ure 2 in that review shows how A� and AGEs both
can trigger RAGE and, in combination with ROS,
lead to proinflammatory signaling by NF-κB with
the production of many proinflammatory cytokines.
A 2015 review pointed out that RAGE could be a
trigger for tau hyperphosphorylation as well as lead-
ing to increased inflammatory cytokines and ROS,
which can increase A� cytotoxicity. Figure 1 in that
review shows how RAGE mediates the influx of A�
across the BBB while lipoprotein receptor–related
protein 1 mediates the efflux. A 2022 article out-
lined how the RAGE–thioredoxin-interacting protein
(TXNIP) axis drives inflammation in AD by targeting
A� in mitochondria [164]. Oxidative stress activates
the Nod-like receptor protein NLRP3inflammasome
through TXNIP [165]. TXNIP links oxidative stress
to inflammation, leading to cellular dysfunction, and
is implicated in several diseases related to AD [166].
Figure 2 in that review outlines how TXNIP affects
the brain–heart axis and human metabolism.

Research on AGEs and neurodegenerative diseases
is active. Table 7 outlines additional findings.

Type 2 diabetes mellitus

Reasonable evidence indicates that people who
develop T2DM have an increased risk of developing
AD. The first such study was reported in 1997 [176].
It was based on a prospective study involving 1,455
people with T2DM in Rochester enrolled from Jan-
uary 1, 1970, and followed up until January 1, 1985.
A total of 9,981 person-years of data were involved,
with 101 who developed dementia and including 77
who developed AD. People with T2DM exhibited sig-
nificantly increased risk of all dementia (RR = 1.66
[95% CI, 1.34–2.05]). Risk of AD was also elevated
(for men, RR = 2.27 [95% CI, 1.55–3.31]; for women,
RR = 1.37 [95% CI, 0.94–2.01]).

A 1998 review investigated the roles of glucose
deficit, oxidative stress, and AGEs in AD [177].
Table 1 in that review showed comparable pathologi-
cal events regarding AGEs leading to oxidative stress
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Table 7
Findings in articles and reviews regarding AGEs and neurodegenerative diseases

Finding Ref.

AGEs have roles in AD and Parkinson’s disease. [167]
AGE formation can be inhibited through polyphenols. [168]
High dietary sugar intake is important in endogenous formation of AGEs. [169]
AGEs modulate amyloidogenic A� protein precursor processing and tau phosphorylation. [170]
Suggests several ways to diminish glycative burden. [171]
RAGE’s role as a mediator of inflammatory neurodegeneration. [172]
RAGE is an important pattern recognition receptor for inflammaging through binding with many pathogen- or
damaging-associated molecular patterns.

[173]

Reviews progress of RAGE molecular imaging toward a better diagnostic biomarker than A�. [174]
Reviews evidence that dietary AGEs contribute to IR of aging. [175]

A�, amyloid-�; AD, Alzheimer’s disease; AGEs, advanced glycation end products; IR, insulin resistance; RAGE, receptor for AGE.

in both AD and T2DM. In AD, at the cellular level,
that results in neuritic dystrophy. See also Perrone
and Grant [20].

The Rotterdam Study also showed that T2DM was
a significant risk factor for incident dementia and
AD [178]. A population-based cohort of 6370 elderly
people was followed up for a mean time of 2.1 years
(range, 4 days to 6 years), during which time 126
became demented, of whom 80 had AD. The age-
and sex-adjusted RR for dementia with T2DM was
1.9 (95% CI, 1.3–2.8). If the analysis was limited
to those who underwent neuroimaging, the RR for
AD was 2.3 (95% CI, 0.96–5.5). The fraction of
incident dementia attributable to T2DM (population
attributable risk [PAR]) was 8.8% (8.1% in men and
9.2% in women). For comparison, a 2014 analysis
estimated that worldwide, with 6.4% prevalence of
diabetes, the worldwide PAR for AD from diabetes
was 2.9% (95% CI, 1.3%–4.7%), whereas for the US,
with 10.3% diabetes prevalence, the PAR was 4.5%
(95% CI, 2.0%–7.3%) [179]. However, a later analy-
sis noted that when the PAR calculated for those > 65
years was weighted to give the relative contribution of
each risk factor for the overall PAR when adjusted for
communality, the PAR for diabetes was reduced from
3.1% to 1.1%, with smoking being 5.2%; depres-
sion, 3.9%; social isolation, 3.5%; physical inactivity,
1.6%; and air pollution, 2.3%, for a total of 17.6%.

Considerations of the roles of insulin and insulin-
like growth factor in the development of AD led Steen
and team to ask whether AD could be considered
“type 3 diabetes” [180]. A 2009 review reiterated that
AGEs also contribute to the concept of AD being
type 3 diabetes [181]. More thoughts about AD as
type 3 diabetes are given in a 2017 review [182]. A
2020 review summarizes the evidence that crosstalk
between SFAs and Toll-like receptor 4 leads to IR
[183].

Lipopolysaccharides (endotoxins)

When meat, poultry, or milk is cooked, bacteria
are killed. The leftover membranes of gram-negative
bacteria, known as lipopolysaccharide (LPS) or
endotoxin, have been implicated in progressive neu-
rodegeneration in AD. LPS can enter the bloodstream
of people who eat meat, chicken, or cheese, boosted
by the excess SFAs in those foods [22, 184, 185].
LPS, together with SFAs, can be packaged into chy-
lomicrons in the enterocytes to enter the bloodstream
[186]. LPS can increase oxidative stress by increasing
inflammation. Peripheral LPS may affect inflam-
mation in the central nervous system, including in
microglia. LPS may trigger inflammation in the brain
by way of cluster of differentiation-14 LPS receptors
[187].

Arachidonic acid

Dietary AA comes only from animal fat. Higher
AA intake increases the risk of inflammation in AD
[188]. AA is processed by lipoxygenase enzymes to
become hydroperoxyeicosatetraenoic acid and then
inflammatory leukotrienes. Leukotrienes made from
AA can increase inflammation and apoptosis in the
brain. Prostaglandins made from AA (PGE2 and
PGJ2) have a toxic effect on neurons [189]. Also,
thromboxanes made from AA can constrict arteries
and increase clotting in VaD, which may reduce brain
perfusion [190].

