175

Journal of Alzheimer’s Disease Reports 4 (2020) 175–183
DOI 10.3233/ADR-200171
IOS Press

Review

Alzheimer’s Disease, Inflammation,
and the Role of Antioxidants
Benjamin Sinyora,b,∗ , Jocelyn Mineoa,b and Christopher Ochnera,b
a HCA

Healthcare, Nashville, TN, USA
Hospital and Medical Center, Aventura, FL, USA

b Aventura

Accepted 28 April 2020

Abstract. The World Health Organization refers to Alzheimer’s disease (AD) as a global health priority. As the average age
of the world’s population is increasing, so too is the rate of AD. There are an estimated 47 million people globally who have
been diagnosed with AD dementia, and researchers have yet to figure out the root cause. All misfolded aggregate proteins
that are involved in neurodegenerative disorders (amyloid-␤, Huntington’s tau, ␣-synuclein) induce oxidative stress. It is that
oxidative stress that leads to inflammation and, in conjunction with amyloid protein and tau hyperphosphorylation, progresses
to and exacerbates AD. The consumption of antioxidants and nutrients, specifically vitamin E, caffeine, and turmeric, may
slow the progression of AD and can be found in a wide variety of dietary foods. This review explores the role of inflammation
on AD, the antioxidants that can potentially combat it, and future directions of how the treatment of the disease can be better
understood.
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EPIDEMIOLOGY OF ALZHEIMER’S
DISEASE
Alzheimer’s disease (AD) is growing into one of
the world’s largest cognitive diseases. According to
the Alzheimer’s Association, someone develops AD
every 65 seconds in the United States [1]. In fact,
there are currently 5.8 million people in the United
States living with AD, and that number is projected
to increase to 14 million in 2050 [1]. Globally, it
is estimated that about 47 million people have AD
dementia with the highest rates in Finland, United
States, Canada, Sweden, and Norway [2]. It is currently the sixth leading cause of death in the United
States [3]. Therefore, it is imperative for physicians
to be armed with the knowledge to help an ever∗ Correspondence to: Benjamin Sinyor, MD, Aventura Hospital
and Medical Center, 20900 Biscayne Blvd, Aventura, FL 33180,
USA. E-mail: bsinyor112@gmail.com.

aging patient population to reduce the likelihood of
developing AD or limiting cognitive decline in those
already diagnosed.

PATHOGENESIS OF ALZHEIMER’S
DISEASE
Although the development of AD is a multifactorial process, it has two known pathologies. The first
being the hyperphosphorylation of tau proteins, and
the second mechanism is an increased aggregation
of amyloid plaques. Tau is a microtubule that works
as a scaffold protein in axons. When these proteins
become hyperphosphorylated and impaired in AD
patients, it leads to an aberrant skeletal framework,
a disruption cell operation, neuron dystrophy, and
cause an injury to axonal transport [4, 5]. AD is also
associated with amyloid-␤ (A␤) consistently building up with a high resistance to protease degradation.
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These beta-pleated sheets aggregate and form amyloid plaques in the brain, causing neurodegeneration
and injury [4]. In vitro studies from AD brains applied
to neurons showed decreased long-term potentiation,
synaptic dysfunction, and damage dendritic spines,
which leads to neuronal death [5]. The misfolded proteins that aggregate all induce oxidative stress [6].
While it is evident that these two mechanisms contribute to the development of AD, there is another
pathology, such as inflammation, to consider.
METHODOLOGY
This review highlights basic explanatory research
from secondary data. A search of PubMed with
the following MeSH terms was done: Alzheimer’s
Disease, Antioxidants, Inflammation, Vitamin E,
Tumeric, Estrogen, Caffeine. The search was limited
to publications within the last 25 years, as the topic
has not been extremely well researched, particularly
the effect of antioxidants on AD.
INFLAMMATION AND ALZHEIMER’S
DISEASE
Growing evidence has shown that inflammation
could be a hallmark contributor to AD development
and exacerbation. Pro-inflammatory cytokines like
TNF-␣, IL-1␤, and IL-6 are upregulated in brains of
individuals with AD, which leads to an accumulation
of A␤ plaque aggregates and tau hyperphosphorylation resulting in neuronal loss [7–9]. Inflammation
in the brain is mediated by astrocytes and microglia.
Microglia have multiple functions, but one important role established are being the scavenger cells
of the brain responding to disuse damage and apoptosis. Neuronal injury from amyloid plaques are
increased by the production of neurotoxic A␤ in
response to cytokines and inflammatory stimuli [9].
Deposition of A␤ in the brain results in neuroinflammation by triggering microglia, which is stated
to be a major source of pro-inflammatory cytokines
in AD [10]. After microglia phagocytize the amyloid, they decrease the clearance process of amyloid
over time, since amyloid is difficult to proteolyze.
Microglia then become compromised and less efficient in breaking down amyloid plaques. They release
more pro-inflammatory cytokines, which may further
exacerbate AD progression.
Mechanisms proposed for microglia degeneration include TREM2, CX3CR1, GABA, and other

