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Abstract

Cognitive impairments are one of the main symptoms of Alzheimer’s disease (AD). There is
currently no long-term treatment that reverses these cognitive impairments in AD, and the
approved drugs do not target the pathology directly. Interestingly, epidemiological studies have
found an association between caffeine consumption and a reduced risk of developing AD.
Furthermore, caffeine is thought to be a cognitive enhancer. Since caffeine is found in many
foods and drinks that are consumed on a daily basis, caffeine might be an efficient treatment
for cognitive symptoms in AD. This review summarizes studies about the effects of caffeine on
cognition and memory in both humans and rodents. Furthermore, the effects of caffeine on
learning and memory in animal models of AD will be discussed, as well as the molecular
mechanisms underlying these effects. In conclusion, caffeine could potentially be an efficient
treatment for cognitive impairments in AD that might not only improve cognitive symptoms,
but also act on the pathology directly by increasing amyloid-beta clearance and inhibiting
neuroinflammation. Although there is no clear evidence that caffeine improves cognition in
healthy humans, it seems to prevent and reverse memory impairments in animal models of AD.
Investigation of the effects of caffeine on cognition in patients with AD is a crucial next step to
gain more insight in the possibility of caffeine as a treatment for Alzheimer’s disease.
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1. Introduction

Alzheimer’s disease (AD) is a progressive neurodegenerative disease that accounts for more
than half of all cases of dementia (Londzin et al. 2021). The neuropathology of AD is
characterized by amyloid-beta (AB) plaques and hyperphosphorylated tau aggregates (Masters
et al. 1985; Arnold et al. 1991; Lane et al. 2018). This eventually leads to brain atrophy which
is mainly present in the medial temporal lobe, including the hippocampus (Jack 2011). Atrophy
in the hippocampal areas leads to cognitive decline. Cognitive symptoms of AD include
memory loss, having trouble with planning, losing track of time and dates, and poor judgment
(Alzheimer’s Association 2021). These symptoms interfere with the lives of patients, as well
as the lives of the people around them.

Currently, there are only four drugs for Alzheimer’s disease that are approved by The
U.S. Food and Drug Administration (FDA): rivastigmine, galantamine, donepezil and
memantine (Alzheimer’s Association 2021). Rivastigmine, galantamine and donepezil are
cholinesterase inhibitors, which cause an increase in acetylcholine levels (Khoury et al. 2018).
This improves the cognitive functioning of patients. Memantine is a N-methyl-D-aspartate
(NMDA) receptor antagonist, which inhibits the action of the excitatory neurotransmitter
glutamate (Reisberg et al. 2003). Unfortunately, none of these drugs are able to slow the
progression of Alzheimer’s disease, and these drugs only improve cognitive impairments
temporarily. Furthermore, since acetylcholine also acts on the periphery, cholinesterase
inhibitors often lead to gastrointestinal side effects (Inglis 2002). It is therefore crucial to keep
searching for ways to improve cognitive impairments in Alzheimer’s disease.

Interestingly, the association between Alzheimer’s disease and caffeine consumption
has been getting attention from scientists. Caffeine (1,3,7-trimethylxanthine) is one of the most
consumed psychoactive stimulants worldwide (Heckman et al. 2010). It can be found in many
different foods and drinks, but it is mainly consumed via coffee and tea. Although caffeine is
mainly consumed to decrease fatigue and increase arousal, several studies suggest that is also
has beneficial effects on health. For example, caffeine consumption has been associated with a
decreased risk of developing several diseases, such as liver diseases, type 2 diabetes and
Parkinson’s disease (Poole et al. 2017). Furthermore, many epidemiological studies have
associated daily intake of a moderate caffeine dosage with a decreased risk of developing AD
(Zhou & Zhang 2021). Since caffeine is also thought to be a cognitive enhancer (Ruxton 2008),
caffeine might improve cognition and memory in patients with AD. If caffeine is indeed able
to improve cognitive impairments in AD, increasing caffeine consumption through dietary
interventions would be a cheap and efficient treatment for cognitive impairments in AD.