Trimethylamine N-oxide

Trimethylamine is produced from the food precur-
sors choline and l-carnitine by the gut microbiota
[191]. Trimethylamine is oxidized by flavin-
containing monooxygenase 3 in the liver to become
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Table 8
Circulating TMAO concentrations associated with various food groups [194]

Subgroup Amount Amount Adjusted � (95% CI)
(per 5% energy) (per 1 serving/day)

Total fish x 0.15 (0.08–0.23)
Animal protein x 0.13 (0.09–0.16)
Eggs x 0.08 (0.02–0.14)
Saturated fat x 0.06 (0.01–0.10)
Red meat x 0.05 (0.02–0.09)
Monosaturated fat x 0.05 (0.02–0.06)
Processed meat x 0.02 (–0.08 to 0.13)
Nuts x –0.12 (–0.17 to 0.00)
Plant protein x –0.13 (–0.21 to –0.04)

95% CI, 95% confidence interval; TMAO, trimethylamine N-oxide, x indicates whether the amount was per
5% energy or per 1 serving/day.

TMAO. Foods with more than 70 mg of choline per
100 g include eggs, chicken meat, chicken liver, pork
sausage, wheat germ, bacon, pork loin, Atlantic cod,
soybeans, and beef [192]. Table 2 in Kepka and col-
leagues [193] gives the l-carnitine content per 100 g
of various foods: beef, 98–139 mg; pork, 20–30 mg;
turkey, 51 mg; chicken, 34 mg; fish, 3–9 mg; cow’s
milk, 8–10 mg; yogurt, 40 mg; cheese, 14–29 mg;
vegetables, 1–4 mg; fruits, 0.2–2 mg.

More important is the relation between diet and
circulating TMAO concentrations. Figure 2 in Yang
and colleagues [194] gives those values, shown here
in Table 8. Because the values are based on amounts
per 5% energy/day or one serving/day, they do not
represent average consumption rates. The main find-
ing is that animal products increase the amount of
TMAO in serum, whereas plant-based products either
do not significantly affect TMAO concentrations or
lower them.

TMAO concentrations are elevated in the cere-
brovascular fluid of people with mild cognitive
impairment and AD [195]. A 2022 review dis-
cussed the evidence that TMAO increases risk of
AD [196]. The evidence includes that TMAO can
cross the BBB, that TMAO has been associated with
p-tau and p-tau/A�42, implicated in development
of IR, and associated with unfavorable metabolic
syndrome profiles. Those researchers recommend
further research to evaluate the evidence. TMAO
enhances inflammatory pathways through cholesterol
and bile acid dysregulation, as well as activating the
nuclear transcription factor NF-κB, which in turn trig-
gers cytokine production leading to an exaggerated
inflammatory response [191]. Recent reviews outline
the evidence that TMAO contributes to the develop-
ment of atherosclerosis [197, 198]. Atherosclerosis
contributes to the risk of VaD and stroke and pos-
sibly to AD [199–201]. Midlife moderate or high

cholesterol increases AD risk by 50% and raises VaD
risk [202]. However, midlife atherosclerosis was not
associated with development of AD in a Swedish
prospective study involving 6101 participants, with
285 who developed AD. However, that study also
shows that midlife atherosclerosis increased risk of
VaD 20 years later by 32%–90%. [200].

A 2021 review notes that TMAO causes the aggre-
gation of A� peptide and tau protein [203]. In
addition, TMAO can activate astrocytes and inflam-
matory response. Figure 2 in that review shows a
schematic of the processes involved. Besides molecu-
lar investigation, animal and human studies also have
supported the existence of a functional relationship
between TMAO and cognitive decline. Figure 3 in
that review outlines possible roles of TMAO in AD’s
molecular and cellular pathophysiological mecha-
nisms.

Meat

Ecological studies have identified meat as the most
important risk factor for AD, as discussed above. The
main reasons seem to be that meat—especially red
and processed meats—increase atherosclerosis, IR,
and inflammation. SFAs in meat may be the main
contributing factor to atherosclerosis [204]. In addi-
tion, because meat is a concentrated source of energy,
its consumption contributes to overweight and obe-
sity. According to data from the 1999–2004 National
Health and Nutrition Examination Survey, people
consuming meat in the highest quintile had an OR
of 1.27 (95% CI, 1.08–1.49) for obesity [205].

A 2014 meta-analysis of 18 studies reported that
consumption of higher quantities of red and pro-
cessed meats was a risk factor for obesity (OR = 1.37
[95% CI, 1.14–1.64]) [206]. Pooled BMI trends
showed that in comparison with those in the lowest n-
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tile, subjects in the highest n-tile of red and processed
meat consumption had higher BMI (mean difference,
1.37 [95% CI, 0.90–1.84] for red meat; mean differ-
ence, 1.32 [95% CI, 0.64–2.00] for processed meat).

An ecological analysis of global BMI rates from
the World Health Organization and dietary energy
supply by food groups from the Food Balance
Sheets of the Food and Agriculture Organization
of the UN was used to determine the major con-
tribution to obesity [207]. Spearman analyses of
the major food groups show that meat availability
is most highly correlated with prevalence of obe-
sity (r = 0.67; p < 0.001) and overweight (r = 0.80;
p < 0.001) and mean BMI (r = 0.66; p < 0.001) and
that the relationships remain when total caloric avail-
ability, prevalence of physical inactivity, and GDP are
controlled for in partial correlation analysis.

Figure 2 in the EAT-Lancet Commission on healthy
diets from sustainable food systems [208] shows that
replacing red meat with low-fat dairy, fish, nuts, or
poultry reduces risk of major health outcomes (coro-
nary heart disease, diabetes, mortality, and stroke)
in the range of 7% ± 3% (fish for mortality) to
30% ± 13% (nuts and coronary heart disease).

Additional evidence that supports meat as an
important risk factor for AD comes from studies of
diet and risk of T2DM. A risk assessment model esti-
mated T2DM incidence among adults attributable
to direct and body weight–mediated effects of 11
dietary factors in 184 countries in 1990 and 2018
[209]. In 2018, suboptimal intake of those dietary fac-
tors was estimated to be attributable to 14.1 million
(95% uncertainty interval, 13.8 million–14.4 million)
incident T2DM cases, representing 70.3% (95% CI,
68.8%–71.8%) of new cases globally. The largest
T2DM burdens were attributable to insufficient
whole-grain intake (26.1% [95% CI, 25.0%–27.1%]),
excess refined rice and wheat intake (24.6% [95% CI,
22.3%–27.2%]), and excess processed meat intake
(20.3% [95% CI, 18.3%–23.5%]). Excess intake
of six harmful dietary factors jointly (refined rice
and wheat, processed meats, unprocessed red meat,
sugar-sweetened beverages, potatoes, fruit juice)
contributed a larger proportion of the total global
diet-attributable burden of T2DM (60.8%) than insuf-
ficient intake of five protective dietary factors (whole
grains, yogurt, fruits, nonstarchy vegetables, and nuts
and seeds; 39.2%).