inflammatory cytokine mediators. TREM2 is an
innate immune receptor expressed on the cell surface of microglia that causes macrophages to activate
phagocytosis causing the release of reactive oxygen
species [11]. A study done on mice has shown that
TREM2 alters phagocytosis and lipid metabolism
exacerbating AD [9]. Numerous studies demonstrate that the CX3CL1/CX3CR1 receptor ligands,
another transcription factor and chemokine, can dosedependently suppress the death of neurons by activating microglia and decrease levels of nitric oxide,
IL-6, and TNF-␣ after stimulation of lipopolysaccharide [9]. However, postmortem studies in AD
patients showed decreased levels of CX3CL1 when
compared with age-matched controls [9]. In addition, the aforementioned study done on mice stated
that genetic deletion of CX3CR1 changes the inflammatory process, resulting in higher A␤ phagocytosis
in microglia [9, 12]. CX3CL1/CX3CL1 affects not
only microglia, but tau hyperphosphorylation as
well. AD transgenic mice with a CX3CR1 deletion
led to increased tau phosphorylation, accumulation,
microglial activation, and an increased deficit in hippocampal learning, exacerbating AD [9, 13].
Microglia
also
release
pro-inflammatory
cytokines, such as IL-6, TNF-␣, and IL-1␤.
These cytokines play a central role in the regulation
and beginning phases of inflammation, allowing
leukocytes and immune cells to migrate to sites
by increasing vascular and endothelial adhesion
molecules. IL-1␤, synthesized by activated microglia
and astrocytes, regulates the formation of amyloid-␤
protein precursor from glial cells, which is a precursor to amyloid plaques. One study showed that
IL-1␤ is overexpressed by microglia and astrocytes
at A␤ plaques, and they are present in AD brains
and animal models of AD when compared to age
controls [14, 15]. This study provides evidence that
overexpression of IL-1␤ exacerbates tau phosphorylation and neurofibrillary tangles by activation of
different kinases [16].
Astrocytes, also considered as a supportive cell,
play an integral role in AD. Astrocytes are involved in
cell signaling, synaptic remodeling, and management
of oxidative stress. When they become reactive, astrocytes express inflammatory mediators. High levels of
extracellular S100B, which is released from astrocytes via IL-1␤ due to pro-inflammatory mediators
and other triggers, can act as a cytokine and have been
increased in clinical conditions that include brain
trauma, ischemia and neurodegenerative, and inflammatory and psychiatric diseases [17, 18]. Researchers
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at Northwestern University concluded the protein
S100B, a protein that induces neurite proliferation,
is overexpressed in AD brains [17, 19]. These effects
can increase brain inflammation and escalate amyloid plaques from amyloid-␤ protein precursor. In
addition, exposure of cultured astrocytes to A␤ significantly upregulate IL-1␤, TNF-␣, IL-6, and NO
production, therefore intensifying inflammation and
progression of AD [19].
Increasing research shows that oligodendrocyte,
the myelin forming cells in the central nervous system, can contribute to oxidative stress. One proposed
mechanism for oxidative stress previously shown in
rat models, is that oligodendrocytes have a greater
decreased glutathione content than any other cell in
the brain and an increased iron content, which make
them more vulnerable to oxidative stress and damage
[19]. Oligodendrocytes can lead to increased compliment in AD brains, exacerbating inflammation. A␤
is also potentially toxic to oligodendrocytes. According to a study done in mice, oligodendrocytes exposed
with A␤ oxidative stress can lead to cell death, resulting in demyelination. This demyelination decreases
the neuron action potential time and increases cognitive impairment in AD [20]. This evidence suggests