This literature study reviews current knowledge on the effect of caffeine on cognition in
Alzheimer’s disease. Studies about the effect of caffeine on cognitive performance in humans
and rodents are discussed, as well as the molecular mechanisms underlying these effects.
Finally, a suggestion for further research on the potential of caffeine as a treatment for AD will
be given.



2. Caffeine consumption: neuroprotection and cognitive enhancement in humans

2.1 Epidemiological studies

Many epidemiological studies have been able to find an association between caffeine
consumption and a decreased risk of developing AD. A case-control study found that patients
with AD had a lower average daily caffeine intake compared to controls (Maia & De Mendonca
2002), indicating that there is an association between caffeine consumption and the risk of
developing AD. In a systematic review, Chen et al. (2020) concluded that moderate caffeine
consumption may reduce the risk of dementia and cognitive decline. Furthermore, a 10-year
prospective cohort study with 676 European men showed that consuming coffee reduces
cognitive decline in elderly men (Van Gelder et al. 2007). Similar results were found in women
(Ritchie et al. 2007). In a follow-up study among 4,615 elderly, coffee consumption was
associated with a decreased risk of developing AD (Lindsay et al. 2002). In another study
among 3494 men, however, no association between caffeine consumption and the risk of
developing AD was found (Gelber et al. 2011). A cohort-study in Portugal found that caffeine
intake was only significantly associated with a lower risk of cognitive decline in women (Santos
et al. 2010). In an Italian study, constant coffee consumption was associated with a lower rate
of developing mild cognitive impairments, while an increase in habitual coffee consumption of
more than 1 extra cup a day was associated with an increased rate of developing mild cognitive
impairments (Solfrizzi et al. 2015). In contrast to low coffee consumption, consumption of
more than 6 cups per day was associated with 53% higher risk of dementia compared to
consumption of 1-2 cups per day (Pham et al. 2021).

A meta-analysis by Larsson & Orsini (2018) did not find a significant association
between caffeine intake and the risk of developing dementia. Of the eight studies that they
analysed, five specifically focused on the effect of caffeine on AD (Eskelinen et al. 2009; Gelber
et al. 2011; Loftfield et al. 2015; Park et al. 2017; Larsson & Wolk 2018). However, it must be
noted that the studies by Loftfield et al. (2015) and Park et al. (2017) only looked at mortality
rates, not at the risk of developing AD. Furthermore, Eskelinen et al. (2009) did actually find a
lower risk of developing AD in people who drank 3-5 cups of coffee per day. The conclusion
of Larsson & Orsini can therefore be questioned.

In summary, there is epidemiological evidence that caffeine consumption is associated with a
decreased risk of developing AD, suggesting neuroprotective effects of caffeine in humans.
However, in order to use caffeine as a treatment for cognitive impairments in AD, it needs to
have cognition-enhancing effects. In the next section, studies about the effect of caffeine on
cognitive performance will be discussed.

2.2 Caffeine as a cognitive enhancer

Multiple studies have shown that caffeine increases alertness (Hewlett & Smith 2007; Ein6ther
& Giesbrecht 2013). There is evidence that caffeine decreases recognition visual reaction time,
simple reaction time, audial reaction time and choice reaction time (Adan & Serra-Grabulosa
2010; Kahathuduwa et al. 2017; Balko et al. 2020). A study by Bruyné et al. (2010) found that
caffeine enhanced both vigilance and the executive control of visual attention, but only with a
dose of 400 mg. In a Stroop task, participants that consumed coffee had faster executive speed
with a higher accuracy rate than the control group (Yuan et al. 2020; Figure 1). A study by



Jarvis (1993) found that caffeine intake was related to simple reaction time, choice reaction
time, incidental verbal memory, and visuo-spatial reasoning. Hameleers et al. (2000) showed
that habitual caffeine consumption was significantly related to better long-term memory
performance and faster locomotor speed, but not to short-term memory, information processing,
planning and attention. In a study among over 2500 elderly (>60 years old), a significant
association was found between caffeine intake (coffee, caffeinated coffee and caffeine from
coffee) and cognitive performance (Dong et al. 2020). This relation between caffeine
consumption and cognitive performance has also been shown by other studies (Haller et al.
2018). Caffeine also improved performance in a visually focussed selective search task (Lorist
et al. 1995).

