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Caffeine is a widely recognized psychostimulant compound with a long history of consumption by humans.
While it has received a significant amount of attention there is still much to be learned with respect to its
toxicology in humans, especially in cases of overdose. A review of the history of consumption and the clinical
toxicology of caffeine including clinical features, pharmacokinetics, toxicokinetics, a thorough examination of
mechanism of action and management/treatment strategies are undertaken. While higher (i.e., several grams)
quantities of caffeine are known to cause toxicity and potentially lethality, cases of mainly younger individuals
who have experienced severe side effects and death despite consuming doses not otherwise known to cause such
harm is troubling and deserves further study. An attempted case reconstruction is performed in an effort to shed
light on this issue with a focus on the pharmacokinetics and pharmacodynamics of caffeine.

1. Introduction with a brief history of caffeine consumption
Caffeine (1,3,7-trimethylxanthine) is a psychostimulant purine-like
alkaloid, which is found naturally in coffee, tea, cacao beans (source for
chocolate and cocoa) guarana, mate, and kola nuts, though it has been
identified in more than 60 plant species [1,2]. It has been consumed for
thousands of years by humans with stories indicating the earliest consumption of boiled tea in China in the year 2737 BCE by the emperor
Shen Nung, supposedly after tea leaves fell or blew into his boiling
water [1]. Although this account may in fact be mythological, recent
evidence demonstrates tea consumption in China as far back as 2,100
years ago during the Western Han Dynasty which ruled from 207 BCE
to 9 BCE [3,4]. Prior to this recent discovery the first confirmed historical consumption of tea was 750 CE [3].
Coffee’s introduction is similarly linked with mythology and ambiguity with legend indicating the first apparent consumption in either
Ethiopia or the southern tip of the Arabian Peninsula in the 9th century
by a shepherd who deduced that the wild coffee berries his goats
consumed, were responsible for their display of increased energy.
Consequently, the shepherd began consuming them and experienced
what is now in modern times recognized as the central nervous system
(CNS) stimulation from caffeine in the berries [1,5]. In reality the first
use of coffee infusions with boiling water appears around 1000 CE [3].
However, caffeine would not be isolated as the active constituent of
coffee’s stimulating effects until 1819 followed by its first total synthesis in 1895 [6]. By the 14th century the roasting of coffee beans had
been discovered and by the 15th and 16th centuries, knowledge of its
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stimulating effect had apparently led to widespread consumption and
commercialization in coffee houses in Arabia and Constantinople [3,7].
In the 17th century, once shipped from overseas the consumption of
coffee in Europe became more common and consequently spread to the
colonies in North America [1,3,5,7,8]. Tea and coffee have since served
as the major beverage sources of caffeine but in the late 1800’s caffeinated soda entered the marketplace in the branded products, Dr.
Pepper, Coca-Cola and Pepsi-Cola becoming extremely popular during
the second half of the 20th century [1]. Since then, the latest iteration
of caffeinated beverages that have become popular are the so-called
“energy drinks”, which entered the market in the late 20th century and
have since grown in popularity [9–11].
Nowadays, caffeine is the most widely consumed psychostimulant
in the world. It is estimated, that caffeine is being consumed by more
than 80% [1,12] of the world’s and up to 89% of the United States
population [10]. The average daily consumption of caffeine varies depending upon the survey, years conducted and sources considered but
has most recently (i.e., 2011–2012) been reported as 142 mg per day for
adults and children in the United States, a decrease from previous years
(e.g., average consumption of 175 mg/day in 1999–2000) largely attributed to a reduction in soda consumption [11]. Coffee purchased
from the grocery store and tea remain the largest contributors to caffeine intake in the United States overall, although the contribution from
energy drinks, while still a relatively minor contributor overall has
increased [10,11].
While caffeine is generally thought to be safe in moderate amounts
(i.e., ≤ 400 mg per day) in healthy adults [13], it is clearly not an
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innocuous compound and can cause significant toxicity and even lethality (i.e., most commonly via myocardial infarction or arrhythmia) if
sufficient quantities are consumed [13,14]. Some sensitive individuals
may also experience toxicity and lethality at doses not normally associated with such outcomes [15,16].
The following review covers certain aspects of the clinical toxicology of caffeine including clinical features, pharmacokinetics, toxicokinetics, mechanism of action and management/treatment strategies. Finally, a case reconstruction of a 16 year old male whose death
was attributed to acute caffeine toxicity in 2017 is performed [17]. This
particular case has been viewed with some skepticism due to the seemingly low amount of caffeine consumed. A discussion of pharmacokinetics and pharmacodynamics of caffeine will be used to aid in a
reconstruction of what may have occurred.

headache, cerebral edema, coma), metabolic symptoms (hypokalemia,
hyponatremia, hypocalcemia, metabolic acidosis, respiratory alkalosis,
hyperglycemia, fever), musculoskeletal symptoms (weakness, rigidity,
tremor, rhabdomyolysis), pulmonary symptoms (hyperventilation, respiratory failure), tinnitus, dizziness, diuresis, and death
[21,26–29,33–35]. Renal failure and questionable hepatic injury (i.e.,
based only upon modest transaminase elevation which is known to
occur in cases of rhabdomyolysis) secondary to rhabdomyolysis have
also been reported [36,37].
2.1. Paradoxical effects
Some of the more paradoxical effects seen (e.g., hypertension-hypotension and tachycardia-bradycardia) may be explained by divergent
molecular targets depending upon the concentrations experienced or
more simply, divergent physiological responses to different exposure
levels. For example, hypertension may be caused by increased catecholamine levels via presynaptic adenosine A1 receptor antagonism
(and possibly blockade of the adenosine A1 receptor of the adrenal
medulla) and inhibition of the vasodilatory effects of adenosine via
adenosine A2 receptor antagonism, which can be experienced in cases
where serum caffeine is in the therapeutic range [38–45]. Conversely
hypotension may occur due to phosphodiesterase inhibition in cases of
overdose/poisoning where much higher, toxic concentrations are
reached (although, reduced cardiac output due to tachydysrhythmias is
also likely: See Mechanism of Action) [38,46,47].
Similarly, bradycardia, when encountered may result from reflex
bradycardia due to increased blood pressure from doses within the
therapeutic range, while tachycardia is reported almost uniformly in
cases of caffeine intoxication and high doses (e.g., > 10 mg/kg) of
caffeine [21,38,46–51]. This is presumably due to the beta 1-adrenergic
agonism via increased catecholamines, which ultimately results in increased levels of cyclic adenosine monophosphate (cAMP) via adenylyl
cyclase activation and is said to be further enhanced by inhibition of the
enzyme, phosphodiesterase which is responsible for cAMP’s degradation [21,38,46–51]. However, adenosine (via agonism of the adenosine
A1 receptor) exhibits an anti-adrenergic effect by inhibiting adenylyl
cyclase activity thereby working to reduce intracellular cAMP accumulation and inhibiting subsequent downstream signaling [52]. Caffeine’s antagonism of this receptor (adenosine A1) may further potentiate the downstream effects of beta 1-adrenergic agonism via
increased catecholamines [38–44,52].

2. Clinical features
Caffeine is known to have generally dose-dependent effects with positive or desirable effects at lower doses (i.e., ≤ 400 mg) and undesirable
effects generally above this level of intake, although there is substantial
inter-individual variation [18,19]. For example, increased arousal, alertness, concentration and well-being (e.g., increased elation, peacefulness
and pleasantness) have been noted at doses of 250 mg in human subjects
[18,20], whereas a dose of 500 mg was shown to increase tension, nervousness, anxiety, excitement, irritability, nausea, paresthesia, tremor,
perspiration, palpitations, restlessness and possibly dizziness [20]. High,
sub-lethal doses (∼7–10 mg/kg) in normal adults may also cause symptoms such as chills, flushing, nausea, headache, palpitations and tremor,
although individual responses vary significantly [19–24].
As Turnbull et al. [19] have noted in a recent and extensive review
of the literature to date, there is no “bright line” or acceptable daily
intake which can be derived from such highly variable data as individual tolerance varies so greatly in this regard. Nonetheless, most
governmental authorities have determined intake levels which are
thought to be safe or lack any significant risk of serious adverse effects
in healthy adults. The United States Food and Drug Administration
(FDA), Health Canada and the European Food Safety Authority (EFSA)
have all determined that a total daily intake of 400 mg of caffeine is
unlikely pose a risk of serious harm to the general population of adults
[25]. They do however, differ slightly in recommendations for children
and adolescents with Health Canada recommending no more than
2.5 mg/kg and the EFSA recommending no more than 3 mg/kg per day
[25]. For pregnant women, the daily intake of no more than 300 mg
appears to be safe but no more than 200 mg may be prudent [25].
While intake levels below 400 mg per day are generally thought to
be safe in healthy adults, individuals encountered in a clinical toxicology setting are likely to have ingested much larger, gram quantities
[26–28]. In cases of overdose, often intentional but sometimes undetermined and unintentional, at least 5 g or more (i.e., often around
10 g but up to 50 g) have been ingested leading to fatalities particularly
if the individuals are not treated in time or at all. However, doses up to
50 g have also been treated successfully otherwise [29,30]. Some have
indicated that after a dose of around 1 g, toxic symptoms begin to
manifest, a dose of 2 g requires hospitalization, while higher doses (e.g.,
typically 5 g or more) could be lethal [27,28,31]. However, some have
determined that as little as 3 g could be lethal under certain circumstances [28,31,32]. One case describes rhabdomyolysis and acute renal
failure in a male who ingested approximately 3.6 g of caffeine [32].
The clinical features of caffeine intoxication vary but have been
reported to include cardiovascular symptoms (hypertension, hypotension, tachycardia, bradycardia, atrioventricular block, supraventricular
tachycardia (SVT), ventricular tachycardia or ventricular fibrillation,
myocardial ischemia, myocardial infarction, and cardiac arrest), gastrointestinal symptoms (nausea, vomiting, severe recurrent vomiting,
abdominal pain, diarrhea), psychological/neurological symptoms (delusions, hallucinations anxiety, agitation, excitation, seizures,

2.2. Potential mechanisms for serious cardiovascular side effects
With respect to arrhythmia in cases of caffeine intoxication, ventricular fibrillation is most often determined to be the cause of death
[26], while the most frequently cited mechanisms for arrhythmia include
increased catecholamine levels, phosphodiesterase inhibition, increased
intracellular calcium and antagonism of anti-arrhythmic adenosine receptors (See Mechanism of Action) [47]. With respect to myocardial infarction, coronary artery vasospasm has been proposed as the cause [48].
Coronary vasospasm has been proposed to occur via caffeine’s adenosine
antagonism and catecholamine release which may increase vascular
smooth muscle contraction causing vasoconstriction [53].
2.3. Differential diagnosis
While there are no definitive symptoms for diagnosis, vomiting or
severe recurrent vomiting is often seen. The symptoms of hypokalemia
and/or severe recurrent vomiting in individuals who have been known
to have ingested psychoactive substances has in fact been recommended by some authors as a means of differential diagnosis for the
determination of caffeine ingestion versus other sympathomimetic
agents [34]. Certainly a patient presenting with symptoms of CNS stimulation (e.g., excitation, agitation, anxiety) and severe recurrent
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vomiting with or without hypokalemia and reported psychoactive
substance ingestion might be suspected of having acute caffeine intoxication [34].

Cytochrome P450 1A2 (CYP1A2) activity, which will be discussed in
more detail elsewhere (See Metabolism).
3.2. Distribution

2.4. Chronic effects

Caffeine is distributed throughout the body after being absorbed
from the gastrointestinal tract (the small intestine in particular), entering all tissues via cell membranes (i.e., due to its lipophilic moiety or
moieties and limited plasma protein binding) and entering intracellular
tissue water [54,66,67]. It readily penetrates the blood-brain barrier as
well [54,67]. As with all pharmacokinetic variables there is variation
with the volume of distribution but an average of 0.7 L/kg is commonly
noted [54,66]. It has rather low protein binding with around 10–35%
reported [67]. Caffeine is also not known to accumulate in tissues
[54,66]. Caffeine is often referred to as being lipophilic [60], but it is
more accurately characterized as an amphiphilic molecule (i.e., logP =
-0.07), which due to certain lipophilic moieties is able to partition into
the lipid bilayer and diffuse across into the cell [68,69].

While the above discussion generally involves acute toxicity,
chronic toxicity can also occur with caffeine. Some features can include
hypokalemia, anorexia, nausea, vomiting, palpitations, seizures, dysrhythmia and a constellation of symptoms, referred to as “caffeinism”,
which is apparently indistinguishable from severe chronic anxiety and
typically occurs with daily intakes of 1 to 1.5 g per day [18,38].
3. Pharmacokinetics
3.1. Absorption
Caffeine has rapid and complete (i.e., 99%) absorption from the
small intestine after oral administration in humans due to its weakly
basic nature and pKa of 14 at 25 °C, favoring an un-ionized/lipophilic
state in the more basic environment of the small intestine where it may
more easily partition into the lipid bilayer of cells, as compared to the
acidic environment of the stomach where it is more ionized and less
lipophilic [54–56]. When consumed with food and perhaps some beverages, absorption may be slower compared to ingestion of caffeine
alone on an empty stomach presumably due to a delay in gastric
emptying. Although, in the case of beverage-based studies evaluating
absorption rates of caffeine, some have criticized such investigations for
the failure to control for the volume of the prepared drink [38,54,57].
Nevertheless, the overall extent of absorption generally remains consistent.
Caffeine is not known to undergo significant first-pass metabolism
and generally reaches peak plasma concentrations within 30–120 min
after administration, although some individuals may fall outside of this
range [54,57,58]. The ingestion of alcohol, nicotine and drugs along
with age, gender and genetic variables do not seem to have a meaningful impact upon absorption as well [54]. While it has been speculated that the rate of consumption of a caffeinated beverage (i.e.,
drinking an “energy drink” or cold coffee rapidly versus slowly sipping
hot coffee or an energy drink) may cause significant changes in the time
to reach peak plasma concentrations, a study evaluating such variables
did not find any statistically significant difference between the time to
reach peak plasma concentrations [57].
The peak plasma concentrations demonstrate some variation but
overall show fairly consistent values in healthy adults [20,54,58–64]
(Table 1). What emerges as a central notion from these data is a
moderate degree of variation in peak plasma concentrations after caffeine ingestion in humans. Indeed, Dorne et al. [65], reviewed and
compiled pharmacokinetic data from several studies and found a mean
coefficient of variation of 24.1% in healthy adults [65]. A proposed
explanation for this variation is the inter-individual difference in