A cross-sectional study in people aged 40–70-
years who underwent screening colonoscopy
between 2013 and 2015 in a single center in Israel
assessed the effect of meat consumption and risk

of NAFLD [210]. High consumption of total meat
(portions/day above the median; OR = 1.49 [95% CI,
1.05–2.13; p = 0.03]; OR = 1.63 [95% CI, 1.12–2.37;
p = 0.01]) and red and/or processed meat (OR = 1.47
[95% CI, 1.04–2.09; p = 0.03]; OR = 1.55 [95% CI,
1.07–2.23; p = 0.02]) was independently associated
with higher odds of NAFLD and IR, respectively.
A review pointed out that IR is a key pathological
feature of NAFLD and that low-density lipoprotein
receptor–related protein 1 is involved in A� clear-
ance but that NAFLD reduces hepatic low-density
lipoprotein receptor–related protein activity [211].

An analysis of data from 403,886 men and women
(aged 38–73 years) participating in the UK Biobank
study was used to examine how meat intake affects
inflammatory markers [212]. Each 50-g/day higher
intake of total meat increased C-reactive protein by
11.6%; for processed meat, 38.3%; for unprocessed
meat, 14.4%; and for poultry, 12.8%. However, for
total meat, BMI accounted for 67% of the effect. The
study then supports the idea that meat consumption’s
effect on risk of AD is related primarily to increase
in BMI.

Dietary AGE intake has tripled in the last 50 years.
Meat comprises half of AGE and dairy a close second,
raising risk of AD from 10% to 23% [20]. Diets rich
in SFAs can disrupt the BBB and impair cognition
[213].

A 2023 article reported that an analysis of
data from the 2015–2018 US National Health and
Nutrition Examination Survey found that 12% of
individuals accounted for half of all beef consumption
[214]. They would be ones who would be expected
to have significantly increased risk of AD.

Ultraprocessed foods

For two reasons, UPFs have joined meat as the two
most important dietary risk factors for AD:

1. UPFs have few bioactive substances that can
reduce inflammation, oxidative stress, or Hcy,
including little to no dietary fiber.

2. As an inexpensive source of energy, UPFs help
drive the obesity pandemic.

A prospective study in France involved 110,260
adult participants (mean age = 43 years [SD = 15
years], 78% women, median follow-up of 4.1 years).
Between 2009 and 2019, 7,036 participants became
overweight. An increase of 10% in UPFs increased
risk of obesity (HR = 1.09 [95% CI, 1.05–1.13])
[215]. A meta-analysis of six studies published
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between 2015 and 2019 showed an increased risk
of obesity with UPF intake (pooled effect size = 1.26
[95% CI, 1.13–1.41]) [216].

A study based on dietary recall from US par-
ticipants aged > 1 year in 2017–2018 reported that
58% ± 1% of the total energy of food consumed was
UPFs, whereas unprocessed or minimally processed
foods made up 28% ± 1% of total energy [217].

Popkin and colleagues pointed out in 2012 that the
global nutrition transition that began in the 1970 s
with increased reliance on processed foods, increased
away-from-home food intake, and increased use of
edible oils and sugar-sweetened beverages had sig-
nificant effects on obesity rates by the 1990 s [218].

An analysis of the effect of UPFs on obesity in
19 European countries was published in 2017 [219].
The analysis used data on household availability of
UPFs as a function of total energy for various years
from 1991 to 2008 versus prevalence of obesity for
adults for the same years as used for each country. The
regression fit to the data increased from 15% obesity
for 10% UPFs to 20% obesity for 50% UPFs. The
change in obesity was 0.25% (95% CI, 0.05–0.45%)
per percentage-point change in UPFs with R2 = 0.63
and p = 0.02. Thus, UPFs do significantly affect coun-
trywide obesity rates.

UPF consumption also is associated with low-
grade inflammation [220]. Figure 2 in that review
suggests that UPF consumption may increase low-
grade inflammation through higher sugar and fat
content and lower fiber and micronutrients. In addi-
tion, it can affect the gut microbiota, thereby reducing
production of short-chain FAs and increasing gut
permeability. In addition, nonnutrient components
of UPFs such as bisphenol and phthalates also can
increase inflammation [220].

A study based on data in the UK Biobank involved
a total of 717,333 person-years of follow-up (median,
10.0 years) [221]. A total of 518 participants devel-
oped dementia, of whom 287 developed AD and 119
developed VaD. In the fully adjusted model, con-
sumption of UPFs was associated with higher risk
of dementia (HR for 10% increase in UPFs = 1.25
[95% CI, 1.14–1.37]) and AD (HR = 1.14 [95% CI,
1.00–1.30]). Another study from the Framingham
Offspring Study involved 2,909 adult participants
followed up for a mean of 14.4 years. During that
time, 306 incident dementia cases occurred, of which
184 were AD [222]. For participants consuming > 7.5
servings/day of UPFs, the HR for all-cause dementia
was 1.61 (95% CI, 1.09–2.16), whereas the HR for
AD was 1.75 (95% CI, 1.04–2.71).

A cross-sectional study conducted in Italy assessed
the correlation between consumption of UPF and
adherence to the MedDi [223]. Adherence to MedDi
was assessed through the validated Medi-Lite ques-
tionnaire, developed by Sofi et al. [224]. The
questionnaire includes nine domains, based on daily
and/or weekly consumption of fruits, vegetables,
cereals, legumes, fish, meat and meat products, dairy
products, alcohol, and olive oil. The linear regression
fit found 30% UPF for a MedDi-Lite score of 0, but
5% UPF for a MedDi-Lite score of 18.

Figure 4 shows how foods affect the major risk
factors for AD.

Bioactive compounds in food

Food has several bioactive compounds that reduce
the risk of AD. Most such compounds are found
in whole-plant foods. Table 9 outlines the bioactive
compounds in various foods that have been associ-
ated with reduced risk of AD and how they affect
risk of AD. It should be noted that since the evidence
is primarily based on laboratory studies, the findings
are suggestive rather than definitive.

DISCUSSION

This review found that meat, especially red and
processed meat, UPF, and obesity are important risk
factors for AD. The most important mechanisms for
risk of AD appear to be inflammation and IR. Addi-
tional mechanisms include oxidative stress, elevated
Hcy, dietary AGEs, and TMAO. Foods that reduce
risk of AD include fish, fruits and vegetables, espe-
cially brightly colored ones, cruciferous and leafy
green vegetables, legumes, olive oil, soy products,
spices, and whole grains. The compounds in these
foods that might explain the effect on risk of AD as
well as the mechanisms involved have been tenta-
tively identified through laboratory studies.