that neurons in the nervous system play a role in
increasing inflammation and stress, thereby increasing the progression of AD.
It is vital to have a balance between oxidants
and antioxidants. When unbalanced, the overproduction of reactive oxygen species (ROS) or lack of
antioxidants leads to oxidative stress. Free radicals
are generated from both endogenous and exogenous
sources, such as, inflammation, ischemia, cancer,
aging, environmental pollutants, cigarette smoke,
alcohol, and heavy metals, such as mercury, and iron
[21]. Oxidants are generated in our bodies from cellular by-products of metabolism or external factors
such as ionizing radiation [22].
However, in AD, the activity of antioxidant
enzymes is altered, which leads to the free buildup
of oxidative damage [23]. These oxidants can be
detrimental to our cellular structures that provide
the scaffolding and integrity in AD brains through
DNA oxidation products, hydroxyl radical pairing
with DNA bases, and lipid peroxidation. Oxidant levels that are too high can result in cell damage (see
Fig. 1). Oxidative species is a characteristic of AD
brains, especially in the pathology of senile plaques
[24]. Before the presence of A␤ pathology and clinical symptoms, there is evidence that the production
of ROS increases due to mitochondrial damage [23].
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Antioxidants decrease free-radical-mediated damage in neuronal cells through detoxification, and if
the balance between antioxidants/oxidants are unbalanced unfavorably, there can be detrimental effects,
especially in the AD brain.
THE ROLE OF ANTIOXIDANTS IN
ALZHEIMER’S DISEASE TREATMENTS
Vitamin E
Antioxidants are both endogenous and exogenous
compounds that prevent or slow the damage to cells
caused by free radicals. The combative capacity of
vitamin E for peroxyl radicals is the highest among
antioxidants [25]. Vitamin E and vitamin C can
possibly ensnare the dementia pathogenesis in AD.
Vitamin C acts acting as a reducing agent, by reducing metals like iron and copper in the body, and can
be oxidized by most reactive oxidative/nitrosative
species. This results in neuroprotection and may
improve cognition and prevent aggregation of A␤
protein [22]. Vitamin E acts on lipid fat soluble membrane lipoproteins, and low density lipoprotein [15].
It is responsible for the elimination of free radicals in
the red blood cell membrane and stops the spread of
lipoperoxidation, thereby acting to prevent hemolysis [26]. Vitamin E has the power to inhibit neuronal
death caused by inflammatory processes.
Although there are many forms of vitamin E, ␣tocopherol is the most abundant and bioavailable
antioxidant form of vitamin E in human tissues
[27, 28]. The recommended daily dose for men and
women for vitamin E is 15 mg, or 22 IU of vitamin
E according to the U.S. National Academy of Sciences Food and Nutrition Board [29]. Vitamin E is
transported across the brain through a unique transporter called the alpha-tocopherol transfer protein
(alpha-TTP), which is found in high concentration
in the cerebellum and astrocytes [29]. It is understood that if an aberrant mutation or alteration to
the gene that encodes for alpha-TTP can develop
neurodegenerative diseases, loss of reflexes and proprioception, and very low vitamin E [29]. It has
been shown that alpha-TTP expression is increased
in brains of patients with neurodegenerative diseases,
which illustrates that vitamin E is an essential antioxidant factor for neuroprotection [29]. After reviewing
80 micronutrients on the effect of AD, a 2014 metaanalysis portrayed that vitamin E was displayed in
lower plasma levels in patients with AD [30]. Four
years later, another meta-analysis was done in 2018
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Fig. 1. Pro-inflammatory mediators acting on a healthy neuron resulting in inflammation and damage.