3.3. Metabolism
Caffeine is described by a single-compartment model where it follows first-order, linear kinetics [70], although some have noted that it
may follow non-linear kinetics if the dose is high enough and its metabolism is saturated [20,54,65,70]. Caffeine is primarily metabolized
to 1,7-dimethylxanthine (paraxanthine) in the liver via the CYP isozyme CYP1A2, which causes 3-demethylation of caffeine. Paraxanthine
is the major metabolite (approximately 80%) of caffeine biotransformation [54]. Interestingly, paraxanthine itself is also pharmacologically active albeit with potentially lower toxicity than caffeine
[71]. CYP1A2 is also responsible for, along with to some extent
CYP2E1, the 1 and 7-demethylation of caffeine to 3,7-dimethylxanthine
(theobromine) and 1,3-dimethylxanthine (theophylline), respectively,
which are also pharmacologically active. Theobromine accounts for
approximately 11%, while theophylline is around 5% of caffeine metabolites [54,66,67]. These metabolites may then be further demethylated via CYP1A2 primarily, acetylated via N-acetyltransferase 2, and
oxidized via xanthine oxidase or CYP3A4 to yield the major metabolites
which are excreted primarily in the urine including 1-methyluric acid,
5-acetylamino-6-formylamino-3-methyluracil, 1-methylxanthine (i.e.,
after further demethylation of paraxanthine via CYP1A2), 1,7-dimethyluric acid and 1,7-dimethylxanthine (paraxanthine) [54,66,67].
Overall, more than 25 metabolites have been identified in humans after
caffeine administration, demonstrating rather complex metabolism
[66]. It is important to note that the involvement of other CYP isozymes
(e.g., CYP3A4/3A5 and CYP2D6) is only important at rather high (i.e.,
millimolar) concentrations rather than those normally encountered
after typical caffeine ingestion [54]. Less than 5% of ingested caffeine is
excreted unchanged [54,66,67].
There is significant inter-individual variation in CYP1A2 activity in
humans, the majority of which is inherently due to genetics but to some
extent environmental factors (e.g., smoking, Brassica vegetables, charcoal grilled meat and some medications such as omeprazole are all
known to induce CYP1A2 activity while oral contraceptives, cimetidine,
fluvoxamine and Apiaceae vegetables are known to inhibit CYP1A2
activity) which may mask genetic influences [54,58,66,72–77]. Coffee
itself has been shown to increase CYP1A2 activity, although not consistently [54]. Other examples of inducers and inhibitors of CYP1A2
activity are given in Table 2 [78–92]. Demonstrating inter-individual
variation, analyses at the population level have found coefficient of
variation values of around 40% for CYP1A2 activity in humans [54,93].

Table 1
Approximate Peak Plasma Concentrations (Cmax) after Oral Caffeine
Administration in Healthy Humans.
Dose

Sex

Cmax

5 mg/kg
5 mg/kg
250 mg
500 mg
200 mg
400 mg
400 mg
2 mg/kg
4 mg/kg
100 mg

Men
Men
Men
Men
Men
Men
Men
Men
Men
Men

10 mg/L
9 mg/L
7 mg/L
17.3 mg/L
3.4 mg/L
7.4 mg/L
9.1 mg/L
3 mg/L
7.5 mg/L
2.5 mg/L

& Women
& Women

& Women
& Women

Note
Young and elderly men.

Administered as coffee.

Reference
[54,59]
[60]
[20]
[20]
[61]
[61]
[62]
[63]
[63]
[64]

3.4. Elimination
The vast majority of caffeine is eliminated from plasma via CYP1A2mediated clearance in which paraxanthine is the main metabolite [94].
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Table 2
Inducers and Inhibitors of CYP1A2 Activity in Humans.
Substance/Activity

Directional Change

Note

Reference

Fasting
Fasting
Grapefruit Juice
Grapefruit Juice
Ciprofloxacin
Growth Hormone
Growth Hormone
Herbal Dietary Supplement
Heavy/Vigorous Exercise
Heavy/Vigorous Exercise
Rifampin

↑
↑
↔
↓
↓
↑
↔
↑
↑
↑
↑

36 h fasted.
36 h fasted.
200 mL single and repeat dose (1.2 L).
300 mL repeat dose (1.2 L).
750 mg x 3 doses. Effect is shared with many but not all quinolones.
Healthy elderly men. Twelve week use.
Growth hormone deficient children. Four week use. Similar results in six month study.
2-4 capsules x 3 days. Extracts containing kola nut, grape, green tea and Ginkgo biloba.
8-11 hours daily x 30 days.
Single maximal exercise cycle test in young hockey players.
600 mg x 7 days.

[78]
[79]
[80]
[81]
[82,83,84]
[85]
[86,87]
[88]
[89,90]
[91]
[92]

Elimination occurs mainly via renal excretion in urine (∼85–88%),
although fecal excretion also takes place to a limited extent (i.e., around
2–5%) [24,54,95]. The clearance and elimination half-life of caffeine
also show significant inter-individual variation. For example, the typical, average clearance value given is between 1 to 3 mL/kg/min, although a coefficient of variation of around 36% has been found
[20,54,65]. Further complicating matters however; the clearance of
caffeine can be substantially reduced as the dose of caffeine rises
[20,54,65,70]. For example, while this is generally thought to occur at
concentrations around 100 μmol (approximately 19.4 mg/L), there are
data demonstrating it can occur with concentrations as low as 45 μmol
(approximately 8.7 mg/L) [70], while others have indicated that this
may occur at doses between 1–4 mg/kg [54]. This is thought to occur
due to saturation of the CYP1A2 isozyme, likely by the main metabolite
of caffeine, paraxanthine which is also a substrate for the isozyme [96].
However, others have noted there are conflicting data in this regard
with some studies showing no decrease in clearance at doses normally
consumed [97]. More recently this same group has noted the decrease
in clearance with increased caffeine consumption but proposed that it
does not involve saturation of the CYP1A2 isozyme [98]. This area
deserves additional study. Since it has been estimated that the vast
majority (> 95%) of caffeine’s elimination from plasma is due to
CYP1A2-mediated clearance [94], it is not surprising that those substances and activities which modify CYP1A2 activity also influence the
clearance of caffeine. It is known that clearance can be reduced in
pregnant women, those with liver disease, with grapefruit juice consumption, oral contraceptive use, and with alcohol consumption (See
Metabolism and Table 2) [54,66]. Conversely, clearance can be increased by smoking and certain medications (e.g., rifampin, omeprazole
and potentially growth hormone–See Metabolism and Table 2) [54,66].
Similarly and related to clearance, the elimination half-life is variable with an average of approximately 3–6 hours in healthy humans
[54,66,67]. However, these values can vary substantially from 2.3 to
9.9 h once again demonstrating significant inter-individual variation
[54]. Not surprisingly, those variables known to influence the clearance
of caffeine have an effect upon the elimination half-life with those that
decrease clearance generally prolonging the half-life and those that
increase it decreasing the half-life [54].

minimum lethal concentration of 80 mg/L is rather well-supported to
date [14–16,26,27,100], there is some evidence that there may be
susceptible individuals who experience serious toxicity and lethality
even below a concentration of 80 mg/L [14–16,27]. For example, some
individuals with preexisting cardiovascular conditions appeared to
have suffered lethality at a concentration below 50 mg/L [27]. Furthermore, in an analysis by Jones [14], out of 51 poisoning cases with
caffeine-related fatalities the median serum caffeine concentration was
180 mg/L. However, the 10th and 90th percentiles were 84 and
314 mg/L, respectively. While the 10th percentile fits well with the
minimum value established for lethality, the few cases that are below
80 mg/L and well below the 10th percentile (i.e., 5th percentile or
lower) while clearly rare and potentially confounded by co-ingested
drugs and pre-existing medical conditions, deserves attention and additional study.
5. Mechanism of action
The main proposed molecular target which caffeine is thought to
interact with at physiologically relevant concentrations are the adenosine receptors [66,67,70,101,102]. These receptors of which there are
at least four subtypes (i.e., A1, A2A, A2B, and A3) are G-protein coupled receptors or 7 transmembrane receptors [103], which activate Gproteins in the cell leading to various effects upon signaling molecules
such as cAMP, arachidonate, choline, inositol triphosphate (IP3), and
IP3/DAG (diacylglycerol) for example [104]. Specifically, caffeine has
been shown to be a non-selective adenosine receptor antagonist with Ki
values of 44 and 40 μmol (around 8.5 and 7.8 mg/L) for the adenosine
A1 and A2A receptor subtypes, respectively, although others have reported even lower values [66,67,70,101,102]. However, the threshold
for initial adenosine antagonism with caffeine is less than 10 μmol
(1.94 mg/L), and potentially as low as 2 μmol (0.38 mg/L) [101,102].
The A1 subtype is mainly localized to the brain, spinal cord, eye,
adrenal gland, heart and to a lesser extent, tissues such as skeletal
muscle and adipose [70,104–106]. The A2A subtype is mainly localized
to the spleen, thymus, striatopallidal GABAergic neurons and to a lesser
extent the heart, lung and blood vessels [70,104–106]. Caffeine is also
an antagonist at the A2B receptor subtype, though its tissue expression
(i.e., mainly in the cecum, colon, bladder and bronchial smooth muscle)
does not seem to be as toxicologically relevant as compared to the other
receptor subtypes [70,104–106]. Regarding the A3 receptor subtype,
caffeine does not have a high affinity for this and thus it is infrequently
discussed [70].
While caffeine has often been referred to as a phosphodiesterase
inhibitor, it is only able to interact with this molecular target at concentrations that greatly exceed those seen with normal caffeine consumption [39,66,67,70]. For example, the inhibition constant (Ki)
value, which measures the affinity for phosphodiesterase by caffeine is
480 μmol (approximately 93.2 mg/L) while the half-maximal inhibitory
concentration or IC50 value ranges from 500 μmol to 1000 μmol (approximately 97 to 194 mg/L, respectively) [66,67,70]. Thus, it is clear

4. Toxicokinetics
While it has been noted that the correlation between the serum
concentrations of caffeine and clinical effects are poor, likely due to the
substantial inter-individual differences in pharmacokinetics and pharmacodynamics, it is still of some general value [28,38,99]. In general, it
has been noted that toxicological symptoms often begin above concentrations of 15 mg/L (i.e., generally more mild psychological side
effects such as irritability and nervousness but also potentially palpitations, nausea, tremor, perspiration and paresthesia), while a concentration of 50 mg/L is considered “toxic” and concentrations of
80 mg/L or greater are considered lethal [20,21,26,27,31]. While a
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that phosphodiesterase inhibition is unlikely to play any role in caffeine’s mechanisms except perhaps in cases where very large, highly
toxic and potentially lethal doses have been ingested.
Intracellular calcium release from skeletal muscle, cardiac muscle
and neuronal tissue as a result of binding to and activating calciumrelease channels (i.e., the ryanodine receptors or RyRs) has also been
proposed [66,67,70,101,107–109] as a potential mechanism for caffeine’s effects. Yet, it too requires concentrations that are unlikely to be
achieved from normal caffeine consumption. For example, it has been
noted that at least 250 μmol (approximately 48.5 mg/L) is required to
cause any increase in calcium release while concentrations between 5 to
20 mM (approximately 971 mg/L to 3884 mg/L) are required for substantial increases in calcium release [66,67,101,107,108]. Thus, this is
also unlikely to play a significant role in caffeine’s mechanisms except
perhaps in cases of large, toxic if not lethal overdoses. Similarly, caffeine has also shown activity as a potassium channel inhibitor but only
at extremely high concentrations [110,111]. Other molecular targets
such as the γ-aminobutyric acid receptor type A or GABA(A) have been
proposed, but the Ki value for caffeine is 280 μmol (around 54.3 mg/L)
and is once again unlikely to be achieved with normal or therapeutic
consumption [101,102].
Aside from these mechanisms, caffeine is also known to increase
catecholamine levels which can explain at least some of its physiological effects [66,67,96,112], and this effect may be due to antagonism
at the presynaptic A1 adenosine receptor [38,40,44], and possibly antagonism of the A1 adenosine receptor in the adrenal medulla as well
[43]. The antagonism of the A2A adenosine receptor is considered the
most likely to explain caffeine’s psychostimulant and dopaminergic
effects [113].
Caffeine has also been proposed as having cholinergic effects as it
has been shown to inhibit acetylcholinesterase with a Ki of 175 μmol
(approximately 34 mg/L), a concentration that is once again only likely
to be reached in cases of intoxication [114]. What becomes clear is that
while caffeine has rather simple or less complex mechanisms in cases of
normal use, in cases of toxicity and especially lethal doses, caffeine
becomes a much more complex molecule potentially interacting with
several molecular targets which may explain its side effects. For example, its antagonism of GABA(A) could explain the reports of seizures,
although others have also pointed out the role of adenosine antagonism
as well, with A1 agonism producing anticonvulsant activity and A1
antagonism lowering seizure threshold by increasing the release and
activity of excitatory amino acids/neurotransmitters [38,115,116].

intoxication can result in substantial increases in catecholamine levels,
yet rather than hypotension are characterized by hypertension
[122,124,125]. Furthermore, selective beta 1-adrenergic blockers such
as esmolol and metoprolol would not be expected to yield beneficial
effects upon hypotension in cases of caffeine intoxication if it is due to
beta 2-adrenergic agonism, yet they have demonstrated benefit
[48,126]. If however, the reduced cardiac output due to tachydysrhythmias is the cause of hypotension, reversal by a beta 1-adrenergic antagonist would be an expected outcome [126]. Thus, it seems
that reduced cardiac filling and output and potentially phosphodiesterase inhibition are more likely to be the cause of hypotension.
Some have argued that beta 2-adrenergic agonism (via increased
norepinephrine and epinephrine especially, along with phosphodiesterase inhibition) is a mechanism for caffeine-induced hypotension
based upon the use of the methylxanthine, theophylline in the treatment of asthma and chronic obstructive pulmonary disease (COPD) and
its side effects which share commonalities with those of beta 2-adrenergic agonists [127]. However, as more data have become available
theophylline’s therapeutic effects in asthma and COPD are now thought
to be due to several potential mechanisms including phosphodiesterase
inhibition (to a lesser extent), antagonism of adenosine receptors
(especially A2B) and potential anti-inflammatory effects via inhibition
of phosphoinositide 3-kinase-δ (PI3K-δ) and increased histone deacetylase (HDAC) activity [128,129]. The notion that theophylline’s therapeutic or toxic effects are due to beta-adrenergic agonism however, is
not well-supported [128,130].
5.1.3. Hypokalemia
The hypokalemia often noted in cases of overdose is likely due to
activation of the Na+/K + pump or Na+/K+ -ATPase [70]. While
caffeine-induced hypokalemia is often claimed to be due to beta 2adrenergic agonism stemming from catecholamine release, a role due to
either adenosine antagonism or phosphodiesterase inhibition (i.e., in
cases of overdose) is also possible [38,122,123,131–133]. For example,
even rather low or moderate doses of caffeine which have not caused
substantial increases in plasma catecholamine levels have still been
shown to decrease serum potassium [134–137]. Thus, a direct role for
adenosine antagonism seems more likely with therapeutic use, while
increased epinephrine from higher doses may further play a contributory role.
5.1.4. Difficulties in identifying mechanisms for specific side effects
The wide range of potential effects upon catecholamines, calciumrelease channels, potassium ion channels, ATPase ion pumps, GABA(A)
receptors, phosphodiesterase and acetylcholine presents difficulties for
determining individual roles for some adverse effects in cases of severe
intoxication. Of course, perhaps an obvious question is also whether
adenosine antagonism itself is responsible for at least some of the toxicological effects seen with caffeine after significant ingestions. While
some have suggested with at least some evidence that caffeine’s effects
at high doses are not due to adenosine antagonism [138], it is interesting to note that the adenosine A1 receptor antagonist, rolofylline was
associated with an increased risk of seizure and stroke in clinical trials.
These side effects and lack of efficacy led to its abandonment [116].
Others have indicated that adenosine antagonism could potentially
cause cardiotoxic effects as well and adenosine itself is an anti-dysrhythmic [38,47,139]. Clearly this is also an area which deserves additional study.

