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Abstract

The plant defence compound caffeine is widely consumed as a performance enhancer in a sporting context, with potential
benefits expected in both physiological and psychological terms. However, although caffeine modestly but consistently
improves alertness and fatigue, its effects on mental performance are largely restricted to improved attention or concentra-
tion. It has no consistent effect within other cognitive domains that are important to sporting performance, including working
memory, executive function and long-term memory. Although caffeine’s central nervous system effects are often attributed
to blockade of the receptors for the inhibitory neuromodulator adenosine, it also inhibits a number of enzymes involved both
in neurotransmission and in cellular homeostasis and signal propagation. Furthermore, it modulates the pharmacokinetics of
other endogenous and exogenous bioactive molecules, in part via interactions with shared cytochrome P450 enzymes. Caf-
feine therefore enjoys interactive relationships with a wide range of bioactive medicinal and dietary compounds, potentially
broadening, increasing, decreasing, or modulating the time course of their functional effects, or vice versa. This narrative
review explores the mechanisms of action and efficacy of caffeine and the potential for combinations of caffeine and other
dietary compounds to exert psychological effects in excess of those expected following caffeine alone. The review focusses
on, and indeed restricted its untargeted search to, the most commonly consumed sources of caffeine: products derived from
caffeine-synthesising plants that give us tea (Camellia sinensis), coffee (Coffea genus), cocoa (Theabroma cacao) and guar-
and (Paullinia cupana), plus multi-component energy drinks and shots. This literature suggests relevant benefits to mental
performance that exceed those associated with caffeine for multi-ingredient energy drinks/shots and several low-caffeine
extracts, including high-flavanol cocoa and guarana. However, there is a general lack of research conducted in such a way
as to disentangle the relative contributions of the component parts of these products.

1 Background

Caffeine is widely consumed in a sporting context. Some
three-quarters of athletes consume caffeine before or during
competitions, with the highest prevalence amongst endur-
ance sports [1]. Whilst caffeine has well-established ergo-
genic properties [2, 3], it also exerts a number of purely psy-
chological effects outside of an exercise/sport context. Most
prevalent here, caffeine modestly but consistently increases
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alertness and arousal, alleviating fatigue, and it enhances
several aspects of mental performance [4].

Optimal cognitive functioning is essential for peak
sporting performance, and it is self-evident that efficient
brain function is intrinsic to all forms of sporting perfor-
mance. For instance, in terms of cognitive domains such as:
attention, which incorporates psychomotor function, reac-
tion times and concentration or vigilance; spatial or ver-
bal working memory, which represent the ability to hold
small amounts of spatial or verbal information temporar-
ily in mind; and executive function, which incorporates the
ability to manipulate information, plan actions and inhibit
inappropriate responses. Clearly the comparative contribu-
tion of each of these cognitive domains is dependent on the
demands of differing sports [5-9]. Indeed, evidence suggests
that multiple aspects of an individuals’ mental performance
in everyday life, including attention, executive function and
working memory, enjoy a positive bi-directional relationship
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Caffeine, when taken alone, is associated with reason-
ably consistent ergogenic and psychological benefits.
However, its effects on mental performance are limited,
and do not encompass benefits to several sport-relevant
cognitive domains.

Caffeine is typically consumed alongside other bioactive
compounds. Evidence suggests that products derived
from caffeine-synthesising plants, including high poly-
phenol cocoa, guarané and coffee extracts, engender
mental performance benefits that exceed those expected
from their caffeine content. Similarly, multi-component
energy drinks and shots may be more effective than their
caffeine content.

Further research disentangling the comparative contri-
butions of caffeine and other co-consumed bioactive
ingredients to their combined effects is required in order
to inform future recommendations.

with sporting activities that engage these domains [5-7].
Additionally, modulation of an individual’s subjective
psychological state, particularly increased alertness and
decreased mental fatigue, will naturally have a knock-on
effect on motivation and performance.

In these terms, pure caffeine only offers a very partial
option for improving mental performance in a sporting con-
text [10]. Whilst its effects are consistent, they are limited,
and caffeine has little to offer in terms of improving spatial
or verbal working memory or executive function. It also
does not generally have a beneficial impact on long-term
memory function. However, caffeine is most often consumed
alongside other bioactive compounds, often in products
derived from caffeine-synthesising plants. Caffeine enjoys
interactive relationships with multifarious other classes of
compounds, including many of those that co-exist in the
most prevalent caffeinated products. The following therefore
describes the mechanisms of action and functional effects
of caffeine, and the psychological effects of commonly
consumed multi-component caffeinated products. It also
assesses, to the extent that the literature allows, whether the
non-caffeine components either have relevant independent
effects on mental performance beyond those of caffeine, or
whether they enjoy an interactive relationship with caffeine
that potentiates their own functional effects, or indeed those
of caffeine.

2 Caffeine Synthesis and Mechanisms
of Action

2.1 Ecological Roles and Synthesis

Caffeine, and related methylxanthine alkaloids such as theo-
phylline and theobromine, are ‘secondary metabolites’, phy-
tochemicals that do not play any direct role in the plant’s pri-
mary metabolic processes. Instead, they increase the plant’s
overall ability to survive by allowing the plant to interact
with its environment [11, 12]. In this case, caffeine is syn-
thesised in vulnerable tissue when the plant is under attack
by insect or mollusc herbivores or threatened by a range
of biotic and abiotic stressors [13, 14]. Once synthesised,
caffeine functions as a bitter tasting feeding deterrent [15,
16] and as an insecticide and molluscicide [16, 17]. Addi-
tionally, it functions as a neurological behaviour modifier
that typically induces a sharp increase in locomotor activity
and corresponding reduction in feeding by herbivores [18].
Interestingly, the mechanisms that underlie these interac-
tions with herbivores are largely the same as those that drive
caffeine’s effects on human behaviour [12].

The small group of plants that synthesise caffeine include
the unrelated, geographically distributed genera of flower-
ing plants that include coffee plants (Coffea genus), the
kola nut (Cola acuminata), tea (Camelia sinensis), yerba
maté (Ilex paraguariensis), guarana (Paullinia cupana) and
cocoa (Theobroma cacao). The repeated convergent evolu-
tion of methylxanthine synthesis in these disparate clades is
a reflection of both the utility of caffeine for the plant and the
simplicity of methylxanthine synthetic pathways [19, 20].

Caffeine, and the related methylxanthines, are classified
as ‘purine’ alkaloids because they incorporate the purine
xanthine, which itself is synthesised or recycled in the plant
from the ubiquitous purine bases adenine and guanine or
their products. One route of synthesis in the plant is directly
from the ubiquitous bioactive purine derivative adenosine
[13, 21]. Both the ecological roles played by caffeine and its
functional effects in humans and other animals are related to
caffeine’s structural similarity to adenosine.

2.2 Mechanisms of Action

Adenosine itself is both a ubiquitous bioactive molecule and
a building block for a host of other cellular signalling mol-
ecules across all forms of life. It therefore plays a wide range
of pivotal roles in cellular functioning. For instance it is
required for catabolic metabolism in every living cell in the
form of the energy carriers adenosine diphosphate/triphos-
phate (ADP/ATP); it is a component of the ubiquitous sec-
ond messenger molecule cyclic adenosine monophosphate
(cAMP), it is a component of multiple enzymes, including
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the poly (ADP ribose) polymerase (PARP) family; and, as
the adenosine radical adenosyl, it plays pivotal roles in ana-
bolic metabolism in every cell as a component of SAM-e
(S-adenosyl methionine). Most importantly here, adenosine
itself is an inhibitory neuromodulator that serves to decrease
overall neuronal activity. In this role it can be released by
neurons in a manner similar to that of classical neurotrans-
mitters, but it is most prevalent as a simple breakdown prod-
uct of cellular adenine nucleotides [22]. Adenosine levels
therefore vary with overall brain activity, building up in the
cortex and basal forebrain during wakefulness, thus increas-
ing fatigue and decreasing alertness, and then dissipating
during sleep [23]. This provides adenosine with a number
of properties related to the regulation of tiredness and the
sleep—wake cycle, and the homeostatic and neuro-protective
down-regulation of brain activity [22, 23].

Orally consumed caffeine is rapidly absorbed and dis-
tributed, with peak plasma levels seen at around 30 min
post-ingestion, followed by a gradual return to baseline
[24]. Although caffeine’s circulating half-life is generally
in the region of 3-5 h [25], this can vary depending on a
number of factors, including genotype, sex, disease, envi-
ronmental factors and diet, and the consumption of other
bioactive molecules. With respect to genotype, research has
been able to identify so-called fast and slow metabolisers
of caffeine depending on the cytochrome 450 (CYP450)
1A2 enzyme alleles; with 40% of the population believed
to be A/A or ‘fast metabolisers’ and 50 and 10% A/C and
C/C ‘slow metabolisers’, respectively [26]. In regard to sex,
a recent book [27] summarised the potential for hormonal
fluctuations, especially related to oral contraceptive use
(and ethinyl estradiol with and without progesterone, in
particular) to reduce the plasma clearance and increase the
elimination half-life of caffeine. The authors also posit that
differences in adiposity could influence the sensitivity to
caffeine-induced lipolysis, with females typically having
more adipose tissue and less sensitivity, which could under-
lie metabolic differences between males and females. With
respect to disease, slowed metabolism of caffeine is seen
in those with liver disease, attributed to reduced N3- and
N7-demethylations affecting transformation through the par-
axanthine pathway [28], and obesity reportedly increases the
volume and distribution of caffeine and prolongs its half-life
[29]. The latter review, however, notes the small amount of
research here, which was performed over three decades ago
in some cases, and the nuance associated with degree of
obesity and concomitant pharmacological drug use. With
regard to the potential role of other bioactive ingredients,
caffeine is metabolised to paraxanthine and to a lesser extent
theophylline and theobromine by the action of members of
the CYP450 family of enzymes that manage the metabo-
lism and clearance of endogenous and exogenous bioactive
compounds [29].

The effects of caffeine within the brain and central nerv-
ous system are generally attributed to antagonism of A,
and A,, adenosine receptors and the resultant blockade of
adenosine’s inhibitory action [30]. This results in decreased
fatigue, increased alertness and an increase in the neural
activity associated with a variety of neurotransmitters,
including dopamine, acetylcholine, noradrenaline, seroto-
nin, glutamate and gamma-aminobutyric acid (GABA) [31].
Adenosine A, and A, , receptors within the vasculature have
contradictory effects on vasodilation. Within the brain, the
net effect of caffeine’s action at these receptors is the inhibi-
tion of adenosine’s vasodilatory effects leading to vasocon-
striction and reduced cerebral blood flow [32]. However, in
the periphery, the net effect of caffeine is less clear, with
contradictory effects on blood pressure and vasodilation,
mediated by a complex array of adenosine receptor interac-
tions and other mechanisms (see below) [33]. Subsequent
sections below detail how commonly co-consumed com-
pounds, like polyphenols, are also able to influence vascular
tone, specifically vasodilation, and these already complex
effects from caffeine alone are therefore likely to be even
more difficult to interpret in response to co-consumption
with other compounds.

Beyond adenosine receptor interactions, caffeine or its
metabolites also inhibit the activity of several key enzymes.
These include nervous system-specific enzymes that cata-
lyse neurotransmitters, including acetylcholinesterase and
monoamine oxidase (leading to increased acetylcholine,
dopamine, epinephrine, norepinephrine and serotonin)
and amino acid decarboxylase enzymes [34]. Throughout
the body, caffeine also inhibits phosphodiesterase, which
regulates the cellular secondary messengers cAMP and
cyclic guanosine monophosphate (cGMP), and therefore
governs cellular responses to other bioactive molecules. It
also inhibits several of the poly (ADP-ribose) polymerase
(PARP) enzymes that modulate the response to cellular dam-
age, including the modification of inflammatory responses
[35-37]. Whilst the physiological effects of some of these
individual non-adenosine receptor mechanisms, taken in
isolation, might only become relevant at doses of caffeine
above those normally found in the diet, their contribution
to caffeine’s overall effects on brain function is arguably
underestimated [37].

In terms of ergogenic effects, the current consensus is
that caffeine’s beneficial effects on physical performance
are also largely driven by central and peripheral inhibi-
tion of adenosine receptors. The downstream effects of this
modulated neurotransmission includes increased motor unit
firing, suppression of exercise-related pain, reduced sensa-
tion of force, and decreased ratings of perceived physical
effort alongside related psychological benefits in terms of
reduced fatigue and increased motivation [38, 39]. How-
ever, caffeine can also modulate metabolism by interacting
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with the sympathetic nervous system [40], increasing energy
expenditure, thermogenesis and fat oxidation, at least in part
via phosphodiesterase inhibition [41]. Caffeine can also
modulate the activity of the enzymes responsible for gly-
cogen formation and degradation (i.e., glycogen synthase
and glycogen phosphorylase) by interacting with the nucle-
oside-inhibitor site of glycogen phosphorylase, promoting a
reduction of catalytic activity [42]. In skeletal muscles, caf-
feine also mimics the role of ATP [43], activating ryanodine
receptors in the sarcoplasmic reticulum, causing an influx
of charged molecules (Ca®*) and inhibition of Ca®* reup-
take, increasing muscle contraction [37, 44]. One important
point to note here is that, while some of the above research
included human samples and doses equivalent to those else-
where in this review (i.e., 3-6 mg/kg), much was predicated
on animal models, utilizing what could be regarded as supra-
pharmacological doses, and this raises the question of how
closely effects can be extrapolated to human samples.

2.2.1 Interactive Mechanisms of Action

Given its potential to modulate neurotransmission, enzyme
activity and the function of cellular signal pathways, caf-
feine has potentially wide-ranging modulatory properties
with regard to the effects of other bioactive molecules. As
an example, co-consumption of caffeine increases both the
physiological effects and toxicity of psychostimulant drugs
such as amphetamines or cocaine, via both caffeine’s adeno-
sine receptor binding properties and its ability to modulate
cell signalling pathways by interacting with the enzyme
phosphodiesterase [45].

Caffeine also enjoys multifarious pharmacokinetic inter-
actions that affect the absorption, distribution, metabolism
and excretion of many other bioactive molecules. Mecha-
nisms here include the formation of complexes with other
acidic compounds; direct gastrointestinal effects including
increased diuresis, increased gastrointestinal acid secretion,
and accelerated gastric emptying; and modulation of the dis-
tribution of molecules, including by increasing the tightness
of the blood brain barrier [34]. Caffeine and its metabo-
lite products also compete for access to several ubiquitous
CYP450s. Caffeine is primarily metabolised by the CYP1A2
and CYP2E1 enzymes, whilst caffeine’s metabolites (parax-
anthine, theophylline and theobromine) are also significant
substrates for CYP1A1 and CYP2A6. These enzymes are
also involved in the metabolism of a wide range of exoge-
nous nutrients and drugs and many endogenous compounds,
including several hormones and neurochemicals that are sub-
strates, inducers or inhibitors of these CYPs. The presence
of caffeine and its metabolites can therefore limit the access
of these other compounds, or vice versa, to the CYP450
enzymes with which they interact, increasing or decreasing
the bioavailability, clearance, effectiveness or toxicity of the

compound/drug/nutrient and/or indeed caffeine [34, 46—48].
These same CYP enzymes have also recently been discov-
ered to be active across cognition-relevant brain regions and
structures, including neurons [49]. It is therefore likely that
caffeine and its metabolites may enjoy a number of un-delin-
eated interactions with a range of neurochemicals [48, 50].

Given its multifarious interactive properties, it is unsur-
prising that caffeine has significant interactive relationships
with a wide range of medicinal drugs, including antiar-
rhythmics (e.g., mexiletine), bronchodilators (e.g., furafyl-
line and theophylline), oral contraceptives, non-steroidal
anti-inflammatory drugs and psychoactive drugs. The latter
include antidepressants (e.g., fluvoxamine), antipsychot-
ics (e.g., clozapine), lithium, [34, 46] and natural and syn-
thetic psychostimulants (e.g., ephedrine, amphetamines,
cocaine, nicotine) [51, 52]. Clinical trials have also con-
firmed that caffeine consumption significantly enhances the
effectiveness of antidepressant medications [53], increases
circulating concentrations of the endogenous neurochemi-
cal melatonin [54], increases the bioavailability [34] and
effectiveness of aspirin [55], accelerates the absorption of
paracetamol [34] and synergistically potentiates the pain-
relieving properties of ibuprofen [55, 56]. In combination
with ibuprofen, it can also improve the alertness and anxiety
of cold sufferers above that seen following either caffeine or
ibuprofen alone [57].

