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The increasing numbers of elderly Alzheimer’s disease (AD) patients because of a steady increase in the average lifespan and aging
society attract great scientific concerns, while there were fewer effective treatments on AD progression due to unclear exact causes
and pathogenesis of AD. Moderate (200-500 mg/d) and regular caffeine consumption from coffee and tea are considered to alleviate
the risk of AD and have therapeutic potential. This paper reviewed epidemiological studies about the relationship of caffeine intake
from coffee or/and tea with the risk of AD and summarized the caffeine-related AD therapies based on experimental models. And
further well-designed and well-conducted studies are suggested to investigate the optimal dosages, frequencies, and durations of
caffeine consumption to slow down AD progression and treat AD.

1. Introduction

AD is the most common cause of dementia, which is associ-
ated with the physical deterioration of the brain tissue, lead-
ing to greater cognitive malfunctions than those of normal
brain aging [1]. The incident rate of AD increases dramati-
cally with age, only 2% among 65 years of age, 12.7% among
90 years of age, and 21.2% among 95 years of age, respectively
[2]. And cognitive impairment, characterized by rapid mem-
ory and attention decline, is the high-risk factor for AD [1].
Because cognitive impairment is likely to progress to AD at
a rate of 10% quicker than normal cognitive people at the
same age [3], cognitive decline is regarded as a preclinical
marker for early dementia. Thus, lowering cognitive decline
also indicates a reduction of the risk of AD [4]. Furthermore,
cognitive disorders include dementia, cognitive impairment,
and cognitive decline [5].

AD is the consequence of the complex interplay between
the genetic and environmental factors, including medical his-
tory of diseases and dietary habits [6]. Currently, there are
limited efficient pharmacological therapies in reversing the

cognitive deterioration and slowing down the progression
of AD [7]. And the permitted six drugs only provide tempo-
rary and incomplete symptomatic relief accompanied by
severe side effects [8]. Therefore, clinicians considered mod-
ifiable risk factors for brain function preservation, such as
lifestyle, obesity, diabetes, and hypertension [5]. Because
those nonpharmacological interventions are easy to achieve,
acceptable, cheap, and without negative consequences at rou-
tine levels, they could help reduce healthcare costs at popula-
tion levels as good prophylaxis of AD [9]. Concerning aspects
relating to lifestyle, multiple studies have examined the
potential role of phytochemicals in preventing and slowing
down progressive pathogenic changes in AD, including fla-
vonoids, phenolic acids, carotenoids, curcumin, resveratrol,
and some alkaloids (in the comprehensive reviews [10, 11]).
Among them, the effects of caffeine seem to be well
researched and documented [12].

Caffeine (1,3,7-trimethylxanthine), a purine alkaloid, is
one of the most common and widely consumed psychoactive
stimulants daily, exerting its functions on CNS to help antifa-
tigue, increase concentration, and trigger the arousal of
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neurons after short-term consumption [13]. Because chronic
low doses of caffeine have been reported to protect against
CNS hypoxia and ischemia in rats [14] and gerbils [15, 16],
whereas acute caffeine administration exacerbated ischemic
neuronal damage in rats with forebrain ischemia produced
by bilateral carotid occlusion plus hypotension [14], caffeine
may have neuroprotective effects; thus, it is reasonably
hypothesized that regular caffeine consumption at a low dose
for the long term could help prevent AD.

This article is initially aimed at examining the potential
role of constant caffeine consumption in AD development
based on human studies and treating AD based on experi-
mental studies. The second aim is to recommend caffeine
dosages, frequencies, and durations that may be beneficial.

2. Caffeine in AD: Human Study

Coffee and tea are the two most popular drinks worldwide and
are the leading global dietary sources of caffeine [13].
Although caffeine contents vary in a cup of coffee in different
studies due to various serving sizes (50-190 ml), types of coffee
beans (Arabica or Robusta), preparation methods (boiled or
filtered), and serving types (decaffeinated or Italian), the mean
caffeine content is generally 90 mg per 230 ml of coffee (a reg-
ular cup of coffee is 230 ml) [17]. Caffeine amounts also vary
in a cup of different types of tea. Fresh tea leaves should
undergo the diverse degree of fermentation and oxidation of
polyphenols during manufacturing; therefore, 100 ml of non-
fermented green tea has 15mg of caffeine on average, and
semifermented oolong tea and fermented black tea have
17 mg of caffeine per 100 ml on average (a regular cup of tea
is 100 ml) [18]. If coffee or/and tea consumption could provide
appropriate dosages of caffeine to modify the progression of a
neurodegenerative disorder that may evolve many years
before the emergence of visible clinical symptoms, as appears
to be the case with AD, without side effects, they may be rec-
ommended as a daily natural complementary therapy for low-
ering the risk of AD and slowing down the progression of AD.

This article summarizes 15 human studies including case-
control studies, cohort studies, cross-sectional studies, and
meta-analyses in Table 1, to access the possible effects of caf-
feine from coffee or/and tea on AD and suggest optimal dos-
ages, frequencies, and durations of coffee and tea consumption.