and concluded that AD is associated with a low concentration of serum vitamin E [31].
One of the longest AD treatment trials, designed by
TEAM–AD, discussed the efficacy of ␣-tocopherol,
memantine, or their combination in delaying clinical
progression of AD in patients taking an acetylcholinesterase inhibitor. The authors found that 2000
IU/day of vitamin E significantly delayed the clinical
progression of AD symptoms [30, 32]. A study done
with transgenic mice models with the AD-phenotype
reported vitamin E decreased the oxidation of lipids
in the brain and reduced A␤ levels and plaque deposition when it was given in the early stages of AD [15].
One finding worth noting from this study is that when
plaques were already deposited in the brain; vitamin E
would have no effect reduction of brain stress caused
by AD [15]. An additional study performed on AD

patients examined the effects if vitamin E and Selegene and found that when given 1000 IU/twice per
day for two years, there was a delay in deterioration of daily life and a decreased need for care [33].
Additional evidence suggests that giving vitamin E
to Drosophila suppressed tau-induced neurotoxicity
[15]. Consuming vitamin E rich foods decreases longterm risk of dementia and AD after adjusting for age,
education, sex, race, APOE 4 allele, and length of
follow-up [15]. One important point to note is that
these results were only significant in patients without
the APOE 4 allele [15, 34]. The Rotterdam study
[34], a large-scale study in the Netherlands, found that
high intake of vitamin C and vitamin E may be associated with a lower incidence of AD. It is important to
note that there were positive findings in patients who
had higher intake in vitamin E rich foods. In addition,
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the average vitamin E intake did not develop a lower
risk of dementia [35]. From the research that has been
done thus far, there is strong evidence that vitamin E
can be beneficial for those in the early stages of AD by
delaying its clinical progression, which could potentially result in a decreased need for care and better
quality of life.
Estrogen
Estrogen has emerged to function as an antioxidant
in some in vivo and in vitro studies, which is significant because 15% of women over the age of 65 suffer
from AD [36]. AD neuropathology is known to have
an oxidative stress component with the idea proposed
that polyunsaturated fatty acids of the membranes
of neurons increase the oxidative damage susceptibility of lipids. AD was found to be less frequent
among postmenopausal women who used estrogen
replacement therapy. A study carried out in Italian
municipalities examined 2,816 women and found that
estrogen replacement therapies are associated with
a decreased prevalence in AD in postmenopausal
women according to the NINCDS-ADRDA criteria
[37]. Another study done in Rochester, Minnesota
assessed 222 patients and found that estrogen
replacement therapy is associated with a reduced risk
of AD in postmenopausal women [38, 39]. A study
done at the University of Milan showed that estrogen
has various benefits related to combating neurodegeneration, including preventing neural apoptosis
and inhibition of the production of A␤ [40]. One
mechanism proposed for estrogen inhibiting the
production of A␤ is estrogen downregulating the
expression of MMP-9. When MMP-9 is expressed, it
is associated with chronic inflammatory and degradative diseases, and it is involved in the destruction of
proteases, such as A␤ [41]. The evidence suggests
that giving estrogen to high-risk patients can potentially decrease neuronal inflammation and AD in
older women. However, giving unopposed estrogen
in postmenopausal women has a higher link to breast
cancer, blood clots, and ovarian cancer [42].
OTHER VARIOUS SUPPLEMENTS AND
ALZHEIMER’S DISEASE
Caffeine
Humans with the APOE 4 allele have an increased
chance of developing AD. APOE 4 has been linked
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to increased cholesterol levels due to the aid of
transport of cholesterol across the blood-brain barrier to neurons [43]. Researchers have proposed that
increased cholesterol raises the risk of AD in people
with the APOE 4 allele, and increased cholesterol has been associated with more oxidative stress
through ROS [43]. Caffeine has been shown to reduce
brain A␤ levels for early-onset familial AD in mice
[15]. One study concluded that caffeine treatment
with APP mice reduced A␤ deposition in the hippocampus (associated with memory function) by
40% and part of the temporal lobe (primary auditory cortex) by 46% [43]. In addition, another study
found that caffeine treatment at 292 mg/d suppressed
A␤ and decreased plaque numbers [44]. The FDA
has cited about 400 milligrams a day or equivalent
to roughly 5 cups a day as an amount not generally associated with dangerous or negative effects
[45]. Caffeine decreased amyloid accumulation and
decreased cholesterol induced phosphorylation of tau
proteins after feeding rabbits 2% more cholesterol in
their diet, creating a greater production of amyloid
[46]. In the CAIDE study, [47] drinking 3–5 cups
of coffee per day was associated with a decreased
risk of dementia and AD by about 65% later in life.
However, too much caffeine consumption can cause
adverse side effects such as tremors, palpitations
and arrhythmias. In an experiment conducted with
human neuroblastoma cells, caffeine lowered reactive oxygen species production cultured cells with
A␤ [44]. In addition, the study also illustrated an
increased superoxide dismutase levels, and lowered
malondialdehyde, a marker for oxidative stress levels
significantly [43].
Turmeric
Turmeric has been known to have anti-inflammatory and antioxidant effects in the body.
Turmeric is able to cross the blood-brain barrier
and exhibit therapeutic potential via the inhibition of
peroxidases, and decreases aggregation of A␤ and
reduction of neuroinflammation [48]. A study conducted at UCLA demonstrated that a combination
of macrophages and turmeric showed an improved
uptake and ingestion of A␤ plaque in AD patients
[49]. Turmeric has been found to reduce the release
of ROS by stimulating neutrophils and inhibiting the
activation of the pro-inflammatory cytokines TNF␣, IL-6, and IL-1␤. This leads to a decrease in the
main mechanisms for the inflammation of cytokines.
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A study done in-vitro showed increased production
of the anti-inflammatory cytokine IL-4 in cultured
microglia from mice that were treated with turmeric
extract [50]. IL-4 is an anti-inflammatory cytokine
that has been shown to reduce the production of
inflammatory mediators in microglia such as TNF-␣,
and inhibit microglia activation [50]. Meta-analysis
show that turmeric significantly reduces concentration of circulating IL-6, a pro inflammatory cytokine,
with more apparent effects in patients with a higher
degree of systemic inflammation [51]. A 40% reduction of A␤ was seen in AD mice that were given
low doses of turmeric compared to those that were
not treated with turmeric [15, 52]. Turmeric exposure
also decreased pro-inflammatory cytokines IL-1, and
TNF-␣ [53]. Turmeric has been shown to directly
bind small A␤ species to block aggregation and fibril
formation in vitro and in vivo [54]. Evidence shows
that turmeric has anti-inflammatory and antioxidant
potential to alleviate inflammation.