Interestingly, instigated by the removal of caffeine from
the World Anti-Doping Agency (WADA) list, an analysis of
a large sample (>20,000) of competitive athletes’ urine sam-
ples showed that, whilst caffeine levels were significantly
lower than the 12 ug/mL threshold set by WADA previously
(in all but 0.6% of the sample), nearly 20% of the samples
indicated that caffeine had been co-consumed alongside
pharmacological drugs that may have interactive properties
with caffeine [1]. Examples include some of those examples
listed above, such as pseudoephedrine (in 6.4% of samples)
and pain killers like paracetamol (1.5%), tramadol (3.5%)
and ibuprofen (2.7%), as well as psychoactive compounds
like cathine (0.7%). This demonstrates that, whilst the poten-
tial for caffeine to incite direct effects on the psychophysiol-
ogy of athletes alone may arguably have been reduced by
this generally low caffeine consumption, the potential for
unanticipated interactions with co-consumed pharmacologi-
cal compounds should not be underestimated.

3 Caffeine’s Functional Effects
3.1 Sportand Exercise Performance
Caffeine, when taken by itself, has well-established ergo-

genic properties. Doses within the optimal range of 3—6 mg/
kg body weight have been shown to enhance performance of
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aerobic endurance exercise, muscular endurance and power,
strength, and high-intensity and intermittent exercise [3, 39,
58]. These physical benefits translate into improvements in
multifarious sport-specific aspects of physical performance,
including those intrinsic to combat, racquet and team sports
[39, 59]. However, there is a paucity of studies investigating
the ergogenic effects of caffeine at lower doses. A recent
review [60] presented evidence that the ergogenic effects
of caffeine were largely flat over 3 mg/kg body weight but
that they extended down to 2 mg/kg. The authors noted that
there was little evidence for effectiveness for doses of caf-
feine lower than 2 mg/kg, but also scant research assessing
the effects of these lower doses.

In general, the caffeine literature here is complicated by
unresolved issues such as the role that genetic polymor-
phisms (e.g., in CYP1A2) [61], habituation [62] and toler-
ance [63, 64] may play with respect to caffeine’s effects.
There is also a pronounced bias against using female par-
ticipants in ergogenic research [65], although meta-analytic
evidence does suggest equivalence between the effects seen
in males and females [66], especially in relation to aerobic
performance and fatigue [67]. Nevertheless, the latter review
did present evidence that aspects of power (e.g., total weight
lifted) and speed were more increased in men than women
following the same dose of caffeine, meaning potential sex
differences in sport-/exercise-specific ergogenic effects of
caffeine certainly warrant further attention. The current lack
of representation of women in this research area may be due
to perceived noise introduced by the hormonal fluctuations
of the menstrual cycle. However, recent small-scale trials
suggest that this does not have a significant impact. Lara
et al. [68], for example, demonstrated that 3 mg/kg caffeine
did increase peak aerobic capacity in a cohort of 13 female
triathletes (mean age 31 + 6 years) during the early follicular,
preovulation and mid-luteal phase of the menstrual cycle,
but the magnitude of this ergogenic effect was similar dur-
ing all phases. Taken together, ergogenic effects of caffeine
appear to be independent of sex and menstrual status but,
again, this may not be the case for all types of physical per-
formance/athletes and so should not be wholly disregarded
in future trials.

3.2 Psychological Functioning

In terms of purely psychological effects (i.e., outside of
a sport/exercise context) it is notable that, in this body of
research, caffeine is usually administered at a set dose for
all participants, rather than being titrated to an individual’s
bodyweight (note: where mg/kg are provided below, an aver-
age adult body weight of ~70 kg has been assumed). The
literature here shows that caffeine, when taken by itself, has
consistent effects on cognitive function and arousal/alertness
at doses well below those considered to be ergogenic. Here,

evidence shows benefits following doses as low as 32 mg
(i.e.,<0.5 mg/kg) [25]. Thereafter the cognitive effects of
caffeine are readily apparent at 75 mg (~ 1 mg/kg), which
is the dose currently required for a European Food Safety
Authority (EFSA)-approved claim of caffeine’s psychologi-
cal effects, but they plateau above this dose. The effects then
attenuate as single doses exceed 300 mg [25, 69] or 400 mg
[70] (~4-5 mg/kg).

Whilst they are consistent, the psychological effects of
caffeine alone are restricted to increased subjective alert-
ness/arousal [71-73] and, in terms of mental performance,
consistent improvements in the performance of tasks assess-
ing attention or focussed attention/vigilance [72, 74-76].
Caffeine’s effects do not generally extend to other cogni-
tive domains, including several domains potentially relevant
to sport. Caffeine in isolation has not been shown to have
any demonstrable effect on long-term memory tasks, and
has inconsistent effects on working memory and executive
function tasks, with evidence suggesting that it can impair
the performance of more complex tasks [77-79]. However,
a recent meta-analysis [80] does suggest that caffeine’s
cognition-enhancing effects may expand into higher-order
cognitive functions as a consequence of significant sleep
loss or restriction. In this meta-analysis the average period of
continuous wakefulness imposed on participants was 31 h,
and therefore well beyond the loss of sleep associated with
a poor night’s sleep. It is important to note here that, whilst
not consistent, a small amount of literature supports anxiety-
inducing effects of caffeine at doses consistent with many of
the trials described within this narrative review; Loke et al.
[81], for example, report increased anxiety with doses of
between 3 and 6 mg/kg. However, a review by Smith [82]
notes that the data overall are somewhat equivocal here and
that the reporting of anxiety by participants is more likely
in those who are ‘non-choosers’ of caffeine; i.e., those who
do not consume caffeine in their everyday life, thus raising
questions about sensitivity, tolerance and habituation, which
are now widely believed to be due to genetic polymorphisms
of the adenosine A, receptor [83].

3.3 Psychological Functioning During Sport
and Exercise

The question of caffeine’s cognitive effects during sport/
exercise is somewhat under-researched. A 2021 review and
meta-analysis addressing this question [84] only identified
13 studies that fitted the stipulated methodological crite-
ria. However, several of these studies, including one of the
five studies subsequently entered into their meta-analysis,
involved the administration of multi-component products.
Most of the studies also assessed behaviour before and/or
after exercise, rather than during exercise. Nevertheless,
the findings from this meta-analysis were similar to those
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from the general literature, in that the cognitive benefits of
caffeine were restricted to improved speed and accuracy of
attention task performance.

A recent single study also found that attention task perfor-
mance was improved both during and after exercise follow-
ing 3 mg/kg caffeine, with greater effects seen for CYP1A2
‘fast” metabolisers [85]. However, other studies have gener-
ated equivocal evidence as to whether caffeine’s beneficial
effects on attention task performance are subsumed within
improvement due to simply engaging in exercise alone [9,
86].

Overall, there is a general lack of research assessing
the effects of caffeine on cognitive function during active
sport or exercise. In part, this is likely due to the complex-
ity of conducting a dual-focus trial where the disruption of
the physical activity would be required for the assessment
of cognitive function (and vice versa), thus negating their
accurate measurement. Additionally, researchers proficient
in either physical performance or cognitive assessment are
unlikely to be equally proficient in the other domain. This
certainly speaks to the need for more interdisciplinary col-
laboration wherein both areas receive equal focus. One
workaround here is to assess cognitive domains required
for a particular sport/exercise outside of the physical activ-
ity itself (e.g., reaction times in sprint starts), but research
is also lacking here. As an exception to this, a recent study
reported improved goal-keeper reactive diving times, which
were directly related to increased reaction time speed at rest,
following 4-6 mg/kg caffeine [87].

It is interesting to note a clear disjunction between the
doses of caffeine that are effective in physical, ergogenic
terms (optimal dose 3-6 mg/kg), and the doses of caf-
feine that have an impact on cognitive function and mood
(optimal dose 1 to 4 mg/kg). This may be partly explained
on the basis that doses of 3 mg/kg or more of caffeine are
required to achieve the higher plasma levels required to have
the physiological effects in peripheral metabolic tissue that
underpin some ergogenic effects, whereas lower plasma con-
centrations are required to modulate neurotransmission in
the brain [69]. Taken together, this might suggest that doses
of at least 3—4 mg/kg would be required for both physical
and cognitive ergogenic effects to be realised.

4 Multi-component Caffeinated Products

Much of the research assessing the effects of caffeine on
psychological functioning or sport/exercise performance has
involved the administration of pure, anhydrous caffeine [39].
In contrast, caffeine is most often consumed by athletes and
the general population in the form of naturally caffeinated
drinks, foods and food supplements, or in the form of ‘energy
drinks’ and similar products. All of these more ecologically

valid sources of caffeine involve the co-consumption of other
bioactive compounds, with plant sources of caffeine always
containing significant levels of polyphenols. As noted above,
at a mechanistic level, caffeine is liable to engender synergis-
tic, additive or modulatory effects when co-consumed with
other bioactive compounds. This raises the possibility that
the presence of other bioactive compounds may lead to a
stronger or broader palette of benefits to mental performance
than those that would be expected following caffeine alone.
Unfortunately, there is a limited number of studies with the
requisite comparator arms to unambiguously disentangle the
effects of caffeine from the effects of co-consumed bioactive
compounds. However, there is evidence, summarised below,
suggesting both that some of the compounds co-consumed
with caffeine have independent effects on physiological and
brain function, and that they enjoy an additive or interactive
relationship with caffeine. Further, this typically results in
benefits that are stronger or broader than those following caf-
feine alone. The evidence summarised below concentrates
on energy drinks and the sources of naturally occurring caf-
feine that represent the most frequently consumed caffein-
ated products or foods.

4.1 Polyphenols and Caffeine

Caffeine is most often taken in the form of plant-derived
caffeinated products, including the most popular sources
of caffeine globally: coffee and tea. These plant-based
sources of caffeine always naturally contain significant
levels of polyphenols. These ubiquitous phytochemi-
cals incorporate within their structure multiple phenyl
aromatic hydrocarbon rings with one or more hydroxyl
groups attached. The largest group, flavonoids, can be
subdivided into chalcones, flavanones and their deriva-
tives the flavones, flavonols, isoflavones, flavanols and
anthocyanins [88]. In contrast to the predominant neuro-
transmission effects of caffeine, polyphenols owe their
multifarious health benefits to their global effects on
physiological functioning. These are predicated on inter-
actions with, and modulation of, diverse components
of a wide range of mammalian cellular signal transduc-
tion pathways throughout the body. These pathways, in
turn, control gene transcription and a plethora of cellu-
lar responses, including cellular metabolism, prolifera-
tion, apoptosis, and the synthesis of growth factors, and
vasodilatory and inflammatory molecules, which have a
direct effect on the metabolic, cardiovascular and inflam-
matory status of the body [89-91]. In the brain, these
cellular signal transduction effects drive modulation of
neuro-inflammation, direct and indirect effects on neu-
rotransmission, interactions with neurotrophin recep-
tors and signalling pathways, and increased synthesis
of neurotrophins and vasodilatory molecules, leading to
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increased angiogenesis/neurogenesis and local cerebral
blood flow [92-96].

With regard to ergogenic effects, recent meta-analyses
suggest that diverse polyphenol rich foods and extracts might
accelerate the recovery of muscle function and strength [97,
98], improve post-exercise oxidative and inflammatory sta-
tus [99], and improve aspects of sporting performance [99,
100]. However, a larger meta-analysis concluded that, when
considering polyphenols as a whole, they have a significant
but ‘trivial’ effect on endurance exercise performance, with
these effects restricted to males in their analysis [101]. How-
ever, it is important to note here that effects appear much
more nuanced when considering groups of polyphenols sep-
arately. While grape, nitrate-depleted beetroot, French mari-
time pine, Montmorency cherry and pomegranate exhibited
ergogenic effects (following both acute and multiple-day
supplementation), no significant effects were seen for New
Zealand blackcurrant, cocoa, green tea or raisins, and it is
likely the relative ineffectiveness of these latter polyphe-
nol groups, on these specific outcomes, that has diluted the
overall message of this recent meta-analysis. This speaks to
the importance of appreciating the bespoke effects of differ-
ent polyphenols/polyphenol groups and this is supported by
the positive findings reported by other meta-analyses that
demonstrate that polyphenols from diverse sources have
significant beneficial impacts on cognitive function, includ-
ing tasks assessing attention, executive function and mental
fatigue [102, 103].

Of particular note here, caffeine and polyphenols enjoy
a number of potentially additive or interactive relationship
effects. These may be due to their common affinity with
the same CYP450s, or alternatively caffeine’s effects on the
absorption, distribution and clearance of other compounds,
or caffeine’s ability to form complexes with other acidic
compounds, including phenolics [34]. In line with this,
research has demonstrated increased functionality or bio-
availability when polyphenols [104—106], or other phenolic
compounds [34], are consumed alongside caffeine. As an
example, a recent study in humans showed that co-adminis-
tration of cocoa-flavanols alongside their naturally occurring
caffeine/methylxanthines resulted in a synergistic effect on
the bioavailability and cardiovascular effects of the cocoa-
flavanols [104]. The interactive effects of caffeine can also
be seen across the wider literature here. As an example, a
meta-analysis of 15 studies showed that, whereas green tea
catechins without caffeine had no effect, in combination with
caffeine they decreased body weight and/or body mass index
(BMI) in comparison to caffeine-matched controls [107].
These interactive effects may underpin the results from a
meta-analysis of 120 controlled trials [108] that found that
flavanol-rich compound interventions with caffeine (e.g., tea
and cocoa extracts) were ranked higher than those without
caffeine (apple extracts) in terms of beneficial effects on

BMI, waist circumference, total-cholesterol, low density
lipoprotein and high density lipoprotein (LDL/HDL)-cho-
lesterol and triglycerides.

4.1.1 Cocoa-Flavanols

The rich polyphenol content of cocoa products primarily
comprises high levels of the flavanols catechin and epicat-
echin, and procyanidins, which are oligomers formed from
these flavanols. The ultimate level of these phytochemicals
is dictated by the fermenting and roasting process [109].
Cocoa also contains low levels of caffeine but higher levels
of theobromine. Research generally employs high-flavanol
extracts or dark chocolate products with less than 40 mg
caffeine. It is unlikely that this amount of caffeine would be
exceeded via the consumption of chocolate [110].

Meta-analyses of the substantial body of intervention trial
data reveal a consistent beneficial effect of high-flavanol
chocolate and cocoa-flavanol extracts on cardiovascular
parameters, including inflammatory biomarkers, oxida-
tive stress, gluco-regulation, lipid profiles, blood-pressure
and peripheral blood-flow [91, 111-115]. The evidence of
ergogenic benefits is less consistent, with some evidence of
reduced oxidative stress and modulation of metabolism in a
physical performance context, but no consistent evidence of
improved exercise performance [116-118].

In terms of psychological function in an exercise con-
text, two small studies have assessed the brain function
effects of cocoa-flavanols at rest and after exercise. In the
first, cerebral blood flow was assessed in the prefrontal
cortex via near-infrared spectroscopy (NIRS). Here, cocoa-
flavanols increased cerebral blood-flow (specifically, oxy-
genated haemoglobin) during the single cognitive task
only prior to exercise, with exercise itself also increasing
cerebral blood-flow (oxygenated, deoxygenated and total
haemoglobin), improving reaction times and engendering
an increase in neurotrophic factors post-exercise [119]. It
is important to note, however, that whilst NIRS provides a
measure of blood flow in the top layers of cortical tissue,
it is unable to measure more deeply than this. Additionally,
NIRS is not considered a traditional tool in the assess-
ment of brain perfusion (i.e., the measurement of blood
taken up by specific brain regions; e.g., positron emission
tomography (PET) or magnetic resonance imaging (MRI)),
although many regard the modulation of deoxygenated hae-
moglobin as a reliable indicator of this in the same way that
it denotes the blood oxygen level dependent (BOLD) signal
in functional MRI (fMRI). However, utilization of imag-
ing techniques such as fMRI/PET is not possible during
the assessment of physical performance, so NIRS presents
a practicable alternative here. Finally, a subsequent study
reported improved executive function task performance
before and after exercise as a consequence of consuming a
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high versus low cocoa-flavanol drink, with no interaction
with exercise [120].