5.1. Mechanisms for specific side effects
5.1.1. Hypertension-hypotension
While hypertension is typically noted to be due to increased catecholamine release via adenosine antagonism (as well as direct vasoconstrictive response due to adenosine antagonism itself) after intake of
therapeutic amounts, it is interesting that hypotension is frequently
noted in cases of severe overdose and perhaps phosphodiesterase inhibition plays a role [38–42,47,117,118]. It should also be noted that
the hypertensive effects of caffeine diminish with chronic consumption
[119–121]. Hypotension has typically been attributed to two mechanisms, tachydysrhythmias due to caffeine causing reduced cardiac filling
and subsequently decreased cardiac output, and increased catecholamine levels agonizing beta 2-adrenergic receptors, along with phosphodiesterase inhibition, resulting in vasodilation [46,47,122,123].
5.1.2. Questionable role of beta 2-adrenergic agonism in hypotension
The role of catecholamines and beta 2-adrenergic agonism in
causing hypotension seems questionable. Specifically, such a mechanism implies that catecholamine release is responsible for both hypertension and hypotension despite the fact that beta 2-adrenergic
agonism would occur in both instances. Conditions such as pheochromocytomas, which have even drawn comparative references to caffeine

6. Management/treatment strategies
Caffeine intoxication is essentially treated with supportive care,
although there are techniques for decontamination and increased
elimination which have been shown to be effective [29,38]. The approach for management or treatment depends upon the particular patient’s symptoms, physical condition and the circumstances of their
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ingestion. For example, a mild overdose of 1 g with an individual displaying only mild side effects (e.g., restlessness, irritability, palpitations) might simply be monitored and perhaps administered a benzodiazepine whereas someone with a massive overdose might require
numerous interventions [30,38]. Hemodialysis has also been effectively
employed to reduce caffeine in plasma while decreasing morbidity in
cases of intoxication [38,46,47,140,141].

alpha effect seen after propranolol administration in cocaine intoxication may not be a class effect but is unique to propranolol itself
[148,149]. At the very least, for non-cocaine based intoxications involving sympathomimetic agents such as caffeine, it appears that this
phenomenon should not cause clinicians to avoid treatment with a betaadrenergic antagonist [127,146]. For other sympathomimetic agents,
after a thorough and critical assessment of a given patient and symptoms, the use of a non-selective alpha and beta-adrenergic antagonist
such as labetalol has been proposed [148,149]. It is also interesting to
note the successful treatment of combined sympathomimetic intoxications with labetalol [151,152].

6.1. Cardiovascular side effects
Hypotension should first be treated with isotonic intravenous fluid
but if needed, it can be treated with vasopressors such as phenylephrine
(or epinephrine alternatively) while beta-adrenergic antagonists such as
esmolol or propanolol have also been used in rarer cases of refractory
hypotension [38,48]. The use of a beta-adrenergic antagonist in an already hypotensive patient may seem contradictory or illogical but has
been proposed to be effective by inhibiting beta 2-adrenergic-mediated
vasodilation and reversing beta 1-adrenergic-induced tachycardia
and the associated decrease in cardiac filling and output
[38,46,47,122,123].
Supraventricular tachycardia (SVT) due to caffeine intoxication is
ideally treated with a benzodiazepine which is believed to reduce catecholamine levels through CNS inhibition and potentially increasing
adenosine levels by inhibiting its reuptake [38,48]. While speculative,
benzodiazepines may interact with the tryptophan-rich sensory protein,
otherwise known as translocator protein (18 kDa) or TSPO, formerly
known as the peripheral benzodiazepine receptor (PBR) and this may
potentially have more direct pharmacological effects which may allow
for cardioprotection, although there is still a great deal of work which
remains to fully elucidate the role of this protein and its relationship
with benzodiazepines [38,142–144]. SVT due to caffeine intoxication
can also be treated with calcium-channel blockers such as diltiazem or
verapamil [38,48]. Ventricular dysrhythmia can be treated with antidysrhythmics such as amiodarone, lidocaine or procainamide while
beta-adrenergic antagonists such as esmolol have also been used either
alone or in combination with anti-dysrhythmics along with electrolyte
correction as needed [29,38,48,126,145].

6.1.2. No standardized method of treatment
Some rather massive overdoses have been successfully treated with
isotonic sodium chloride solution, sodium bicarbonate and hemodialysis [36]. However, there is no standard method for treatment of caffeine overdose or toxicity [153]. In the case of hypotension however,
isotonic intravenous fluid should be a typical first approach followed by
additional interventions if necessary [38,48].
6.2. Gastrointestinal side effects
The gastrointestinal side effects with caffeine are generally related
to recurrent vomiting [34,38]. For this anti-emetics such as metoclopramide or ondansetron are recommended [38]. Cimetidine should be
avoided as it may reduce the clearance of caffeine [38,58,75].
6.3. Psychological side effects and seizures
For side effects such as agitation, anxiety and seizures, benzodiazepines are recommended although barbiturates and propofol could
also be used as a second-line therapy for seizures that are refractory to
benzodiazepines [38,48]. Benzodiazepines are thought to be useful not
only due to their effects upon GABA(A) receptor activity but also their
ability to inhibit the reuptake of adenosine, making them potentially
useful particularly in cases of caffeine-induced seizure [38]. Of course,
this same mechanism may cause caffeine-induced seizures to be refractory to benzodiazepines in cases of severe intoxication.

6.1.1. The unopposed alpha effect
While the hypothesis of the “unopposed alpha effect” has risen as a
concern with selective beta-adrenergic antagonists (e.g., esmolol) used
for treatment in cases of sympathomimetic intoxication, it does not
seem to be a concern in the case of caffeine overdose, with proponents
of the hypothesis noting that unlike other sympathomimetic agents,
caffeine intoxication typically presents with ventricular tachycardia
and hypotension as opposed to the hypertension and tachycardia seen
with stimulants such as cocaine [127,146].
Furthermore, several groups have recently begun to question the
entire hypothesis of the unopposed alpha effect, noting that it has been
incorrectly applied to any sympathomimetic agent, despite limited
evidence of its utility in cocaine-based intoxications where its occurrence is inconsistent, rare and unpredictable [146–149]. Others have
indicated that the unopposed alpha effect may in fact be more myth
than reality, noting the original hypothesis may have simply been a
misinterpretation of a phenomenon seen with Starling’s law while
noting the lack of consideration for factors other than vascular tone
which control blood pressure [150]. Starling’s law indicates that a decrease in heart rate as a result of beta 1-adrenergic antagonism could
increase end diastolic pressure and cardiac fiber length, causing an
increase in ventricular contraction and blood pressure [149,150]. Authors have also pointed out the lack of the unopposed alpha effect
phenomenon despite widespread use of beta adrenergic antagonists to
treat various sympathomimetic intoxications, including cocaine
[146–150]. Some have indicated that the unopposed alpha effect may
simply be a result of the pharmacological effects seen with cocaine
intoxication, while others have indicated that the potential unopposed

6.4. Metabolic side effects and rhabdomyolysis
In cases of metabolic acidosis and hypokalemia, sodium bicarbonate
and potassium chloride have been used, respectively [36–38]. In the
case of rhabdomyolysis, intravenous fluid resuscitation is most important but sodium bicarbonate might also be helpful [32,36–38].
6.5. Decontamination and enhanced elimination
Regarding decontamination, activated charcoal is preferred and is
considered by some as “essential” as caffeine adsorbs well to the activated charcoal and is often employed if the patient presents within a
reasonable time frame (i.e., 1–2 h) [30,38,48,145]. Whole bowel irrigation could hypothetically be employed in a case where extremely
large amounts of sustained release caffeine have been ingested. This
seems less likely to be necessary, yet there are indeed sustained release
caffeine formulations available on the market [154].
With respect to enhanced elimination the use of intralipid has apparently shown some success while hemodialysis alone or in combination with intralipid also seems successful [29,30,38,153,155]. The
“intralipid” is a lipid emulsion that is administered intravenously and
by acting as a “lipid sink” is able to remove caffeine (which displays
some lipophilicity as an amphiphilic molecule) from tissues such as the
brain and heart. Although, it should be noted that some have taken
issue with the use of the term, “sink” to describe the effects of intralipid,
instead stating that its actions more accurately reflect a “shuttle” or a
“scavenger” that moves drugs from more to less perfused organs [30].
1145

Toxicology Reports 5 (2018) 1140–1152

C. Willson

These same authors have also pointed out that intralipid may cause
unintended consequences by interfering with other medications which
are administered as a result of caffeine intoxication such as esmolol and
especially amiodarone (i.e., more lipophilic compounds which may
themselves be “shuttled”), causing them to lose efficacy in the desired
organs. Hemodialysis on the other hand is effective at removing caffeine due to caffeine’s low volume of distribution (0.7 L/kg) and low
plasma protein binding (10–35%), which makes it amenable to this
technique. It has been used either alone or in combination with hemoperfusion and has proven successful [38,46,47,140,141]. Hemoperfusion alone while not performed as often due to practical limitations has also been used in the past [38,156].

473 mL can [165]. Most on average however, seem to contain approximately 160 mg [165], and this may represent the most likely
consumption. Thus, this yields a total ingested amount of between
327 mg (assuming consumption of a 591 mL diet Mountain Dew containing 92 mg of caffeine, a 355 mL café latte containing 75 mg of
caffeine and an energy drink containing 160 mg of caffeine) and 524 mg
(assuming consumption of a 591 mL diet Mountain Dew containing
92 mg of caffeine, a 591 mL café latte containing 272 mg of caffeine and
an energy drink containing 160 mg).
7.2. Estimated pharmacokinetics
The young male had an apparent bodyweight of approximately
91 kg, thus the dose consumed could have been between 3.60 and
5.75 mg/kg. This is well below the total dose (i.e., often a total dose of
5 g or more) or dose by bodyweight (i.e., often estimated at between
150–200 mg/kg) which is known to be lethal [33]. While a serum
caffeine level of the young male has not been reported one might estimate via two methods, although it should be noted that both are
highly speculative.
One method involves a simple calculation derived from Jones [14],
who albeit controversially, uses a variation of this formula to determine
the potential dose of caffeine ingested based upon known post-mortem
concentrations in a deceased individual by taking the post-mortem
concentration multiplied by the known volume of distribution and the
bodyweight of the decedent [14,38]. In this case, conversely, the postmortem concentration of caffeine in serum is unavailable but there is an
estimated level of caffeine intake prior to death. Thus, one will instead
take the known volume of distribution of caffeine (average of 0.7 L/kg)
and multiply by the known bodyweight of the decedent (approximately
91 kg) and divide by the suspected dose (i.e., 327 to 524 mg) to yield
what (i.e., hypothetically, the concentration found if caffeine is distributed into all body fluids completely and equally) the possible concentration at the time of death in mg/L [14]. This also assumes that
caffeine is completely and equally distributed into total body water
which others have indicated is indeed the case [168]. This concentration is also at zero time and thus does not account for any elimination.
Thus [(327 to 524 mg ∕ (0.7 L/kg x 91 kg)], results in estimated values
between 5.13 mg/L and 8.23 mg/L. While these figures are again
speculative, if accurate these concentrations are not normally known to
be toxic let alone lethal in healthy individuals.
Another method of estimating the possible plasma concentrations is
based upon data from others. For example, a Monte Carlo simulation in
adolescents up to the age of 15, determined that males with a bodyweight of 84 kg ingesting a dose of 320 to 484 mg may have a range of
peak plasma concentrations between 1.8–10.2 mg/L and 2.7–15.5 mg/
L, respectively [15]. However, these concentrations are not in the range
normally associated with serious toxicity and lethality.