When looking at the effects of caffeine on short-term
memory, the results are inconclusive. In a test where
participants had to recall a list of words in random order, no
beneficial or negative effect of caffeine was seen on learning
and memory (Loke 1988). Warburton et al. (2001) studied the
effects of a caffeinated taurine drink, but saw no effect of this
drink on memory. Some studies even found a negative effect of
caffeine on short-term memory. A moderate dose of caffeine
impaired motor sequence learning and declarative verbal
memory (Mednick et al. 2008). Caffeine also impaired word
recall in an auditory-verbal learning test (Terry & Phifer 1986).
Kim et al. (2021) did not find a significant effect of coffee
consumption on short-term memory. However, they did find a
significant improvement of working memory after coffee
consumption (Table 1). fMRI studies have shown that acute
caffeine intake enhances working memory-related brain
activation (Koppelstaetter et al. 2008; Haller et al. 2013).
Smith et al. (1999) concluded that caffeine consumption had

no effect on initial working memory, but improved encoding
of new information. Rees et al. (1999), on the other hand, found
a small but significant improvement in working memory after
caffeine consumption. Schmitt et al. (2003) found no effect of
caffeine on either short-term memory or long-term memory.

In conclusion, it seems like caffeine mainly has a positive
effect on attention, but there is little evidence that it is able to
improve short-term or long-term memory. However, studying
the effects of pure caffeine in humans is very difficult. Many
drinks and foods that are consumed on a daily basis contain
caffeine. Creating a control group of people that have

Figure 1. Brain activation during a
Stroop task with or without coffee
consumption. The figure shows a t-
statistic map for Oxy-Hb. A. Brain
activity during a Stroop task without
caffeine consumption. B. Brain
activity during a Stroop task after
coffee consumption. More channels
were activated during the Stroop task
after coffee consumption (for a
specification of the channel numbers
see Yuan et al. 2020). Adapted from
Yuan et al. (2020).

consumed no caffeine at all is therefore almost impossible, and if participants are instructed to
avoid caffeine before participating in the experiment, the performance on cognitive tasks might
be affected by caffeine withdrawal (Nehlig 2010). Therefore, it is hard to draw a conclusion on
the effect of caffeine consumption on cognition. To have more control over the caffeine dosages
and other factors that might influence the outcome of behavioural tests, the effect of caffeine
on memory has been tested in animals. Testing the effects of caffeine in rodents can tell us
more about the possibilities of caffeine as a treatment in Alzheimer’s disease. In the next
section, studies on the effect of caffeine on learning and memory in rodents will be discussed.



Table 1. Effect of coffee consumption on performance in neuropsychological tests. Performance in the
Digit Span Test and Trail Making Test were significantly improved after coffee consumption, indicating an
improvement in attention, working memory and executive function. No effect of coffee consumption on global
function or short-term memory was seen. Adapted from Kim et al. (2021).