In terms of brain function in a wider, non-sport/exer-
cise context, cocoa-flavanols consistently increase cerebral
blood-flow and engender the synthesis of neurotrophic fac-
tors such as brain-derived neurotrophic factor (BDNF) [121].
Single-dose, crossover trials comparing high versus low
cocoa-flavanol extracts have demonstrated reduced mental
fatigue and improved cognitive function during cognitively
demanding tasks [122], and tasks that assess attention [123,
124] and spatial memory [123]. Longer-term supplementa-
tion with cocoa-flavanol extracts for 4 weeks also increased
attention and executive function task performance, alongside
beneficial effects on multiple biomarkers of health, in 90
heathy elderly [125] and 90 sufferers from age-related cogni-
tive impairment [126].

The benefits of chocolate are less clear and suffer from
a smaller literature. A recent study demonstrated long-term
memory benefits 2 h after high-flavanol dark chocolate when
compared to white chocolate, although comparative caffeine
levels in the interventions were not reported [127]. Con-
versely, in older adults, 8 weeks’ administration of high-
flavanol chocolate failed to improve executive function
task performance in the healthy elderly [128]. However, it
should be noted that the low flavanol control intervention
still contained a reasonably high level of the putative active
ingredient (86 vs. 410 mg flavanols). This raises the issue
of not having a true control in such realistic intervention tri-
als, a trade-off that is practically impossible to resolve, and
the additional concession to trial design in having either a
crossover trial (which would be the gold standard) where
double-blinding (again, the gold standard) is not achievable,
or a between-subjects design, to accommodate this inability
to mask treatment, which then injects the potential for indi-
vidual differences to buoy one treatment condition above
the other/s.

Taken as a whole, a recent systematic review of this
literature concluded that acute or chronic administra-
tion of cocoa-flavanols most reliably enhanced executive
function and memory and decreased task-related men-
tal fatigue [129]. This was supported by a meta-analysis
of only chronic supplementation studies (2-3 months),
which also reported improvements in executive function
task performance [130]. A complementary meta-analysis
of the mood effects of acute and short-term high flavanol
cocoa studies reported improved depression, anxiety and
positive affect following high cocoa-flavanol interventions
[131]. This summary comes with a caveat, however. Much
of the cardiovascular and psychological research here has
used high cocoa-flavanol extracts with low levels of caf-
feine and compared them to caffeine-matched low-flavanol
controls. This research therefore delineates the effects of
the higher doses of flavanols over and above any effects

of their caffeine content and, therefore, runs the risk of
underestimating the effects of the cocoa-flavanol caffeine
combinations.

In conclusion, and bearing the last point in mind, the evi-
dence to date does suggest that cocoa-flavanols exert ben-
eficial effects on mental performance that are much broader
than those expected from their caffeine content alone. The
extent to which this represents an interactive effect between
caffeine and the polyphenol content, rather than being solely
predicated on the latter, remains to be explored.

4.1.2 Guarana (Paullinia cupana)

The phytochemistry of guarand seed extracts has some
similarities to cocoa, with significant levels of the flavanols
epicatechin and catechin, and procyanidin and proanthocy-
anidin flavanol oligomers [132]. Extracts also contain sev-
eral triterpene compounds. However, guaran’s purported
ergogenic and stimulant properties are often attributed to
the presence of naturally occurring caffeine, which typi-
cally comprises 2.5-5% of a crude extract’s dry-weight,
depending on extraction and manufacturing processes [133,
134].

Whilst there is little methodologically adequate research
investigating the effects of guarani on physical perfor-
mance, two single-dose, crossover studies have assessed its
cognition and mood-enhancing properties in an exercise/
sport context. In the first of these, single doses of a product
combining guarana extract (40 mg caffeine or ~ 0.6 mg/kg)
and multivitamins improved working memory and episodic
memory task performance both before and after 30 min of
treadmill running in 40 young males. The guarana inter-
vention also decreased ratings of perceived effort during
the exercise [135]. Subsequently, in a comparatively small
study (n=10), consumption of a product containing guar-
and extract with 60 mg caffeine (< 1 mg/kg) was equally as
effective as 200 mg of caffeine (~3 mg/kg) in decreasing
perceived exertion during treadmill running and in enhanc-
ing the speed of performing a single attention/executive
function task after the exercise [136]. The guarana condi-
tion also exceeded the effects of the much higher dose of
caffeine in terms of improved cognitive task accuracy.

In a non-sport/exercise study, the guarand/vitamin prod-
uct utilised above [135] engendered benefits to cognitive
function that were greater than would be expected from the
low dose of caffeine in the product. The product improved
both the speed and accuracy of a demanding focussed
attention task and reduced mental fatigue during extended
performance of cognitively demanding tasks [137]. Subse-
quently, a brain-imaging study [138] confirmed the mental
performance-enhancing properties of the same product and
demonstrated physiological modulation of brain function
using fMRI.
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Several, acute, placebo-controlled, crossover studies have
also confirmed that caffeine is not the principal psychoactive
component of guarana extracts. In the first of these, 75 mg of
guarand extract containing very low levels of caffeine (9 mg
or~0.12 mg/kg) resulted in improved performance of atten-
tion, episodic memory and working memory/executive func-
tion tasks across the 6-h post-dose testing period [133]. A
subsequent dose-ranging study found that doses of the same
extract containing negligible caffeine (4.5 mg or <0.1 mg/
kg) could improve episodic memory task performance and
ratings of contentedness for 6 h post-dose. In this study only,
the highest dose of guarana extract, containing 35 mg caf-
feine, increased ratings of alertness [134]. Finally, in perhaps
the clearest study, a study compared a product combining
guarand extract and multivitamins directly to its caffeine
content (100 mg). This study demonstrated improvements in
attention task performance following the guarana/multivita-
min condition that were significantly greater than following
both placebo and the equivalent dose of caffeine alone [139].

In conclusion, these studies demonstrate that guarana
extracts are associated with broader and stronger improve-
ments in mental functioning than their caffeine content alone
would warrant. Further, these psychological benefits are
seen at doses of guaran that include quantities of caffeine
well below psychoactive levels. Whilst this confirms the
independent effects of guarana’s non-caffeine components,
the interactive contribution of low-doses of caffeine to these
effects has received little attention and so it is not possible
to summarise this here.

4.1.3 Coffee (Coffea Genus) Polyphenols

Roasted coffee The process of roasting coffee leads both
to the creation of novel compounds and the conversion of
existing compounds. This gives roasted coffee a particularly
complex phytochemistry. Despite the deleterious effects of
roasting, the predominant non-methylxanthine phytochemi-
cals in coffee are polyphenolic chlorogenic acids (CGA),
alongside several simple phenolic acids and their derivatives
[140]. The process of decaffeinating coffee also affects these
polyphenol levels; however. Olechno et al. [141], for exam-
ple, report the total phenolic content (as gallic acid equiv-
alent) as reaching ~650 mg in ground Arabica coffee but
only ~400 mg in the decaffeinated alternative. This should
be taken into consideration when interpreting the effects of
decaffeinated coffee discussed below.

A recent umbrella review of caffeine meta-analyses
[142] noted that, whilst roast coffee is often used as a
source of caffeine by athletes and non-athletes, it is rarely
used in research assessing the ergogenic effects of caf-
feine. As such, the results of the small body of research
that has directly compared coffee and caffeine are some-
what equivocal [143]. The situation is similar with regard

to psychological functioning, where there are no relevant
studies in a sport/exercise context. More generally, whilst
coffee has often been compared to a decaffeinated coffee
control, purportedly to assess the effects of caffeine, there is
a lack of research employing the requisite comparator arms
to disentangle the effects of caffeine from those of the other
bioactive components; an important consideration bearing
in mind the potential reduction in polyphenol levels noted
above. One recent study though did compare the cognitive
and mood effects of caffeinated and decaffeinated coffee to
an inert coffee-flavoured placebo [144]. The results showed
that both the caffeinated and the decaffeinated coffee drinks
led to increased alertness, but that the caffeine-containing
drink alone evinced significant cognitive effects. However,
the overall pattern of results showed that the decaffeinated
drink fell between the placebo and caffeinated drink on most
measures, leading the authors to surmise a modulatory effect
of the non-caffeine components of coffee. However, one
must also consider the anticipatory effects of consuming a
coffee drink, with most people aware of the psychophysi-
ological effects of the caffeine component and perhaps even
subjectively detecting (or, alternatively, expecting) its pres-
ence or absence in the investigational drink.

Green coffee Unroasted ‘green’ coffee benefits from
retaining much higher levels of CGA. The consumption of
high CGA coffee, made by combining roasted and green
beans, for 8 weeks has previously been shown to have ben-
eficial effects on multifarious cardiovascular parameters
[145, 146]. For example, two acute dosing studies have
demonstrated improved postprandial hyperglycaemia and
vascular endothelial function following high CGA coffee in
comparison to a caffeine-matched placebo [147, 148]. How-
ever, a single physical exercise study found that a light roast
high-CGA/cafteine coffee (1066 mg/474 mg, respectively)
improved overall mood, but was no more effective than a
dark roast low CGA/caffeine (187 mg/33 mg, respectively)
coffee in terms of cycling performance or post-exercise oxi-
dative stress and inflammatory status [149]. With such a
small literature, however, it is not possible to draw very firm
conclusions here and, as will be seen in subsequent sections,
the effects of caffeine and/or its co-consumed compounds
can often be very activity/sport specific. As such, cycling
may not be benefited here but, again, with just one trial, this
conclusion is probably premature.

With regard to brain function, one crossover study [150]
showed that a decaffeinated high-CGA green coffee (521 mg
CGA, 11 mg caffeine) improved the performance of atten-
tion tasks, subjective alertness and other aspects of psycho-
logical state in 39 healthy older adults, whereas a standard
decaffeinated instant coffee (224 mg CGA) had no effect. A
subsequent study [151] replicated the beneficial psychologi-
cal effects of the decaffeinated high-CGA coffee, but found
that neither a placebo drink nor a control drink, containing
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the chlorogenic acid and caffeine components, had any
effects. Taken together, these studies show that a low caf-
feine, high CGA green coffee has beneficial psychoactive
effects, but that these effects may depend in part on interac-
tions with components other than just caffeine and CGA.

Two studies have also assessed the effects of caffeine-
free green coffee extracts. The first, a parallel-groups study,
measured cognitive function in 38 middle-aged/older adults
who reported subjective memory decline. The results
showed that, after 16 weeks’ supplementation, a drink con-
taining 300 mg CGA had cognitive effects limited to a psy-
chomotor task and an executive function task, in comparison
to placebo. Effects were not seen earlier than this (i.e., at
the 8-week assessment point) [152]. In a follow-up, crosso-
ver study in 34 individuals with mild cognitive impairment,
12 weeks’ administration of a similar high CGA (550 mg)
beverage resulted in improved performance on a single exec-
utive function/attention task [153]. Together, these findings
might suggest that a minimum of 12 weeks is required to
exert effects on these cognitive performance outcomes.

Coffee berry A small but recently growing body of
research has also investigated the behavioural effects of
coffee berry extracts made from the fruit pulp surround-
ing the coffee bean. These extracts are particularly high
in chlorogenic acids and a typical dose delivers levels of
caffeine similar to decaffeinated coffee (~1 to 2% caf-
feine). To date, there has been little research investigating
the ergogenic effects of coffee berry, although one small
study found that this intervention caused an improvement
in antioxidant status but had no effect on exercise param-
eters [154].

In a non-exercise context, single doses of coffee berry
extracts have been shown to increase the synthesis of neu-
rotrophic factors such as BDNF [155-157], and a range of
coffee berry extract doses (100, 300, 1100 mg) reduced the
mental fatigue, and attenuated the decreased alertness, asso-
ciated with extended performance of demanding cognitive
tasks [158, 159]. A follow-up study contrasting the cogni-
tive and psychological state effects of 1100 mg coffee berry
extract alone, and combined with apple polyphenol extract,
found that coffee berry alone increased alertness and vigour
and decreased fatigue across the 6 h of post-dose assess-
ments. However, this effect was blunted by the addition of
apple polyphenols, although this extract did improve the per-
formance of an executive function task [160], demonstrating
the importance of, where possible, considering the effects
of treatment arms in isolation. Brain imaging studies have
also demonstrated that drinks containing coffee berry extract
(1100 mg) can increase cerebral blood flow in the frontal
cortex during cognitive tasks [159] and increase functional
connectivity between brain regions implicated in task per-
formance [157].

One study has also investigated chronic effects. In this
case, when coffee berry extract was taken in the morning
or twice per day for 7 and 28 days by sufferers from mild
age-related cognitive impairment, there was a signifi-
cant improvement in speed and a trend towards improved
accuracy on a demanding working memory/executive
function task [161]. This effect was not seen when the
extract was only taken in the evening and may speak to
the benefits of the alerting effects of coffee berry in the
morning when the psychophysiological effects of this are
more impactful (i.e., the daytime period comprises tasks
that require increased arousal, as opposed to the evening
and overnight) and welcomed (i.e., participants actively
desire the subjective and objective increase in alertness
in the morning when rousing from sleep). This also fits
with the peak plasma levels of caffeine, which would be
anticipated between 15 and 30 min in most consumers
and may adversely incite wakefulness when coffee berry
is consumed in the evening.

In conclusion, whilst little research has been conducted
in such a way as to disentangle caffeine’s effects, evidence
does suggest that coffee’s non-caffeine phytochemical com-
ponents exert some independent effects on psychological
functioning and may modulate caffeine’s effects, or vice
versa. Although neither green coffee nor coffee berry prod-
ucts have benefitted from substantial research efforts as yet,
both contain higher levels of potentially bioactive CGAs,
and might be expected to exert greater independent effects
on function. It is also possible that the functionality of these
low caffeine extracts might be increased by higher levels of
caffeine.

4.1.4 Green Tea (Camellia sinensis)

Green tea contains significant levels of flavanols, includ-
ing catechin, epicatechin and the tea-specific polyphenol
epigallocatechin gallate (EGCG). It also contains the tea-
specific amino-acid L-theanine and caffeine. Meta-analyses
of controlled trial data show that the consumption of green
tea extracts is associated with a number of cardiovascular
and anthropomorphic benefits, including enhanced total anti-
oxidant status [162], improved glucoregulation [163] and
significant benefits to weight, BMI and waist circumference,
irrespective of caffeine content [164]. Whilst the exercise
performance effects of green tea extracts remain unclear,
consumption of caffeinated green tea extracts for more than
1 week has been shown to reduce exercise-induced oxidative
stress [165].

To date there is little research assessing the brain func-
tion effects of green tea extracts or tea catechins, and no
studies directly assessing brain function in a sport/exercise
context. Two fMRI studies demonstrated modulation of
brain function following single doses of a whey milk drink
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supplemented with green tea extract [166, 167], but failed to
match their whey control drink for caffeine. Two studies also
demonstrated cerebral blood flow and electroencephalogram
(EEQG) effects of single doses of the tea polyphenol EGCG
[122, 168], but in the absence of any cognitive performance
effects.

There are rather more data with regard to the green tea
components caffeine and L-theanine and their potential
interactions. Whilst L-theanine by itself is not associated
with any significant benefits to mood or cognitive function,
a meta-analysis of the data from seven acute dose studies
found that caffeine and L-theanine combinations increased
alertness and attention task performance for the first 2 h after
consumption. The disparate doses employed in these studies
ranged from 30 to 250 mg caffeine and from 12 to 200 mg
theanine, with a stronger relationship between caffeine dose
and performance of the two [169].