2.1. Method. (1) If the selected human studies defined neither
the exact caffeine doses in a cup of coffee and tea nor the
exact volume of a cup, the caffeine amounts were determined
by 90 mg caffeine per cup of coffee (a regular cup of coffee is
230ml) [17], 15 mg caffeine per cup of green tea, and 17 mg
caffeine per cup of black/oolong tea (a regular cup of tea is
100ml) [18]. (2) The average amounts of daily coffee and
tea consumption by Canadians were determined by Conway
[19] and Lindsay et al. [20], respectively. (3) Because West-
erners consume more black tea and rarer green tea than East-
erners [21], if the particular types of tea were not identified in
the study from the West, tea consumption refers to the mean
caffeine amounts of black tea. (4) Tea consumption based on
the Eastern study refers to the majority of consumed tea

types.
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2.2. Caffeine. A retrospective and matched-pair case-control
study reported that AD patients only consumed an average
of 73.9 £ 97.9mg/d caffeine as compared to healthy control
cases who had 198.7 + 135.7 mg/d during the last 20 years
preceding AD diagnosis. And caffeine exposure during this
period could lower the risk of AD significantly with an OR
of 040 (95% CI=0.25-0.67). Daily caffeine intake was
sourced from instant coffee (60 mg caffeine/142 ml), decaf-
feinated coffee (3 mg caffeine/142 ml), tea leaf (30 mg caffei-
ne/142ml), instant tea (20mg caffeine/142ml), and cola
drinks (18 mg caffeine/170ml) [22]. However, another
nested case-control study observed that midlife caffeine
intake from coffee (137 mg/227 ml), tea (47 mg/227 ml), and
cola (46 mg/340ml) was not significantly associated with
the risk of late-life AD (25 years later). But the highest levels
of caffeine consumption (411.0-1872.5 mg/d) were related to
a lower OR of having any of the neuropathological lesion
types at autopsy as compared to lower caffeine intake
(<137.0 mg/d) (multivariable-adjusted OR = 0.45, 95% CI =
0.23-0.89, and P=0.04). And the adjusted mean caffeine
intake among decedents with AD lesions was 279 mg as com-
pared to 333 mg among those without lesions (P = 0.10) [23].
The 2010 meta-analyses of 11 studies reported that caffeine
intake could reduce the risk of AD, with the summary RR
of 0.83 (95% CI =0.32-2.15, I = 40.5%) [24].

2.3. Coffee. After a 21-year-long period of follow-up observa-
tions, the Finnish cohort study reported that participants
who consumed 690 to 1150 mg/d of coffee (270 to 450 mg/d
caffeine) at midlife had a decreased risk of late-life AD by
58% significantly compared with those drinking 0 to
460 mg/d of coffee (0 to 180 mg/d caffeine, reference). Tea
consumption was not associated with a decreased risk of
AD later in life, partially because the majority of participants
(60.5%) in this study did not drink tea, making statistical
power low [25]. A large-scale population-based prospective
cohort study among Canadians aged above 65 years consis-
tently reported that daily coffee consumption (243 mg/d caf-
feine [26]) reduced the risk of AD by 31% during a 5-year
follow-up, while daily tea drinking (64 mg/d caffeine [19])
was not associated with lowering AD risk (OR =1.12, 95%
CI=0.78-1.61) [20]. Furthermore, a multiethnic cohort
study among persons aged above 45 years old reported that,
during an average of 16.2 years of follow-up, higher coffee
intake (above 2 cups/d, above 180mg/d caffeine) lowered
the risk for all-cause death, with an HR of 0.82, as compared
to 1 cup/d (HR =0.88, 95% CI =0.85-0.91). But only lower
coffee consumption (1 cup/d, 90 mg/d caffeine) had a mar-
ginally positive association with the risk of AD (HR =0.90,
95% CI=0.71-1.14) as compared to a negative effect by
higher coffee consumption (above 2 cups/d, 180 mg/d caf-
feine) [27]. Another large population-based cohort study of
old Swedish adults (mean age of 83.2 years) reported that
there were no associations of coffee consumption (177 mg/d
caffeine) and risk of dementia during a mean follow-up of
12.6 years [28]. However, the 2007 meta-analyses of 4 obser-
vational studies reported that coffee consumption could sig-
nificantly reduce AD risk in comparison with
nonconsumers with a pooled risk estimate of 0.73 (95% CI
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=0.58-0.92), in a highly significant heterogeneity (chi-
squared: 13.6, P < 0.01) [29].