More support for the role of dietary patterns in
reducing risk of AD comes from studies of dietary
patterns in reducing risk of AD’s comorbidities. A
2021 review outlined the evidence that several dis-
eases comorbid with AD contribute to the risk of
AD [251]: T2DM, CVD, depression, and inflam-
matory bowel disease. Inflammation was the factor
shared by most of the comorbidities. Genetic fac-
tors also explained some of the links. When possible,
the review listed mechanisms that might explain
the relationship of disease comorbidities to AD.
Another recent review outlined the health benefits of
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Table 9
Mechanisms and/or effects of bioactive components associated with foods that reduce risk of AD

Food source Bioactive
components

Mechanisms and/or effects Reference

Blackberries, red
grapes

Resveratrol Dietary polyphenol resveratrol has antioxidant and cytoprotective effects,
producing neuroprotection.

[225]

Coffee Caffeic acid is one
of three active
ingredients in coffee
[226].

Caffeic acid ameliorated memory and learning impairments, enhanced
superoxide dismutase and glutathione free radical activity, decreased
expression of phosphorylated tau protein and A�PP, and increased
expression of synaptic proteins.

[227]

Fish, especially
cold-water ocean

Omega-3,
docosahexaenoic
acid (22:6n-3)

Profound effects on membrane functions, leading to change in nerve
conduction, neurotransmitter release, neurotransmitter reuptake, and
postsynaptic transmitter effect.

[228]

Fish, especially
cold-water ocean

Vitamin D [229] Vitamin D acts primarily as a hormone and has many mechanisms to
shield against aging [230]. Vitamin D reduces amyloid production while
also increasing its clearance from the brain in AD as well as many other
mechanisms [231].

Fruits, vegetables
(yellow, orange,
red)

Carotenoids, e.g.,
leutein and
zeaxanthin

Carotenoids reduce oxidative stress, lipid peroxidation, and protein
peroxidation products. They also increase the levels of antioxidant
enzymes such as catalase and superoxide dismutase. Astaxanthin
protects nerve cells against apoptosis by lowering caspase-3 activity and
increases neurogenesis by influencing mitogen-activated kinases [232].

[233]

Fruits, vegetables
(red, violet, blue)

Anthocyanins Anthocyanins ameliorate oxidative stress by lowering free radical
production and lipid peroxidation. They also reduce prostaglandin
synthesis by inhibiting COX. Furthermore, anthocyanins reduce
phosphorylated tau protein aggregation. They lower the intracellular
Ca2+ ion concentration and inhibit caspase-3, to reduce neuronal
apoptosis.

[233, 234]

Garlic Allicin, other
bioactive
compounds

Garlic has many compounds that reduce inflammation, oxidation, and
provide neuroprotection.

[235]

Legumes Polyphenols,
peptides, saponins,
and carotenoids

The main mechanisms of action include interaction with cell membrane
receptors and inhibition of key enzymes.

[236]

Legumes Folate Reduces Hcy. [237]
Nuts, almond,
hazelnut and
walnut

Phenolic acid, e.g.,
Caffeic acid

Protect cells against A�-induced toxicity via attenuating intracellular
calcium influx and decreasing of tau phosphorylation [238].

[239]

Nuts, almond,
hazelnut and
walnut

Non-flavonoids,
e.g., lignans

Lignans have been shown to ameliorate A�-induced neurodegeneration
via protection against oxidative stress, anticholinesterase activity and
inhibiting the inflammatory signaling pathways [240].

[239]

Nuts, almond,
hazelnut and
walnut

Flavonoids, e.g.,
quercetin

Fount to attenuate A�1–42-induced cytotoxicity, protein oxidation, lipid
peroxidation and apoptosis in primary hippocampal cultures [241].

[239]

Olive oil Oleuropein, Oleuropein is a glycosylated seco-iridoid with strong antioxidant
potential and protects nerve cells from neurotoxin-induced apoptosis
[242]. It can also lower A� levels and prevent its aggregation,
simultaneously reducing the expression of glutaminyl cyclase, an
enzyme involved in A� synthesis.

[233]

Olive oil Oleocanthal It reduces inflammation by inhibiting COX, which participates in the
synthesis of pro-inflammatory eicosanoids. [242] showed its ability to
reduce A� aggregation and modulate its clearance from the brain.

[233]

Peppers Capsaicin Ten studies showed capsaicin attenuated tau deposition, apoptosis, and
synaptic dysfunction.

[243]

Soy products Genistein It reduces oxidative stress by inhibiting the synthesis of oxygen reactive
species. Moreover, genistein protects mitochondria by increasing
reduced-to-oxidized glutathione ratio and reducing
8-oxo-20-deoxyguanosine, a marker of mitochondrial DNA damage
[244]. It also reduces apoptosis by restricting caspase-3 activity and
ameliorates inflammation through reduction in TNF-� and NF-κB levels.
Genistein can act as a �-secretase inhibitor and as a �-secretase promoter,
thus decreasing A� synthesis and senile plaque formation [244].

[233]

(Continued)
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Table 9
(Continued)

Food source Bioactive
components

Mechanisms and/or effects Reference

Spices Cinnamon, ginger,
pepper, saffron

Suppress inflammatory pathways, serve as antioxidants, inhibits
acetylcholinesterase and A� aggregation.

[245]

Turmeric, e.g.,
curry power

Curcumin Prevents A� aggregation, protects neurons from toxic insults, improves
synaptic functions.

[246]

Vegetables,
cruciferous

Isothiocyanates Isothiocyanates act as antioxidants. They are also show
anti-inflammatory effects. Moreover, some isothiocyanates efficiently
suppress acetylcholinesterase activity, thereby prolonging the half-life of
acetylcholine, a neurotransmitter whose concentration is usually lowered
in patients with AD [247].

[233]

Vegetables, green
leafy

Folate, lutein,
phylloquinone

Folate, reduction of Hcy [137]; lutein, antioxidant, anti-inflammatory
properties [248]

[249]

Whole grains Phenolic acids Antioxidant activity, anti-inflammatory activity, antimicrobial activity. [250]

A�, amyloid-�; A�PP, amyloid-� protein precursor; BBB, blood–brain barrier; COX, Cyclooxygenase; Hcy, homocysteine; NF-κB, Nuclear
factor kappa-light-chain-enhancer of activated B cells; TNF-�, tumor necrosis factor �.

plant-based diets for atherosclerosis, chronic diseases
such as CVD and T2DM, and metabolic syndrome
[204]. The shared risk factors for those diseases
include inflammation, IR, impaired blood lipid pro-
file, and endothelial dysfunction. The review outlined
how plant-based food patterns reduce HOMA-IR
(Homeostatic Model Assessment for Insulin Resis-
tance), non-HDL cholesterol, oxidative stress, plasma
cholesterol (low-density lipoprotein), and endothelial
vascular dysfunction. Thus, not only does a healthy
plant-based food pattern reduce risk of AD directly, it
also reduces it indirectly by reducing risk of diseases
comorbid with AD and improves overall well-being
by reducing those comorbidities.