7. A case reconstruction
In May of 2017, reports of a 16 year old male in South Carolina, who
had apparently died after ingesting caffeine-containing beverages in
close succession, received national attention [17,157–160]. This particular case seemed to garner attention because the amount of caffeine
was not considered lethal and the teenager was apparently otherwise
healthy and had no reported medical conditions or allergies. The following is a case reconstruction with discussion of what may have led to
this outcome.
During the school day a 16 year old male had ingested within a
40 min period, three caffeine-containing beverages, collapsed and was
pronounced dead at the hospital after transport [17,157–160]. The
coroner’s cause of death was determined as, “due to a caffeine-induced
cardiac event causing a probable arrhythmia.” The coroner indicated
that he believed the death was due to the ingestion of the three beverages over a short period of time [159]. The coroner also indicated
that the young male was otherwise healthy and had no signs of any
cardiac abnormalities at autopsy. It is unknown what, if any symptoms
the young male experienced before collapsing. Due to privacy laws in
the United States only limited information is publicly available. The
beverages ingested were said to be a large diet Mountain Dew, a cafe
latte from McDonald’s and an unknown energy drink that was
“chugged” or consumed rapidly, all at once. The male’s weight was
listed as being approximately 91 kg and his height was apparently
around 1.73 m yielding an approximate body mass index (BMI) of 30.4
[161].
7.1. Dose ingested
While the exact dose of caffeine ingested by the young male is unknown, an estimate may be obtained based upon the drinks that were
reportedly ingested. For example, the amount of caffeine in a “large”,
presumably 591 mL serving of diet Mountain Dew is approximately
92 mg [162]. The size of the café latte is not given in media reports but
McDonald’s is known to serve 355, 473, and 591 mL sizes [163]. Furthermore, there are no firm figures for the caffeine content of a
McDonald’s café latte or any latte. For example, a Starbucks café latte is
said to have approximately 75 and 150 mg for a 355 and 473 mL serving, respectively [164,165]. A 591 mL serving would presumably have
225 mg. To further confound matters, some have reported concentrations of 121 mg caffeine in only 237 mL while others have reported
similar values of around 109 mg per 237 mL serving, approximately
163 mg in a 355 mL serving and 272 mg in a 591 mL serving. Others
have reported a range between 0.31 and 0.46 mg per mL (e.g. 183 to
272 mg for a 591 mL latte) [166,167]. Although, this variation is not
surprising considering coffee is a natural product and thus is prone to
variation not only from the raw product but how it is processed, extracted and prepared for consumption [166]. In any event, such data
may at least give a range. Finally, the young male was reported as
having consumed an energy drink all at once, the name or brand of
which is not available. Once again, the caffeine content of these beverages can vary widely with some containing up to 357 mg in a single

7.2.1. Potential role for CYP1A2 polymorphism
While myocardial infarction and the arrhythmia determined as a
cause of death for the 16 year old male are distinct conditions, there is
evidence to suggest a potential for overlap in some respects. For example, if coronary vasospasm occurs it may lead to myocardial infarction but it may also potentially lead to cardiac arrhythmia and
sudden death and thus myocardial infarction may serve as a potential
surrogate for risk of arrhythmia due to coronary vasospasm [53,169].
With this in mind, there are CYP1A2 polymorphisms which can result in
some individuals metabolizing or clearing caffeine at a much slower
rate (it should be noted however, that being a “slow” metabolizer does
not mean a higher peak plasma concentration is reached after a given
dose but may result in higher area under the curve (AUC) concentrations due to decreased clearance), increasing their risk of myocardial
infarction and stroke from caffeine intake [170–173]. For example, in a
case-control study evaluating the relationship between the risk for nonfatal myocardial infarction and coffee intake it was shown that the
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adjusted odds ratios and 95% confidence intervals for those who possessed the “slow” CYP1A2 genotype were 1 (reference value), 0.99 OR,
CI [0.69–1.44]; 1.36 OR, CI [1.01–1.83]; and 1.64 OR, CI [1.14–2.34]
for those consuming < 250 mL, 250 mL, 500–750 mL and ≥ 1000 mL
of coffee per day, respectively [171] which would presumably contain
around 100 mg of caffeine per 250 mL [164,165,167]. For those with
the “fast” genotype the odds ratios were 1 (reference), 0.75 OR, CI
[0.51–1.12]; 0.78 OR, CI [0.56–1.09]; and 0.99 OR, CI [0.66–1.48],
respectively. Interestingly, for those individuals that were younger than
age 59 the odds ratios for the “slow” genotype were 1 (reference), 1.24
OR, CI [0.71–2.18]; 1.67 OR, CI [1.08–2.60]; and 2.33 OR, CI
[1.39–3.89] for those consuming < 250 mL, 250 mL, 500–750 mL and
≥ 1000 mL of coffee per day, respectively. After statistical analyses the
authors found there was a significant gene-coffee interaction only
amongst the younger participants in the study. The authors also note
that other groups have previously suggested that coffee is associated
with an increased risk of myocardial infarction among younger individuals [171]. Consequently, the authors analyzed those with the
“slow” genotype, under the age of 50 and determined odds ratios and
95% confidence intervals of 1 (reference), 2.12 OR, CI [0.86–5.24];
2.43 OR, CI [1.22–4.82]; and 4.07 OR, CI [1.89–8.74] for those consuming < 250 mL, 250 mL, 500–750 mL and ≥ 1000 mL of coffee per
day, respectively. For those with the “fast” genotype the odds ratios and
95% confidence intervals were 1 (reference), 0.39 OR, CI [0.15-0.97];
0.35 OR, CI [0.17-0.76]; and 0.81 OR, CI [0.32–2.05], respectively.
Similar relationships with respect to CYP1A2 genotype and an increased and decreased risk for hypertension in slow and fast metabolizers respectively have also been shown [174]. The data clearly indicated that individuals with a “slow” genotype who consumed higher
amounts of coffee had an increased risk of non-fatal myocardial infarction, while those with a “fast” genotype not only had no increased
risk but a seemingly decreased risk [171]. It is also interesting to note
that the risk increased as the dose of coffee increased. Perhaps most
interesting is that those with the “slow” genotype and a younger age
had the highest risk of non-fatal myocardial infarction (i.e., approximately 4-fold) relative to controls.
It is tempting to speculate that the 16 year old male in this case
reconstruction, due to his young age and a possible “slow” genotype
could have resulted in death possibly due to coronary vasospasm and
subsequent arrhythmia [53,169,171]. However, it seems unlikely that
this would fully account for this particular death. First, if indeed young
age and a “slow” genotype were all that were required for such an event
to occur the number of reported cases such as this would be expected to
be much higher and would not be considered “rare” as in this case. The
“slow” caffeine metabolizing genotype for example is present in some
populations at greater than 50%. The Swedes for example, appear to
have around 56% of their population with a “slow” genotype [175].
Sweden also has one of the highest rates of coffee consumption in the
world [176]. Thus, if this were the only factor necessary for such an
event, many more cases would be expected in younger individuals.
One potential explanation for this discrepancy could be that those
with a CYP1A2 polymorphism resulting in “slow” metabolism are less
likely to consume higher amounts of coffee or caffeine, perhaps due to
negative experiences after consumption leading to behavioral changes.
However, observational and interventional data have failed to find an
association between CYP1A2 polymorphism and coffee and caffeine
intake [177,178]. Additionally, there is a rather large body of evidence
demonstrating an overall lack of risk for sudden death, arrhythmia and
myocardial infarction in the population as a whole even with rather
high intakes of caffeine [119]. This however, does not rule out a partial
role if indeed this individual possessed a polymorphism for the
CYP1A2 gene associated with slower caffeine clearance and a higher
risk of myocardial infarction. Although, recent data indicate that in
smaller samples of individuals, CYP1A2 genetic polymorphisms account
for only a modest effect upon AUC concentrations when environmental
factors (e.g., smoking and hormonal contraceptives) are excluded. Such

environmental factors may substantially mask the role of genetics [73].
One other consideration is that perhaps a 16 year old might metabolize caffeine at a different rate than adults. However, data indicate
that by the time an individual reaches the age of 16 years, the pharmacokinetic profile of caffeine is similar to that of adults [179–183].
CYP1A2 activity is negligible in the fetus and slowly increases after
birth, reaching approximately 50% of adult values by the first year
[184]. Sometime after 1 year of age with some data indicating by the
age of 3 years, CYP1A2 activity reaches levels comparable to those seen
in adults [184,185]. However, between the ages of 3 to 9 years there is
evidence for increased CYP1A2 activity up to 50% greater than adults,
which still remains 33% greater from 9 to 15 years [184]. Upon
reaching puberty (i.e., Tanner stage II for females and Tanner stages IV/
V for males) CYP1A2 activity declines to reach adult levels
[181,185,186]. Some have found that adolescents (i.e., 10–15 years of
age) appear to be more sensitive to the effects of caffeine than adults
but this appears to be related more to a lower relative bodyweight [15].
7.2.2. Role of rapid caffeine consumption
While some individuals such as the coroner in this case have
speculated that the rapid consumption of caffeine was a factor a recent
study has found this unlikely to be the case [57]. However, the consumption of caffeine over a small timeframe such as 40 min versus over
an entire day will obviously lead to higher peak plasma concentrations
but the single-dose consumed by the young male is consistent with
doses that have also been studied as single-administrations and thus
plasma concentrations reported in the literature are likely similar to
what he experienced.
7.3. Potential pharmacodynamic explanations
While a pharmacokinetic explanation alone does not appear sufficient to explain this particular case there are also other considerations.
For example, there are data demonstrating that some individuals possess a polymorphism associated with decreased catechol-o-methyltransferase (COMT) activity and that this decrease is associated with an
increased risk of acute coronary events linked with coffee intake [119].
This is important to consider in the context of caffeine as it is known to
increase catecholamine levels as one potential mechanism. It is conceivable that individuals with a mutation for this gene could have
lowered COMT activity and thus might be more susceptible to the increase in norepinephrine/epinephrine and its effects upon cardiac
function. There are also known mutations for the adenosine receptor
gene (specifically the A2A receptor) which may also cause an increased
sensitivity by some. Although, it is important to note that such mutations have only been linked to differences in sensitivity to the psychological effects of caffeine rather than cardiovascular [19,119]. However, mutations in the adenosine receptor have been linked to infarct
size in patients with ischemic cardiomyopathy indicating a possible role
in the response of the heart to ischemia or injury [187]. Adenosine may
play a protective role in response to stress, inflammation and injury to
cardiac tissues and it is a known anti-dysrhythmic [38], thus it is at
least conceivable that mutations in these receptors may exacerbate any
potential negative effects of caffeine upon these receptors and/or the
prevention of their beneficial or protective effects by antagonizing them
[188,189]. This is an area worth further exploration.
7.3.1. Other potential mechanisms of toxicological relevance
Aside from those discussed previously, other mechanisms could be
involved. For example, caffeine has been shown to act as an inhibitor of
the Human Ether-a-go-go (hERG) potassium channel which is found in
different tissues including the heart [110,111]. The blockage of this
channel has been implicated in the cause of cardiac arrhythmia in
certain circumstances by causing QT prolongation [111]. However, as
with many other molecular targets, hERG requires rather high concentrations for significant interaction with caffeine. For example, the
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IC50 is around 5 mM (around 971 mg/L), making it highly unlikely to
play a role in this particular death. However, authors have pointed out
that around a 5–10% inhibition of this channel could be achieved with a
concentration of 300 μmol (around 58 mg/L) [111]. Furthermore, caffeine may begin to have a small effect upon intracellular calcium release at these concentrations (i.e., at 250 μmol or approximately
48.5 mg/L) while in vitro data have shown potential pro-arrhythmic
action attributed to an effect upon the cardiac ryanodine receptor
(RyR2) cytosolic calcium sensitivity and increased RyR2 opening frequency [66,67,101,107].
Additionally, as some authors have found, the inhibition of hERG
can be dramatically increased when two compounds with inhibitory
effects are combined [111]. Thus, it is also possible that one of the
constituents in the energy drink may have such activity and also contributed to the death by lowering the threshold for inhibition. Indeed, a
recent study in healthy individuals found that compared to an
equivalent amount of caffeine ingested alone, an energy drink demonstrated QTc prolongation at 2 h post-administration [190]. While this
study had several limitations (e.g., the comparison was only significant
relative to the caffeine group which demonstrated a decrease in QTc
interval and the prolongation was transient, lacked placebo, food intake
was not controlled for and ECG parameters were machine-calculated
rather than measured by hand) it provided the first direct evidence that
the combination of ingredients in at least some of these drinks may
have divergent physiological effects upon cardiovascular variables
compared to caffeine alone [190]. However, further study addressing
the limitations of this study is needed to confirm these findings.

resulting from rapidly occurring cardiac arrest outside the reach of a
hospital or emergency room [198]. Incidence rates vary according to
definitions, data sources and methods, demonstrating a range of 52.5
per 100,000 person-years in Asia to 111.9 per 100,000 person-years in
Australia [198]. Seemingly corroborating such data, in prospective
studies using standardized definitions in the United States, Netherlands,
Ireland and China, SCD had an incidence rate of 40–100 per 100,000
person-years with China displaying the lowest rate [197]. SCD is much
rarer in young adults and children under the age of 35 accounting for
less than 1% of cases [198]. Some of the potential causes include coronary heart disease (CHD) which accounts for the majority of cases in
those over the age of 35, while valvular heart disease, cardiomyopathies, myocarditis, and primary arrhythmia syndromes account for
most of the remainder [198,199]. In individuals between the ages of 1
to 35 years, cardiomyopathies (e.g., hypertrophic cardiomyopathy, dilated cardiomyopathy, arrhythmogenic right ventricular cardiomyopathy), myocarditis and primary arrhythmia syndromes (e.g., long QT
syndrome-LQT, Brugada syndrome, catecholaminergic polymorphic
ventricular tachycardia-CPVT, early repolarization syndrome) are the
most frequent causes. In many cases, causes are inherited or have an
underlying genetic basis [198,199].
Interestingly, the results of a population-based, prospective study
conducted in New Zealand and Australia from 2010 through 2012
found the annual incidence of SCD amongst children and young adults
aged 1 to 35 to be 1.3 per 100,000 with 72% of cases consisting of
young boys or men [199]. Those ages 16 to 20 had the highest incidence of unexplained SCD at 0.8 per 100,000 persons per year [199].
Of the total 198 cases of unexplained SCD cases, 113 (57%) were able to
be tested for genetic mutations. Of those, the authors reported a clinically relevant gene mutation in 31 (27%) of unexplained SCD cases
[199]. Furthermore, 13% of the families participating which had an
unexplained SCD received a clinical diagnosis of an inherited cardiovascular disease (via diagnosis in a first-degree relative) [199]. These
findings are important as 40% of all cases evaluated were deemed unexplained SCD [199]. The authors also note that unexplained SCD is
often attributed to cardiac arrhythmia due to ion-channel dysfunction
that is not detectable in conventional autopsies [199]. Such findings
may indicate a greater need for genetic testing earlier in life to identify
these individuals and also included in autopsies in instances such as
that of the 16 year old male in this case where the dose of caffeine alone
is an insufficient explanation. Also relevant to this case is the lack of
any apparent cardiac abnormalities (i.e., structural heart disease) at
autopsy of the young male, which is known to occur in cases of SCD in
younger individuals [198]. It is unknown whether detailed histologic
examination took place at autopsy in this case which may also reveal
abnormalities not apparent from macroscopic examination [198].