Several studies have also directly investigated the poten-
tial interactive effects of caffeine and L-theanine. One study
[170] found that a single dose of 50 mg caffeine had its
expected effects in terms of improved alertness and increased
accuracy on an attention task, but that the combination of
caffeine with 100 mg L-theanine resulted in additional ben-
efits in terms of improved attention task performance and
improved long-term memory, an outcome not typically
associated with caffeine alone. A subsequent study [171]
found that whereas caffeine (150 mg) and caffeine combined
with L-theanine (250 mg) elicited common improvements
in the performance of a rapid visual information process-
ing (RVIP) task and decreased subjective ‘mental fatigue’,
the caffeine/L-theanine combination also led to a number of
significant benefits over those seen following caffeine alone,
including improved alertness and tiredness and enhanced
working memory performance; again, this was an outcome
not typically associated with caffeine alone. Similarly, whilst
single doses of 200 mg of L-theanine and 160 mg of caffeine
improved the performance of one of two attention tasks,
their combination resulted in a numerically more significant
effect than either treatment alone [172]. In contrast to these
previous studies, a further study [173] found that whereas
both 200 mg caffeine and 200 mg L-theanine had significant
but markedly different effects on attention task performance,
their combination had no cognitive effects. In this instance,
caffeine both alone and in combination with theanine modu-
lated mood, but theanine alone had no effect. Similarly, a
further study showed that a low dose of L-theanine (75 mg)
attenuated some of caffeine’s (50 mg) cognitive and mood
effects [174]. This study also found that the reduction in
cerebral blood-flow in the frontal cortex during task per-
formance caused by caffeine was abolished by the addition
of L-theanine. Finally, a recent brain imaging (fMRI) study
showed that whilst both L-theanine (200 mg) and caffeine
(160 mg) exerted different, independent effects on brain

activation, the two compounds taken together elicited a
synergistic, interactive effect on activation in brain regions
associated with task performance [175].

In conclusion, given the global popularity of teas, the
effects of green tea extracts/infusions are comparatively
under-researched. There is evidence that caffeine increases
the bioavailability of tea flavanols [105, 106] and evidence
of synergistic relationships between caffeine and the tea
amino-acid L-theanine with respect to brain function. The
mental performance effects of tea extracts or infusions and
the interactive contributions of their caffeine, L-theanine and
flavanol components deserve greater attention. Additionally,
the delivery of caffeine in its naturally consumed state within
tea and coffee drinks arguably offers a much more realistic
insight into its effects than an isolated, encapsulated dose of
caffeine. However, this raises the question of whether addi-
tions of milk and sugar, in particular, are permitted. These
may make the drink more palatable for many consumers, but
may also alter the plasma kinetic profile of phenolics. Zhang
et al. [176], for example, reported that carbohydrate and fat
can increase the absorption and time to reach maximum
concentration (#,,,,) of co-consumed polyphenols, and so
it is unsurprising that Renouf et al. [177] observed that the
addition of creamer and sugar to black coffee significantly
reduced the concentration maximum (C,,,) and t,,,,  of chlo-
rogenic acids. Further, a small amount of research suggests
that this can negatively impact some of the mechanisms rel-
evant to this review; Lorenz et al. [178], for example, report
a blunting of positive vascular effects, induced by tea, with
the addition of milk. As a result, the findings of studies that
permitted the use of milk and sugar should likely be consid-
ered differently to those trials that administered black coffee
alone. Moving forwards, it is important for future trials to
decide whether the trade-off between having a more palat-
able investigational product, especially with older partici-
pants, outweighs the benefits of having a macronutrient-free
caffeine drink.

4.2 Energy Drinks and Shots

Caffeinated energy products include a wide range of gels,
bars and drink powders. However, ready-made energy drinks
and shots have lately attracted the majority of relevant,
product-specific research and it could be argued that this is
due to the fact that these products still dominate the market.
More recently, functional chewing gums containing caffeine
have entered the market, and a meta-analysis published this
year [179], comprising 14 studies and over 200 participants,
reported a significant ergogenic effect of caffeine gum, rela-
tive to placebo, especially for trained individuals, in both
endurance and strength/power activities. This was evinced
when consumed within 15 min of commencing the activity
and at doses of 3 mg/kg and above only. However, to the best
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of our knowledge, no functional caffeinated gums containing
additional compounds (even glucose) have yet been inves-
tigated with randomised controlled trials, and so the effects
here are exclusively attributed to caffeine. As such, caffeine-
only gums do not fall within the purview of this review.

Energy drinks and shots typically contain caffeine and
taurine, often in combination with glucose, amino acids,
vitamins or herbal extracts. However, it is a common prac-
tice to simply attribute all of the effects of energy drinks/
shots to their caffeine content alone, even if this attribution
is not based on any evidence (i.e., the trial does not include
a caffeine-only arm). Conversely, meta-analyses purportedly
investigating the ergogenic effects of caffeine have often
conflated pure caffeine and energy drink studies (e.g., [59,
66]), ignoring the likely key role that caffeine plays within
the drink matrices. In reality, there is increasing evidence of
interactive effects between caffeine and the other bioactive
components of these products.

In terms of ergogenic effects, a recent meta-analysis of
the data from 34 studies [180] found that energy drinks
containing caffeine and taurine resulted in significantly
improved endurance exercise test performance, jumping,
muscle strength and endurance, and cycling and running
performance. Importantly, these effects were evident from
doses of caffeine (~ 1 mg/kg) that were lower than those that
would typically be considered ergogenic [39]. The benefits
following the energy drinks were also significantly related
to the amount of taurine in the drinks rather than caffeine.
These findings suggest that taurine plays a pivotal role in the
effects of products combining caffeine and taurine, and finds
support in a subsequent meta-analysis confirming the ergo-
genic effects of taurine mono-treatments [181]. However, a
more recent review suggests that the effects of taurine alone,
in the absence of caffeine, are equivocal [182]. Whilst this
review of 19 trials did observe positive effects of taurine
supplementation across a range of activities (VO,,,,,, time to
exhaustion, 3- and 4-km time-trial, anaerobic performance,
muscle damage, peak power and recovery), this appeared
hugely buoyed by timing of ingestion and the type of exer-
cise protocol. The ergogenic effects of taurine were most
effective at 1-3 g/day, when consumed over sub-chronic dos-
ing regimens of 615 days, and where doses were consumed
1-3 h prior to activity. Given that plasma taurine concen-
trations peak at approximately 1-h post oral consumption,
it is likely that the above acute ergogenic effects are due
to mechanisms unrelated to muscular changes but rather
directly related to effects within the central nervous system.

It is also likely that glucose plays a pivotal role in caffein-
ated energy drinks above and beyond the effects of caffeine,
or indeed glucose, in isolation. Carbohydrate ingestion has
a well-established ergogenic effect on endurance exercise
[183] and, more recently, resistance exercise performance
[184], and so it is unsurprising that a recent meta-analysis

of energy drinks, containing both caffeine and glucose,
observed similar ergogenic benefits across a range of exer-
cise types [185]. These included cycling, power-based
activities (including within team sports) and more fine-
motor abilities like serving and strokes in racket sports and
performance in golf and fencing. The effects appeared fairly
nuanced, depending on the sport, but 3 mg/kg was the mini-
mum dose required and consuming this prior to long-dura-
tion exercise produced the most positive results. The authors
raise the interesting point here that consumption under these
conditions serves to both supplement ergogenic compounds
like caffeine and glucose, as well as to rehydrate. As such,
any psychophysiological effects of these compounds could
not be disentangled from the effects of hydration alone, a
function which, in itself, has a huge impact on endurance
exercise in particular [186].

There are very few studies specifically investigating the
effects of energy drinks on psychological functioning in a
sport/exercise context. However, an energy drink (compris-
ing 200 mg caffeine, taurine, carbohydrate, amino acids)
improved performance on a 35-km cycling time-trial, and
enhanced attention/psychomotor function tasks measured
before and after the exercise, in non-caffeine-withdrawn
athletes [187]. A recent study comparing an energy drink to
an isocaloric control drink also demonstrated ergogenic ben-
efits plus improved performance on a simple reaction task
that was interposed between warm-up and a bout of maxi-
mal exertion. These effects were seen alongside improved
mood, vigour and ratings of perceived effort measured post-
exercise [188]. In contrast, two studies failed to establish any
energy drink-related benefits to cognitive task performance
following physical exercise [189] or a session of eSports
[190], although this is most likely to be due to the very small
samples employed.

It should also be noted that the sport/exercise studies
noted above only employed cognitive tasks sensitive to caf-
feine. This therefore leaves open the question of whether
the combination with other bioactive ingredients resulted in
broader effects than those expected following caffeine alone.
In this respect the non-sport/exercise literature is more help-
ful. Taken as a whole, caffeine-containing energy drinks
have consistent beneficial effects on attention task perfor-
mance [191]. Studies comparing energy drinks to an iso-
caloric glucose containing placebo have also demonstrated
improved simulated driving performance [192] and benefits
that would not be expected from caffeine alone, including
improved memory performance [193] and enhanced work-
ing memory in the absence of improved attention [194]. A
particularly thorough crossover study, involving a large sam-
ple (n=94) of healthy adults, compared a carbohydrate-free
energy shot to placebo over 6 h post-dose. The results dem-
onstrated broad cognitive benefits that included improved
accuracy and speed of attention task performance and
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improved alertness. More importantly, improvements were
also seen on measures that would not be sensitive to caffeine,
including across working memory and episodic memory
tasks and in ratings of depression and anxiety. All of these
improvements were also seen during the later assessments,
when the effects of caffeine might be expected to be waning.
A subsequent, smaller and less methodologically stringent
study broadly confirmed the findings of this trial and demon-
strated that the effects of the same energy shot were broader
and more pronounced than either caffeine alone or coffee
with a similar level of caffeine [195].

With regard to specific ingredients, two studies have com-
pared caffeine, taurine and their combination. In one of these
studies taurine attenuated the increased alertness associated
with caffeine alone [196], and in the other taurine blunted
the increased speed of attention task performance associ-
ated with caffeine [197]. However, it should be noted that
these two studies used a very limited selection of caffeine-
sensitive attention tasks, and do not preclude the possibility
that caffeine/taurine might have had unmeasured interaction
effects in terms of alternative cognitive domains that are not
sensitive to caffeine. Irrespective of the direction of the func-
tional relationship seen here, these results also confirm that
both taurine and caffeine contribute to the effects of prod-
ucts that combine them. From a mechanistic perspective,
the competition between caffeine’s metabolites and taurine
for access to the common CYP450 enzyme that metabolises
them [198] could theoretically contribute to any modulation
of caffeine’s or taurine’s effects in either direction. Interest-
ingly, a cocktail of herbal extracts, several phytochemical
components of which are common substrates for caffeine’s
CYP450s, also attenuated the beneficial cognitive and mood
effects of caffeine [199].

Overall, there is no evidence to support the contention
that the psychological effects of energy drinks are solely
attributable to their caffeine content. In contrast, the small
amount of available evidence suggests that multi-component
energy drinks and shots will have beneficial physical and
psychological effects that are either stronger, or in the case
of cognition, broader, than would be expected from their
caffeine content alone.

5 Other Phytochemicals (Non-caffeinated)

In terms of potential benefits to mental performance, a num-
ber of phytochemicals and herbal extracts derived from non-
caffeinated plants engender mental performance benefits that
are broader than those seen following caffeine. Whilst these
extracts are most often consumed by themselves, several are
commonly found in functional drink products. However, the
levels of bioactive components in the extracts used in energy
drink products are unclear, and no research has attempted

to disentangle any interactions with caffeine. The following
is a brief summary of evidence regarding some potential
candidates for enhancing mental performance.

5.1 Polyphenols

Two ‘atypical’ polyphenols have garnered potentially rel-
evant evidence suggesting mental performance benefits: cur-
cumin and mangiferin. Meta-analyses of early data suggested
that curcumin, the principal polyphenol in turmeric, may be
effective in treating mood disorders [200]. Of relevance here,
more recent evidence showed that both a single dose [201]
as well as 4 weeks’ [201, 202] and 12 weeks’ [202] admin-
istration of an enhanced bioavailability curcumin (400 mg)
engendered improvements in attention and working memory,
with additional improvements in mental fatigue or alertness
seen after 4 weeks. After 12 weeks’ administration these
improvements also extended to the performance of cogni-
tively demanding tasks.

Another potential candidate is mangiferin, the principal
polyphenol in mango leaf extracts. A number of studies
have demonstrated acute and chronic ergogenic benefits of
a mango leaf extract comprising 60% mangiferin adminis-
tered in combination with luteolin or quercetin [203-206].
A recent single-dose study extended these findings to brain
function [207] and demonstrated wide-ranging improve-
ments to overall accuracy of cognitive task performance,
including specific benefits to attention, memory and execu-
tive function tasks, across 6 h post-dose, following the
consumption of 300 mg of the same mango leaf extract.
The performance of cognitively demanding tasks was also
improved.

5.2 Monoterpenes

Volatile terpenes, which comprise the principal component
of essential oils, have a number of significant direct (e.g.,
receptor binding) and indirect (e.g., enzyme inhibition)
effects on neurotransmission. The beneficial psychological
effects of single oral doses of encapsulated monoterpene
rich sage (Salvia officinalis/lavandulaefolia) essential oils, in
comparison to placebo, include demonstrations of improved
long-term memory task performance [208, 209], working
memory/executive function [210], and improved attention
task performance and alertness, alongside reduced mental
fatigue during the performance of mentally demanding tasks
[209]. Similarly, an oral single dose of encapsulated pep-
permint (Mentha piperita) essential oil resulted in improved
performance of cognitively demanding attention/executive
function tasks, alongside reduced mental fatigue [211]. Vol-
atile terpenes are readily absorbed by mucosal membranes,
and in a later study, the wearing of a peppermint infused
non-transdermal skin patch for 6 h resulted in improvements
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in memory, attention and alertness in comparison to a non-
aroma skin-patch in young adults [212].

5.3 Diterpenes

Extracts of Ginkgo biloba leaves contain high levels of
both diterpenes (ginkgolides/bilobalide) and polyphenols.
Research demonstrates cognitive enhancement, including
in terms of memory and attention task performance, fol-
lowing single doses of ginkgo extract [213-218] in young
adults, and following supplementation for 7 days or longer in
both younger [219] and older [220-222] participants. Across
these trials, doses ranged between 30, 120, 150, 180, 240,
300 and 600 mg/day. The latter includes two sizeable stud-
ies in middle-aged participants that demonstrated improved
memory and attention performance after 6 weeks’ supple-
mentation [223, 224]. These latter trials were performed
by the same research team (as were [216, 217] and [221,
222]), and this may contribute to the relatively clear pat-
tern of effects attributed to Ginkgo biloba, relative to many
of the other compounds covered within this review. In all
three cases, key methodological principles, such as dose and
the source of the investigational product, were maintained
between trials and this allows for a more robust comparison
across the field. It is rarely possible for one research team to
develop a consistent research profile with just one compound
like this, but it would be prudent for disparate teams to try,
where possible, to align methodological practices and make
it easier to compare effects across the literature.

5.4 Triterpenes

The primary bioactive component of Asian (Panax ginseng)
and American ginseng (Panax quinquefolius) extracts are
triterpene ginsenosides. Compounds from this class owe
their bioactivity to a structural similarity to many animal
hormones. Single doses, ranging between 100 and 960 mg
of Asian ginseng are associated with improved accuracy of
memory tasks [133, 225-228], increased speed of attention
task performance [133, 229], and concomitantly improved
performance and mental fatigue during performance of cog-
nitively demanding executive function/attention tasks [230,
231]. Single doses of a standardized American ginseng
extract also resulted in improved working memory and dose-
dependent increases in speed of task performance [227] and
improved working memory performance [228]. Again, the
consistency of these effects can partly be attributed to meth-
odological consistency across many of these individual tri-
als, with the majority of studies conducted within two labs,
utilizing standardised extracts at the same or similar doses.