VaD has similarities and differences with AD. For
example, high consumption of SFAs is an important
risk factor for VaD [252]. Much of AD coex-
ists with VaD and often is called mixed dementia.
VaD includes small strokes that damage cogni-
tion, reduced brain perfusion that reduces cognition,
and damage to the BBB. A recent review outlined
the global effects of the WD and how it affects
metabolism and health [23].

Unfortunately, even with a diagnosis of increased
risk for AD, many people would be unable or unwill-
ing to modify their diet. A primary reason for many
people is entrenched habit patterns and the cost of
readily available food. Obesity rates are strongly
inversely correlated with income. A 2018 article
shows that in the US, consumption of high-fructose
corn syrup began to climb rapidly in about 1975,
and TV ads and obesity rates began to climb rapidly
after 1990 [253]. (In the 21st century, UPFs tended to
replace meat as the most important driver of obesity
trends.). Figure 5 in that article shows that obe-

sity prevalence for people with the lower median
household income < $10,000/year in 2009 climbed at
an annual rate of 1.6% from 1990 to 2015, drop-
ping to 0.8%/year for ∼$50,000/year, ∼0.5% for
$100,000/year, and 0.25% for $150,000/year.

From this review, it is now clear that AD has sev-
eral risk factors, many of which can be evaluated
well before symptoms of AD become apparent. Sev-
eral are related to eating animal products, especially
red and processed meat: high AGE concentrations,
high body weight/obesity, high Hcy concentra-
tions, IR, endotoxins, animal foods with AA, and
high TMAO concentrations. Some symptoms also
are related to high consumption of UPFs: high
body weight/obesity, having T2DM, high HbA1c
(hemoglobin A1c, or glycated hemoglobin), IR, and
low antioxidant status. Some symptoms are related
to higher weight or BMI, such as C-reactive pro-
tein. Thus, a preliminary analysis can be made
after considering the personal dietary pattern, BMI,
and T2DM status. Then, if warranted, some blood
biomarkers could be measured.

The report Food in the Anthropocene: the
EAT–Lancet Commission on healthy diets from sus-
tainable food systems [208] has 6,705 Google Scholar
citations as of July 25, 2023. The scientific targets for
healthy diets lists those foods in descending order
of grams/day: vegetables; dairy foods; all grains;
fruits; tubers/starchy vegetables; dry beans, lentils
and peas; nuts; unsaturated oils; chicken, other poul-
try; all sweeteners; fish; soy; and eggs. Those targets
are in general agreement with what would reduce the
risk of AD. (However, the grains should be consumed
as whole grains rather than as UPFs.) The report
also listed several scientific targets for sustainable
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food production: effects on climate change, nitrogen
cycling, phosphorus cycling, freshwater use, biodi-
versity loss, and land-system change. The report also
outlined five strategies that could lead to global adop-
tion of health diets from sustainable food systems.
Thus, what is good for Earth also is good for human
health, and vice versa.

SUMMARY AND CONCLUSION

Research during the past three decades has yielded
strong evidence that dietary factors play important
roles in the risk of AD. The most important dietary
risk factors appear to be meat, especially red and
processed meat, and UPFs. Both are important deter-
minants of obesity, also an important risk factor. The
mechanisms by which diet affects risk of AD include
those associated with inflammation, hyperinsuline-
mia, oxidative stress, Hcy, AGEs, modification of the
gut microbiome, endotoxins, AA, and TMAO. Risk
reduction of AD is related to higher consumption of
fruits, legumes, nuts, omega-3 FAs, vegetables, and
whole grains. Of dietary patterns, the WD has the
highest risk for AD, whereas the DASH and MIND
dietary patterns, with reduced intake of meat and
other modifications, appear to reduce risk of AD by
40%–50% in comparison with the WD. However, a
healthful, whole plant–based diet appears to yield the
greatest risk reduction. T2DM shares many dietary
risk factors as AD and is considered a risk factor for
AD. T2DM can be reversed through a whole-food
vegan diet with supplementation and enough essen-
tial FAs. Unfortunately, the diets that offer greater AD
risk reduction are more expensive than the WD. Thus,
people with lower incomes are often most at risk for
AD. Correcting that inequity would take government
and industry action.

ACKNOWLEDGMENTS

The authors have no acknowledgments to report.
However, WBG receives funding from Bio-Tech
Pharmacal, Inc. (Fayetteville, AR, USA.

FUNDING

The authors have no funding to report.

CONFLICT OF INTEREST

William B. Grant is an Editorial Board Member of
this journal but was not involved in the peer-review
process nor had access to any information regarding
its peer-review. Steven M. Blake has no conflicts of
interest to declare.

REFERENCES

[1] Gustavsson A, Norton N, Fast T, Frolich L, Georges J,
Holzapfel D, Kirabali T, Krolak-Salmon P, Rossini PM,
Ferretti MT, Lanman L, Chadha AS, van der Flier WM
(2023) Global estimates on the number of persons across
the Alzheimer’s disease continuum. Alzheimers Dement
19, 658-670.

[2] Bellenguez C, Kucukali F, Jansen IE, Kleineidam L,
Moreno-Grau S, Amin N, Naj AC, Campos-Martin R,
Grenier-Boley B, Andrade V, et al. (2022) New insights
into the genetic etiology of Alzheimer’s disease and related
dementias. Nat Genet 54, 412-436.

[3] Xu W, Tan L, Wang HF, Jiang T, Tan MS, Tan L, Zhao QF,
Li JQ, Wang J, Yu JT (2015) Meta-analysis of modifiable
risk factors for Alzheimer’s disease. J Neurol Neurosurg
Psychiatry 86, 1299-1306.

[4] Yu JT, Xu W, Tan CC, Andrieu S, Suckling J, Evangelou
E, Pan A, Zhang C, Jia J, Feng L, Kua EH, Wang YJ,
Wang HF, Tan MS, Li JQ, Hou XH, Wan Y, Tan L, Mok V,
Tan L, Dong Q, Touchon J, Gauthier S, Aisen PS, Vellas B
(2020) Evidence-based prevention of Alzheimer’s disease:
Systematic review and meta-analysis of 243 observational
prospective studies and 153 randomised controlled trials.
J Neurol Neurosurg Psychiatry 91, 1201-1209.