7.3.2. Potential clues from previous cases
An examination of other cases may offer clues in the case of the
young male. For example, a 17 year old male experienced transient
coronary artery vasospasm after ingesting 3–4 cans of Red Bull containing 80 mg each and 2–3 Monster energy drinks containing 160 mg
each (total caffeine intake between 560–800 mg) before he arrived at
an emergency room complaining of chest pain [53]. Another case involved a healthy 19 year old male who experienced cardiac arrest after
consuming 3 cans (approximately 240 mL each) of Monster energy
drinks over a 2 h period [191]. Several other case reports have been
published concerning caffeinated energy drinks where the patient similarly consumed several drinks and ultimately experienced either
myocardial infarction (i.e., ST-Elevation Myocardial Infarction or
STEMI) or arrhythmia [191–193]. In another case a 44 year old woman
developed nausea, vomiting, chest tightness, muscle twitching, palpitations and rhabdomyolysis six hours after ingesting approximately
1000 mL of coffee (estimated caffeine intake was 565 mg or 14 mg/kg
body weight) [37]. In this particular case however, toxicity may have
been related to her lower bodyweight (i.e., around 40 kg), allowing for
high plasma concentrations to be reached. Lower bodyweight has been
indicated as a potential cause for caffeine toxicity in some [15] however, this is not particularly relevant in the case of the 16 year old male
in South Carolina as his bodyweight was not low.
There is also the possibility that this young male’s ingestion of a
large amount of caffeine unmasked congenital long QT syndrome as this
has been previously reported in several cases [191,194]. Considering
that a majority of deceased individuals with long QT syndrome (i.e.,
long QT syndrome is associated with sudden cardiac death) who died
before the age of 50 were 20 years of age or younger along with a mean
age at diagnosis of 21 years [195], this may represent a potential opportunity to reduce the risk of some fatal events by limiting access to
certain energy drinks prior to adulthood. Another potential explanation
is a genetic mutation of the RyR2 gene (which is also associated with
sudden cardiac death) resulting in a greater sensitivity to the arrhythmogenic potential of caffeine [196,197].

7.3.4. A final determination
Ultimately, the exact cause of death in the 16 year old male’s case is
unknown. Assuming that other potential causes such as over the
counter medications, dietary supplements or prescription medications
were already ruled out as contributors in this case, one is ultimately left
with some likely genetic predisposition (or perhaps a combination of
them) or possibly a pre-existing structural heart disease not revealed
with macroscopic examination [198]. Unless genetic analyses and histologic examination were completed it ultimately leaves only speculation as to whether there was a single cause or if there was a confluence
of factors that ultimately caused his death. Additional work is also
needed to determine what molecular target or targets that caffeine is
affecting in cases of toxicity. Ideally, an effort would be made to
identify cases such as these and after a thorough examination to rule
out any other potential causes, genetic analyses would take place to
determine if these individuals have any mutations in certain molecular
targets or metabolic enzymes that might be relevant to caffeine toxicity
(e.g., COMT, CYP1A2, adenosine receptors, hERG, RyR2, etc.) and if
these individuals as a group have any unique mutations (e.g., KCNQ1,

7.3.3. Potential connection to sudden cardiac death
Sudden cardiac death (SCD) is a sudden and unexpected death
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KCNH2, SCN5A, mutations indicative of long QT syndrome type I, II or
III, respectively or RyR2 mutation indicative of CPVT type I but they are
many more; up to 35% of cases of sudden unexplained death may be
explained by cardiac channeolpathies caused by genetic mutations) that
may be shared amongst them [199–201]. This is an area of research
that could yield benefit and perhaps identify those in the population
that are sensitive to such effects from caffeine.

consuming several caffeine-containing beverages illustrates the need for
data examining why individuals such as this have succumb to caffeine
and/or caffeine along with other constituents in an energy drink,
especially in light of the fact that consumption of these drinks has only
increased since their introduction to the market. Looking to steps that
other countries have taken in order to reduce the risk of intentional and
unintentional caffeine intoxication may provide insight into how the
United States and other countries may similarly implement such practices.

7.4. Potential solutions
In cases of intentional caffeine overdose, tablets containing caffeine
are typically ingested with suicidal intent. In recognition of this in the
country of Sweden, sales of caffeine tablets were limited in quantity
(i.e., from 100 to 250 tablets per box down to 30) in an attempt to
reduce the number of intentional and fatal caffeine intoxications [100].
While the reduction suffered an initial delay, presumably due to leftover products purchased prior to enactment of the purchase restriction,
from 2007 until 2009 there were no fatal intoxications attributed to
caffeine [100]. However, it is important to note as the authors do that
individuals may have simply turned to alternative substances to attempt suicide. Nonetheless, such data appear promising with respect to
reducing the likelihood of intentional caffeine intoxication. In the
United States caffeine is also included in multi-ingredient formulas used
to treat migraine and other conditions, thus individuals may still have
access to substances including caffeine in tablet form [176].
With respect to unintentional overdose, the United States FDA recently and prudently, banned the sale of pure, concentrated caffeine
powders which have resulted in inadvertent overdoses [202]. Some
understandable efforts are underway in some areas of the United States
to limit the sale of energy drinks to those 18 years of age or older [160].
Perhaps one potential solution may be to restrict purchases of caffeinated energy drinks containing more than the governmental bodies’
recommended 2.5–3.0 mg/kg/daily limit for children and adolescents
to those ages 18 or older [25]. However, the regulation of energy drinks
based upon caffeine content alone may be problematic, considering the
equivalent or even greater content of caffeine available in coffee or
espresso-based beverages. A potential solution may be to limit the
content of caffeine in such energy drinks as it is already done for soft
drinks in the United States and energy drinks in Canada [203]. Finally,
recommendations by manufacturers of energy drinks to the consumer,
suggesting they seek medical advice prior to use and avoid over-consumption of the product or consumption with other sources of caffeine
may be prudent [203]. It has also been suggested that adolescents
consume no more than 1 can (250 mL) per day in order to avoid adverse
effects [193].

Conflict of interest
The author has served as a consultant to companies in the dietary
supplement industry who have manufactured products containing caffeine. However, these companies would not be expected to gain financially by the work and have no knowledge of or influence over this
work at the time of submission.
Funding
This research did not receive any specific grant from funding
agencies in the public, commercial, or not-for-profit sectors.
References
[1] M.A. Heckman, J. Weil, E. Gonzalez de Mejia, Caffeine (1, 3, 7-trimethylxanthine)
in foods: a comprehensive review on consumption, functionality, safety, and
regulatory matters, J. Food Sci. 75 (2010) R77–R87.
[2] C.D. Frary, R.K. Johnson, M.Q. Wang, Food sources and intakes of caffeine in the
diets of persons in the United States, J. Am. Diet. Assoc. 105 (2005) 110–113.
[3] B.B. Fredholm, Notes on the history of caffeine use, in: B.B. Fredholm (Ed.),
Methylxanthines, Springer, Berlin, Heidelberg, 2011, pp. 1–9.
[4] H. Lu, J. Zhang, Y. Yang, X. Yang, B. Xu, W. Yang, T. Tong, S. Jin, C. Shen, H. Rao,
X. Li, H. Lu, D.Q. Fuller, L. Wang, C. Wang, D. Xu, N. Wu, Earliest tea as evidence
for one branch of the Silk Road across the Tibetan Plateau, Sci. Rep. 6 (2016)
18955.
[5] E. Gracia-Lor, N.I. Rousis, E. Zuccato, R. Bade, J.A. Baz-Lomba, E. Castrignanò,
A. Causanilles, F. Hernández, B. Kasprzyk-Hordern, J. Kinyua, A.-K. McCall,
A.L.N. van Nuijs, B.G. Plósz, P. Ramin, Y. Ryu, M.M. Santos, K. Thomas, P. de
Voogt, Z. Yang, S. Castiglioni, Estimation of caffeine intake from analysis of caffeine metabolites in wastewater, Sci. Total Environ. 609 (2017) 1582–1588.
[6] S.R. Waldvogel, Caffeine—a drug with a surprise, Angew. Chem. Int. Ed. Engl. 42
(2003) 604–605.
[7] S. Cappelletti, D. Piacentino, G. Sani, M. Aromatario, Caffeine: cognitive and
physical performance enhancer or psychoactive drug? Curr. Neuropharmacol. 13
(2015) 71–88.
[8] W. Ukers, Chapter XII: Introduction of Coffee Into North America-all About Coffee,
(1922) (Accessed 28 August 2017), http://cluesheet.com/All-About-Coffee-XII.
htm.
[9] Anon, The History of Energy Drinks (Accessed 28 August 2017), https://www.
preceden.com/timelines/66113-the-history-of-energy-drinks.
[10] J.C. Verster, J. Koenig, Caffeine intake and its sources: a review of national representative studies, Crit. Rev. Food Sci. Nutr. 58 (2018) 1250–1259.
[11] A. Drewnowski, C.D. Rehm, Sources of caffeine in diets of US children and adults:
trends by beverage type and purchase location, Nutrients 8 (2016) 154.
[12] J.J. Barone, H.R. Roberts, Caffeine consumption, Food Chem. Toxicol. 34 (1996)
119–129.
[13] P. Nawrot, S. Jordan, J. Eastwood, J. Rotstein, A. Hugenholtz, M. Feeley, Effects of
caffeine on human health, Food Addit. Contam. 20 (2003) 1–30.
[14] A.W. Jones, Review of caffeine-related fatalities along with postmortem blood
concentrations in 51 poisoning deaths, J. Anal. Toxicol. 41 (2017) 167–172.
[15] J.W. Lee, Y. Kim, V. Perera, A.J. McLachlan, K.S. Bae, Prediction of plasma caffeine concentrations in young adolescents following ingestion of caffeinated energy drinks: a Monte Carlo simulation, Eur. J. Pediatr. 174 (2015) 1671–1678.
[16] I.F. Musgrave, R.L. Farrington, C. Hoban, R.W. Byard, Caffeine toxicity in forensic
practice: possible effects and under-appreciated sources, Forensic Sci. Med. Pathol.
12 (2016) 299–303.
[17] B. Woodall, Coroner Says South Carolina Teenager Died After Drinking Caffeine
Quickly (Accessed 28 August 2017), http://www.reuters.com/article/us-southcarolina-death-caffeine-idUSKCN18C05O.
[18] A. Smith, Effects of caffeine on human behavior, Food Chem. Toxicol. 40 (2002)
1243–1255.
[19] D. Turnbull, J.V. Rodricks, G.F. Mariano, Neurobehavioral hazard identification
and characterization for caffeine, Regul. Toxicol. Pharmacol. 74 (2016) 81–92.
[20] G.B. Kaplan, D.J. Greenblatt, B.L. Ehrenberg, J.E. Goddard, M.M. Cotreau,
J.S. Harmatz, R.I. Shader, Dose-dependent pharmacokinetics and psychomotor
effects of caffeine in humans, J. Clin. Pharmacol. 37 (1997) 693–703.
[21] S. Kerrigan, T. Lindsey, Fatal caffeine overdose: two case reports, Forensic Sci. Int.

8. Conclusion
Caffeine is an interesting molecule with diverse physiological effects
in humans. While it has a long history of consumption around the world
and continues to be consumed in significant quantities there is still
much to be learned about caffeine’s pharmacology and toxicology in
humans. The main molecular target considered today is the adenosine
receptor but research continues in this area. Despite having a general
understanding of the toxic and lethal doses of caffeine there is clearly a
need for more data, especially with respect to determining safe doses in
sensitive populations. The diagnosis of caffeine toxicity is based largely
upon reported ingestion and symptoms, although serum caffeine concentrations can be obtained through quantitative chemical analysis.
Caffeine’s toxicological symptoms vary according to the dose and individual, with psychological side effects generally manifesting at lower
dosed-intoxications and more serious side effects occurring in the cardiovascular and muscular tissues with higher doses. Treatment generally involves supportive therapy along with decontamination and
increased elimination techniques, although there is no standard treatment regimen. The case of a 16 year old male, who died after
1149