6 Novel Caffeine/Phytochemical
Combinations

It is quite possible that co-administration of caffeine along-
side other psychoactive phytochemicals, including those
noted above, will result in additive or interactive effects with
regard to the nervous system. This may be either as a conse-
quence of bi-directional modulation of any neurotransmis-
sion effects or due to caffeine’s multifarious effects on the
absorption, distribution, metabolism and excretion of other
compounds [34]. In this regard it is notable that, for instance,
monoterpenes [232, 233] and triterpenes, including ginseno-
sides [234, 235], alongside many other phytochemicals, are
substrates for the same CYP450 enzymes as caffeine (e.g.,
CYP1A2). This mechanism alone may modulate either of
the components’ bioavailability and predispose their com-
bination to have different, potentially greater effects than
either component alone. As an example of this, a study in
rats found that ginsenosides and caffeine had a synergistic
effect with regard to antidepressant effects [236]. However,
to date, the question of caffeine’s interactive properties with
the phytochemicals that are not found in caffeine synthesis-
ing plants is largely unexplored.

7 Conclusions and Future Directions

Globally, caffeine is the most widely consumed psychoac-
tive compound and ergogenic aid. When taken in a puri-
fied form in a research context caffeine has reasonably well
delineated ergogenic and psychological effects. However, in
mental performance terms, these effects do not consistently
extend beyond improving attention, including psychomotor
function and vigilance. Caffeine alone has little impact on
the other cognitive domains intrinsic to aspects of sport-
ing performance. Additionally, research almost exclusively
investigates the effects of single, acute doses of caffeine, and
so the extent to which these findings can be applied to real-
world scenarios of repeated daily consumption is arguably
limited. In the real world, athletes and participants in sport
typically consume caffeine alongside a complex mixture of
other potentially bioactive compounds, either in the form of
products derived from caffeine-synthesising plants or as an
additive to multi-ingredient products. Given caffeine’s many
potentially interactive mechanisms of action, it is unsurpris-
ing that the psychological effects of these complex combina-
tions of potentially bioactive compounds often exceed those
that would be expected from caffeine alone.

As an aside, this does raise important questions of safety
and, whilst the trials included within this narrative review
report no serious adverse events, it would be remiss of this
review not to highlight the continued need to question the
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potential unanticipated effects of combining different com-
pounds within one product and the effects of cumulative
doses of the ingredients. The individual doses of each com-
pound alone may not result in an adverse event, but there is
scope for unforeseen negative effects following their com-
bination. This is especially concerning when one considers
that caffeine may enhance the absorption and distribution
of other co-consumed ingredients (and vice versa), and so,
whilst doses might seem safe in isolation, their enhanced
pharmacokinetics may evince unsafe psychophysiological
effects. As an example, this has been reported to a small
extent with over-consumption of energy drinks in adolescent
groups [237].

Controlled trial evidence in humans has directly con-
firmed functional interactions between caffeine and polyphe-
nols, L-theanine and taurine. Additionally, high polyphenol
extracts from several caffeine-synthesising plants with low
levels of caffeine engender broader benefits to mental per-
formance than expected from caffeine, even at much higher
doses. This is certainly the case for high-flavanol cocoa and
guarana extracts, and high-CGA coffee berry. In the case of
high-flavanol cocoa extracts the benefits to psychological
functioning are evident when directly compared to caffeine-
matched control treatments. This gives a clear indication of
the added value of cocoa-flavanols, but does not disentangle
any interactions in the combination.

Herein lies the problem for this research area. Very few
of the many controlled trials assessing the psychologi-
cal or ergogenic effects of caffeinated products have been
designed with the requisite comparator arms to disentangle
the interactive effects of caffeine. Future trials should focus
both on combination products and their caffeine content
alone and/or the combination minus caffeine. Ideally, stud-
ies could also instigate a full fractionation of all possible
permutations of combination products. Further, trials rarely
investigate both the acute and chronic effects of consum-
ing caffeine alongside these additional ingredients. It may
therefore be the case that where unconvincing acute effects
of these combinations do exist, that longer term administra-
tion may result in more pronounced, or at least different,
effects. Given the often sport/activity-specific effects of the
compounds covered in this narrative review, it may also be
the case that research has yet to home in on the most effec-
tive matching between physical performance requirements,
caffeine and its co-consumed compounds. As such, where
these unconvincing effects exist, it is probably too premature
to discount them entirely. As an additional caveat, future
research should undoubtedly be more representative of non-
male participants.

It seems likely that consuming pure anhydrous caffeine
is the most impoverished method of delivering caffeine for
the enhancement of either physical or psychological func-
tioning. However, more research is needed on a number of

fronts. First, to disentangle the contributions of caffeine and
the non-caffeine bioactive compounds in caffeinated prod-
ucts. Second, to establish the optimal level of caffeine in
caffeinated products, including the potential for additional
caffeine to further enhance the functional benefits of low
caffeine extracts. Finally, to explore the potential for caffeine
to potentiate the benefits seen following multifarious other
psychoactive phytochemicals that have not been meaning-
fully combined with caffeine to date.

Acknowledgements This supplement is supported by the Gatorade
Sports Science Institute (GSSI). The supplement was guest edited
by Lawrence L. Spriet, who convened a virtual meeting of the GSSI
Expert Panel in October 2021 and received honoraria from the GSSI,
a division of PepsiCo, Inc., for his participation in the meeting. Dr
Spriet received no honoraria for guest editing this supplement. Dr.
Spriet suggested peer reviewers for each paper, which were sent to the
Sports Medicine Editor-in-Chief for approval, prior to any reviewers
being approached. Dr. Spriet provided comments on each paper and
made an editorial decision based on comments from the peer reviewers
and the Editor-in-Chief. Where decisions were uncertain, Dr. Spriet
consulted with the Editor-in-Chief. The views expressed in this article
are those of the authors and do not necessarily reflect the position or
policy of PepsiCo, Inc.

Declarations

Funding This article is based on a presentation by David Kennedy to
the Gatorade Sports Science Institute (GSSI) Expert Panel in Octo-
ber 2021. Funding for participation in that meeting together with an
honorarium for preparation of this article were provided by the GSSI.
No other sources of funding were used to assist in the preparation of
this article.

Author contributions DOK was primarily responsible for writing the
first draft of this manuscript. ELW revised this draft in response to
reviewer comments. DOK and ELW read and approved the final ver-
sion.

Conflict of interest Within the last 5 years David Kennedy and Emma
Wightman have been the recipient of funding from a number of compa-
nies with an interest in phytochemicals. These include research grants
from Mibelle AG, Evolva, Activ’inside, Frutarom, Nexira, Finzelberg,
PGT Healthcare and Pepsico, and honoraria or payment for other ser-
vices from Sanofi, Oakland Law Group, PGT Healthcare and Pfizer.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.


http://creativecommons.org/licenses/by/4.0/

D. 0. Kennedy, E. L. Wightman

S84
References
1. Del Coso J, Muifioz G, Muiioz-Guerra J. Prevalence of caffeine

11.

12.

13.

14.

15.

16.

19.

20.

21.

use in elite athletes following its removal from the World Anti-
Doping Agency list of banned substances. Appl Physiol Nutr
Metab. 2011;36(4):555-61.

Maughan RJ, Burke LM, Dvorak J, Larson-Meyer DE, Peeling
P, Phillips SM, et al. IOC Consensus Statement: dietary supple-
ments and the high-performance athlete. Int J Sport Nutr Exerc
Metab. 2018;28(2):104-25.

Valenzuela PL, Morales JS, Emanuele E, Pareja-Galeano H,
Lucia A. Supplements with purported effects on muscle mass
and strength. Eur J Nutr. 2019;58(8):2983-3008.

Lorist MM, Tops M. Caffeine, fatigue, and cognition. Brain
Cogn. 2003;53(1):82-94.

Voss MW, Kramer AF, Basak C, Prakash RS, Roberts B. Are
expert athletes ‘expert’ in the cognitive laboratory? A meta-ana-
lytic review of cognition and sport expertise. Appl Cogn Psychol.
2010;24(6):812-26.

Jacobson J, Matthaeus L. Athletics and executive functioning:
how athletic participation and sport type correlate with cognitive
performance. Psychol Sport Exerc. 2014;15(5):521-7.

Mayers LB, Redick TS, Chiffriller SH, Simone AN, Terra-
forte KR. Working memory capacity among collegiate student
athletes: effects of sport-related head contacts, concussions,
and working memory demands. J Clin Exp Neuropsychol.
2011;33(5):532-7.

Furley P, Wood G. Working memory, attentional control, and
expertise in sports: a review of current literature and directions
for future research. J Appl Res Mem Cogn. 2016;5(4):415-25.
Sanchis C, Blasco E, Luna FG, Lupiafiez J. Effects of caffeine
intake and exercise intensity on executive and arousal vigilance.
Sci Rep. 2020;10(1):1-13.

Calvo JL, Fei X, Dominguez R, Pareja-Galeano H. Caffeine and
cognitive functions in sports: a systematic review and meta-
analysis. Nutrients. 2021;13(3):868.

Harborne JR. Introduction to ecological biochemistry. 4th ed.
London: Elsevier; 1993.

Kennedy DO. Plants and the human brain. New York: Oxford
University Press; 2014.

Ashihara H, Sano H, Crozier A. Caffeine and related purine alka-
loids: biosynthesis, catabolism, function and genetic engineering.
Phytochemistry. 2008;69(4):841-56.

Ashihara H. Metabolism of alkaloids in coffee plants. Braz J
Plant Physiol. 2006;18(1):1-8.

Sellier MJ, Reeb P, Marion-Poll F. Consumption of bitter alka-
loids in Drosophila melanogaster in multiple-choice test condi-
tions. Chem Senses. 2011;36(4):323-34.

Nathanson JA. Caffeine and related methylxanthines—possible
naturally-occurring pesticides. Science. 1984;226(4671):184-7.
Janzen DH, Juster HB, Bell EA. Toxicity of secondary com-
pounds to seed-eating larvae of bruchid beetle Callosobruchus-
maculatus. Phytochemistry. 1977;16(2):223-7.

Fernandes FL, Picanco MC, Gontijo PC, Fernandes MED,
Pereira EJG, Semeao AA. Induced responses of Coffea arabica
to attack of Coccus viridis stimulate locomotion of the herbivore.
Entomol Exp Appl. 2011;139(2):120-7.

Huang R, O’Donnell AJ, Barboline JJ, Barkman TJ. Convergent
evolution of caffeine in plants by co-option of exapted ancestral
enzymes. Proc Natl Acad Sci. 2016;113(38):10613-8.
Pichersky E, Lewinsohn E. Convergent evolution in plant special-
ized metabolism. Annu Rev Plant Biol. 2011;62:549-66.
Dewick PM. Medicinal natural products: a biosynthetic approach.
Chichester: Wiley; 2009.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Latini S, Pedata F. Adenosine in the central nervous system:
release mechanisms and extracellular concentrations. J Neuro-
chem. 2008;79(3):463-84.

Huang ZL, Urade Y, Hayaishi O. The role of adenosine in the
regulation of sleep. Curr Top Med Chem. 2011;11(8):1047-57.
Magkos F, Kavouras SA. Caffeine use in sports, pharmacokinet-
ics in man, and cellular mechanisms of action. Crit Rev Food Sci
Nutr. 2005;45(7-8):535-62.

McLellan TM, Caldwell JA, Lieberman HR. A review of caf-
feine’s effects on cognitive, physical and occupational perfor-
mance. Neurosci Biobehav Rev. 2016;71:294-312.

Southward K, Rutherfurd-Markwick K, Badenhorst C, Ali A. The
role of genetics in moderating the inter-individual differences in
the ergogenicity of caffeine. Nutrients. 2018;10(10):1352.
Graham TE, McLean C. Gender differences in the metabolic
responses to caffeine. In: Gender differences in metabolism. Boca
Raton: CRC Press; 2020. p. 301-27.

Rodopoulos N, Wisen O, Norman A. Caffeine metabolism in
patients with chronic liver disease. Scand J Clin Lab Invest.
1995;55(3):229-42.

Nehlig A. Interindividual differences in caffeine metabolism
and factors driving caffeine consumption. Pharmacol Rev.
2018;70(2):384-411.

Fredholm BB, Battig K, Holmen J, Nehlig A, Zvartau EE.
Actions of caffeine in the brain with special reference to fac-
tors that contribute to its widespread use. Pharmacol Rev.
1999;51(1):83-133.

Daly J. Mechanism of action of caffeine. Caffeine, Coffee, and
Health. 1993:97-150.

Pelligrino DA, Xu H-L, Vetri F. Caffeine and the control of cer-
ebral hemodynamics. J Alzheimers Dis. 2010;20(S1):51-62.
Higashi Y. Coffee and endothelial function: a coffee paradox?
Nutrients. 2019;11(9):2104.

Belayneh A, Molla F. The effect of coffee on pharmacokinetic
properties of drugs: a review. BioMed Res Int. 2020.

Pohanka M, Dobes P. Cafteine inhibits acetylcholinesterase, but
not butyrylcholinesterase. Int J Mol Sci. 2013;14(5):9873-82.
Geraets L, Moonen HJ, Wouters EF, Bast A, Hageman GlJ.
Caffeine metabolites are inhibitors of the nuclear enzyme poly
(ADP-ribose) polymerase-1 at physiological concentrations. Bio-
chem Pharmacol. 2006;72(7):902-10.

Zulli A, Smith RM, Kubatka P, Novak J, Uehara Y, Loftus H,
et al. Caffeine and cardiovascular diseases: critical review of cur-
rent research. Eur J Nutr. 2016;55(4):1331-43.

Meeusen R, Roelands B, Spriet LL. Caffeine, exercise and the
brain. Limits of human endurance. Basel: Karger Publishers;
2013. p. 1-12.

Guest NS, VanDusseldorp TA, Nelson MT, Grgic J, Schoenfeld
BJ, Jenkins ND, et al. International society of sports nutrition
position stand: caffeine and exercise performance. J Int Soc
Sports Nutr. 2021;18(1):1-37.

Biaggioni I, Paul S, Puckett A, Arzubiaga C. Caffeine and theo-
phylline as adenosine receptor antagonists in humans. J Pharma-
col Exp Ther. 1991;258(2):588-93.

Harpaz E, Tamir S, Weinstein A, Weinstein Y. The effect of
caffeine on energy balance. J Basic Clin Physiol Pharmacol.
2017;28(1):1-10.

Barcelos RP, Lima FD, Carvalho NR, Bresciani G, Royes LFF.
Caffeine effects on systemic metabolism, oxidative-inflammatory
pathways, and exercise performance. Nutr Res. 2020;80:1-17.
Chirasani VR, Pasek DA, Meissner G. Structural and functional
interactions between the Ca®*-, ATP-, and caffeine-binding sites
of skeletal muscle ryanodine receptor (RyR1). J Biol Chem.
2021;297(3).



Mental Performance and Sport: Caffeine and Co-consumed Bioactive Ingredients

S85

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Nishida K, Qi XY, Wakili R, Comtois P, Chartier D, Harada
M, et al. Mechanisms of atrial tachyarrhythmias associated with
coronary artery occlusion in a chronic canine model. Circulation.
2011;123(2):137-46.

Vanattou-Saifoudine N, McNamara R, Harkin A. Caffeine pro-
vokes adverse interactions with 3, 4-methylenedioxymethamphet-
amine (MDMA, ‘ecstasy’) and related psychostimulants: mecha-
nisms and mediators. Br J Pharmacol. 2012;167(5):946-59.
Carrillo JA, Benitez J. Clinically significant pharmacokinetic
interactions between dietary caffeine and medications. Clin
Pharmacokinet. 2000;39(2):127-53.

Gunes A, Dahl M-L. Variation in CYP1A?2 activity and its clini-
cal implications: influence of environmental factors and genetic
polymorphisms. Future Med. 2008:625-37.

