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Globally, the popularity of energy drinks is steadily increasing. Scientific interest in their effects on cardiovascular and cerebrovascular systems in
humans is also expanding and with it comes a growing number of case reports of adverse events associated with energy drinks. The vast

majority of studies carried out in the general population report effects on blood pressure and heart rate. However, inconsistencies in the current
literature render it difficult to draw firm conclusions with regard to the effects of energy drinks on cardiovascular and cerebrovascular
variables. These inconsistencies are due, in part, to differences in methodologies, volume of drink ingested, and duration of postconsumption
measurements, as well as subject variables during the test. Recent well-controlled, randomized crossover studies that used continuous beat-to-beat
measurements provide evidence that cardiovascular responses to the ingestion of energy drinks are best explained by the actions of caffeine

and sugar, with little influence from other ingredients. However, a role for other active constituents, such as taurine and glucuronolactone, cannot
be ruled out. This article reviews the potentially adverse hemodynamic effects of energy drinks, particularly on blood pressure and heart rate,
and discusses the mechanisms by which their active ingredients may interact to adversely affect the cardiovascular system. Research areas and gaps
in the literature are discussed with particular reference to the use of energy drinks among high-risk individuals. Adv Nutr 2016;7:950-60.
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Introduction

One substantial subcategory of soft drinks that is considered
to be one of the most popular is represented by energy
drinks (EDs). Indeed, the popularity of EDs has substantially
increased since their introduction around 1960 (1), and this
subcategory been found to be one of the fastest growing seg-
ments in the beverage industry (2). The majority of EDs are
targeted toward young adults aged between 18 and 34 y, with
a reported consumption frequency of 1-4 EDs/mo (3); and
approximately half of college student “ED users” consumed
EDs while studying or working on a major project (3). To
date, there exists an abundance and variety of EDs on the
market, with >200 brands in the United States alone (4).
However, only a few dominate the market, and there is
not much difference in caffeine and sugar content when
comparing the market leaders (Table 1). At the beginning
of the 21st century, early concerns arose about the safety
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of EDs because they had been linked to cardiovascular com-
plications (8), which led to sales restrictions and even bans
in some European countries (9). Although these restrictions
have since been lifted (10), Lithuania was the first European
country to ban ED sales for minors (11) and, currently, the
European Union is considering a sales ban of EDs for per-
sons <18 y (12).

A recent clinical review focused on adverse health events
in response to the ingestion of EDs and found that >50% of
their included case reports were related to the cardiovascular
system, followed by neurological issues (13). Moreover,
there are 8 case reports in which large intakes of EDs were
found to be associated with myocardial ischemia, with no
additional triggers in the majority of cases (14). Increasing
evidence of negative cardiovascular effects in response to
ED consumption was recently highlighted by Sanchis-
Gomar et al. (15), thereby providing specific recommenda-
tions for adolescents to prevent cardiac arrhythmias (16).
Furthermore, with the use of beat-to-beat hemodynamic
measurements in young healthy humans, work from our
laboratory previously showed that blood pressure and other
cardiovascular variables increased acutely in response to the

©2016 American Society for Nutrition. Adv Nutr 2016;7:950-60; doi:10.3945/an.116.012526.
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TABLE 1 ED market leaders in the United States including their caffeine and sugar contents’

Market size in the Caffeine (6), Sugars (7), g/100 g

United States (5), % mg/100 g Total Fructose Glucose Sucrose
Red Bull 43 29 10.22 163 340 5.19
Monster 39 33 10.93 239 411 443
Rockstar 10 33 12.26 3.59 6.03 265
NOS 3 34 11.25 — — —
Amp 3 31 12.08 — — —
Mean = SD NA 32+ 2 1135 = 0.84 254 £ 099 451 = 136 409 = 130

" Red Bull, Red Bull GmbH; Monster, Monster Beverage; Rockstar, Rockstar, Inc; NOS, Monster Beverage; Amp, PepsiCoA. ED, energy drink; NA, not applicable; —, content un-

known, but ingredients include high-fructose corn syrup.

ingestion of 1 can (355 mL) of a sugar-sweetened ED (17).
This observation, which was confirmed by subsequent stud-
ies from our laboratory (18, 19), provided evidence that ED
consumption negatively affected the hemodynamic system
(Figure 1). The extent to which the various ingredients pre-
sent in EDs contribute to their acute cardiovascular effects
are reviewed and discussed in the following sections.