2.4. Tea. A national population-based prospective nested
case-control study on illiterate elderly Chinese subjects
reported a significant inverse relationship between dietary
habits of tea drinking and cognitive decline (OR =0.82,
95% CI=0.68-1.00, and P=0.0468) [30]. And the
community-based cross-sectional study among elderly Japa-
nese subjects aged above 70 years also reported an inverse
dose-dependent response between green tea consumption
and prevalence of cognitive impairment. Subjects who con-
sumed over 200ml/d green tea (30mg/d caffeine) and
100 ml/d (15mg/d caffeine) had a significantly lower cogni-
tive impairment risk by 54% and by 38%, respectively, as
compared to below 300 ml/wk (45 mg/wk caffeine, reference)
(P =0.0006). However, a weaker association was observed for
black or oolong tea consumption with the risk of cognitive
impairment, and there was a null association between coffee
consumption and the risk of cognitive impairment [31]. On
the contrary, in the Singaporean cross-sectional study, par-
ticipants habitually consumed vastly more black or oolong
tea than green tea. Thus, the more inverse relation of black
or oolong tea consumption with cognitive impairment was
found as compared to green tea. And a higher intake corre-
sponded to a lower risk of cognitive impairment, with an
OR of 046 (95% CI=0.31-0.68) for above 215ml/d
(37 mg/d caffeine) and an OR of 0.55 (95% CI =0.38-0.79)
for occasional intake. No significant associations were found
between coffee intake and cognitive status [4]. And another
Singaporean cross-sectional study among Chinese elders
aged above 55 years reported that total tea consumption
(34mg/d caffeine) was related to better performance on
global cognition (MMSE) (B=0.055, SE=0.026, and P =
0.03) and memory improvement (B=0.031, SE=0.012,
and P =0.01). The neuroprotective effects of tea consump-
tion on cognitive function were not limited to a particular
tea type. As 45.8% of participants consumed Chinese black/-
oolong tea, 37.6% consumed English black tea and 21.6% had
green tea. However, no association was found between coffee
intake and cognitive function, as well as a decrease in AD risk
[32]. Another cross-sectional study among elderly Norwe-
gians (aged 70-74 years) observed that habitual tea con-
sumers who consumed a mean value of 222 ml/d (37 mg/d
caffeine) black tea during the previous years had better cogni-
tive performance than nonconsumers, examined by cognitive
tests other than MMSE. And the sharpest dose-response
effect of tea was up to 200ml/d on cognitive performance,
after which it tended to plateau [21]. Meanwhile, a meta-
analysis of 26 studies (predominately Chinese studies)
showed that tea drinking was significantly associated with a
decreased risk of cognitive disorders in the elders
(OR =0.65, 95% CI=0.58-0.73, and I*> =78.8%) as com-
pared to nonconsumers or rare consumers, partially owning
to neuroprotective effects of caffeine components in tea.
There were elusive findings of the relationship between tea
intake and AD in the subgroup analysis (OR =0.88, 95% CI
=0.65-1.12) due to the lack of included studies, especially
non-Chinese studies [33]. On the contrary, a meta-analysis
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of 20 studies concluded 5 AD-related studies, which reported
that caffeine intake from coffee or tea was not significantly
associated with the risk of AD in the random-effects model
among elderly participants, with a subtotal OR/RR of 0.78
(95% CI=0.50-1.22, I> =71.0%) [5].

2.5. Discussions on Human Studies. The current studies sug-
gested that caffeine intake may be associated with a lower risk
of cognitive disorders including AD, cognitive impairment,
and cognitive decline, despite the presence of some inconsis-
tent results. And the neuroprotective effects of caffeine were
closely tied to the appropriate frequencies and dosages of
consumption. According to Cappelletti et al., low caffeine
intake is less than 200mg/d, moderate caffeine intake is
between 200 and 500 mg/d, and high caffeine intake is above
500 mg/day [34]. And the definitions of drinking frequency
are regular intake (every day and above 5 times per week)
and rare intake (below 2 times per week and never drinking).
In line with data from included research showing an inverted
U-shaped caffeine dose-response curve [20, 22, 25, 27], regu-
larly intaking moderate caffeine had a better cognitive func-
tion and a lower AD risk. However, low caffeine intake
levels had a borderline positive or null relationship with
AD risk [27, 28], and high caffeine consumption may
increase the risk of AD and decrease cognitive performance,
especially from coffee intake [27].

Additionally, as the long-term follow-up observations
were commonly used in the cohort design. And coftee drink-
ing habits may alter over time, possibly after a significant
interval, if the cognitive state or other environmental influ-
ences such as lifestyle changes occur. The more obvious pro-
tective effects of caffeine from coffee against AD were more
likely to be reported in studies with shorter follow-up as
cognition-impaired patients would reduce their daily coffee
intake compared to healthy participants, just like the study
conducted by Lindsay et al. of 5 years [20] compared with
that by Larsson and Wolk of 12.3 years [28].

Coffee, which is more frequently consumed in Western
countries than tea as a more popular beverage in Eastern
countries, contains much higher amounts of caffeine than
any type of tea [25]. Studies in Western countries consis-
tently reported that coffee had neuroprotective effects but
null associations of tea consumption, while Eastern countries
found the opposite. The neuroprotective effects of tea con-
sumption may be more related to the abundant tea flavo-
noids (catechins), especially EGCG in green tea and
theaflavins in black tea, rather than the stimulant effect of
scarce caffeine contents [32]. Furthermore, diversities con-
nected to the ratio of tea leaves to hot water (the boiling
way) and the reuse habits of the same tea leaves several times
in East Asia in comparison with single-use coffee also make a
difference in the analysis between the exact dosage of caffeine
and positive neuroprotective effects [35]. And the amounts of
caffeine intake from tea also depend on social and cultural
diversities. For example, Japanese subjects consume vastly
green tea (2 cups of green tea per day; one cup is 100 ml) as
a social activity, while Chinese subjects consume a range of
tea (more black/oolong tea) [4], resulting in inconsistent
results about protective effects of different types of tea among
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Japanese and Chinese subjects. Furthermore, because West-
erners consume more black tea and rarer green tea than East-
erners, a European study observed that habitual black tea
consumption could lower the risk of AD but the plateau
effects were up to 200 ml/d, even corresponding to the neuro-
protective effects of lower caffeine amounts but in a habitual
intake. And, by meta-analysis, which predominately had
summarized Chinese studies, partially due to neuroprotective
effects of caffeine in tea, tea consumption could reduce the
risk of cognitive disorders in elders compared to noncon-
sumers or rare consumers [33]. It is thus reasonably assumed
that the true association and interplay of flavonoids and caf-
feine with neuroprotection effects were underestimated. And
all the studies on the neuroprotective effects of tea but not
coffee were cross-sectional studies, with the results confined
by the inference of a temporal causal relation between coffee
and tea consumption and prevalence of AD, but the cogni-
tion in the old adults is shaped by long-term exposures [4].
Furthermore, the exact neuroprotection of tea for the old
adults has also been affected by ambiguous drinking history
and durations of tea before the involvement of studies. Fur-
ther studies are needed to gather data from the long-term
consumption of caffeinated coffee and tea to confirm the
dose- and frequency-dependent association and the exact
time of caffeine when its neuroprotective benefits begin
[24]. And more well-defined studies are thus needed to be
conducted on different racial/ethnic groups to achieve
greater biological plausibility.