Gambaro SE, Moretti R, Tiribelli C, Gazzin S. Brain cytochrome
p450 enzymes: a possible therapeutic targets for neurological
diseases. Ther Targets Neurol Dis. 2015;2:1-6.

Kuban W, Daniel WA. Cytochrome P450 expression and regula-
tion in the brain. Drug Metab Rev. 2021;53(1):1-29.

McMillan DM, Tyndale RF. CYP-mediated drug metabo-
lism in the brain impacts drug response. Pharmacol Ther.
2018;184:189-200.

Gurley BJ, Steelman SC, Thomas SL. Multi-ingredient, caffeine-
containing dietary supplements: history, safety, and efficacy. Clin
Ther. 2015;37(2):275-301.

Morelli M, Simola N. Methylxanthines and drug dependence: a
focus on interactions with substances of abuse. In: Methylxan-
thines. Berlin: Springer; 2011. p. 483-507.

Liu QS, Deng R, Fan Y, Li K, Meng F, Li X, et al. Low dose
of caffeine enhances the efficacy of antidepressants in major
depressive disorder and the underlying neural substrates. Mol
Nutr Food Res. 2017;61(8):1600910.

Ursing C, Wikner J, Brismar K, Rojdmark S. Caffeine raises the
serum melatonin level in healthy subjects: an indication of mela-
tonin metabolism by cytochrome P450 (CYP) 1A2. J Endocrinol
Invest. 2003;26(5):403-6.

Lipton RB, Diener H-C, Robbins MS, Garas SY, Patel K. Caf-
feine in the management of patients with headache. J Headache
Pain. 2017;18(1):107.

Weiser T, Richter E, Hegewisch A, Muse D, Lange R. Efficacy
and safety of a fixed-dose combination of ibuprofen and caffeine
in the management of moderate to severe dental pain after third
molar extraction. Eur J Pain. 2018;22(1):28-38.

Smith AP, Nutt DJ. Effects of upper respiratory tract illnesses,
ibuprofen and caffeine on reaction time and alertness. Psychop-
harmacology. 2014;231(9):1963-74.

Southward K, Rutherfurd-Markwick KJ, Ali A. The effect of
acute caffeine ingestion on endurance performance: a systematic
review and meta-analysis. Sports Med. 2018;48(8):1913-28.
Salinero JJ, Lara B, Del Coso J. Effects of acute ingestion of
caffeine on team sports performance: a systematic review and
meta-analysis. Res Sports Med. 2019;27(2):238-56.

Pickering C, Kiely J. Are low doses of caffeine as ergogenic as
higher doses? A critical review highlighting the need for com-
parison with current best practice in caffeine research. Nutrition.
2019;67: 110535.

Grgic J, Pickering C, Del Coso J, Schoenfeld BJ, Mikulic P.
CYP1A2 genotype and acute ergogenic effects of caffeine
intake on exercise performance: a systematic review. Eur J Nutr.
2021;60(3):1181-95.

Filip A, Wilk M, Krzysztofik M, Del Coso J. Inconsistency in
the ergogenic effect of caffeine in athletes who regularly con-
sume caffeine: is it due to the disparity in the criteria that defines
habitual caffeine intake? Nutrients. 2020;12(4):1087.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

Lara B, Ruiz-Moreno C, Salinero JJ, Del Coso J. Time course
of tolerance to the performance benefits of caffeine. PLoS ONE.
2019;14(1): e0210275.

Goncalves LDS, Painelli VDS, Yamaguchi G, Oliveira LFD,
Saunders B, da Silva RP, et al. Dispelling the myth that
habitual caffeine consumption influences the performance
response to acute caffeine supplementation. J Appl Physiol.
2017;123(1):213-20.

Salinero JJ, Lara B, Jiménez-Ormeiio E, Romero-Moraleda B,
Giraldez-Costas V, Baltazar-Martins G, et al. More research is
necessary to establish the ergogenic effect of caffeine in female
athletes. Nutrients. 2019;11(7):1600.

Gomez-Bruton A, Marin-Puyalto J, Muiiiz-Pardos B, Matute-
Llorente A, Del Coso J, Gomez-Cabello A, et al. Does acute caf-
feine supplementation improve physical performance in female
team-sport athletes? Evidence from a systematic review and
meta-analysis. Nutrients. 2021;13(10):3663.

Mielgo-Ayuso J, Marques-Jiménez D, Refoyo I, Del Coso J,
Le6n-Guerefio P, Calleja-Gonzélez J. Effect of caffeine supple-
mentation on sports performance based on differences between
sexes: a systematic review. Nutrients. 2019;11(10):2313.

Lara B, Gutiérrez-Hellin J, Garcia-Bataller A, Rodriguez-Fernan-
dez P, Romero-Moraleda B, Del Coso J. Ergogenic effects of
caffeine on peak aerobic cycling power during the menstrual
cycle. Eur J Nutr. 2020;59(6):2525-34.

Spriet LL. Exercise and sport performance with low doses of
caffeine. Sports Med. 2014;44(2):175-84.

Ruxton C. The impact of caffeine on mood, cognitive function,
performance and hydration: a review of benefits and risks. Nutr
Bull. 2008;33(1):15-25.

Quinlan PT, Lane J, Moore KL, Aspen J, Rycroft JA, O’Brien
DC. The acute physiological and mood effects of tea and cof-
fee: the role of caffeine level. Pharmacol Biochem Behav.
2000;66(1):19-28.

Smit HJ, Rogers PJ. Effects of low doses of caffeine on cognitive
performance, mood and thirst in low and higher caffeine consum-
ers. Psychopharmacology. 2000;152(2):167-73.

Smith A, Sturgess W, Gallagher J. Effects of a low dose of caf-
feine given in different drinks on mood and performance. Hum
Psychopharmacol-Clin Exp. 1999;14(7):473-82.

Brice C, Smith A. The effects of caffeine on simulated driving,
subjective alertness and sustained attention. Hum Psychophar-
macol-Clin Exp. 2001;16(7):523-31.

Childs E, de Wit H. Subjective, behavioral, and physiological
effects of acute caffeine in light, nondependent caffeine users.
Psychopharmacology. 2006;185(4):514-23.

Durlac PJ, Edmunds R, Howard L, Tipper SP. A rapid effect of
caffeinated beverages on two choice reaction time tasks. Nutr
Neurosci. 2002;5(6):433-42.

Lieberman HR. The effects of ginseng, ephedrine, and caf-
feine on cognitive performance, mood and energy. Nutr Rev.
2001;59(4):91-102.

Lieberman HR. Nutrition, brain function and cognitive perfor-
mance. Appetite. 2003;40(3):245-54.

Nehlig A. Is caffeine a cognitive enhancer? J Alzheimers Dis.
2010;20:85-94.

Irwin C, Khalesi S, Desbrow B, McCartney D. Effects of acute
caffeine consumption following sleep loss on cognitive, physical,
occupational and driving performance: a systematic review and
meta-analysis. Neurosci Biobehav Rev. 2020;108:877-88.
Loke WH, Hinrichs J, Ghoneim M. Caffeine and diazepam: sepa-
rate and combined effects on mood, memory, and psychomotor
performance. Psychopharmacology. 1985;87(3):344-50.

Smith A. Effects of caffeine on human behavior. Food Chem
Toxicol. 2002;40(9):1243-55.



586

D. 0. Kennedy, E. L. Wightman

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

Fulton JL, Dinas PC, Carrillo AE, Edsall JR, Ryan EJ, Ryan
EJ. Impact of genetic variability on physiological responses
to caffeine in humans: a systematic review. Nutrients.
2018;10(10):1373.

Lorenzo Calvo J, Fei X, Dominguez R, Pareja-Galeano H. Caf-
feine and cognitive functions in sports: a systematic review and
meta-analysis. Nutrients. 2021;13(3):868.

Carswell AT, Howland K, Martinez-Gonzalez B, Baron P, Davi-
son G. The effect of caffeine on cognitive performance is influ-
enced by CYP1A2 but not ADORA2A genotype, yet neither
genotype affects exercise performance in healthy adults. Eur J
Appl Physiol. 2020;120(7):1495-508.

Huertas F, Blasco E, Moratal C, Lupiafiez J. Caffeine intake
modulates the functioning of the attentional networks depend-
ing on consumption habits and acute exercise demands. Sci Rep.
2019;9(1):1-12.

Impey J, Bahdur K, Kramer M. Mediating effects of caffeine
ingestion and post-activation performance enhancement on reac-
tive dive times in goalkeepers. Ann Appl Sport Sci. 2022;10(1):
Bowsher CS, Tobin AM. Plant biochemistry. New York: Garland
Science; 2008.

Fraga CG, Croft KD, Kennedy DO, Tomés-Barberan FA. The
effects of polyphenols and other bioactives on human health.
Food Funct. 2019;10(2):514-28.

Kim HS, Quon MJ, Kim JA. New insights into the mechanisms
of polyphenols beyond antioxidant properties; lessons from the
green tea polyphenol, epigallocatechin 3-gallate. Redox Biol.
2014;2:187-95.

Monagas M, Khan N, Andres-Lacueva C, Casas R, Urpi-Sarda
M, Llorach R, et al. Effect of cocoa powder on the modulation
of inflammatory biomarkers in patients at high risk of cardiovas-
cular disease. Am J Clin Nutr. 2009;90(5):1144-50.

Spencer JP. Flavonoids and brain health: multiple effects under-
pinned by common mechanisms. Genes Nutr. 2009;4(4):243-50.
Williams RJ, Spencer JP. Flavonoids, cognition, and dementia:
actions, mechanisms, and potential therapeutic utility for Alzhei-
mer disease. Free Radic Biol Med. 2012;52(1):35-45.

Vauzour D. Effect of flavonoids on learning, memory and neu-
rocognitive performance: relevance and potential implications
for Alzheimer’s disease pathophysiology. J Sci Food Agric.
2014;94(6):1042-56.

Baptista FI, Henriques AG, Silva AM, Wiltfang J, da Cruz e
Silva OA. Flavonoids as therapeutic compounds targeting key
proteins involved in Alzheimer’s disease. ACS Chem Neurosci.
2014;5(2):83-92.

Kennedy DO. Polyphenols and the human brain: plant “second-
ary metabolite” ecologic roles and endogenous signaling func-
tions drive benefits. Adv Nutr. 2014;5(5):515-33.

Carey CC, Lucey A, Doyle L. Flavonoid containing polyphe-
nol consumption and recovery from exercise-induced muscle
damage: a systematic review and meta-analysis. Sports Med.
2021;51(6):1293-316.

Rickards L, Lynn A, Harrop D, Barker ME, Russell M, Ranchor-
das MK. Effect of polyphenol-rich foods, juices, and concentrates
on recovery from exercise induced muscle damage: a systematic
review and meta-analysis. Nutrients. 2021;13(9):2988.

Kimble R, Jones K, Howatson G. The effect of dietary antho-
cyanins on biochemical, physiological, and subjective exercise
recovery: a systematic review and meta-analysis. Crit Rev Food
Sci Nutr. 2021:1-15.

Braakhuis A, Somerville V, Hurst R. The effect of New Zea-
land blackcurrant on sport performance and related biomarkers:
a systematic review and meta-analysis. J Int Soc Sports Nutr.
2020;17:1-10.

Blake H, Buckley J, Coates A, D’Unienville N, Hill A, Nelson M.
Polyphenol consumption and endurance exercise performance:

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

a systematic review and meta-analysis of randomised controlled
trials. J Sci Med Sport. 2021;24:S42-3.

Ammar A, Trabelsi K, Boukhris O, Bouaziz B, Miiller P, Glenn
IM, et al. Effects of polyphenol-rich interventions on cognition
and brain health in healthy young and middle-aged adults: sys-
tematic review and meta-analysis. J Clin Med. 2020;9(5):1598.
Hepsomali P, Greyling A, Scholey A, Vauzour D. Acute effects of
polyphenols on human attentional processes: a systematic review
and meta-analysis. Front Neurosci. 2021;15:580.

Sansone R, Ottaviani JI, Rodriguez-Mateos A, Heinen Y, Noske
D, Spencer JP, et al. Methylxanthines enhance the effects of
cocoa flavanols on cardiovascular function: randomized, double-
masked controlled studies. Am J Clin Nutr. 2017;105(2):352-60.
Dulloo AG, Duret C, Rohrer D, Girardier L, Mensi N, Fathi M,
et al. Efficacy of a green tea extract rich in catechin polyphenols
and caffeine in increasing 24-h energy expenditure and fat oxida-
tion in humans. Am J Clin Nutr. 1999;70(6):1040-5.

Nakagawa K, Nakayama K, Nakamura M, Sookwong P, Tsuduki
T, Niino H, et al. Effects of co-administration of tea epigallo-
catechin-3-gallate (EGCG) and caffeine on absorption and
metabolism of EGCG in humans. Biosci Biotechnol Biochem.
2009;73(9):2014-7.

Phung OJ, Baker WL, Matthews LJ, Lanosa M, Thorne A, Cole-
man CI. Effect of green tea catechins with or without caffeine on
anthropometric measures: a systematic review and meta-analysis.
Am J Clin Nutr. 2009;91(1):73-81.

Gonzalez-Sarrias A, Combet E, Pinto P, Mena P, Dall’Asta
M, Garcia-Aloy M, et al. A systematic review and meta-anal-
ysis of the effects of flavanol-containing tea, cocoa and apple
products on body composition and blood lipids: exploring the
factors responsible for variability in their efficacy. Nutrients.
2017;9(7):746.

Andres-Lacueva C, Monagas M, Khan N, Izquierdo-Pulido M,
Urpi-Sarda M, Permanyer J, et al. Flavanol and flavonol contents
of cocoa powder products: influence of the manufacturing pro-
cess. J Agric Food Chem. 2008;56(9):3111-7.

Alanén M, Castle S, Siswanto P, Cifuentes-Gémez T, Spen-
cer J. Assessment of flavanol stereoisomers and caffeine and
theobromine content in commercial chocolates. Food Chem.
2016;208:177-84.

Lin X, Zhang I, Li A, Manson JE, Sesso HD, Wang L, et al.
Cocoa flavanol intake and biomarkers for cardiometabolic health:
a systematic review and meta-analysis of randomized controlled
trials. J Nutr. 2016;146(11):2325.

Bauer SR, Ding EL, Smit LA. Cocoa consumption, cocoa fla-
vonoids, and effects on cardiovascular risk factors: an evidence-
based review. Curr Cardiovasc Risk Rep. 2011;5(2):120-7.
Shrime MG, Bauer SR, McDonald AC, Chowdhury NH, Coltart
CE, Ding EL. Flavonoid-rich cocoa consumption affects multiple
cardiovascular risk factors in a meta-analysis of short-term stud-
ies. J Nutr. 2011;141(11):1982-8.

Sun Y, Zimmermann D, De Castro CA, Actis-Goretta L. Dose—
response relationship between cocoa flavanols and human
endothelial function: a systematic review and meta-analysis of
randomized trials. Food Funct. 2019;10(10):6322-30.
Mehrabani S, Arab A, Mohammadi H, Amani R. The effect of
cocoa consumption on markers of oxidative stress: a systematic
review and meta-analysis of interventional studies. Complement
Ther Med. 2020;48: 102240.

Decroix L, Soares DD, Meeusen R, Heyman E, Tonoli C. Cocoa
flavanol supplementation and exercise: a systematic review.
Sports Med. 2018;48(4):867-92.

Massaro M, Scoditti E, Carluccio MA, Kaltsatou A, Cic-
chella A. Effect of cocoa products and its polyphenolic con-
stituents on exercise performance and exercise-induced muscle



Mental Performance and Sport: Caffeine and Co-consumed Bioactive Ingredients

S87

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

damage and inflammation: a review of clinical trials. Nutrients.
2019;11(7):1471.

Corr LD, Field A, Pufal D, Clifford T, Harper LD, Naughton RJ.
The effects of cocoa flavanols on indices of muscle recovery and
exercise performance: a narrative review. BMC Sports Sci Med
Rehabil. 2021;13(1):16.