I Baseline | After coffee consumption I P value

<Global function>

Mini-mental status examination (correct/30 items) ‘ 30 ‘ 30 ’ -

<Attention and working memory>

Digit Span Test forward (correct/9 digits) 8.52+0.75 | 8.95+0.22 0.025
Digit Span Test backward (correct/8 digits) 6.24+1.76 | 7.29+1.10 0.001
Target Detection Task (correct/11 syllable targets) 11 11 -
<Executive function>

Trail Making Test Part B (s) 580+1.41 |487+1.17 0.002
<Memory>

Short-term memory recall (correct/5 words) 5 5 -
Delayed recall (correct/5 words) 4.57+0.68 | 4.81£0.40 0.135

3. Experimental studies on the effects of caffeine in rodents

3.1 Effect of caffeine on learning and memory in rodents

There is some controversy about the effect of caffeine on learning and memory in rodents.
Some studies show that caffeine, in contrast to what is often believed, impairs memory retention
in rodents (Angelucci et al. 1999). Mice that were given caffeine before acquisition or retrieval
in a fear condition test showed impaired conditioning (Dubroqua et al. 2015). A study by
Sanday et al. (2013) found that moderate pre-training caffeine administration (20 mg/kg)
impaired memory retention. However, pre-test administration of caffeine was able to counteract
this memory deficit. They also demonstrated that caffeine had an anxiogenic effect. Mice that
were given a moderate dose of caffeine for one week (20 mg/kg) performed significantly better
in a water maze than control mice or mice that were given a high dosage of caffeine (200 mg/kg)
(Almosawi et al. 2018; Mahdi et al. 2019; Figure 2). Poole et al. (2016) showed that chronic
caffeine at 1.0 mg/ml enhanced contextual conditioning in pre-adolescent and adolescent mice,
whereas chronic caffeine at 3.0 mg/ml led to deficits in contextual conditioning in pre-
adolescent and adolescent mice. However, they did not find any significant effects of caffeine
in adult mice.

In rats, caffeine seems to disrupt the acquisition of hippocampal-dependent learning
(Corodimas et al. 2000). Another study in rats showed that moderate and high dosage of
caffeine (0,3 mg/ml and 1,0 mg/ml) improved performance in an object recognition task (Ardais
et al. 2014). However, when given the dosage of 1,0 mg/ml, rats did not habituate when tested
in an open field test. Not being able to habituate is a sign of non-associative memory
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Figure 2. Performance of mice in the Morris water maze after no caffeine (Cont), moderate caffeine
(Ac MD) or high caffeine (Ac HD) dosage. A. Time to reach the platform. The Ac MD group showed a
lower latency compared to the Cont or Ac HD group. B. Distance to reach the platform. The Ac MD group
showed a shorter distance to reach the platform. C. Velocity of swimming (m/s). The velocity of swimming
was the highest in the Ac MD group D. Percentage of time spent in the disc zone. The Ac MD group spent
significantly more time in the disc zone than the Cont or Ac HD group (P < 0,05). Adapted from Almosawi
et al. (2018).

impairment. Rats that were given chronic caffeine from a young age (6 months in a row, starting
at the age of 4 months) showed less cognitive decline at a later age compared to control rats
(Vila-Luna et al. 2012). Angelucci et al. (2002) found that post-training administration of 0.3-
10 mg/kg caffeine improved memory retention in the Morris water maze. However, when given
a dosage of 30 mg/kg caffeine post-training, no improvement in memory was found. Pre-test
caffeine administration also caused a small increase in memory retrieval, while pre-training
caffeine did not have any effect on performance. In 12 and 18 month-old rats that exhibited
significantly impaired olfactory discrimination and short-term social memory, acute caffeine
administration was able to reverse olfactory deficits (Prediger et al. 2005).

It seems that caffeine can increase learning and memory in rodents, but only when given a
moderate or high dosage. Furthermore, the effect seems to be dependent on the age of the
animals. These results do not provide strong evidence for cognition-enhancing effects of
caffeine. However, these studies have been using wildtype animals. It might be possible that
lower dosages of coffee do not improve normal levels of cognition, but can reverse memory
deficits in animal models of Alzheimer’s disease. To test this hypothesis, the effect of caffeine
on learning and memory has been studied in animal models of AD, as described in the next
section.