[5] Zhang XX, Tian Y, Wang ZT, Ma YH, Tan L, Yu JT (2021)
The epidemiology of Alzheimer’s disease modifiable risk
factors and prevention. J Prev Alzheimers Dis 8, 313-321.

[6] Morris MC, Tangney CC, Wang Y, Sacks FM, Bennett DA,
Aggarwal NT (2015) MIND diet associated with reduced
incidence of Alzheimer’s disease. Alzheimers Dement 11,
1007-1014.

[7] Chen X, Maguire B, Brodaty H, O’Leary F (2019) Dietary
patterns and cognitive health in older adults: A systematic
review. J Alzheimers Dis 67, 583-619.

[8] Grant WB (1997) Dietary links to Alzheimer’s disease.
Alzheimers Dis Rev 2, 42-55.

[9] van den Brink AC, Brouwer-Brolsma EM, Berend-
sen AAM, van de Rest O (2019) The Mediterranean,
Dietary Approaches to Stop Hypertension (DASH), and
Mediterranean-DASH Intervention for Neurodegenerative
Delay (MIND) diets are associated with less cognitive
decline and a lower risk of Alzheimer’s disease-a review.
Adv Nutr 10, 1040-1065.

[10] Luchsinger JA, Tang MX, Shea S, Mayeux R (2002)
Caloric intake and the risk of Alzheimer disease. Arch
Neurol 59, 1258-1263.

[11] Roman GC, Jackson RE, Gadhia R, Roman AN, Reis J
(2019) Mediterranean diet: The role of long-chain omega-
3 fatty acids in fish; polyphenols in fruits, vegetables,
cereals, coffee, tea, cacao and wine; probiotics and vita-
mins in prevention of stroke, age-related cognitive decline,
and Alzheimer disease. Rev Neurol (Paris) 175, 724-741.

CORRECTED P
ROOF



W.B. Grant and S.M. Blake / Diet’s Role in Risk of Alzheimer’s Disease 23

[12] Baranowski BJ, Marko DM, Fenech RK, Yang AJT,
MacPherson REK (2020) Healthy brain, healthy life: A
review of diet and exercise interventions to promote brain
health and reduce Alzheimer’s disease risk. Appl Physiol
Nutr Metab 45, 1055-1065.

[13] White L, Petrovitch H, Ross GW, Masaki KH, Abbott RD,
Teng EL, Rodriguez BL, Blanchette PL, Havlik RJ, Wer-
gowske G, Chiu D, Foley DJ, Murdaugh C, Curb JD (1996)
Prevalence of dementia in older Japanese-American men
in Hawaii: The Honolulu-Asia Aging Study. JAMA 276,
955-960.

[14] Kalmijn S, Launer LJ, Ott A, Witteman JC, Hofman A,
Breteler MM (1997) Dietary fat intake and the risk of
incident dementia in the Rotterdam Study. Ann Neurol 42,
776-782.

[15] Grant WB (2014) Trends in diet and Alzheimer’s disease
during the nutrition transition in Japan and developing
countries. J Alzheimers Dis 38, 611-620.

[16] Dodge HH, Buracchio TJ, Fisher GG, Kiyohara Y, Meguro
K, Tanizaki Y, Kaye JA (2012) Trends in the prevalence
of dementia in Japan. Int J Alzheimers Dis 2012, 956354.

[17] Grant WB (2016) Using multicountry ecological and
observational studies to determine dietary risk factors for
Alzheimer’s disease. J Am Coll Nutr 35, 476-489.

[18] (1996) Food Balance Sheets; 1992-94 average, Food and
Agriculture Organization of the United Nations, Rome.

[19] Kivimaki M, Luukkonen R, Batty GD, Ferrie JE, Pentti
J, Nyberg ST, Shipley MJ, Alfredsson L, Fransson EI,
Goldberg M, Knutsson A, Koskenvuo M, Kuosma E,
Nordin M, Suominen SB, Theorell T, Vuoksimaa E, West-
erholm P, Westerlund H, Zins M, Kivipelto M, Vahtera J,
Kaprio J, Singh-Manoux A, Jokela M (2018) Body mass
index and risk of dementia: Analysis of individual-level
data from 1.3 million individuals. Alzheimers Dement 14,
601-609.

[20] Perrone L, Grant WB (2015) Observational and ecolog-
ical studies of dietary advanced glycation end products
in national diets and Alzheimer’s disease incidence and
prevalence. J Alzheimers Dis 45, 965-979.

[21] Uribarri J, Woodruff S, Goodman S, Cai W, Chen X, Pyzik
R, Yong A, Striker GE, Vlassara H (2010) Advanced gly-
cation end products in foods and a practical guide to their
reduction in the diet. J Am Diet Assoc 110, 911-916 e912.

[22] Wieckowska-Gacek A, Mietelska-Porowska A, Wydrych
M, Wojda U (2021) Western diet as a trigger of
Alzheimer’s disease: From metabolic syndrome and
systemic inflammation to neuroinflammation and neu-
rodegeneration. Ageing Res Rev 70, 101397.

[23] Clemente-Suarez VJ, Beltran-Velasco AI, Redondo-
Florez L, Martin-Rodriguez A, Tornero-Aguilera JF
(2023) Global impacts of Western diet and its effects on
metabolism and health: A narrative review. Nutrients 15,
2749.

[24] Willett WC, Sacks F, Trichopoulou A, Drescher G, Ferro-
Luzzi A, Helsing E, Trichopoulos D (1995) Mediterranean
diet pyramid: A cultural model for healthy eating. Am J
Clin Nutr 61, 1402S-1406S.

[25] Panagiotakos DB, Pitsavos C, Arvaniti F, Stefanadis C
(2007) Adherence to the Mediterranean food pattern
predicts the prevalence of hypertension, hypercholes-
terolemia, diabetes and obesity, among healthy adults; the
accuracy of the MedDietScore. Prev Med 44, 335-340.

[26] Bach-Faig A, Berry EM, Lairon D, Reguant J, Tri-
chopoulou A, Dernini S, Medina FX, Battino M, Belahsen
R, Miranda G, Serra-Majem L, Mediterranean Diet Foun-

dation Expert Group (2011) Mediterranean diet pyramid
today. Science and cultural updates. Public Health Nutr
14, 2274-2284.