Decroix L, Tonoli C, Soares DD, Tagougui S, Heyman E,
Meeusen R. Acute cocoa flavanol improves cerebral oxygenation
without enhancing executive function at rest or after exercise.
Appl Physiol Nutr Metab. 2016;41(12):1225-32.

Tsukamoto H, Suga T, Ishibashi A, Takenaka S, Tanaka D,
Hirano Y, et al. Flavanol-rich cocoa consumption enhances
exercise-induced executive function improvements in humans.
Nutrition. 2018;46:90-6.

Martin MA, Goya L, de Pascual-Teresa S. Effect of cocoa and
cocoa products on cognitive performance in young adults. Nutri-
ents. 2020;12(12):3691.

Scholey A, Downey LA, Ciorciari J, Pipingas A, Nolidin K, Finn
M, et al. Acute neurocognitive effects of epigallocatechin gallate
(EGCG). Appetite. 2012;58(2):767-70.

Field DT, Williams CM, Butler LT. Consumption of cocoa fla-
vanols results in an acute improvement in visual and cognitive
functions. Physiol Behav. 2011;103(3—4):255-60.

Boolani A, Lindheimer J, Loy B, O’Connor P. Acute effects of
brewed cocoa consumption on sustained attention, motivation to
perform work and feelings of anxiety, energy and fatigue (647.1).
FASEB J. 2014;28(1 Supplement):647.1.

Mastroiacovo D, Kwik-Uribe C, Grassi D, Necozione S, Raffaele
A, Pistacchio L, et al. Cocoa flavanol consumption improves
cognitive function, blood pressure control, and metabolic
profile in elderly subjects: the Cocoa, Cognition, and Aging
(CoCoA) Study—a randomized controlled trial. Am J Clin Nutr.
2015;101(3):538-48.

Desideri G, Kwik-Uribe C, Grassi D, Necozione S, Ghiadoni L,
Mastroiacovo D, et al. Benefits in cognitive function, blood pres-
sure, and insulin resistance through cocoa flavanol consumption
in elderly subjects with mild cognitive impairment: the Cocoa,
Cognition, and Aging (CoCoA) study. Hypertension (Dallas,
Tex: 1979). 2012;60(3):794.

Lamport DJ, Christodoulou E, Achilleos C. Beneficial effects of
dark chocolate for episodic memory in healthy young adults: a
parallel-groups acute intervention with a white chocolate control.
Nutrients. 2020;12(2):483.

Suominen M, Laaksonen M, Salmenius-Suominen H, Kau-
tiainen H, Hongisto S-M, Tuukkanen K, et al. The short-term
effect of dark chocolate flavanols on cognition in older adults: a
randomized controlled trial (FlaSeCo). Exp Gerontol. 2020;136:
110933.

Barrera-Reyes PK, de Lara JC-F, Gonzalez-Soto M, Tejero ME.
Effects of cocoa-derived polyphenols on cognitive function
in humans. Systematic review and analysis of methodological
aspects. Plant Foods Hum Nutr. 2020;75(1):1-11.

Zhu SR, Chong FF, Xu HX. Cocoa flavanols intake and cognitive
functions: a systematic review and meta-analysis of randomised
controlled trials. J Nutr Oncol. 2021;6(1):42.

Fusar-Poli L, Gabbiadini A, Ciancio A, Vozza L, Signorelli MS,
Aguglia E. The effect of cocoa-rich products on depression, anxi-
ety, and mood: a systematic review and meta-analysis. Crit Rev
Food Sci Nutr. 2021;62(28):7905-16.

Santana AL, Macedo GA. Health and technological aspects of
methylxanthines and polyphenols from guarana: a review. J Funct
Foods. 2018;47:457-68.

Kennedy DO, Haskell CF, Wesnes KA, Scholey AB. Improved
cognitive performance in human volunteers following adminis-
tration of guarana (Paullinia cupana) extract: comparison and

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

interaction with Panax ginseng. Pharmacol Biochem Behav.
2004;79(3):401-11.

Haskell CF, Kennedy DO, Wesnes KA, Milne AL, Scholey AB.
A double-blind, placebo-controlled, multi-dose evaluation of the
acute behavioural effects of guarana in humans. J Psychophar-
macol. 2007;21(1):65-70.

Veasey RC, Haskell-Ramsay CF, Kennedy DO, Wishart K,
Maggini S, Fuchs CJ, et al. The Effects of supplementation
with a vitamin and mineral complex with guarané prior to
fasted exercise on affect, exertion, cognitive performance, and
substrate metabolism: a randomized controlled trial. Nutrients.
2015;7(8):6109-27.

Pomportes L, Brisswalter J, Hays A, Davranche K. Effects of
carbohydrate, caffeine, and guarana on cognitive performance,
perceived exertion, and shooting performance in high-level ath-
letes. Int J Sports Physiol Perform. 2019;14(5):576-82.
Kennedy DO, Haskell CF, Robertson B, Reay J, Brewster-
Maund C, Luedemann J, et al. Improved cognitive performance
and mental fatigue following a multi-vitamin and mineral sup-
plement with added guarana (Paullinia cupana). Appetite.
2008;50(2-3):506—-13.

Scholey A, Bauer I, Neale C, Savage K, Camfield D, White D,
et al. Acute effects of different multivitamin mineral preparations
with and without guarana on mood, cognitive performance and
functional brain activation. Nutrients. 2013;5(9):3589-604.
Pomportes L, Davranche K, Brisswalter I, Hays A, Brisswal-
ter J. Heart rate variability and cognitive function following a
multi-vitamin and mineral supplementation with added guarana
(Paullinia cupana). Nutrients. 2014;7(1):196-208.

Renouf M, Marmet C, Giuffrida F, Lepage M, Barron D, Beau-
mont M, et al. Dose-response plasma appearance of coffee
chlorogenic and phenolic acids in adults. Mol Nutr Food Res.
2014;58(2):301-9.

Olechno E, Puscion-Jakubik A, Markiewicz-Zukowska R, Socha
K. Impact of brewing methods on total phenolic content (TPC)
in various types of coffee. Molecules. 2020;25(22):5274.

Grgic J, Grgic I, Pickering C, Schoenfeld BJ, Bishop DJ, Pedisic
Z. Wake up and smell the coffee: caffeine supplementation and
exercise performance—an umbrella review of 21 published meta-
analyses. BrJ Sports Med. 2020;54(11):681-8.

Pickering C, Grgic J. Is coffee a useful source of caffeine preex-
ercise? Int J Sport Nutr Exerc Metab. 2020;30(1):69-82.
Haskell-Ramsay C, Jackson P, Forster J, Dodd F, Bowerbank
S, Kennedy D. The acute effects of caffeinated black coffee on
cognition and mood in healthy young and older adults. Nutrients.
2018;10(10):1386.

Sarria B, Martinez-Lépez S, Sierra-Cinos JL, Garcia-Diz L,
Mateos R, Bravo-Clemente L. Regularly consuming a green/
roasted coffee blend reduces the risk of metabolic syndrome.
Eur J Nutr. 2018;57(1):269-78.

Martinez-Lopez S, Sarria B, Mateos R, Bravo-Clemente L.
Moderate consumption of a soluble green/roasted coffee rich in
caffeoylquinic acids reduces cardiovascular risk markers: results
from a randomized, cross-over, controlled trial in healthy and
hypercholesterolemic subjects. Eur J Nutr. 2018;58(2):865-78.
Jokura H, Watanabe I, Umeda M, Hase T, Shimotoyodome A.
Coffee polyphenol consumption improves postprandial hypergly-
cemia associated with impaired vascular endothelial function in
healthy male adults. Nutr Res. 2015;35(10):873-81.

Mills CE, Flury A, Marmet C, Poquet L, Rimoldi SF, Sartori
C, et al. Mediation of coffee-induced improvements in human
vascular function by chlorogenic acids and its metabolites: two
randomized, controlled, crossover intervention trials. Clin Nutr.
2017;36(6):1520-9.

Nieman DC, Goodman CL, Capps CR, Shue ZL, Arnot R. Influ-
ence of 2-weeks ingestion of high chlorogenic acid coffee on



588

D. 0. Kennedy, E. L. Wightman

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

mood state, performance, and postexercise inflammation and oxi-
dative stress: a randomized, placebo-controlled trial. Int J Sport
Nutr Exerc Metab. 2018;28(1):55-65.

Cropley V, Croft R, Silber B, Neale C, Scholey A, Stough C,
et al. Does coffee enriched with chlorogenic acids improve mood
and cognition after acute administration in healthy elderly? A
pilot study. Psychopharmacology. 2012;219(3):737—-49.
Camfield DA, Silber BY, Scholey AB, Nolidin K, Goh A, Stough
C. A randomised placebo-controlled trial to differentiate the
acute cognitive and mood effects of chlorogenic acid from decaf-
feinated coffee. PLoS ONE. 2013;8(12): €82897.

Saitou K, Ochiai R, Kozuma K, Sato H, Koikeda T, Osaki N,
et al. Effect of chlorogenic acids on cognitive function: a ran-
domized, double-blind, placebo-controlled trial. Nutrients.
2018;10(10):1337.

Ochiai R, Saitou K, Suzukamo C, Osaki N, Asada T. Effect of
chlorogenic acids on cognitive function in mild cognitive impair-
ment: a randomized controlled crossover trial. J Alzheimers Dis.
2019;72(4):1209-16.

Ostojic SM, Stojanovic MD, Djordjevic B, Jourkesh M, Vasilje-
vic N. The effects of a 4-week coffeeberry supplementation on
antioxidant status, endurance, and anaerobic performance in col-
lege athletes. Res Sports Med. 2008;16(4):281-94.
Reyes-Izquierdo T, Nemzer B, Shu C, Huynh L, Argumedo
R, Keller R, et al. Modulatory effect of coffee fruit extract on
plasma levels of brain-derived neurotrophic factor in healthy
subjects. BrJ Nutr. 2013;110(3):420-5.

Reyes-Izquierdo T, Argumedo R, Shu C, Nemzer B, Pietrzkowski
Z. Stimulatory effect of whole coffee fruit concentrate powder on
plasma levels of total and exosomal brain-derived neurotrophic
factor in healthy subjects: an acute within-subject clinical study.
Food Nutr Sci. 2013;4(09):984.

Robinson JL, Yanes JA, Reid MA, Murphy JE, Busler JN, Mum-
ford PW, et al. Neurophysiological effects of whole coffee cherry
extract in older adults with subjective cognitive impairment: a
randomized, double-blind, placebo-controlled, cross-over pilot
study. Antioxidants. 2021;10(2):144.

Reed RA, Mitchell ES, Saunders C, O’Connor PJ. Acute low and
moderate doses of a caffeine-free polyphenol-rich coffeeberry
extract improve feelings of alertness and fatigue resulting from
the performance of fatiguing cognitive tasks. J Cognit Enhanc.
2019;3(2):193-206.

Jackson PA, Wightman EL, Veasey R, Forster J, Khan J, Saunders
C, et al. A randomized, crossover study of the acute cognitive
and cerebral blood flow effects of phenolic, nitrate and botanical
beverages in young, healthy humans. Nutrients. 2020;12(8):2254.
Jackson PA, Haskell-Ramsay C, Forster J, Khan J, Veasey R,
Kennedy DO, et al. Acute cognitive performance and mood
effects of coffee berry and apple extracts: a randomised, double
blind, placebo controlled crossover study in healthy humans.
Nutr Neurosci. 2021;25(11):2335-43.

Robinson JL, Hunter JM, Reyes-Izquierdo T, Argumedo R, Bri-
zuela-Bastien J, Keller R, et al. Cognitive short-and long-term
effects of coffee cherry extract in older adults with mild cognitive
decline. Aging Neuropsychol Cogn. 2019;27(6):918-34.
Rasaei N, Asbaghi O, Samadi M, Setayesh L, Bagheri R,
Gholami F, et al. Effect of green tea supplementation on antioxi-
dant status in adults: a systematic review and meta-analysis of
randomized clinical trials. Antioxidants. 2021;10(11):1731.
Zheng X-X, Xu Y-L, Li S-H, Hui R, Wu Y-J, Huang X-H. Effects
of green tea catechins with or without caffeine on glycemic con-
trol in adults: a meta-analysis of randomized controlled trials.
Am J Clin Nutr. 2013;97(4):750-62.

Golzarand M, Toolabi K, Aghasi M. Effect of green tea, cat-
feine and capsaicin supplements on the anthropometric indices:

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

a meta-analysis of randomized clinical trials. J Funct Foods.
2018;46:320-8.

Rojano-Ortega D. Regular, but not acute, green tea supple-
mentation increases total antioxidant status and reduces exer-
cise-induced oxidative stress: a systematic review. Nutr Res.
2021;94:34-43.

Borgwardt S, Hammann F, Scheffler K, Kreuter M, Drewe J,
Beglinger C. Neural effects of green tea extract on dorsolateral
prefrontal cortex. Eur J Clin Nutr. 2012;66(11):1187.

Schmidt A, Hammann F, Wolnerhanssen B, Meyer-Gerspach AC,
Drewe J, Beglinger C, et al. Green tea extract enhances parieto-
frontal connectivity during working memory processing. Psy-
chopharmacology. 2014;231(19):3879-88.

Wightman EL, Haskell CF, Forster JS, Veasey RC, Kennedy DO.
Epigallocatechin gallate, cerebral blood flow parameters, cogni-
tive performance and mood in healthy humans: a double-blind,
placebo-controlled, crossover investigation. Hum Psychophar-
macol. 2012;27(2):177-86.

Camfield DA, Stough C, Farrimond J, Scholey AB. Acute effects
of tea constituents L-theanine, caffeine, and epigallocatechin gal-
late on cognitive function and mood: a systematic review and
meta-analysis. Nutr Rev. 2014;72(8):507-22.

Owen GN, Parnell H, De Bruin EA, Rycroft JA. The combined
effects of L-theanine and caffeine on cognitive performance and
mood. Nutr Neurosci. 2008;11(4):193-8.

Haskell CF, Kennedy DO, Milne AL, Wesnes KA, Scholey AB.
The effects of L-theanine, caffeine and their combination on cog-
nition and mood. Biol Psychol. 2008;77(2):113-22.
Kahathuduwa CN, Dassanayake TL, Amarakoon AT, Weerasin-
ghe VS. Acute effects of theanine, caffeine and theanine—caffeine
combination on attention. Nutr Neurosci. 2017;20(6):369-77.
Giles GE, Mahoney CR, Brunyé TT, Taylor HA, Kanarek RB.
Caffeine and theanine exert opposite effects on attention under
emotional arousal. Can J Physiol Pharmacol. 2017;95(1):93-100.
Dodd FL, Kennedy DO, Riby LM, Haskell-Ramsay CF. A
double-blind, placebo-controlled study evaluating the effects of
caffeine and L-theanine both alone and in combination on cer-
ebral blood flow, cognition and mood. Psychopharmacology.
2015;232(14):2563-76.

Kahathuduwa CN, Dhanasekara CS, Chin S-H, Davis T, Weeras-
inghe VS, Dassanayake TL, et al. 1-Theanine and caffeine
improve target-specific attention to visual stimuli by decreasing
mind wandering: a human functional magnetic resonance imag-
ing study. Nutr Res. 2018;49:67-78.

Zhang H, Yu D, Sun J, Liu X, Jiang L, Guo H, et al. Interac-
tion of plant phenols with food macronutrients: characterisa-
tion and nutritional-physiological consequences. Nutr Res Rev.
2014;27(1):1-15.

Renouf M, Marmet C, Guy P, Fraering A-L, Longet K, Moulin
J, et al. Nondairy creamer, but not milk, delays the appearance
of coffee phenolic acid equivalents in human plasma. J Nutr.
2010;140(2):259-63.

Lorenz M, Jochmann N, von Krosigk A, Martus P, Baumann G,
Stangl K, et al. Addition of milk prevents vascular protective
effects of tea. Eur Heart J. 2007;28(2):219-23.