3.2 Effects of caffeine on cognitive impairments in animal models of AD

There are three genes that have been associated with familial AD: PS1, PS2 and APP. The APP
gene codes for amyloid precursor protein (APP), which is cleaved into AR molecules (Ridge
2013). Mutations in this gene can lead to an increased formation of insoluble AB1-42 molecules,
which are able to self-aggregate and form plaques (Sleegers et al. 2006). Similarly, mutations
in the genes presenilin 1 (PS1) and presenilin 2 (PS2) increase the formation of formation of
AB1-42 molecules (Ridge et al. 2013). Mouse models of AD are therefore often created by
manipulating these genes.

One of the most studied AD mouse models is the Swedish mutation transgenic mouse
(APPsw Tg mouse). APPsw mice show increased AP production (Esquerda-Canals et al. 2017),
and show learning and memory impairments at a later age (Hsiao et al. 1996; Evans et al. 2020).
The APPsw mice are therefore commonly used the study the effect of caffeine on cognition in
AD. A study by Arendash et al. (2006) found that APPsw mice that were given 1,5 mg of
caffeine daily (comparable to 500 mg in humans) performed significantly better on tasks
requiring spatial learning/reference memory, working memory, and recognition/identification.
Not only was caffeine able to prevent AB-induced cognitive impairments, it also reversed
cognitive impairments in aged APPsw mice that already showed cognitive symptoms
(Arendash et al. 2009; Figure 3). In animals with both Swedish and Indiana familial APP
mutations, both pure caffeine and crude-caffeine (a by-product of the decaffeination of coffee)
were able to partially prevent memory impairment (Chu et al. 2012). In PS1/APP double
transgenic mouse, a daily caffeine dose of 0,75 mg or 1,5 mg per day was able to reverse
memory impairment in a water maze (Han et al. 2013).

Alzheimer’s disease is not only characterized by AP plaques, but also by tau aggregates.
One of the most commonly used models of tau pathology is the THY-Tau22 mouse model.
THY-Tau22 mice show major tau expression in the hippocampus and are therefore a good
model to study the effects of AD on the hippocampus and cognition (Schindowski et al. 2006).
Chronic caffeine intake is able to prevent the development of spatial memory deficits in THY -
Tau22 mice (Laurent et al. 2014). However, no other studies have investigated the effect of
caffeine on cognitive performance in this mouse model.

Next to transgenic mouse models of AD, the effects of caffeine have also been
investigated in non-transgenic AD rodent models. One study shows that in mice that have been
injected with A, caffeine prevented AB-induced cognitive impairments (Dall’Igna et al. 2007).
Another non-transgenic model is D-galactose. Administration of D-galactose induces oxidative
stress, which leads to memory impairments and neurodegeneration (Wei et al. 2005; Cui et al.
2006). Chronic treatment with caffeine (3 mg/kg/day) improved memory impairments in D-
galactose rats (Ullah et al. 2015). Espinosa et al. (2013) studied the effect of caffeine on rats
after intracerebroventricular streptozotocin (STZ) administration. STZ administration induces
memory deficits and is therefore a model for sporadic AD. Caffeine (1 g/L) prevented STZ-
induced memory impairments in rats.

Overall, we can conclude that caffeine is able to improve memory in animal models of AD. Not
only does it seem to prevent the development of memory deficits, it also has been shown to
reverse memory impairments in AD models. These results suggest that caffeine might be able
to reverse memory impairments in patients with AD as well. The question remains how caffeine
is able to have neuroprotective and cognition-enhancing effects in animal models of AD.
Investigation of the molecular mechanisms underlying these effects tells us more about how
caffeine affects cognition, and whether caffeine is able to mimic current treatments for AD.
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Figure 3. Effect of caffeine on memory impairment in aged APPsw mice. A. Number of errors of non-
transgenic mice (NT) and APPsw mice (Tg) in the radial arm maze prior to caffeine treatment. The Tg mice
showed significantly more errors than the NT mice (P < 0,000005). B. Number of errors of NT, Tg and Tg +
caffeine mice 4-5 weeks into caffeine treatment. The Tg mice that did not receive caffeine treatment showed
significantly more errors than both the NT and Tg + caffeine mice (P < 0,025). Adapted from Arendash et al.
(2009).