Findings of human epidemiological studies may also be
influenced by various residual confounders, including smok-
ing and physical activities, as a result of measurement errors
or complementary effects of other active substances in coffee
or/and tea, including magnesium [36], EGCG [37], and thea-
flavins [38], indicating human studies did not support the
role of caffeine isolation in AD prophylactics.

Additionally, observational studies focusing on data
from the self-reported questionnaires easily introduced
biases and created incorrect information, especially in the
long-term study. For example, the variability of daily doses
of caffeine is increased through occasionally intaking other
sources of caffeine like cola without informing the
researchers. These exposure misclassifications undermine
the methodological approach in particular in recalling it
in the long term [24].

Further, different meta-analyses applied different search-
ing strategies, inclusion criteria, and methods to select data
for quantitative analysis, resulting in inconsistent findings
[24]. And the quality of primary studies is the validity of
meta-analysis. None of the double-blind placebo-controlled
trials was selected in the meta-analysis that could provide
more robust evidence [29], while observationally epidemio-
logical studies were included, which recruited various partic-
ipants, used different sample sizes, and applied different
diagnostic criteria and methods of data analysis. For exam-
ple, CSHA was a nationwide population-based study [20]
while the study of Maia and De Mendonga [22] was a small
hospital-based study with only 108 participants. Kuriyama
et al. [31] utilized a cutoft value of MMSE of 26 for cognitive
impairment diagnosis compared with 23 in Ng et al. [4]. And

meta-analysis has evened up a cup of coffee or tea among all
studies, even though there were discrepancies in the defini-
tion of caffeine volumes in a cup, making it difficult to vali-
date the dosages of neuroprotective effects of caffeine.

Besides, the main methodological limitation of this study
was to neglect the effects of the coffee and tea preparation
method, as well as specific coffee and tea types such as decaf-
feinated coffee and tea. Instead, it used 90 mg caffeine per
230ml coffee, 15mg caffeine per 100ml green tea, and
17 mg caffeine per 100 ml black/oolong tea directly.

In conclusion, it is reasonably suggested that caffeine
from moderate and regular caffeine consumption from
coffee could impede AD progression but may not for tea
intake. And it is required to conduct further well-defined
studies on the exact optimal dosages, frequencies, and
durations of caffeine from various tea types to minimize
the risk of AD.

3. Caffeine: Pharmacokinetic Profile

The pharmacokinetic profile of caffeine may be linked to the
favorable effects of caffeine on reducing the risk of AD.

After consuming caffeine, caffeine can be absorbed
quickly and completely by the gastrointestinal tract, espe-
cially in the small intestine, with very high bioavailability
(99%-100%) [39]. 96.34 mg of caffeine resulted in a maximal
plasma concentration of 2.47 ug/ml [40], in the following 30
to 60 minutes [41]. Due to the hydrophobic properties of caf-
feine, it can also cross through BBB quickly, and then, the
brain achieves similar caffeine concentrations as blood, pro-
posing mechanisms of neuroprotection against cognitive
dysfunction by oral caffeine intake [41]. Long-term caffeine
consumption leads to adaptive changes in the brain, indicat-
ing greater betterment on cognitive performance that
occurred among the older adults with continuous and regular
caffeine consumption [42]. And chronic caffeine treatments
could protect against seizures and maintain spatial memory
in the mouse model, which was greater than acute caffeine
administration [42].

The elimination half-life of moderate amounts of caf-
feine in systemic circulation has been reported about 5
hours, indicating a quick metabolic rate of caffeine [43].
But the high doses of caffeine over 500mg have lower
elimination rates and thus may affect the cardiovascular
system with their positive inotropic and chronotropic
effects and the central nervous system with their locomo-
tor activity stimulation and anxiogenic-like effects,
accountable for tremor, tachycardia, and anxiety, respec-
tively [34]. But in the habitual caffeine consumers with
moderate amounts of caffeine consumption, the acute
proarrhythmic effect even caused by high caffeine intake
was somewhat attenuated [44]. But regularly intaking high
amounts of caffeine leads to caffeine abuse and depen-
dence and can result in caffeine intoxication, which puts
individuals at risk for premature and unnatural death
[34]. Consequently, caffeine is a central nervous stimulant
and should not be used in excess. When used to treat AD,
it may require controlling the doses of caffeine below
500 mg/d.
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4. Pathogenesis of Alzheimer’s Disease and
Mechanisms of Caffeine Therapies

AD progressively causes neuronal damage and leads to
dementia, which is commonly related to cognitive dysfunc-
tion and mental decline, being the third biggest cause of old
disabilities and death [45]. This age-related problem is fur-
ther influenced by population aging and leads to substantial
growth in the AD patient population from 32.5 million in
2021 to 53.3 million by 2030 [46].

The neuropathological hallmarks of AD are the cerebral
extracellular deposition of diffuse and neuritic senile plaques
made by A peptides, the intracellular aggregation of flame-
shaped NFTs composed of hyperphosphorylated aggregates
of the microtubule-associated tau protein, and the selectively
large-scale neuronal loss [47]. In understanding the pathol-
ogy, neurobiological mechanisms underlying AD have been
the key. And the most important changes identified can be
explained currently by Ap theory, tau protein theory, oxida-
tive stress theory, ApoE4 theory, and adenosine theory.