Toxicology Reports 5 (2018) 1140–1152

C. Willson
153 (2005) 67–69.
[22] A.E. Nardi, F.L. Lopes, R.C. Freire, A.B. Veras, I. Nascimento, A.M. Valença,
V.L. de-Melo-Neto, G.L. Soares-Filho, A.L. King, D.M. Araújo, M.A. Mezzasalma,
A. Rassi, W.A. Zin, Panic disorder and social anxiety disorder subtypes in a caffeine challenge test, Psychiatry Res. 169 (2009) 149–153.
[23] R. Newton, L.J. Broughton, M.J. Lind, P.J. Morrison, H.J. Rogers, I.D. Bradbrook,
Plasma and salivary pharmacokinetics of caffeine in man, Eur. J. Clin. Pharmacol.
21 (1981) 45–52.
[24] M. Bonati, R. Latini, F. Galletti, J.F. Young, G. Tognoni, S. Garattini, Caffeine
disposition after oral doses, Clin. Pharmacol. Ther. 32 (1982) 98–106.
[25] N.a.A, EFSA NDA panel (EFSA panel on dietetic products, scientific opinion on the
safety of caffeine, EFSA J. 13 (2015) 4102.
[26] S.B. Jabbar, M.G. Hanly, Fatal caffeine overdose: a case report and review of literature, Am. J. Forensic Med. Pathol. 34 (2013) 321–324.
[27] P. Banerjee, Z. Ali, B. Levine, D.R. Fowler, Fatal caffeine intoxication: a series of
eight cases from 1999 to 2009, J. Forensic Sci. 59 (2014) 865–868.
[28] A. Bonsignore, S. Sblano, F. Pozzi, F. Ventura, A. Dell’Erba, C. Palmiere, A case of
suicide by ingestion of caffeine, Forensic Sci. Med. Pathol. 10 (2014) 448–451.
[29] G. Bioh, M.M. Gallagher, U. Prasad, Survival of a highly toxic dose of caffeine,
Case Rep. 2013 (2013) bcr2012007454–bcr2012007454.
[30] L. Muraro, L. Longo, F. Geraldini, A. Bortot, A. Paoli, A. Boscolo, Intralipid in acute
caffeine intoxication: a case report, J. Anesth. 30 (2016) 895–899.
[31] B. Riesselmann, F. Rosenbaum, S. Roscher, V. Schneider, Fatal caffeine intoxication, Forensic Sci. Int. 103 (1999) S49–S52.
[32] K.D. Wrenn, I. Oschner, Rhabdomyolysis induced by a caffeine overdose, Ann.
Emerg. Med. 18 (1989) 94–97.
[33] T. Rudolph, K. Knudsen, A case of fatal caffeine poisoning, Acta Anaesthesiol.
Scand. 54 (2010) 521–523.
[34] S. Davies, T. Lee, J. Ramsey, P.I. Dargan, D.M. Wood, Risk of caffeine toxicity
associated with the use of ‘legal highs’ (novel psychoactive substances), Eur. J.
Clin. Pharmacol. 68 (2012) 435–439.
[35] J. Forman, A. Aizer, C.R. Young, Myocardial infarction resulting from caffeine
overdose in an anorectic woman, Ann. Emerg. Med. 29 (1997) 178–180.
[36] C. Campana, P.L. Griffin, E.L. Simon, Caffeine overdose resulting in severe rhabdomyolysis and acute renal failure, Am. J. Emerg. Med. 32 (2014) 111
e113–111.e114.
[37] W.F. Chiang, M.T. Liao, C.J. Cheng, S.H. Lin, Rhabdomyolysis induced by excessive coffee drinking, Hum. Exp. Toxicol. 33 (2014) 878–881.
[38] R. Hoffman, M.A. Howland, N. Lewin, L.S. Nelson, L.R. Goldfrank, Goldfrank’s
Toxicologic Emergencies, McGraw-Hill, New York, NY, 2014.
[39] B.B. Fredholm, K. Battig, J. Holmen, A. Nehlig, E.E. Zvartau, Actions of caffeine in
the brain with special reference to factors that contribute to its widespread use,
Pharmacol. Rev. 51 (1999) 83–133.
[40] L. Bott-Flügel, A. Bernshausen, H. Schneider, P. Luppa, K. Zimmermann,
B. Albrecht-Küpper, R. Kast, K.-L. Laugwitz, H. Ehmke, A. Knorr, M. Seyfarth,
Selective attenuation of norepinephrine release and stress-induced heart rate increase by partial adenosine A1 agonism, PLoS One 6 (2011) e18048.
[41] R. Tabrizchi, S. Bedi, Pharmacology of adenosine receptors in the vasculature,
Pharmacol. Ther. 91 (2001) 133–147.
[42] G.L. Stiles, Adenosine receptors: structure, function and regulation, Trends
Pharmacol. Sci. 7 (1986) 486–490.
[43] A. Lymperopoulos, A. Brill, K.A. McCrink, GPCRs of adrenal chromaffin cells &
catecholamines: the plot thickens, Int. J. Biochem. Cell Biol. 77 (2016) 213–219.
[44] C.-J. Tseng, J.Y.H. Chan, W.-C. Lo, C.-R. Jan, Modulation of catecholamine release
by endogenous adenosine in the rat adrenal medulla, J. Biomed. Sci. 8 (2001)
389–394.
[45] V. Ralevic, W.R. Dunn, Purinergic transmission in blood vessels, Auton. Neurosci.
191 (2015) 48–66.
[46] R. Kapur, M.D. Smith, Treatment of cardiovascular collapse from caffeine overdose
with lidocaine, phenylephrine, and hemodialysis, Am. J. Emerg. Med. 27 (2009)
253 e253–253.e256.
[47] C.P. Holstege, Y. Hunter, A.B. Baer, J. Savory, D.E. Bruns, J.C. Boyd, Massive
caffeine overdose requiring vasopressin infusion and hemodialysis, J. Toxicol.
Clin. Toxicol. 41 (2003) 1003–1007.
[48] K.M. Babu, R.J. Church, W. Lewander, Energy drinks: the new eye-opener for
adolescents, Clin. Pediatr. Emerg. Med. 9 (2009) 35–42.
[49] R. Ammar, J.C. Song, J. Kluger, C.M. White, Evaluation of electrocardiographic
and hemodynamic effects of caffeine with acute dosing in healthy volunteers,
Pharmacotherapy 21 (2001) 437–442.
[50] R. Mosqueda-Garcia, C.-J. Tseng, I. Biaggioni, R.M. Robertson, D. Robertson,
Effects of caffeine on baroreflex activity in humans, Clin. Pharmacol. Ther. 48
(1990) 568–574.
[51] J.L. Izzo, A. Ghosal, T. Kwong, R.B. Freeman, J.R. Jaenike, Age and prior caffeine
use alter the cardiovascular and adrenomedullary responses to oral caffeine, Am.
J. Cardiol. 52 (1983) 769–773.
[52] P.A. Borea, S. Gessi, S. Merighi, F. Vincenzi, K. Varani, Pharmacology of adenosine
receptors: the state of the art, Physiol. Rev. 98 (2018) 1591–1625.
[53] R.E. Wilson, H.S. Kado, R. Samson, A.B. Miller, A case of caffeine-induced coronary artery vasospasm of a 17-year-old male, Cardiovasc. Toxicol. 12 (2012)
175–179.
[54] M.J. Arnaud, Pharmacokinetics and metabolism of natural methylxanthines in
animal and man, Handb. Exp. Pharmacol. 200 (2011) 33–91.
[55] G.K. Mumford, N.L. Benowitz, S.M. Evans, B.J. Kaminski, K.L. Preston,
C.A. Sannerud, K. Silverman, R.R. Griffiths, Absorption rate of methylxanthines
following capsules, cola and chocolate, Eur. J. Clin. Pharmacol. 51 (1996)
319–325.

[56] N.H.A. Samah, C.M. Heard, Enhanced in vitro transdermal delivery of caffeine
using a temperature- and pH-sensitive nanogel, poly(NIPAM-co-AAc), Int. J.
Pharm. 453 (2013) 630–640.
[57] J.R. White, J.M. Padowski, Y. Zhong, G. Chen, S. Luo, P. Lazarus, M.E. Layton,
S. McPherson, Pharmacokinetic analysis and comparison of caffeine administered
rapidly or slowly in coffee chilled or hot versus chilled energy drink in healthy
young adults, Clin. Toxicol. 54 (2016) 308–312.
[58] D.C. May, C.H. Jarboe, A.B. VanBakel, W.M. Williams, Effects of cimetidine on
caffeine disposition in smokers and nonsmokers, Clin. Pharmacol. Ther. 31 (1982)
656–661.
[59] J. Blanchard, S.J.A. Sawers, The absolute bioavailability of caffeine in man, Eur. J.
Clin. Pharmacol. 24 (1983) 93–98.
[60] J. Blanchard, S.J.A. Sawers, Comparative pharmacokinetics of caffeine in young
and elderly men, J. Pharmacokinet. Biopharm. 11 (1983) 109–126.
[61] C.A. Beach, J.R. Bianchine, N. Gerber, The excretion of caffeine in the semen of
men: pharmacokinetics and comparison of the concentrations in blood and semen,
J. Clin. Pharmacol. 24 (1984) 120–126.
[62] O. Azcona, M.J. Barbanoj, J. Torrent, F. Jane, Evaluation of the central effects of
alcohol and caffeine interaction, Br. J. Clin. Pharmacol. 40 (1995) 393–400.
[63] N.L. Benowitz, P. Jacob, H. Mayan, C. Denaro, Sympathomimetic effects of
paraxanthine and caffeine in humans, Clin. Pharmacol. Ther. 58 (1995) 684–691.
[64] S. Teekachunhatean, N. Tosri, N. Rojanasthien, S. Srichairatanakool, C. Sangdee,
Pharmacokinetics of caffeine following a single administration of coffee enema
versus oral coffee consumption in healthy male subjects, ISRN Pharmacol. 2013
(2013) 1–7.
[65] J.L.C.M. Dorne, K. Walton, A.G. Renwick, Uncertainty factors for chemical risk
assessment: human variability in the pharmacokinetics of CYP1A2 probe substrates, Food Chem. Toxicol. 39 (2001) 681–696.
[66] J.A. Carrillo, J. Benitez, Clinically significant pharmacokinetic interactions between dietary caffeine and medications, Clin. Pharmacokinet. 39 (2000) 127–153.
[67] J. Sawynok, T.L. Yaksh, Caffeine as an analgesic adjuvant: a review of pharmacology and mechanisms of action, Pharmacol. Rev. 45 (1993) 43–85.
[68] S. Oestreich-Janzen, Caffeine: characterization and properties, in: B. Caballero,
P.M. Finglas, F. Toldrá (Eds.), Encyclopedia of Food and Health, Academic Press,
Oxford, 2016, pp. 556–572.
[69] A. Khondker, A. Dhaliwal, R.J. Alsop, J. Tang, M. Backholm, A.-C. Shi,
M.C. Rheinstädter, Partitioning of caffeine in lipid bilayers reduces membrane
fluidity and increases membrane thickness, Phys. Chem. Chem. Phys. 19 (2017)
7101–7111.
[70] F. Magkos, S.A. Kavouras, Caffeine use in sports, pharmacokinetics in man, and
cellular mechanisms of action, Crit. Rev. Food Sci. Nutr. 45 (2005) 535–562.
[71] M. Orrú, X. Guitart, M. Karcz-Kubicha, M. Solinas, Z. Justinova, S.K. Barodia,
J. Zanoveli, A. Cortes, C. Lluis, V. Casado, F.G. Moeller, S. Ferré, Psychostimulant
pharmacological profile of paraxanthine, the main metabolite of caffeine in humans, Neuropharmacology 67 (2013) 476–484.
[72] B.B. Rasmussen, T.H. Brix, K.O. Kyvik, K. Brosen, The interindividual differences
in the 3-demthylation of caffeine alias CYP1A2 is determined by both genetic and
environmental factors, Pharmacogenetics 12 (2002) 473–478.
[73] J. Matthaei, M.V. Tzvetkov, J. Strube, D. Sehrt, C. Sachse-Seeboth, J.B. Hjelmborg,
S. Moller, U. Halekoh, U. Hofmann, M. Schwab, R. Kerb, J. Brockmoller,
Heritability of caffeine metabolism: environmental effects masking genetic effects
on CYP1A2 activity but not on NAT2, Clin. Pharmacol. Ther. 100 (2016) 606–616.
[74] K.L. Rost, H. Brösicke, G. Heinemeyer, I. Roots, Specific and dose-dependent enzyme induction by omeprazole in human beings, Hepatology 20 (1994)
1204–1212.
[75] C. Martinez, C. Albet, J. Agundez, E. Herrero, J. Carrillo, M. Marquez, J. Benitez,
J. Ortiz, Comparative in vitro and in vivo inhibition of cytochrome P450 CYP1A2,
CYP2D6, and CYP3A by H -receptor antagonists, Clin. Pharmacol. Ther. 65 (1999)
369–376.
[76] J.W. Lampe, I.B. King, S. Li, M.T. Grate, K.V. Barale, C. Chen, Z. Feng, J.D. Potter,
Brassica vegetables increase and apiaceous vegetables decrease cytochrome P450
1A2 activity in humans: changes in caffeine metabolite ratios in response to
controlled vegetable diets, Carcinogenesis 21 (2000) 1157–1162.
[77] S. Peterson, Y. Schwarz, S.S. Li, L. Li, I.B. King, C. Chen, D.L. Eaton, J.D. Potter,
J.W. Lampe, CYP1A2, GSTM1, and GSTT1 polymorphisms and diet effects on
CYP1A2 activity in a crossover feeding trial, Cancer Epidemiol. Biomark. Prev. 18
(2009) 3118–3125.
[78] L.A. Lammers, R. Achterbergh, R.H.N. van Schaik, J.A. Romijn, R.A.A. Mathôt,
Effect of short-term fasting on systemic cytochrome P450-mediated drug metabolism in healthy subjects: a randomized, controlled, crossover study using a
cocktail approach, Clin. Pharmacokinet. 56 (2017) 1231–1244.
[79] L.A. Lammers, R. Achterbergh, E.M. de Vries, F.S. van Nierop, H.J. Klumpen,
M.R. Soeters, A. Boelen, J.A. Romijn, R.A.A. Mathot, Short-term fasting alters
cytochrome P450-mediated drug metabolism in humans, Drug Metab. Dispos. 43
(2015) 819–828.
[80] W.A. Maish, E.M. Hampton, T.L. Whitsett, J.D. Shepard, W.R. Lovallo, Influence of
grapefruit juice on caffeine pharmacokinetics and pharmacodynamics,
Pharmacotherapy 16 (1996) 1046–1052.
[81] U. Fuhr, K. Klittich, A.H. Staib, Inhibitory effect of grapefruit juice and its bitter
principal, naringenin, on CYP1A2 dependent metabolism of caffeine in man, Br. J.
Clin. Pharmacol. 35 (1993) 431–436.
[82] D.P. Healy, R.E. Polk, L. Kanawati, D.T. Rock, M.L. Mooney, Interaction between
oral ciprofloxacin and caffeine in normal volunteers, Antimicrob. Agent.
Chemother. 33 (1989) 474–478.
[83] U. Fuhr, E.M. Anders, G. Mahr, F. Sorgel, A.H. Staib, Inhibitory potency of quinolone antibacterial agents against cytochrome P450IA2 activity in vivo and in