4. Molecular mechanisms of caffeine

4.1 The role of adenosine A2A receptors in cognitive impairments

One way in which caffeine affects cognition is through adenosine A2A receptors (A2AR).
Caffeine is an antagonist of the A2A receptor. There is numerous evidence that the A2AR plays
a role in memory dysfunction. Adenosine A2A receptor blockade is able to prevent memory
impairment induced by APi42 (insoluble AB) administration in rodents (Cunha et al. 2008;
Canas et al. 2009). Overexpression of A2AR increases tau hyperphosphorylation in THY-
Tau22, leading to tau-induced memory deficits (Carvalho et al. 2019). It has also been shown
that upregulation of A2AR abolishes long-term synaptic potentiation, which could be reversed
by A2AR antagonists (Da Silva et al. 2016). Treatment with A2AR antagonist MSX-3
prevented the development of cognitive deficits in APP/PS1dE9 mice (Faivre et al. 2018).

The role of A2AR in memory is also shown by deletion of this receptor. In A2AR knock
out mice, performance in the Morris water maze and radial arm maze was improved compared
to wildtype mice (Zhou et al. 2009). It has also been shown that A2AR deletion in mice
improves spatial recognition memory (Wang et al. 2006). Selective A2AR deletion in the
forebrain or striatum enhanced working memory and reversal learning in mice (Wei et al. 2011).
This study however, in contrast to Wang et al. (2006), did not find an effect of A2AR deletion
on spatial memory. A2A receptor deletion also seems to have beneficial effects in animal
models of AD. Deleting A2A receptors protects THY-Tau22 mice from Tau pathology-induced
memory deficits (Laurent et al. 2016). Overall, it seems that overexpression of A2AR leads to
cognitive deficits, while deletion of the receptor reverses or prevents memory impairments. It



is therefore likely that the antagonistic action of caffeine on the A2A receptor improves memory
in animal models of AD.

4.2 Reduction of amyloid-£ and neuroinflammation

As described in the previous section, the main hallmark of AD is the formation of AP plaques.
These plaques, that are also referred to as senile plaques, are mainly present in the hippocampus
of AD patients (Cheignon et al. 2018) and can lead to memory impairment. Furthermore, Ap is
thought to have pro-inflammatory effects (Tuppo & Arias 2005). Reducing AP levels in the
hippocampus would therefore be an ideal treatment for cognitive impairments in AD.

Long-term caffeine administration is able to reduce AP levels in the hippocampi and
plasma of APPsw mice (Arendash et al. 2006; Cao et al. 2009; Figure 4). Even in aged APPsw
mice that already showed cognitive dysfunction, caffeine was able to reduce AP levels and
reverse cognitive impairment (Arendash et al. 2009). In cultured cells, treatment with caffeine
prevented AB-induced neuronal cell death (Dall'Igna et al. 2003). A study by Li et al. (2015)
found that caffeine suppresses adenosine A3 receptor (A3R)-mediated internalization of AP.
Caffeine also increases expression of P-glycoprotein, a protein that is involved in AP clearance
(Qosa et al. 2012). However, Mancini et al. (2018) found no effect of caffeine on AP
aggregation.