Meanwhile, human studies do not allow concluding on
the role of caffeine itself in the modulation of AD risk. This
article has concluded some experimental studies, especially
in the transgenic mouse models of AD, based on the biolog-
ical alternations observed in these human pathologies, to fur-
ther investigate the effects of caffeine on AD development
and potential therapeutic effects and dosages.

4.1. AP Theory. AP theory is related to the imbalance
between the production of A through proteolysis of APP
by f-secretase and y-secretase and the clearance of produced
Ap, which is the triggering event and the most important fac-
tor [47].

Newly produced Af comes into a dynamic equilibrium
between isoforms soluble Af3, ,, and deposited AS; ,, [48].
And the soluble Af, ,, can be cleared out of the brain and
entered into plasma down a concentration gradient [48],
while the deposited toxic Af;_,, is more difficult to be cleared
due to greater hydrophobicity, which leads to acquiring the
configuration of a 3-pleated sheet and easily clumping them-
selves together to cause depositions of amyloid neuritic pla-
ques, which disrupt cell functions and lead to AD [49]. By
targeting [3-secretase and y-secretase to reduce A3 produc-
tion or increasing the clearance speed of deposited A, ,,,
the progression of AD might be relieved.

APPsw mice, which were the most prominent transgenic
AD models in animals, can develop substantial levels of brain
Ap and widespread cognitive impairment with age [50]. The
4-5 weeks of treatment of 1.5mg/d caffeine with the human
equivalent of 500 mg/d caffeine in aged APPsw mice (18-19
months old) could stimulate PKA activity which would
decrease the hyperactive form of c-Raf-1. This would correct
dysregulation of the c-Raf-1 inflammatory pathway, inacti-
vating the NF-xB pathway and suppressing p-secretase
expression (Figure 1, Pathway 1). Therefore, the evident Af
deposition was reduced by 46% and 40% within the entorhi-
nal cortex and hippocampus of Tg caffeine-treated mice
compared to Tg controls in total, respectively, at 20-21
months of age [51]. Among them, soluble Af; ,, and insolu-
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ble Af, 4, levels of aged caffeine-treated Tg mice were
reduced by 25% and 51% in the cortex and by 37% and
59% in the hippocampus, respectively, when compared with
Tg controls [51]. Also, 1.5mg/d caffeine treatment to aged
4-month-old APPsw Tg mice for 5.5 months could reduce
B-secretase by 50% when following completion of behavioral
testing at 9.5 months, then significantly lowering soluble
AP, 4o production by 37% (P <0.05) and insoluble Af, ,,
production by 32% (P <0.05) as compared to Tg control
mice [41]. GSK-3« dysregulation is known to Af3 production
by enhancing PS1 mutation which increases the y-secretase
cleavage of APP activity [52]. Caffeine (1.5mg/d)-treated
Tg mice had normalized PS1 band density ratios, compared
with the significantly elevated Tg control group, after 5.5
months [41]. When treating cultured SweAPP N2a cells with
caffeine in a dose-response manner (0-20 uM), the maximal
effects of decreasing active GSK-3« levels were achieved at
20 uM (the human equivalent of 100-200 mg of caffeine) by
90 minutes [51] (Figure 1, Pathway 1).

4.2. Tau Protein Theory. Although Ap theory is regarded to be
the beginning of AD progression, however, it cannot fully
explain the etiopathogenesis of AD. Tau protein is the second-
ary pathogenic event, subsequently leading to neurodegenera-
tion [53]. AP exposure promotes GSK-3f3 overexpression,
connected to neurodegeneration-related tau hyperphosphory-
lation [54]. Indeed, a study reported that chronic lithium
(GSK-3p inhibitor) treatment prevented tau hyperphosphory-
lation in the GSK-3 transgenic mice [55].

Tau is a highly soluble protein whose biological activities
are related to microtubules and are regulated by the degree of
phosphorylation [56]. Under normal phosphorylation condi-
tions, tau supports stabilizing the functions of microtubules
on neuronal growth and axonal nutrient transport, while
hyperphosphorylated tau loses its interactions with microtu-
bules and prefers to aggregate with other tau molecules,
forming neurofibrillary tangles inside neurons [56]. These
neurofibrillary tangles consequently lead to microtubule dys-
function and blockage of the neuronal transport system,
which damages the synaptic communications between neu-
rons and AD-related brain changes [56]. And neurofibrillary
tangles firstly found in the EC and hippocampus can extend
to the amygdala and cortical areas (temporal, frontal, and
parietal), causing more damage [57, 58].

The changes in Af oligomers and tau protein are
reported by studies to be the most important factors for neu-
ronal dysfunction in AD pathology [59, 60]. And the strate-
gies refer to decreasing phosphorylation degrees of tau.