1150

Toxicology Reports 5 (2018) 1140–1152

C. Willson
vitro, Antimicrob. Agent. Chemother. 36 (1992) 942–948.
[84] R.A. Robson, The effects of quinolones on xanthine pharmacokinetics, Am. J. Med.
92 (1992) S22–S25.
[85] G. Jurgens, K.H. Lange, L.O. Reuther, B.B. Rasmussen, K. Brosen, H.R. Christensen,
Effect of growth hormone on hepatic cytochrome P450 activity in healthy elderly
men, Clin. Pharmacol. Ther. 71 (2002) 162–168.
[86] E. Mayayo-Sinués, A. Fanlo, B. Sinués, E. Mayayo, J.I. Labarta, A. García de Jalón,
A. Ferrández-Longás, Lack of effect of growth hormone replacement therapy on
CYP1A2 and xanthine oxidase activities in growth hormone–deficient children,
Eur. J. Clin. Pharmacol. 62 (2006) 123–127.
[87] M.J. Kennedy, D.A. Davis, N. Smith, A. Gaedigk, R.E. Pearce, G.L. Kearns, Sixmonth, prospective, longitudinal, open-Label caffeine and dextromethorphan
phenotyping study in children with growth hormone deficiency receiving recombinant human growth hormone replacement, Clin. Ther. 30 (2008)
1687–1699.
[88] S.-D. Ryu, W.-G. Chung, Induction of the procarcinogen-activating CYP1A2 by a
herbal dietary supplement in rats and humans, Food Chem. Toxicol. 41 (2003)
861–866.
[89] K. Vistisen, H.E. Poulsen, S. Loft, Foreign compound metabolism capacity in man
measured from metabolites of dietary caffeine, Carcinogenesis 13 (1992)
1561–1568.
[90] K. Vistisen, S. Loft, H.E. Poulsen, Cytochrome P450 IA2 activity in man measured
by caffeine metabolism: effect of smoking, broccoli and exercise, in: C.M. Witmer,
R.R. Snyder, D.J. Jollow, G.F. Kalf, J.J. Kocsis, I.G. Sipes (Eds.), Biological
Reactive Intermediates IV: Molecular and Cellular Effects and Their Impact on
Human Health, Springer, Boston, MA, 1991, pp. 407–411.
[91] A.A. Kochanska-Dziurowicz, G. Janikowska, A. Bijak, A. Stanjek-Cichoracka,
U. Mazurek, The effect of maximal physical exercise on relationships between the
growth hormone (GH) and insulin-like growth factor 1 (IGF-1) and transcriptional
activity of CYP1A2 in young ice hockey players, J. Sports Med. Phys. Fitness 55
(2015) 158–163.
[92] H. Wietholtz, T. Zysset, H.-U. Marschall, K. Generet, S. Matern, The influence of
rifampin treatment on caffeine clearance in healthy man, J. Hepatol. 22 (1995)
78–81.
[93] W. Kalow, B.-K. Tang, Use of caffeine metabolite ratios to explore CYP1A2 and
xanthine oxidase activities, Clin. Pharmacol. Ther. 50 (1991) 508–519.
[94] M.S. Faber, A. Jetter, U. Fuhr, Assessment of CYP1A2 activity in clinical practice:
why, how, and when? Basic Clin. Pharmacol. Toxicol. 97 (2005) 125–134.
[95] M.M. Callahan, R.S. Robertson, M.J. Arnaud, A.R. Branfman, M.F. McComish,
D.W. Yesair, Human metabolism of [1-methyl-14C]- and [2-14C]caffeine after oral
administration, Drug Metab. Dispos. 10 (1982) 417–423.
[96] H.G. Mandel, Update on caffeine consumption, disposition and action, Food Chem,
Toxicol. 40 (2002) 1231–1234.
[97] V. Perera, A.S. Gross, A.J. McLachlan, Measurement of CYP1A2 activity: a focus on
caffeine as a probe, Curr. Drug Metab. 13 (2012) 667–678.
[98] V. Perera, A.S. Gross, A. Forrest, C.B. Landersdorfer, H. Xu, S. Ait-Oudhia,
A.J. McLachlan, A pharmacometric approach to investigate the impact of methylxanthine abstinence and caffeine consumption on CYP1A2 activity, Drug
Metab. Dispos. 41 (2013) 1957–1966.
[99] M. Poussel, A. Kimmoun, B. Levy, N. Gambier, F. Dudek, E. Puskarczyk, J.F. Poussel, B. Chenuel, Fatal cardiac arrhythmia following voluntary caffeine
overdose in an amateur body-builder athlete, Int. J. Cardiol. 166 (2013) e41–e42.
[100] G. Thelander, A.K. Jönsson, M. Personne, G.S. Forsberg, K.M. Lundqvist, J. Ahlner,
Caffeine fatalities – do sales restrictions prevent intentional intoxications? Clin.
Toxicol. 48 (2010) 354–358.
[101] J.W. Daly, D. Shi, O. Nikodijevic, K.A. Jacobson, The role of adenosine receptors in
the central action of caffeine, Pharmacopsychoecologia 7 (1994) 201–213.
[102] L. Yu, J.E. Coelho, X. Zhang, Y. Fu, A. Tillman, U. Karaoz, B.B. Fredholm, Z. Weng,
J.-F. Chen, Uncovering multiple molecular targets for caffeine using a drug target
validation strategy combining A2A receptor knockout mice with microarray profiling, Physiol. Genom. 37 (2009) 199–210.
[103] B.K. Kobilka, G protein coupled receptor structure and activation, Biochim.
Biophys. Acta Biomembr. 1768 (2007) 794–807.
[104] B.B. Fredholm, G. Arslan, L. Halldner, B. Kull, G. Schulte, W. Wasserman,
Structure and function of adenosine receptors and their genes, Naunyn
Schmiedebergs Arch. Pharmacol. 362 (2000) 364–374.
[105] K.A. Jacobson, C.E. Müller, Medicinal chemistry of adenosine, P2Y and P2X receptors, Neuropharmacology 104 (2016) 31–49.
[106] B.B. Fredholm, A.P. IJzerman, K.A. Jacobson, K.N. Klotz, J. Linden, International
union of pharmacology. XXV. Nomenclature and classification of adenosine receptors, Pharmacol. Rev. 53 (2001) 527–552.
[107] M. Porta, A.V. Zima, A. Nani, P.L. Diaz-Sylvester, J.A. Copello, J. Ramos-Franco,
L.A. Blatter, M. Fill, Single ryanodine receptor channel basis of caffeine’s action on
Ca2+ sparks, Biophys. J. 100 (2011) 931–938.
[108] A. Zulli, R.M. Smith, P. Kubatka, J. Novak, Y. Uehara, H. Loftus, T. Qaradakhi,
M. Pohanka, N. Kobyliak, A. Zagatina, J. Klimas, A. Hayes, G. La Rocca, M. Soucek,
P. Kruzliak, Caffeine and cardiovascular diseases: critical review of current research, Eur. J. Nutr. 55 (2016) 1331–1343.
[109] G. Santulli, D. Lewis, A. des Georges, A.R. Marks, J. Frank, Ryanodine receptor
structure and function in health and disease, in: J.R. Harris, E.J. Boekema (Eds.),
Membrane Protein Complexes: Structure and Function, Springer, Singapore, 2018,
pp. 329–352.
[110] S.L. Cockerill, J.S. Mitcheson, Direct block of human ether-a-go-go-related gene
potassium channels by caffeine, J. Pharmacol. Exp. Ther. 316 (2006) 860–868.
[111] J. Zheng, W. Zhao, K. Xu, Q. Chen, Y. Chen, Y. Shen, L. Xiao, L. Jiang, Y. Chen,
Interaction among hERG channel blockers is a potential mechanism of death in

caffeine overdose, Eur. J. Pharmacol. 800 (2017) 23–33.
[112] D. Shi, O. Nikodijević, K.A. Jacobson, J.W. Daly, Chronic caffeine alters the
density of adenosine, adrenergic, cholinergic, GABA, and serotonin receptors and
calcium channels in mouse brain, Cell. Mol. Neurobiol. 13 (1993) 247–261.
[113] S. Ferré, Mechanisms of the psychostimulant effects of caffeine: implications for
substance use disorders, Psychopharmacology 233 (2016) 1963–1979.
[114] M. Pohanka, P. Dobes, Caffeine inhibits acetylcholinesterase, but not butyrylcholinesterase, Int. J. Mol. Sci. 14 (2013) 9873–9882.
[115] D. Boison, Methylxanthines, seizures, and excitotoxicity, Handb. Exp. Pharmacol.
200 (2011) 251–266.
[116] J. Schmidt, P. Ferk, Safety issues of compounds acting on adenosinergic signalling,
J. Pharm. Pharmacol. 69 (2017) 790–806.
[117] M.L. Nurminen, L. Niittynen, R. Korpela, H. Vapaatalo, Coffee, caffeine and blood
pressure: a critical review, Eur. J. Clin. Nutr. 53 (1999) 831–839.
[118] D. Robertson, J.C. Frölich, R.K. Carr, J.T. Watson, J.W. Hollifield, D.G. Shand,
J.A. Oates, Effects of caffeine on plasma renin activity, catecholamines and blood
pressure, NEJM 298 (1978) 181–186.
[119] D. Turnbull, J.V. Rodricks, G.F. Mariano, F. Chowdhury, Caffeine and cardiovascular health, Regul. Toxicol. Pharmacol. 89 (2017) 165–185.
[120] K. Debrah, R. Haigh, R. Sherwin, J. Murphy, D. Kerr, Effect of acute and chronic
caffeine use on the cerebrovascular, cardiovascular and hormonal responses to
orthostasis in healthy volunteers, Clin. Sci. 89 (1995) 475–480.
[121] D. Robertson, D. Wade, R. Workman, R.L. Woosley, J.A. Oates, Tolerance to the
humoral and hemodynamic effects of caffeine in man, J. Clin. Investig. 67 (1981)
1111–1117.
[122] O. Emohare, V. Ratnam, Multiple cardiac arrests following an overdose of caffeine
complicated by penetrating trauma, Anaesthesia 61 (2006) 54–56.
[123] A. Schmidt, C. Karlson-Stiber, Caffeine poisoning and lactate rise: an overlooked
toxic effect? Acta Anaesthesiol. Scand. 52 (2008) 1012–1014.
[124] M.M. Walther, H.R. Keiser, W.M. Linehan, Pheochromocytoma: evaluation, diagnosis, and treatment, World J. Urol. 17 (1999) 35–39.
[125] R.E. Goldstein, J.A. O’Neill, G.W. Holcomb, W.M. Morgan, W.W. Neblett,
J.A. Oates, N. Brown, J. Nadeau, B. Smith, D.L. Page, N.N. Abumrad, H.W. Scott,
Clinical experience over 48 years with pheochromocytoma, Ann. Surg. 229 (1999)
755.
[126] K.R. Price, D.J. Fligner, Treatment of caffeine toxicity with esmolol, Ann. Emerg.
Med. 19 (1990) 44–46.
[127] L.K. Laskowski, L.S. Nelson, S.W. Smith, R.S. Hoffman, Authors’ response to:
“Beta-blocker treatment of caffeine-induced tachydysrhythmias”, Clin. Toxicol. 54
(2016) 467.
[128] M.G. Matera, C. Page, M. Cazzola, Doxofylline is not just another theophylline!,
Int. J. Chron. Obstruct. Pulmon. Dis. 12 (2017) 3487–3493.
[129] S. Basu, D.A. Barawkar, V. Ramdas, M. Patel, Y. Waman, A. Panmand, S. Kumar,
S. Thorat, M. Naykodi, A. Goswami, B.S. Reddy, V. Prasad, S. Chaturvedi,
A. Quraishi, S. Menon, S. Paliwal, A. Kulkarni, V. Karande, I. Ghosh, S. Mustafa,
S. De, V. Jain, E.R. Banerjee, S.R. Rouduri, V.P. Palle, A. Chugh, K.A. Mookhtiar,
Design and synthesis of novel xanthine derivatives as potent and selective A 2B
adenosine receptor antagonists for the treatment of chronic inflammatory airway
diseases, Eur. J. Med. Chem. 134 (2017) 218–229.
[130] P.J. Barnes, Theophylline, Am. J. Respir. Crit. Care Med. 188 (2013) 901–906.
[131] I. Rigato, L. Blarasin, F. Kette, Severe hypokalemia in 2 young bicycle riders due to
massive caffeine intake, Clin. J. Sport Med. 20 (2010) 128–130.
[132] F.J. Gennari, Hypokalemia, NEJM 339 (1998) 451–458.
[133] M.I. Lindinger, T.E. Graham, L.L. Spriet, Caffeine attenuates the exercise-induced
increase in plasma [K+] in humans, J. Appl. Physiol. 74 (1993) 1149–1155.
[134] T.E. Graham, L.L. Spriet, Metabolic, catecholamine, and exercise performance
responses to various doses of caffeine, J. Appl. Physiol. 78 (1995) 867–874.
[135] R.T. Jung, P.S. Shetty, W.P.T. James, M.A. Barrand, B.A. Callingham, Caffeine: its
effect on catecholamines and metabolism in lean and obese humans, Clin. Sci. 60
(1981) 527–535.
[136] G.H. Kamimori, D.M. Penetar, D.B. Headley, D.R. Thorne, R. Otterstetter,
G. Belenky, Effect of three caffeine doses on plasma catecholamines and alertness
during prolonged wakefulness, Eur. J. Clin. Pharmacol. 56 (2000) 537–544.
[137] A.P. Passmore, G.B. Kondowe, G.D. Johnston, Caffeine and hypokalemia, Ann.
Intern. Med. 105 (1986) 468.
[138] B.B. Fredholm, J. Yang, Y. Wang, Low, but not high, dose caffeine is a readily
available probe for adenosine actions, Mol. Asp. Med. 55 (2017) 20–25.
[139] H.R. Mellor, A.R. Bell, J.-P. Valentin, R.R.A. Roberts, Cardiotoxicity associated
with targeting kinase pathways in cancer, Toxicol. Sci. 120 (2011) 14–32.
[140] S. Ishigaki, H. Fukasawa, N. Kinoshita-Katahashi, H. Yasuda, H. Kumagai,
R. Furuya, Caffeine intoxication successfully treated by hemoperfusion and hemodialysis, Intern. Med. 53 (2014) 2745–2747.
[141] E. Colin-Benoit, R. Friolet, M. Rusca, D. Teta, N. Gobin, Combination of hemodialysis and hemofiltration in severe caffeine intoxication, Néphrol, Thér. 13
(2017) 183–187.
[142] X. Qi, J. Xu, F. Wang, J. Xiao, Translocator protein (18 kDa): a promising therapeutic target and diagnostic tool for cardiovascular diseases, Oxid. Med. Cell.
Longev. 2012 (2012) 1–9.
[143] F. Li, J. Liu, N. Liu, L.A. Kuhn, R.M. Garavito, S. Ferguson-Miller, Translocator
protein 18 kDa (TSPO): an old protein with new functions? Biochemistry 55
(2016) 2821–2831.
[144] Y. Guo, R.C. Kalathur, Q. Liu, B. Kloss, R. Bruni, C. Ginter, E. Kloppmann, B. Rost,
W.A. Hendrickson, Structure and activity of tryptophan-rich TSPO proteins,
Science 347 (2015) 551–555.
[145] L.K. Laskowski, J.A. Henesch, L.S. Nelson, R.S. Hoffman, S.W. Smith, Start me up!
Recurrent ventricular tachydysrhythmias following intentional concentrated