Soluble AB 1-40 Insoluble AB 1-42 Figure 4. Levels of soluble
160 - and insoluble Af in the
807 hippocampus of transgenic
. mice. Caffeine administration
120 4 significantly lowered both
2 2 400 - soluble and insoluble Ap
<) =i levels in the hippocampus of
£ £ 80- . ;
s o transgenic mice. Adapted
60 1 from Arendash et al. (2006).
40 1
20 4
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Other hallmarks of Alzheimer’s disease are the activation of microglia and neuroinflammation
(Lull et al. 2010). Neuroinflammation can lead to neurodegeneration. Inhibiting
neuroinflammation might prevent the progression of AD and reduce symptoms. Studies have
shown that caffeine is able to inhibit neuroinflammation. A measurement of cytokines in human
blood showed that caffeine supresses the production of proinflammatory cytokine TNF-a
(Horrigan et al. 2004). In rats, caffeine significantly inhibited sleep deprivation-induced
inflammation by down-regulating the pro-inflammatory cytokines and up-regulating the anti-
inflammatory cytokines (Wadhwa et al. 2018). Caffeine also reduced microglial
immunoreactivity in the hippocampal areas of these rats. Another study shows that caffeine is
able to restore increased TNF-a levels that are the result of aluminium chloride-induced
neurotoxicity (Hosny et al. 2019). In rodents with lipopolysaccharide-induced
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neuroinflammation, caffeine reduced the number of activated microglia in the hippocampus as
well as brain cytokine levels (Brothers et al. 2010; Basu Mallik et al. 2021). Furthermore,
caffeine was able to fully prevent 3,4-methylenedioxymethamphetamine (MDMA)-induced
activation of microglia and astroglia (Ruiz-Medina et al. 2013).

The anti-inflammatory effect of caffeine has also been shown in AD models. In
transgenic AD mice, higher plasma caffeine levels were associated with lower inflammatory
cytokine levels in hippocampus (Cao et al. 2009). Caffeine treatment also reduced several
proinflammatory markers that were upregulated in the hippocampus of THY-Tau22 mice
(Laurent et al. 2014). D-galactose-induced neuroinflammation was reduced by caffeine through
reduction of inflammatory mediators COX-2, NOS-2, TNFa and IL-1p (Ullah et al. 2015).

In summary, caffeine seems to improve cognition and AD pathology in three ways: 1) by
antagonism of A2A receptors, 2) by increasing AB clearance, thereby inhibiting microglia
activation, and 3) by lowering the levels of pro-inflammatory cytokines (Figure 5). These
pathways are not targeted by the current treatments for AD. Caffeine might therefore have
beneficial effects in AD by targeting the pathology directly, instead of only relieving cognitive
symptoms.

Caffeine
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Figure 5. Effects of caffeine on molecular and cellular hallmarks of Alzheimer’s disease. Three
pathways that lead to neurodegeneration in AD are 1) activation of A2A receptors, 2) activation of
microglia, which leads to an increase in pro-inflammatory cytokines, and 3) formation of Ap plaques.
Studies have shown that caffeine blocks A2A receptor responses, inhibits inflammatory responses by
reducing the level of pro-inflammatory cytokines, and reduces Ap levels. These mechanisms are likely
associated with the neuroprotective and cognition-enhancing effects of caffeine in animal models of AD.
Created in BioRender (www.biorender.com).
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5. Discussion

In this review, several aspects of the association between caffeine, cognition and Alzheimer’s
disease have been discussed: 1) epidemiological studies on the association between caffeine
and AD, 2) the cognition-enhancing effects of caffeine in humans, 3) the cognition-enhancing
effects of caffeine in rodents, 4) the effect of caffeine on AD pathology in animal models for
AD, and 5) the molecular mechanisms of cognitive improvement by caffeine. Although the
results of experiments are inconclusive, caffeine might have some beneficial effects on
cognition. In healthy subjects, caffeine did not always improve cognition, and sometimes it
even worsened learning and memory. However, in animal models for AD, caffeine is able to
both prevent and reverse cognitive deficits. Furthermore, there is evidence that caffeine is able
to reduce AP levels and neuroinflammation, which are hallmarks of AD.