In SweAPP N2a cells, the best caffeine treatment for sup-
pression of GSK-3 levels was 20 M for 30 minutes, and a
lower phosphorylation degree of tau was proposed [51]
(Figure 1, Pathway 2). 0.3g/l of chronic caffeine delivery
through drinking water (4uM plasma caffeine) to THY-
Tau22 mice (aged 2 months old) for 10 months was signifi-
cantly associated with an increase in dephosphorylated tau
protein at Taul pathologic epitopes by 36.4% (+7.4%), as well
as mitigated levels of proteolytic fragments of tau protein by
reducing N-terminal fragments by 40.9% (+5.2%) and C-
terminal fragments by 54.8% (+£3.5%), as compared to



Oxidative Medicine and Cellular Longevity

Hyperactive
c-Raf-1 dysregulation

Presenilinl

o

mutations
NF-KB l
| .
y-Secretase i

% Diseased
»
neuron

11

1

ApoE4 allele

Mitochondrial Cholesterol

dysfun(siions L
(| Blood-brain
Caspase [ ) barrier
disruption

F1GURk 1: Caffeine neuroprotective mechanisms. (1) Af3 theory contains two routes. Firstly, caffeine stimulates PKA activity that decreases the
hyperactive form of c-Raf-1. This abnormal c-Raf-1 form supports AD progression by activating the NF-«B pathway and f3-secretase expression.
Secondly, caffeine lowers the GSK-3« dysregulation which increases PS1 mutation and y-secretase expression. (2) Tau protein theory relates to
the caffeine deactivating GSK-3f3 expression which can also be triggered by Af3 that expedites tau hyperphosphorylation and neurofibrillary
tangle formation inside neurons. (3) Oxidative stress theory shows that caffeine inhibits ROS formation which can be promoted by Af. ROS
can impair the mitochondrial electron transport system, further triggering caspase and neuronal apoptosis. (4) ApoE4 theory shows that
caffeine can decrease high plasma and astrocyte cholesterol levels induced by high ApoE4 levels and reduce BBB disruptions by
hypercholesterolemia (' Adapted from “Pathology of Alzheimer’s Disease”, by BioRender.com (2021). Retrieved from https://app biorender.com/
biorender-templates/t-5d8baeb4f7e1a5007dd46b18-pathology-of-alzheimers-disease/).

untreated THY-Tau22 mice [61]. Reduction of tau phos-
phorylation by caffeine is consistent with an in vitro model
of cultured cortical neurons (SH-SY5Y cells) in the non-
pathogenic context, with dosages of 20 mM [62], which has
been far higher than those achieved following habitual caf-
feine consumption (>10 mM) [63].

4.3. Oxidative Stress Theory. It is well understood that AD is
strongly linked to extensive cellular OS [64]. OS is related to
ROS accumulation in the brain because of inequality between
ROS generation and antioxidant clearance activity [65]. The
ROS could react quickly to biological components like lipid,
leading to malfunction of the brain because the brain is
mostly made up of a lipid that is easy to oxidize [65]. In addi-
tion, ROS could impair the mitochondrial electron transport
system by disrupting its antioxidant enzyme functions, SOD1
and SOD2, causing a further increase in ROS levels that
finally activate caspase and subsequently neuronal apoptosis
[66] (Figure 1, Pathway 3). Also, OS could augment Af pro-
duction and aggregation and facilitate tau hyperphosphory-
lation, which, in turn, further promotes ROS formation
[67]. Thus, treatment with antioxidant properties could pro-
tect neurons from oxidative stress and A toxicity.

Caffeine can be the antioxidant to inhibit lipid peroxida-
tion and mitigate OS by suppressing the production of ROS
[65]. The use of 10 uM caffeine treatment might reduce intra-
cellular ROS by 40.36%, increase SOD activity by 48.55%,
and decrease malondialdehyde by 44.29% of the SH-SY5Y
cells which have been exposed to the combination of A,
55 and AIC, for 48 h, and antiapoptotic Bcl-2 protein levels
for the prevention of neuronal death has been rescued

[68]. Furthermore, the number of caspase-3-positive neu-
rons was reduced by 48% after 1.84mg/d caffeine treat-
ment (equivalent to daily human consumption of
4.86 mg/kg body weight of caffeine) as compared to cul-
tures treated with only 20 uM of Af,; 5 for 48h, concur-
ring the neuroprotective effects of caffeine against Af, .-
induced neuronal death [69].

4.4. ApoE4 Theory. ApoE4 is considered the largest genetic
risk factor for AD, with a prevalence of about 14%, conferring
a drastically elevated risk of AD with an earlier age of onset in
a gene dose-dependent manner [70]. ApoE4 promotes the
accumulation, aggregation, and deposition of A3 in the
brain. ApoE4 might be less efficient for clearing Af in the
BBB due to a lower affinity to Af3 than other ApoE isoforms
(ApoE2, ApoE3) [70].

Besides, ApoE4 also generates aberrant brain cholesterol
metabolism which can further increase A generation and
contribute to the AD risk [70]. ApoE is mainly produced by
brain astrocytes, which account for up to 40% of all brain
cells, and could carry the lipoprotein-bound cholesterol from
circulating plasma to the brain, which has been regulated by
the presence of BBB [70]. ApoE4 is less efficient in transport-
ing cholesterol from astrocytes to neurons and has a low
binding capacity to plasma cholesterol [70]. Thus, high
ApoE4 levels may lead to elevated cholesterol levels in the
plasma and astrocytes [71]. And 2% cholesterol-enriched
diets could induce hypercholesterolemia in rabbits; 3 times
higher levels of insoluble Af,; ,, were achieved by increasing
y-secretase activity to cleave APP on the hippocampus [72].
Hypercholesterolemia has been associated with OS by
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lowering A3 production by antagonizing A,,R which can increase AC
Ca®* (°BioRender.com (2021). [Online). Available from: https://app

.biorender.com/user/signin/) and (b) inhibit adenosine functions on the decrease of neurotransmitter Ach expression (created with https://

biorender.com/ Created with BioRender.com.’Adapted from “Neu
app.biorender.com/biorender-templates/t-5ed6b2d243ee8200b0135

increasing ROS levels [72], and it could also disrupt BBB,
increasing brain cholesterol levels further [73] (Figure 1,
Pathway 4). Thus, strategies refer to reducing brain choles-
terol accumulation.