1151

Toxicology Reports 5 (2018) 1140–1152

C. Willson
caffeine ingestion, Clin. Toxicol. 53 (2015) 830–833.
[146] J.R. Richards, E.A. Ramoska, I.C. Sand, Beta-blocker treatment of caffeine-induced
tachydysrhythmias, Clin. Toxicol. 54 (2016) 466.
[147] A. King, M. Dimovska, L. Bisoski, Sympathomimetic toxidromes and other pharmacological causes of acute hypertension, Curr. Hypertens. Rep. 20 (2018) 8.
[148] J.W. Schurr, B. Gitman, Y. Belchikov, Controversial therapeutics: the β-adrenergic
antagonist and cocaine-associated cardiovascular complications dilemma,
Pharmacotherapy 34 (2014) 1269–1281.
[149] J.R. Richards, J.E. Hollander, E.A. Ramoska, F.N. Fareed, I.C. Sand,
M.M. Izquierdo Gómez, R.A. Lange, β-blockers, cocaine, and the unopposed αstimulation phenomenon, J. Cardiovasc. Pharmacol. Ther. 22 (2017) 239–249.
[150] K. Freeman, J.A. Feldman, Cocaine, myocardial infarction, and β-blockers: time to
rethink the equation? Ann. Emerg. Med. 51 (2008) 130–134.
[151] J.R. Richards, R.A. Lange, T.C. Arnold, B.Z. Horowitz, Dual cocaine and methamphetamine cardiovascular toxicity: rapid resolution with labetalol, Am. J.
Emerg. Med. 35 (2017) 519 e511–519.e514.
[152] J.R. Richards, J.B. Gould, E.G. Laurin, T.E. Albertson, Metoprolol treatment of
dual cocaine and bupropion cardiovascular and central nervous system toxicity,
Clin. Exp. Emerg. Med. (2018), https://doi.org/10.15441/ceem.17.247.
[153] C. Fabrizio, M. Desiderio, R.F. Coyne, Electrocardiogram abnormalities of caffeine
overdose, Circulation 9 (2016) e003088.
[154] L.L.C. Amazon, Genius Caffeine (Accessed 30 August 2017), https://www.amazon.
com/GENIUS-CAFFEINE-Microencapsulated-Supplement-Preworkout/dp/
B01IRFX4NY.
[155] M. Schmidt, H. Farna, I. Kurcova, S. Zakharov, M. Fric, P. Waldauf, Z. Ilgova,
J. Pazout, J. Pachl, F. Duska, Succesfull treatment of supralethal caffeine overdose
with a combination of lipid infusion and dialysis, Am. J. Emerg. Med. 33 (2015)
738 e735–738.e737.
[156] R.V. Nagesh, K.A. Murphy, Caffeine poisoning treated by hemoperfusion, Am. J.
Kidney Dis. 12 (1988) 316–318.
[157] K. LaCapria, Coroner Rules South Carolina Teen Died of Rare Caffeine-Induced
Arrhythmia (Accessed 28 August 2017), http://www.snopes.com/2017/05/16/
caffeine-death/.
[158] Anon, SC Teen Dies After Drinking Large Diet Soda, Latte, Energy Drink, Coroner
Says (Accessed 28 August 2017), http://www.wyff4.com/article/sc-teen-diesafter-drinking-large-diet-soda-latte-energy-drink-coroner-says/9655272.
[159] G. Watts, Press Release, http://rccosc.com/news-2015-archive/. (Accessed 28
August 2017).
[160] Anon, Parents Warn of Dangers of Caffeine Following the Death of Their 16-YearOld Son Who Suffered Heartbeat Issues After Consuming MountainDew, Energy
Drink and Coffee in 40 Minutes (Accessed 5 September 2018), http://www.
dailymail.co.uk/news/article-5610387/Parents-warn-teens-energy-drinks-16year-old-son-died-drinking-caffeine.html.
[161] Anon, Davis Cripe Age, Death Cause, Biography, Facts & More (Accessed 28
August 2017), http://starsunfolded.com/davis-cripe/.
[162] K.H. Chou, L.N. Bell, Caffeine content of prepackaged national-brand and privatelabel carbonated beverages, J. Food Sci. 72 (2007) C337–C342.
[163] McDonalds’s Corp, Full Menu (Accessed 28 August 2017), https://www.
mcdonalds.com/us/en-us/full-menu.html.
[164] S. Bangalore, S. Parkar, F.H. Messerli, “One” cup of coffee and nuclear SPECT to
go, J. Am. Coll. Cardiol. 49 (2007) 528.
[165] Center for Science in the Public Interest (CSPI), Caffeine Chart (Accessed 28
August 2017), https://cspinet.org/eating-healthy/ingredients-of-concern/
caffeine-chart.
[166] A.O. Musaiger, S. Hammad, R. Tayyem, Caffeine content in beverages commonly
consumed in Jordan, Pak. J. Nutr. 14 (2015) 447–452.
[167] D.C. Mitchell, J. Hockenberry, R. Teplansky, T.J. Hartman, Assessing dietary exposure to caffeine from beverages in the U.S. Population using brand-specific
versus category-specific caffeine values, Food Chem. Toxicol. 80 (2015) 247–252.
[168] J.E. Turner, R.H. Cravey, A fatal ingestion of caffeine, Clin. Toxicol. 10 (1977)
341–344.
[169] J.P. Higgins, K.M. Babu, Caffeine reduces myocardial blood flow during exercise,
Am. J. Med. 126 (2013) 730 e731–730.e738.
[170] A. El-Sohemy, M.C. Cornelis, E.K. Kabagambe, H. Campos, Coffee, CYP1A2 genotype and risk of myocardial infarction, Genes Nutr. 2 (2007) 155–156.
[171] M.C. Cornelis, A. El-Sohemy, E.K. Kabagambe, H. Campos, Coffee, CYP1A2 genotype, and risk of myocardial infarction, JAMA 295 (2006) 1135–1141.
[172] M.C. Cornelis, A. El-Sohemy, H. Campos, Genetic polymorphism of CYP1A2 increases the risk of myocardial infarction, J. Med. Genet. 41 (2004) 758–762.
[173] A. Yang, A.A. Palmer, H. de Wit, Genetics of caffeine consumption and responses
to caffeine, Psychopharmacology 211 (2010) 245–257.
[174] P. Palatini, G. Ceolotto, F. Ragazzo, F. Dorigatti, F. Saladini, I. Papparella, L. Mos,
G. Zanata, M. Santonastaso, CYP1A2 genotype modifies the association between
coffee intake and the risk of hypertension, J. Hypertens. 27 (2009) 1594–1601.
[175] R. Ghotbi, M. Christensen, H.-K. Roh, M. Ingelman-Sundberg, E. Aklillu,
L. Bertilsson, Comparisons of CYP1A2 genetic polymorphisms, enzyme activity
and the genotype-phenotype relationship in Swedes and Koreans, Eur. J. Clin.
Pharmacol. 63 (2007) 537–546.
[176] L.S. Lundsberg, Caffeine consumption, in: G.A. Spiller (Ed.), Caffeine, CRC Press,
Boca Raton, FL, 1998, pp. 199–224.
[177] R.M. Santos, K. Cotta, S. Jiang, D.R.A. Lima, Does CYP1A2 genotype influence
coffee consumption? Austin J. Pharmacol. Ther. 3 (2015) 1065.

[178] J.J. Ye, E.E. Nagy, J.T. Millard, The influence of CYP1A2 genotype on caffeine
consumption habits and athletic performance enhancement in collegiate distance
runners, FASEB J. 31 (2017) lb738–lb738.
[179] J.D. Momper, Y. Mulugeta, D.J. Green, A. Karesh, K.M. Krudys, H.C. Sachs,
L.P. Yao, G.J. Burckart, Adolescent dosing and labeling since the food and drug
administration amendments act of 2007, JAMA Pediatr. 167 (2013) 926.
[180] B.J. Anderson, T.R. Gunn, N.H. Holford, R. Johnson, Caffeine overdose in a premature infant: clinical course and pharmacokinetics, Anaesth. Intensive Care 27
(1999) 307–311.
[181] M.J. Kennedy, Hormonal regulation of hepatic drug-metabolizing enzyme activity
during adolescence, Clin. Pharmacol. Ther. 84 (2008) 662–673.
[182] G.T. Jong, Pediatric development: physiology. enzymes, drug metabolism, pharmacokinetics and pharmacodynamics, in: D. Bar-Shalom, K. Rose (Eds.), Pediatric
Formulations: A Roadmap, Springer, New York, NY, 2014, pp. 9–23.
[183] A.B. Becker, K.J. Simons, C.A. Gillespie, F.E.R. Simons, The bronchodilator effects
and pharmacokinetics of caffeine in asthma, NEJM 310 (1984) 743–746.
[184] J. Alcorn, P.J. McNamara, Pharmacokinetics in the newborn, Adv. Drug Deliv.
Rev. 55 (2003) 667–686.
[185] E. Fernandez, R. Perez, A. Hernandez, P. Tejada, M. Arteta, J. Ramos, Factors and
mechanisms for pharmacokinetic differences between pediatric population and
adults, Pharmaceutics 3 (2011) 53–72.
[186] N. Rakhmanina, J. Vandenanker, Pharmacological research in pediatrics: from
neonates to adolescents, Adv. Drug Deliv. Rev. 58 (2006) 4–14.
[187] Z. Tang, M.A. Diamond, J.M. Chen, T.A. Holly, R.O. Bonow, A. Dasgupta,
T. Hyslop, A. Purzycki, J. Wagner, D.M. McNamara, T. Kukulski, S. Wos,
E.J. Velazquez, K. Ardlie, A.M. Feldman, Polymorphisms in adenosine receptor
genes are associated with infarct size in patients with ischemic cardiomyopathy,
Clin. Pharmacol. Ther. 82 (2007) 435–440.
[188] M. Koupenova, H. Johnston-Cox, K. Ravid, Regulation of atherosclerosis and associated risk factors by adenosine and adenosine receptors, Curr. Atheroscler. Rep.
14 (2012) 460–468.
[189] J.P. Headrick, R.D. Lasley, Adenosine receptors and reperfusion injury of the
heart, Handb. Exp. Pharmacol. 193 (2009) 189–214.
[190] E.A. Fletcher, C.S. Lacey, M. Aaron, M. Kolasa, A. Occiano, S.A. Shah, Randomized
controlled trial of high-volume energy drink versus caffeine consumption on ecg
and hemodynamic parameters, J. Am. Heart Assoc. 6 (2017) e004448.
[191] A. Enriquez, D.S. Frankel, Arrhythmogenic effects of energy drinks, J. Cardiovasc.
Electrophysiol. 28 (2017) 711–717.
[192] G. Lippi, G. Cervellin, F. Sanchis-Gomar, Energy drinks and myocardial ischemia: a
review of case reports, Cardiovasc. Toxicol. 16 (2015) 207–212.
[193] F. Sanchis-Gomar, H. Pareja-Galeano, G. Cervellin, G. Lippi, C.P. Earnest, Energy
drink overconsumption in adolescents: implications for arrhythmias and other
cardiovascular events, Can. J. Cardiol. 31 (2015) 572–575.
[194] K.A. Dufendach, J.M. Horner, B.C. Cannon, M.J. Ackerman, Congenital type 1 long
QT syndrome unmasked by a highly caffeinated energy drink, Heart Rhythm 9
(2012) 285–288.
[195] A.J. Moss, P.J. Schwartz, R.S. Crampton, D. Tzivoni, E.H. Locati, J. MacCluer,
W.J. Hall, L. Weitkamp, G.M. Vincent, A. Garson, The long QT syndrome.
Prospective longitudinal study of 328 families, Circulation 84 (1991) 1136–1144.
[196] P.J. Kannankeril, B.M. Mitchell, S.A. Goonasekera, M.G. Chelu, W. Zhang, S. Sood,
D.L. Kearney, C.I. Danila, M. De Biasi, X.H.T. Wehrens, R.G. Pautler, D.M. Roden,
G.E. Taffet, R.T. Dirksen, M.E. Anderson, S.L. Hamilton, Mice with the R176Q
cardiac ryanodine receptor mutation exhibit catecholamine-induced ventricular
tachycardia and cardiomyopathy, Proc. Natl. Acad. Sci. U. S. A. 103 (2006)
12179–12184.
[197] I. Aiba, X.H.T. Wehrens, J.L. Noebels, Leaky RyR2 channels unleash a brainstem
spreading depolarization mechanism of sudden cardiac death, Proc. Natl. Acad.
Sci. U. S. A. 113 (2016) E4895–E4903.
[198] M. Hayashi, W. Shimizu, C.M. Albert, The spectrum of epidemiology underlying
sudden cardiac death, Circ. Res. 116 (2015) 1887–1906.
[199] R.D. Bagnall, R.G. Weintraub, J. Ingles, J. Duflou, L. Yeates, L. Lam, A.M. Davis,
T. Thompson, V. Connell, J. Wallace, C. Naylor, J. Crawford, D.R. Love, L. Hallam,
J. White, C. Lawrence, M. Lynch, N. Morgan, P. James, D. du Sart, R. Puranik,
N. Langlois, J. Vohra, I. Winship, J. Atherton, J. McGaughran, J.R. Skinner,
C. Semsarian, A prospective study of sudden cardiac death among children and
young adults, NEJM 374 (2016) 2441–2452.
[200] D. Wang, K.R. Shah, S.Y. Um, L.S. Eng, B. Zhou, Y. Lin, A.A. Mitchell, L. Nicaj,
M. Prinz, T.V. McDonald, B.A. Sampson, Y. Tang, Cardiac channelopathy testing in
274 ethnically diverse sudden unexplained deaths, Forensic Sci. Int. 237 (2014)
90–99.
[201] C. Basso, E. Carturan, K. Pilichou, S. Rizzo, D. Corrado, G. Thiene, Sudden cardiac
death with normal heart: molecular autopsy, Cardiovasc. Pathol. 19 (2010)
321–325.
[202] U.S. Department of Health and Human Services Food and Drug Administration
Center for Food Safety and Applied Nutrition, Highly Concentrated Caffeine in
Dietary Supplements: Guidance for Industry, U.S. Department of Health and
Human Services Food and Drug Administration Center for Food Safety and
Applied Nutrition, College Park, MD, 2018.
[203] B. Campbell, C. Wilborn, P. La Bounty, L. Taylor, M.T. Nelson, M. Greenwood,
T.N. Ziegenfuss, H.L. Lopez, J.R. Hoffman, J.R. Stout, S. Schmitz, R. Collins,
D.S. Kalman, J. Antonio, R.B. Kreider, International society of sports nutrition
position stand: energy drinks, J. Int. Soc. Sports Nutr. 10 (2013) 1.

1152