[27] Appel LJ, Moore TJ, Obarzanek E, Vollmer WM, Svetkey
LP, Sacks FM, Bray GA, Vogt TM, Cutler JA, Windhauser
MM, Lin PH, Karanja N (1997) A clinical trial of the
effects of dietary patterns on blood pressure. DASH Col-
laborative Research Group. N Engl J Med 336, 1117-1124.

[28] Epstein DE, Sherwood A, Smith PJ, Craighead L, Cac-
cia C, Lin PH, Babyak MA, Johnson JJ, Hinderliter A,
Blumenthal JA (2012) Determinants and consequences of
adherence to the dietary approaches to stop hypertension
diet in African-American and white adults with high blood
pressure: Results from the ENCORE trial. J Acad Nutr
Diet 112, 1763-1773.

[29] Scarmeas N, Stern Y, Tang MX, Mayeux R, Luchsinger
JA (2006) Mediterranean diet and risk for Alzheimer’s
disease. Ann Neurol 59, 912-921.

[30] Ellouze I, Sheffler J, Nagpal R, Arjmandi B (2023) Dietary
patterns and Alzheimer’s disease: An updated review link-
ing nutrition to neuroscience. Nutrients 15, 3204.

[31] Andreu-Reinon ME, Chirlaque MD, Gavrila D, Amiano
P, Mar J, Tainta M, Ardanaz E, Larumbe R, Colorado-
Yohar SM, Navarro-Mateu F, Navarro C, Huerta JM (2021)
Mediterranean diet and risk of dementia and Alzheimer’s
disease in the EPIC-Spain Dementia Cohort Study. Nutri-
ents 13, 700.

[32] Feart C, Samieri C, Rondeau V, Amieva H, Portet F,
Dartigues JF, Scarmeas N, Barberger-Gateau P (2009)
Adherence to a Mediterranean diet, cognitive decline, and
risk of dementia. JAMA 302, 638-648.

[33] Hu EA, Wu A, Dearborn JL, Gottesman RF, Sharrett AR,
Steffen LM, Coresh J, Rebholz CM (2020) Adherence to
dietary patterns and risk of incident dementia: Findings
from the Atherosclerosis Risk in Communities Study. J
Alzheimers Dis 78, 827-835.

[34] Wang P, Song M, Eliassen AH, Wang M, Fung TT, Clinton
SK, Rimm EB, Hu FB, Willett WC, Tabung FK, Giovan-
nucci EL (2023) Optimal dietary patterns for prevention
of chronic disease. Nat Med 29, 719-728.

[35] Lee DH, Li J, Li Y, Liu G, Wu K, Bhupathiraju S, Rimm
EB, Rexrode KM, Manson JE, Willett WC, Hu FB, Tabung
FK, Giovannucci EL (2020) Dietary inflammatory and
insulinemic potential and risk of type 2 diabetes: Results
from three prospective U.S. cohort studies. Diabetes Care
43, 2675-2683.

[36] Walker KA, Ficek BN, Westbrook R (2019) Understand-
ing the role of systemic inflammation in Alzheimer’s
disease. ACS Chem Neurosci 10, 3340-3342.

[37] Vinuesa A, Pomilio C, Gregosa A, Bentivegna M, Presa
J, Bellotto M, Saravia F, Beauquis J (2021) Inflammation
and insulin resistance as risk factors and potential thera-
peutic targets for Alzheimer’s disease. Front Neurosci 15,
653651.

[38] Xie J, Van Hoecke L, Vandenbroucke RE (2021) The
impact of systemic inflammation on Alzheimer’s disease
pathology. Front Immunol 12, 796867.

[39] Zhang J, Chen C, Hua S, Liao H, Wang M, Xiong Y, Cao
F (2017) An updated meta-analysis of cohort studies: Dia-
betes and risk of Alzheimer’s disease. Diabetes Res Clin
Pract 124, 41-47.

[40] Athanasaki A, Melanis K, Tsantzali I, Stefanou MI,
Ntymenou S, Paraskevas SG, Kalamatianos T, Bou-
tati E, Lambadiari V, Voumvourakis KI, Stranjalis G,
Giannopoulos S, Tsivgoulis G, Paraskevas GP (2022)

CORRECTED P
ROOF



24 W.B. Grant and S.M. Blake / Diet’s Role in Risk of Alzheimer’s Disease

Type 2 diabetes mellitus as a risk factor for Alzheimer’s
disease: Review and meta-analysis. Biomedicines 10,
778.

[41] Rodriguez-Hernandez H, Simental-Mendia LE,
Rodriguez-Ramirez G, Reyes-Romero MA (2013)
Obesity and inflammation: Epidemiology, risk factors,
and markers of inflammation. Int J Endocrinol 2013,
678159.

[42] Franceschi C, Bonafe M, Valensin S, Olivieri F, De Luca
M, Ottaviani E, De Benedictis G (2000) Inflamm-aging.
An evolutionary perspective on immunosenescence. Ann
N Y Acad Sci 908, 244-254.

[43] Wang LM, Wu Q, Kirk RA, Horn KP, Ebada Salem AH,
Hoffman JM, Yap JT, Sonnen JA, Towner RA, Bozza
FA, Rodrigues RS, Morton KA (2018) Lipopolysaccharide
endotoxemia induces amyloid-beta and p-tau formation in
the rat brain. Am J Nucl Med Mol Imaging 8, 86-99.

[44] Sinyor B, Mineo J, Ochner C (2020) Alzheimer’s disease,
inflammation, and the role of antioxidants. J Alzheimers
Dis Rep 4, 175-183.

[45] Colonna M, Butovsky O (2017) Microglia function in the
central nervous system during health and neurodegenera-
tion. Annu Rev Immunol 35, 441-468.

[46] Wang WY, Tan MS, Yu JT, Tan L (2015) Role of
pro-inflammatory cytokines released from microglia in
Alzheimer’s disease. Ann Transl Med 3, 136.

[47] Sastre M, Walter J, Gentleman SM (2008) Interactions
between APP secretases and inflammatory mediators. J
Neuroinflammation 5, 25.

[48] Sidoryk-Wegrzynowicz M, Wegrzynowicz M, Lee E,
Bowman AB, Aschner M (2011) Role of astrocytes in
brain function and disease. Toxicol Pathol 39, 115-123.

[49] Onyango IG, Jauregui GV, Carna M, Bennett JP, Jr., Stokin
GB (2021) Neuroinflammation in Alzheimer’s disease.
Biomedicines 9, 524.

[50] Ricker MA, Haas WC (2017) Anti-inflammatory diet in
clinical practice: A review. Nutr Clin Pract 32, 318-325.