0.5mg/d and 30 mg/d caffeine treatments for 12 weeks
decreased cholesterol-induced A accumulation and
increased the phosphorylated tau and active form of enzyme
GSK-3p, as well as ROS generation in the hippocampus of
rabbits (1.5-2 years old) which were daily fed a 2%
cholesterol-enriched diet for 12 weeks. But the low caffeine
dose (0.5mg/d) was more efficient than the high dose
(30mg/d) in reducing Af3,, and Af3,, levels (-33.64% com-
pared with -22.62%; -58.65% compared with -45.46%,
respectively), which were reduced to similar levels as the con-
trol [72]. 12 weeks of 3 mg/d caffeine was given to rabbits
aged 1.5 to 2 years, blocking the increased disruptions of
BBB induced by the daily 2% cholesterol-enriched diet [73].
This was characterized by stabilization of the tight junc-
tions between adjacent endothelial cells which involved
an increase in expression of tight junction proteins includ-

romuscular Junction”, by BioRender.com (2021). Retrieved fromhttps://
913-neuromuscular-junction/).

ing occludin and zonula occludens by 72.71% and 50.37%,
respectively [73].

4.5. Adenosine Theory. Aside from the common molecular
pathogenesis of AD and associated theories, where many dis-
tinct factors interrelate, caffeine is largely linked to adenosine
theory, which also interacts with other theories.

Adenosine is an endogenous neuroprotectant abundant
in the CNS, and its extracellular concentrations rise consider-
ably in response to brain damage, neuroinflammation, and
aging [74]. Adenosine effects are mediated by interactions
with G protein-coupled receptors called adenosine receptors,
such as inhibitory AR and excitatory A,,R [75].

AR is found in abundance in the neocortex, cerebellum,
hippocampus, and dorsal horn of the spinal cord [76]. A, R
is extensively expressed in the striatopallidal neurons and
olfactory bulb, with lesser levels in other brain regions like
the hippocampus [76]. Because low concentrations of adeno-
sine prefer to act on the AR, while greater levels prefer to act
on the A,, R, aging causes an imbalance in the expression of
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A R and A, R, contributing to cognitive impairment and an
increased risk of AD [77, 78]. Meanwhile, adenosine lacks its
inhibitory ~A;R-mediated neuroprotective effects and
ATP/adenosine metabolism in the aged brain but is modified
to favor neurotransmission concerning stimulatory A,,R; a
physiological cost may be suggested by an increased vulnera-
bility of senescent neurons to excitatory amino acid toxicity
and a decrease in the number of functioning synapses [79].
Of high interest, A,,R antagonists, in particular, have been
proposed to protect against cognitive and memory dysfunc-
tion evoked in experimental models of AD [41], independent
of A,R-mediated responses [80].

Furthermore, the activations and increased numbers of
A,, R increase their coupling to G protein and efficacy in
increasing AC levels, leading to AMP being converted to
cAMP and higher levels of PKA. The calcium channels are
more phosphorylated, resulting in an overload of intracellu-
lar Ca** [74], which stimulates Af and tau protein produc-
tion and increases OS and neuroinflammation, ultimately
contributing to increasing AD risk (Figure 2(a)) [64]. Also,
the Af may promote overload of cellular calcium by induc-
ing membrane-related OS and forming pores in the mem-
brane [81]. Furthermore, the cholinergic and adenosinergic
systems in the aged brain have an inverse relationship, with
key neurotransmitter Ach levels in the brain declining with
age while adenosine levels rise [82]. And because adenosine
inhibits the release of Ach [83], adenosine accumulation
has been linked to the progression of age-related cognitive
deficits, making it an attractive target for pharmaceutical
intervention (Figure 2(b)).

Caffeine, a well-known neuromodulator with an associa-
tive effect on cognitive performance, is structurally similar to
adenosine due to purine backbones (Figure 3), which com-
pete with the actions of adenosine as a nonselective A,,R
antagonist [84].

Subchronic administration of daily 30 mg/kg caffeine for
4 days to mice (3-4 months old, 35-45g) (the equivalent of
360-540 mg of caffeine) prevented Ap, ;s-induced amnesic
effects [84], extending the finding that 25 uM caffeine fully
prevented the death of cultured cerebellar granule neurons
of rats caused by the A, .. through stimulating the cholin-
ergic neurotransmission [85]. Chronic administration of

high amounts of caffeine (100 mg/kg/d) to mice (25-30g)
for 4 days resulted in a 40-50% increase in the density of cho-
linergic, muscarinic, and nicotinic receptors in the brain and
may also have augmented cholinergic activity, which facili-
tated disruptions in the progression of AD [86].

Based on data collected from animal models and cell
lines, chronic caffeine administration or other pharmacolog-
ical agents that mimic caffeine in moderate amounts (200-
500 mg/d) at midlife would have therapeutic potential in
the AD treatment later in life according to five theories, espe-
cially attenuating the Af burden and Af-induced neurotox-
icity. Even experimental studies indicate rather favorable
effects of caffeine; such benefits may not be fully relevant to
AD in humans, particularly when high dosages were used,
necessitating us to carefully analyze and conduct more well-
defined human studies to evaluate the role of caffeine on
AD treatment. Meanwhile, a meta-analysis of diverse animal
models also found that the effects of caffeine and A, ,R antag-
onists are mostly determined by the dose, the schedule and
time of administration, and the method of administration
[87]. Moderate dosages of caffeine have been shown to
increase memory function in mice [88-90], whereas greater
doses of caffeine have been shown to damage memory acqui-
sition [91, 92].