As discussed in the introduction, there are currently only four drugs for Alzheimer’s disease
that are approved by The U.S. Food and Drug Administration (FDA): rivastigmine,
galantamine, donepezil and memantine (Alzheimer’s Association 2021). As stated in the
introduction, the problem with these drugs is that they do not slow down the progression of the
disease, but only improve cognitive symptoms temporarily (Fish et al. 2019). Furthermore, most
drugs are only effective in early stages of AD. Memantine is the only drug that works as a
treatment for severe AD (Reisberg et al. 2003). As discussed in this review, caffeine does not
only relieve cognitive symptoms in animal models of AD, it also seems to act directly on the
pathology by decreasing AP levels and neuroinflammation (Arendash et al. 2006; Han et al.
2013; Dall'lgna et al. 2007). Another benefit of caffeine as a treatment for AD is that caffeine,
in contrast to many other potential AD treatments, can cross the blood brain barrier (McCall et
al. 1982; Banks 2012). This means that no high dosage of caffeine is needed to have an effect
on the brain. Furthermore, caffeine is cheap and very easy to consume. There are many foods
and drinks that contain different levels of caffeine. Since most studies show that moderate
caffeine consumption has the most beneficial effects on cognition, simple dietary interventions
leading to increased caffeine consumption might be sufficient to improve cognitive symptoms
in patients with AD.

Unfortunately, the effects of caffeine on cognition and memory in patients with AD
remain unknown. The human studies discussed in this review either focussed on cognition-
enhancing effects of caffeine in healthy subjects, or on the association between caffeine and the
risk of developing AD. The ability of caffeine to reverse memory impairment has only been
tested in animal models of AD. However, it has been shown that caffeine is able to improve
scopolamine-induced memory impairment in humans (Riedel et al. 1995). Even though no
correlation has been found between caffeine consumption and A levels in patients with AD
(Travassos et al. 2015), it might still have beneficial effects due to the antagonistic effects of
caffeine on A2A receptors and the reduction of pro-inflammatory cytokines. Improvement of
cognitive functioning through caffeine consumption could be a cheap and easy way to improve
the quality of life of patients with AD, as well as the lives of their relatives and caregivers.
Therefore, it could be worth starting clinical trials with caffeine as a treatment for AD.

It should be noted that there is a difference between coffee and pure caffeine. Coffee
contains many more substances that might have an effect on cognition. 5-caffeoylquinic acid,
a coffee polyphenol, has been proven to improve cognitive functioning and reduce A plaque
formation in APP/PS2 transgenic mice (Ishida et al. 2020). Another component of coffee,
eicosanoyl-5-hydroxytryptamide, was able to improve cognitive functioning in different rodent
models for AD (Basurto-Islas et al. 2014; Asam et al. 2017). It would therefore be interesting
to compare the effects of pure caffeine and coffee on cognition in patients with AD. The effect
of caffeine also depends on the dosage. In general, higher levels of coffee consumption are
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associated with a reduced risk of developing AD (Pham et al. 2021). However, experimental
studies in rodents show that when caffeine levels are too high, caffeine either has no effect on
memory or can even impair memory (Angelucci et al. 2002; Almosawi et al. 2018; Mahdi et al.
2019). In humans, it is on average safe to consume 400 mg of caffeine per day without
experiencing adverse effects (Nawrot et al. 2003). More research is needed to find the optimal
dosage of caffeine to improve cognitive impairments in AD without exceeding the 400 mg/day
limit.

In conclusion, caffeine potentially has beneficial effects on cognition in patients with
Alzheimer’s disease. Although there is no clear evidence that caffeine has beneficial effects on
memory in healthy humans, caffeine seems to have both neuroprotective effects and cognition-
enhancing effects in animal models of AD through A2A receptor antagonism, reduction of Ap
levels and inhibition of neuroinflammation. If the same findings could be replicated in patients
with AD, this would be a great step towards treatment of cognitive impairments in AD. Caffeine
consumption could be increased in patients with AD by simple dietary interventions. This
makes caffeine a cheap and efficient potential therapy for AD, with minimal side effects. In
order to gain more insight in the potential of caffeine as a treatment for AD, it is crucial to
investigate the effect of caffeine in patients with AD.
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