[51] Brenner RR (2003) Hormonal modulation of delta6
and delta5 desaturases: Case of diabetes. Prostaglandins
Leukot Essent Fatty Acids 68, 151-162.

[52] Kwon Y (2020) Immuno-resolving ability of resolvins,
protectins, and maresins derived from omega-3 fatty acids
in metabolic syndrome. Mol Nutr Food Res 64, e1900824.

[53] Maciejewska-Markiewicz D, Stachowska E, Hawrylkow-
icz V, Stachowska L, Prowans P (2021) The role of
resolvins, protectins and marensins in non-alcoholic fatty
liver disease (NAFLD). Biomolecules 11, 937.

[54] Franceschi C, Garagnani P, Parini P, Giuliani C, Santoro
A (2018) Inflammaging: A new immune-metabolic view-
point for age-related diseases. Nat Rev Endocrinol 14,
576-590.

[55] Ticinesi A, Meschi T, Lauretani F, Felis G, Franchi F,
Pedrolli C, Barichella M, Benati G, Di Nuzzo S, Ceda
GP, Maggio M (2016) Nutrition and inflammation in older
individuals: Focus on vitamin D, n-3 polyunsaturated fatty
acids and whey proteins. Nutrients 8, 186.

[56] Kosyreva AM, Sentyabreva AV, Tsvetkov IS, Makarova
OV (2022) Alzheimer’s disease and inflammaging. Brain
Sci 12, 1237.

[57] Charisis S, Ntanasi E, Yannakoulia M, Anastasiou CA,
Kosmidis MH, Dardiotis E, Gargalionis AN, Patas K,
Chatzipanagiotou S, Mourtzinos I, Tzima K, Hadjige-
orgiou G, Sakka P, Kapogiannis D, Scarmeas N (2021)
Diet inflammatory index and dementia incidence: A
population-based study. Neurology 97, e2381-e2391.

[58] Shivappa N, Steck SE, Hurley TG, Hussey JR, Hebert
JR (2014) Designing and developing a literature-derived,
population-based dietary inflammatory index. Public
Health Nutr 17, 1689-1696.

[59] Kellar D, Craft S (2020) Brain insulin resistance
in Alzheimer’s disease and related disorders: Mecha-
nisms and therapeutic approaches. Lancet Neurol 19,
758-766.

[60] Protzek AO, Rezende LF, Costa-Junior JM, Ferreira SM,
Cappelli AP, de Paula FM, de Souza JC, Kurauti MA,
Carneiro EM, Rafacho A, Boschero AC (2016) Hyperinsu-
linemia caused by dexamethasone treatment is associated
with reduced insulin clearance and lower hepatic activity
of insulin-degrading enzyme. J Steroid Biochem Mol Biol
155, 1-8.

[61] Kurochkin IV, Guarnera E, Berezovsky IN (2018) Insulin-
degrading enzyme in the fight against Alzheimer’s disease.
Trends Pharmacol Sci 39, 49-58.

[62] Banaszak M, Gorna I, Przyslawski J (2022) Non-
pharmacological treatments for insulin resistance: Effec-
tive intervention of plant-based diets-a critical review.
Nutrients 14, 1400.

[63] Milstein JL, Ferris HA (2021) The brain as an insulin-
sensitive metabolic organ. Mol Metab 52, 101234.

[64] Kleinridders A, Ferris HA, Cai W, Kahn CR (2014) Insulin
action in brain regulates systemic metabolism and brain
function. Diabetes 63, 2232-2243.

[65] Kwon H, Pessin JR (2020) Insulin-mediated PI3K and
AKT signaling. In The Liver: Biology and Pathobiology,
Sixth Edition, Arias IM, Alter HJ, Boyer JL, Cohen DE,
Shafritz DA, Thorgeirsson SS, Wolkoff AW, eds. John
Wiley & Songs., Ltd., pp. 485-495.

[66] Garcia-Caceres C, Quarta C, Varela L, Gao Y, Gruber T,
Legutko B, Jastroch M, Johansson P, Ninkovic J, Yi CX,
Le Thuc O, Szigeti-Buck K, Cai W, Meyer CW, Pfluger
PT, Fernandez AM, Luquet S, Woods SC, Torres-Aleman
I, Kahn CR, Gotz M, Horvath TL, Tschop MH (2016)
Astrocytic insulin signaling couples brain glucose uptake
with nutrient availability. Cell 166, 867-880.

[67] Cai W, Xue C, Sakaguchi M, Konishi M, Shirazian A,
Ferris HA, Li ME, Yu R, Kleinridders A, Pothos EN, Kahn
CR (2018) Insulin regulates astrocyte gliotransmission and
modulates behavior. J Clin Invest 128, 2914-2926.

[68] Mielke JG, Taghibiglou C, Liu L, Zhang Y, Jia Z, Adeli
K, Wang YT (2005) A biochemical and functional char-
acterization of diet-induced brain insulin resistance. J
Neurochem 93, 1568-1578.

[69] Arnold SE, Arvanitakis Z, Macauley-Rambach SL,
Koenig AM, Wang HY, Ahima RS, Craft S, Gandy S, Buet-
tner C, Stoeckel LE, Holtzman DM, Nathan DM (2018)
Brain insulin resistance in type 2 diabetes and Alzheimer
disease: Concepts and conundrums. Nat Rev Neurol 14,
168-181.

[70] Chudoba C, Wardelmann K, Kleinridders A (2019) Molec-
ular effects of dietary fatty acids on brain insulin action and
mitochondrial function. Biol Chem 400, 991-1003.

[71] Maciejczyk M, Zebrowska E, Chabowski A (2019) Insulin
resistance and oxidative stress in the brain: What’s new?
Int J Mol Sci 20, 874.

[72] Blake S, Rudolph D (2021) How excess dietary saturated
fats induce insulin resistance. Int J Transl Sci 1, 4.

[73] Ma Q (2013) Role of nrf2 in oxidative stress and toxicity.
Annu Rev Pharmacol Toxicol 53, 401-426.

[74] Liddell JR, Hoepken HH, Crack PJ, Robinson SR, Dringen
R (2006) Glutathione peroxidase 1 and glutathione are

CORRECTED P
ROOF



W.B. Grant and S.M. Blake / Diet’s Role in Risk of Alzheimer’s Disease 25

required to protect mouse astrocytes from iron-mediated
hydrogen peroxide toxicity. J Neurosci Res 84, 578-586.

[75] Feng J, Zheng Y, Guo M, Ares I, Martı́nez M, Lopez-
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