5. Conclusions

In conclusion, based on the results of epidemiological and
experimental studies, moderate and regular caffeine con-
sumption may help to prevent or delay the onset of AD and
may be a viable therapeutic approach. However, before con-
ducting rigorous preclinical and clinical research on its ther-
apeutic potential in terms of precise neuroprotective dosages,
frequencies, and durations, this recommendation would be
premature. And to answer conflicting results in some human
studies, the future study is required to set international con-
sensual criteria for outcome measure, apply multivariate
analyses to manage various confounding risk factors, clarify
the drinking history of coffee and tea in the self-reported
questionnaires, recruit a large number of participants from
multiethnic backgrounds, and conduct a long follow-up
period.
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Meanwhile, as long as caffeine intake is maintained daily
(e.g., tolerance), moderate usage of caffeine is usually not asso-
ciated with harmful side effects. Although caffeine has been sus-
pected of causing hypertension, there is no association between
caffeine consumption in coffee or/and tea and blood pressure.
Given the already widespread use and acceptance of coffee in
moderate amounts, long-term coffee intake could be a viable
strategy for reducing the risk of AD. However, more research
into the effects of tea consumption on the risk of AD is needed.
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CNS: Central nervous system

mg/d: Milligram per day

wk: Week

OR: QOdds ratio
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HR: Hazard ratio

MMSE: Mini-Mental State Examination
(higher MMSE scores mean higher
cognitive function), which measures
global cognition including memory,
attention, language, praxis, and visuo-
spatial ability [24]
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m-MMSE: A modified version of the Mini-Mental
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SE: Standard error

NINCDS-ADRDA: National Institute of Neurological and
Communicative Disorders and Stroke
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Related Disorders Association
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Cohort of Swedish Men

SLAS: Singapore Longitudinal Aging Study
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ICD-9: Ninth revision

ICD-10: Tenth revision

3MS: Modified Mini-Mental State
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d: Day

USA: The United States of America

N/A: None/anonymity

CVD: Cardiovascular disease

BBB: Blood-brain barrier

Ca*": Calcium ions

EGCG: Epigallocatechin gallate

Ap peptides: Amyloid beta peptides

NFTs: Neurofibrillary tangles

ApoE: Apolipoprotein E

APP: Amyloid precursor protein

Beta-secretase
Gamma-secretase

B-Secretase:
y-Secretase:

APPsw: Swedish mutation

PKA: Protein kinase A

NF-«B: Nuclear factor kappa-light-chain-
enhancer of activated B cells

GSK-3: Glycogen synthase kinase-3

EC: Entorhinal cortex

OS: Oxidative stress

ROS: Reactive oxygen species

SOD1: Superoxide dismutase 1

SOD2: Superoxide dismutase 2

Ach: Acetylcholine

AR: Adenosine A, receptor

AR Adenosine A, , receptor

AC: Adenylyl cyclase

cAMP: Cyclic AMP

Tg: Transgenic

PSI: Presenilin 1

THY-Tau22: Characterized by a significant tau
expression in the hippocampal forma-
tion with a small cortex pathology and
no significant spinal cord pathology,
making it a reliable model for assessing
the modeling effects on hippocampal
tau pathology and their associated
effects on behavior and plasticity [61]

Malondialdehyde: A marker of oxidative stress.

Data Availability

After electronic searches on databases PubMed and Science-
Direct, potential eligible studies from 2000 up until 2020 have
been identified. According to instructions in Boolean opera-
tors and wildcards, the searches applied the following terms
to clarify dietary risk factors (coffee OR tea OR caffeine) com-
bined with terms of interested results (cognit* AND (declin”
OR damag®)) or (neurodegenerat” OR Alzheimer™). The
range of obtained results is around 2000 records. After scan-
ning titles, keywords, and the gist of abstracts in each article,
the articles were retained for close reading and analysis of
details if all of the following inclusion criteria are met: (1)
the published paper had full length and was in a peer-
reviewed source; (2) it evaluated caffeine which was sourced
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from caffeine, coffee, or tea; and (3) it mentioned AD, cogni-
tive impairment, or cognitive decline. And a study was
excluded if it met one or more of the following exclusion cri-
teria: (1) the published paper was in a non-peer-reviewed
source (i.e., website, magazines); (2) it was in the abstract
form; (3) the investigational product was not caffeine, coftee,
or tea; (4) it investigated diseases which were not related to
cognitive disorders; and (5) it was a duplicate publication.
In addition, the present article included several secondary
research papers (i.e., narrative review, systemic review, and
meta-analysis studies) which could recommend other rele-
vant research studies with the same topics after looking
through their reference lists as key clues. Articles in which
caffeine was not studied were excluded. Articles, where
sources of caffeine were not from coffee or tea, were excluded.
Also, articles in which cognitive decline or Alzheimer’s dis-
ease was not mentioned were excluded as well. Researchers
paid deliberate attention to papers which concluded human
studies or animal studies for neuroprotective effects of caf-
feine for approving arguments as well as theories behind
the pathogenesis of neurodegenerative diseases. This paper
focused on the prevention and postponement of progression
of age-related neurodegenerative diseases; thus, analyses
ignored cognitive decline within the normal range. And arti-
cles concerning the dosage and frequency of coffee and tea
consumption were selected to have a deep analysis for com-
paring the difference between coffee and tea. This article
includes both single studies like longitudinal studies and
meta-analyses for more prudent considerations.
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