As Socrates once said, “Let food be thy medicine,
and let medicine be thy food.” As such, physicians
should encourage their patients to inquire about
their diet and lifestyle and reinforce healthy habits.
Foods such as berries (strawberries, raspberries,
and blueberries), kale, dark chocolate, and pecans,
which are rich in antioxidants, should be explored
in moderation. Similarly, consumption of foods
rich in vitamin E such as various nuts, seeds,
vegetable oils, and green leafy vegetables could also
be encouraged. Additionally, studies have shown
that the MIND diet (Mediterranean- DASH diet)
has neuroprotective benefits and has been found
to reduce the risk of AD, with clinical trials being
evaluated in the United States [55, 56]. This diet
has also been recommended by the Alzheimer’s
Association to help reduce the risk of heart disease
and dementia [57]. Although the USPSTF currently
has no guidelines on the quantity of antioxidants one
should consume, physicians should counsel their
patients to increase their consumption of antioxidant
rich foods to enhance their diet.

DISCUSSION
There is growing evidence indicating that there is
an inflammatory component to AD [7, 9]. The release
of inflammatory cytokines by activated microglia and
astrocytes exacerbate inflammation in the AD brain
[10]. In turn, this leads to not only increased A␤
aggregation, but also increased tau hyperphosphorylation [8, 9]. Astrocytes and oligodendrocytes have
also been shown to intensify the role of inflammation
[19, 20]. It has become clearer that inflammation is a
pathogenesis for AD, and one method for decreasing
inflammation is the role of antioxidants and nutrients.
Vitamin E has been shown to decrease the clinical
progression of early AD symptoms, [30, 32] and a
high intake of vitamin C and vitamin E from food
may be associated with a lower incidence of AD
[34]. Estrogen may show protective effects on the
brain by inhibition of MMP-9 and downregulation
of apoptosis and A␤ production [31]. Caffeine has
been shown to reduce A␤ plaques in mice models
[15]. In addition, 3–5 cups of coffee per day is associated with a decreased risk of dementia and AD by
about 65% later in life [47]. Turmeric has antioxidant properties, which have shown to ease the aid of
macrophages digesting A␤ plaques [49]. Turmeric
binds directly to A␤ aggregated proteins, and blocks
fibril formation via an increase in TH2 cytokines, and
anti-inflammatory mediators IL-4, and IL-2 leading
to a decrease in inflammatory mediators [50, 54].

CERTAIN LIMITATIONS
While in vitro animal and laboratory studies have
shown that antioxidant rich nutrients can protect the
brain from oxidative and inflammatory damage, there
is limited data available from epidemiological studies
and human clinical trials on the role of antioxidants
on inflammation in AD. Additionally, while age is
the most important risk factor for AD, there is limited information on the modifiable risk factors for AD
such as lower educational status [58]. AD research
should focus on lifestyle medicine in conjunction
with cognitive status and genomic testing form a
complete portrait of the AD brain, antioxidants, and
inflammation.
FUTURE DIRECTIONS
Future research should explore more precise and
definitive mechanisms that trigger inflammation and
solidify its role on AD, so adequate treatment can be
targeted. One mechanism that has been proposed is
immunizations with antibodies that bind A␤; however, these immunizations have failed in phase three
of clinical trials due to multiple issues [59]. One possible reason for this could have been the treatment
was initiated too late in the disease process [59]. Personalized gene therapy with peptide modification and
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sequencing can be beneficial to treating AD [60, 61].
In 2012, the NIH began sequencing the genomes of
thousands of volunteers with AD [62]. The results
of sequencing can hopefully pave the way for new
and innovative treatments. Another therapy to further research is the role of other antioxidants and their
effect of decreasing inflammation on the brain in AD
patients. Inflammation and AD are inevitably linked,
with more research needed to solidify the mechanisms associated with them. Future research can
elucidate the role of the intake of antioxidants, which
can provide more insight on how to live a healthier,
and hopefully, neurodegenerative-free lifestyle.
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