Barreto G, Loureiro L, Reis C, Saunders B. Effects of caffeine
chewing gum supplementation on exercise performance: a sys-
tematic review and meta-analysis. Eur J Sport Sci. 2022:1-12.
Souza DB, Del Coso J, Casonatto J, Polito MD. Acute effects
of caffeine-containing energy drinks on physical perfor-
mance: a systematic review and meta-analysis. Eur J Nutr.
2017;56(1):13-27.

Waldron M, Patterson SD, Tallent J, Jeffries O. The effects of
an oral taurine dose and supplementation period on endurance
exercise performance in humans: a meta-analysis. Sports Med.
2018;48(5):1247-53.



Mental Performance and Sport: Caffeine and Co-consumed Bioactive Ingredients

589

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

Kurtz JA, VanDusseldorp TA, Doyle JA, Otis JS. Taurine in
sports and exercise. J Int Soc Sports Nutr. 2021;18(1):39.
Rothschild JA, Kilding AE, Plews DJ. What should I eat before
exercise? Pre-exercise nutrition and the response to endurance
exercise: current prospective and future directions. Nutrients.
2020;12(11):3473.

King A, Helms E, Zinn C, Jukic I. The ergogenic effects of
acute carbohydrate feeding on resistance exercise perfor-
mance: a systematic review and meta-analysis. Sports Med.
2022;52:2691-712.

Jiménez SL, Diaz-Lara J, Pareja-Galeano H, Del Coso J. Caf-
feinated drinks and physical performance in sport: a systematic
review. Nutrients. 2021;13(9):2944.

Armstrong LE. Rehydration during endurance exercise: chal-
lenges, research, options, methods. Nutrients. 2021;13(3):887.
Lassiter D, Kammer L, Burns J, ZhenPing D, HeonTae K,
JooWon L, et al. Effect of an energy drink on physical and
cognitive performance in trained cyclists. J Caffeine Res.
2012;2(4):167-75.

Chtourou H, Trabelsi K, Ammar A, Shephard RJ, Bragazzi
NL. Acute effects of an “Energy drink” on short-term maxi-
mal performance, reaction times, psychological and physi-
ological parameters: insights from a randomized double-blind,
placebo-controlled, counterbalanced crossover trial. Nutrients.
2019;11(5):992.

Kammerer M, Jaramillo JA, Garcia A, Calderin JC, Valbuena
LH. Effects of energy drink major bioactive compounds on the
performance of young adults in fitness and cognitive tests: a ran-
domized controlled trial. J Int Soc Sports Nutr. 2014;11(1):1-7.
Thomas CJ, Rothschild J, Earnest CP, Blaisdell A. The effects of
energy drink consumption on cognitive and physical performance
in elite league of legends players. Sports. 2019;7(9):196.

Van den Eynde F, Van Baelen P, Portzky M, Audenaert K. The
effects of energy drinks on cognitive performance. Tijdschr Psy-
chiatr. 2008;50(5):273-81.

Mets MA, Ketzer S, Blom C, Van Gerven MH, Van Willigenburg
GM, Olivier B, et al. Positive effects of Red Bull® Energy Drink
on driving performance during prolonged driving. Psychophar-
macology. 2011;214(3):737-45.

Alford C, Cox H, Wescott R. The effects of red bull energy
drink on human performance and mood. Amino Acids.
2001;21(2):139-50.

Benson S, Tiplady B, Scholey A. Attentional and working
memory performance following alcohol and energy drink: a
randomised, double-blind, placebo-controlled, factorial design
laboratory study. PLoS ONE. 2019;14(1): €0209239.

Paulus R, Roth A, Titus L, Chen R, Bridges MC, Woodyard
S. Impact of various caffeine vehicles on mood and cognitive,
neurological and physiological functions over five hours. Ohio J
Sci. 2015;115(2):12-23.

Giles GE, Mahoney CR, Brunye TT, Gardony AL, Taylor HA,
Kanarek RB. Differential cognitive effects of energy drink ingre-
dients: caffeine, taurine, and glucose. Pharmacol Biochem Behav.
2012;102(4):569-77.

Peacock A, Martin FH, Carr A. Energy drink ingredients. Con-
tribution of caffeine and taurine to performance outcomes. Appe-
tite. 2013;64:1-4.

Yao H-T, Lin P, Chang Y-W, Chen C-T, Chiang M-T, Chang
L, et al. Effect of taurine supplementation on cytochrome
P450 2E1 and oxidative stress in the liver and kidneys of rats
with streptozotocin-induced diabetes. Food Chem Toxicol.
2009;47(7):1703-9.

Boolani A, Fuller DT, Mondal S, Wilkinson T, Darie CC, Gum-
pricht E. Caffeine-containing, adaptogenic-rich drink modulates
the effects of caffeine on mental performance and cognitive

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

parameters: a double-blinded, placebo-controlled, randomized
trial. Nutrients. 2020;12(7):1922.

Ng QX, Koh SSH, Chan HW, Ho CYX. Clinical use of cur-
cumin in depression: a meta-analysis. ] Am Med Dir Assoc.
2017;18(6):503-8.

Cox KH, Pipingas A, Scholey AB. Investigation of the effects
of solid lipid curcumin on cognition and mood in a healthy
older population. J Psychopharmacol (Oxford, England).
2015;29(5):642-51.

Cox KH, White DJ, Pipingas A, Poorun K, Scholey A. Further
evidence of benefits to mood and working memory from lipi-
dated curcumin in healthy older people: a 12-week, double-
blind, placebo-controlled, partial replication study. Nutrients.
2020;12(6):1678.

Gelabert-Rebato M, Martin-Rincon M, Galvan-Alvarez V, Gal-
lego-Selles A, Martinez-Canton M, Vega-Morales T, et al. A
single dose of the mango leaf extract Zynamite® in combina-
tion with quercetin enhances peak power output during repeated
sprint exercise in men and women. Nutrients. 2019;11(11):2592.
Gelabert-Rebato M, Wiebe JC, Martin-Rincon M, Gericke N,
Perez-Valera M, Curtelin D, et al. Mangifera indica L. Leaf
extract in combination with luteolin or quercetin enhances
VO, and peak power output, and preserves skeletal muscle
function during ischemia-reperfusion in humans. Front Physiol.
2018;9:740.

Gelabert-Rebato M, Wiebe JC, Martin-Rincon M, Galvan-
Alvarez V, Curtelin D, Perez-Valera M, et al. Enhancement of
exercise performance by 48 hours, and 15-day supplementation
with mangiferin and luteolin in men. Nutrients. 2019;11(2):344.
Martin-Rincon M, Gelabert-Rebato M, Galvan-Alvarez V,
Gallego-Selles A, Martinez-Canton M, Lopez-Rios L, Wiebe
JC, Martin-Rodriguez S, Arteaga-Ortiz R, Dorado C, Perez-
Regalado S. Supplementation with a mango leaf extract (Zyna-
mite®) in combination with quercetin attenuates muscle dam-
age and pain and accelerates recovery after strenuous damaging
exercise. Nutrients. 2020;12(3):614.

Wightman EL, Jackson PA, Forster J, Khan J, Wiebe JC, Gericke
N, et al. Acute effects of a polyphenol-rich leaf extract of Mangif-
era indica L. (zynamite) on cognitive function in healthy adults:
a double-blind, placebo-controlled crossover study. Nutrients.
2020;12(8):2194.

Tildesley NT, Kennedy DO, Perry EK, Ballard CG, Savelev S,
Wesnes KA, et al. Salvia lavandulaefolia (Spanish sage) enhances
memory in healthy young volunteers. Pharmacol Biochem
Behav. 2003;75(3):669-74.

Kennedy DO, Dodd FL, Robertson BC, Okello EJ, Reay JL,
Scholey AB, et al. Monoterpenoid extract of sage (Salvia lavan-
dulaefolia) with cholinesterase inhibiting properties improves
cognitive performance and mood in healthy adults. J Psychop-
harmacol. 2011;25(8):1088-100.

Tildesley NT, Kennedy DO, Perry EK, Ballard CG, Wesnes
KA, Scholey AB. Positive modulation of mood and cognitive
performance following administration of acute doses of Salvia
lavandulaefolia essential oil to healthy young volunteers. Physiol
Behav. 2005;83(5):699-709.

Kennedy D, Okello E, Chazot P, Howes M-J, Ohiomokhare S,
Jackson P, et al. Volatile terpenes and brain function: investiga-
tion of the cognitive and mood effects of Mentha X piperita L.
essential oil with in vitro properties relevant to central nervous
system function. Nutrients. 2018;10(8):1029.

Hoult L, Longstaff L, Moss M. Prolonged low-level exposure
to the aroma of peppermint essential oil enhances aspects
of cognition and mood in healthy adults. Am J Plant Sci.
2019;10(6):1002—-12.

Hindmarch I. Activity of Ginkgo biloba extract on short-term
memory. Presse Med. 1986;15(31):1592—4.



590 D. 0. Kennedy, E. L. Wightman
214. Rigney U, Kimber S, Hindmarch I. The effects of acute doses of 227. Scholey A, Ossoukhova A, Owen L, Ibarra A, Pipingas A, He
standardized Ginkgo biloba extract on memory and psychomotor K, et al. Effects of American ginseng (Panax quinquefolius) on
performance in volunteers. Phytother Res. 1999;13(5):408-15. neurocognitive function: an acute, randomised, double-blind,

215. Warot D, Lacomblez L, Danjou P, Weiller E, Payan C, Puech placebo-controlled, crossover study. Psychopharmacology.
AJ. Comparative effects of Ginkgo biloba extracts on psychomo- 2010;212(3):345-56.
tor performances and memory in healthy-volunteers. Therapie. 228. Ossoukhova A, Owen L, Savage K, Meyer M, Ibarra A, Roller M,
1991;46(1):33-6. et al. Improved working memory performance following admin-

216. Kennedy DO, Scholey AB, Wesnes KA. The dose-dependent cog- istration of a single dose of American ginseng (Panax quinque-
nitive effects of acute administration of Ginkgo biloba to healthy folius L.) to healthy middle-age adults. Hum Psychopharmacol
young volunteers. Psychopharmacology. 2000;151(4):416-23. Clin Exp. 2015;30(2):108-22.

217. Kennedy DO, Jackson PA, Haskell CF, Scholey AB. Modula- 229. Siinram-Lea S, Birchall R, Wesnes K, Petrini O. The effect of
tion of cognitive performance following single doses of 120 mg acute administration of 400 mg of Panax ginseng on cognitive
Ginkgo biloba extract administered to healthy young volunteers. performance and mood in healthy young volunteers. Curr Top
Hum Psychopharmacol-Clin Exp. 2007;22(8):559-66. Nutr Res. 2005;3(1):65-74.

218. Silberstein RB, Pipingas A, Song J, Camfield DA, Nathan PJ, 230. Reay JL, Kennedy DO, Scholey AB. Single doses of Panax gin-
Stough C. Examining brain-cognition effects of Ginkgo biloba seng (G115) reduce blood glucose levels and improve cognitive
extract: brain activation in the left temporal and left prefrontal performance during sustained mental activity. J Psychopharma-
cortex in an object working memory task. Evid Based Comple- col (Oxford, England). 2005;19(4):357-65.
ment Alternat Med. 2011;2011: 164139. 231. Reay JL, Kennedy DO, Scholey AB. Effects of Panax ginseng,

219. Stough C, Clarke J, Lloyd J, Nathan PJ. Neuropsychological consumed with and without glucose, on blood glucose levels
changes after 30-day Ginkgo biloba administration in healthy and cognitive performance during sustained “mentally demand-
participants. Int J] Neuropsychopharmacol. 2001;4(2):131-4. ing” tasks. Journal of Psychopharmacol (Oxford, England).

220. Hartley DE, Heinze L, Elsabagh S, File SE. Effects on cognition 2006;20(6):771-81.
and mood in postmenopausal women of 1-week treatment with 232. Li C-C, Yu H-F, Chang C-H, Liu Y-T, Yao H-T. Effects of lem-
Ginkgo biloba. Pharmacol Biochem Behav. 2003;75(3):711-20. ongrass oil and citral on hepatic drug-metabolizing enzymes,

221. Mix JA, Crews WD. An examination of the efficacy of Ginkgo oxidative stress, and acetaminophen toxicity in rats. J Food Drug
biloba extract EGb 761 on the neuropsychologic function- Anal. 2018;26(1):432-8.
ing of cognitively intact older adults. J Altern Complem Med. 233. Wang Z-J, Heinbockel T. Essential oils and their constituents
2000;6(3):219-29. targeting the gabaergic system and sodium channels as treatment

222. Mix JA, Crews WD Jr. A double-blind, placebo-controlled, ran- of neurological diseases. Molecules. 2018;23(5):1061.
domized trial of Ginkgo biloba extract EGb 761 in a sample of 234. Fan H-R, He F, Li Q-S, Huang Y-R, Wei G-L, Xiao S-H, et al.
cognitively intact older adults: neuropsychological findings. Hum Study on influence of ginsenoside Re on cytochrome P450 iso-
Psychopharmacol-Clin Exp. 2002;17(6):267-77. forms by cocktail approach using probe drugs, caffeine, chlor-

223. Kaschel R. Specific memory effects of Ginkgo biloba extract zoxazone, omeprazole and dapsone in rats. Asian J Drug Metab
EGDb 761 in middle-aged healthy volunteers. Phytomedicine. Pharmacokinet. 2004;4:91-8.
2011;18(14):1202-7. 235. LuR, Fan H-R, GaoJ, Zeng Y. Effect of ginseng extract and gin-

224. Grass-Kapanke B, Busmane A, Lasmanis A, Hoerr R, Kaschel R. senosides on activity of cytochrome P450. Asian J Drug Metabol
Effects of Ginkgo biloba special extract EGb 761® in very mild Pharmacokinet. 2005;5(1):17-24.
cognitive impairment (vMCI). Neurosci Med. 2011;2(1):48-56. 236. Wang G-L, He Z-M, Zhu H-Y, Gao Y-G, Zhao Y, Yang H, et al.

225. Kennedy DO, Scholey AB, Wesnes KA. Differential, dose Involvement of serotonergic, noradrenergic and dopaminergic
dependent changes in cognitive performance following acute systems in the antidepressant-like effect of ginsenoside Rbl, a
administration of a Ginkgo bilobalPanax ginseng combination major active ingredient of Panax ginseng CA Meyer. J Ethnop-
to healthy young volunteers. Nutr Neurosci. 2001;4(5):399-412. harmacol. 2017;204:118-24.

226. Kennedy DO, Scholey AB, Wesnes KA. Modulation of cognition 237. Sanchis-Gomar F, Pareja-Galeano H, Cervellin G, Lippi G, Ear-

and mood following administration of single doses of Ginkgo
biloba, ginseng, and a ginkgo/ginseng combination to healthy
young adults. Physiol Behav. 2002;75(5):739-51.

nest CP. Energy drink overconsumption in adolescents: impli-
cations for arrhythmias and other cardiovascular events. Can J
Cardiol. 2015;31(5):572-5.



	Mental Performance and Sport: Caffeine and Co-consumed Bioactive Ingredients
	Abstract
	1 Background
	2 Caffeine Synthesis and Mechanisms of Action
	2.1 Ecological Roles and Synthesis
	2.2 Mechanisms of Action
	2.2.1 Interactive Mechanisms of Action


	3 Caffeine’s Functional Effects
	3.1 Sport and Exercise Performance
	3.2 Psychological Functioning
	3.3 Psychological Functioning During Sport and Exercise

	4 Multi-component Caffeinated Products
	4.1 Polyphenols and Caffeine
	4.1.1 Cocoa-Flavanols
	4.1.2 Guaraná (Paullinia cupana)
	4.1.3 Coffee (Coffea Genus) Polyphenols
	4.1.4 Green Tea (Camellia sinensis)

	4.2 Energy Drinks and Shots

	5 Other Phytochemicals (Non-caffeinated)
	5.1 Polyphenols
	5.2 Monoterpenes
	5.3 Diterpenes
	5.4 Triterpenes

	6 Novel CaffeinePhytochemical Combinations
	7 Conclusions and Future Directions
	Acknowledgements 
	References