EDs and Hemodynamics: Overall Effects

A number of studies investigating the cardio- and cerebrovascu-
lar impact of EDs in young healthy subjects primarily showed
myocardial effects, particularly on blood pressure and heart
rate. Recent studies that used beat-to-beat measurements (17)
showed that the ingestion of 1 can of a sugar-sweetened ED
(355-mL drink volume) resulted in an augmented workload
to the heart as evidenced by elevated blood pressure, heart
rate, cardiac output, and double product values (17); the inges-
tion of the ED did not lead to a deterioration of microvascular
endothelial function in response to acetylcholine, which
suggests that impaired endothelial function, at least in the mi-
crovasculature, is unlikely to account for the blood pressure—
elevating effect of the ED (17). An interesting and seemingly
novel finding of this study was that the ED diminished cerebral
blood flow velocity and increased the cerebrovascular resistance
index, which could at least partly be explained by an increase in
breathing frequency and the secondary reduction in end-tidal
carbon dioxide (17). In a follow-up study, which also used
beat-to-beat measurement techniques, it was found that the in-
gestion of the ED during a mental challenge imposed a cumu-
lative cardiovascular load and reduced cerebral blood flow
velocity (18). Moreover, under resting conditions, we confirmed

—{ Ingestion of sugar-sweetened energy drinks

v

our previous findings with regard to an overall adverse hemo-
dynamic profile in response to the ingestion of an ED (18).
In agreement with the findings of our study (19) on the
predominantly myocardial effects of sugar-sweetened EDs
are the following: I) a report that the consumption of a sugar-
sweetened Monster ED (Monster Beverage; 2.0 mg caffeine/kg
and 0.65 g sugar/kg) significantly elevated heart rate after 60
min compared with the placebo control (20), 2) a study in
which blood pressure and heart rate responses to a sugar-
sweetened ED (Rockstar, Rockstar, Inc.; 240 mg caffeine
and ~62 g sugar) resulted in significantly elevated blood
pressure values (systolic blood pressure: +6.6 mm Hg; dia-
stolic blood pressure: +4.2 mm Hg) compared with a sugar-
matched placebo (21), and 3) findings from current studies
evaluating the impact of sugar-free caffeinated energy shots
[5-h Energy; 200 mg and 215 mg caffeine] on cardiovascular
variables that showed that blood pressure variables signifi-
cantly increased whereas heart rate did not change (22, 23).
Moreover, repeated intakes of an ED [8.3 oz of a Red Bull
ED (Red Bull GmbH) 4 times over 24 h; 1 oz = 30 mL] in-
creased blood pressure variables when compared with a water
drink with equivalent amounts of caffeine (8 oz water with
80 mg caffeine) (24). On the basis of the aforementioned liter-
ature, it seems evident that EDs adversely affect the hemody-
namic system, the magnitude and side effects of which
depend largely on their caffeine and sugar content.

EDs and Hemodynamics: Discrepancies
between Studies

The effects of EDs on changes in blood pressure and heart
rate are not always consistent, however (Table 2). A number

FIGURE 1 Hemodynamic
consequences of consumption of

[ Blood pressure T ] [ Heart rate T J

[ Cerebral blood flow velocity l]

a commercially available, sugared
energy drink. |, diminished; 1,

+ +

— [ Cardiac workload | J -

elevated; +, enhancing.
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of suggestions can be put forward to potentially explain these
apparent discrepancies, including differences in the duration
of postconsumption measurements, differences in methodol-
ogies (continuous compared with discontinuous blood pres-
sure measurement), and differences in volume load, as well as
in the subject’s condition before and during the test (posture).
These factors are discussed below in more detail.

Duration of postconsumption measurements. Although
the literature is somewhat inconsistent with regard to dura-
tion, the importance of assessing the cardiovascular effects
of EDs for a set duration postconsumption has been shown
in numerous studies and is worth mentioning. An analysis
of the time course of changes in blood pressure and heart
rate in our study indicated that differences in response to
a sugar-sweetened ED compared with a water control only
became significant from 60 min postconsumption, with
peak values being reached between 80 and 100 min (17).
In line with these findings, a number of groups did not
find blood pressure or heart rate to be increased by EDs
for measurement periods of <60 min: Alford et al. (25)
and Baum and Weiss (26) did not show a blood pressure—
elevating effect of 250 or 500 mL of Red Bull at 30 and
40 min postconsumption, respectively, whereas another study
by Bichler et al. (28) did not show a change in blood pressure
or heart rate up to 45 min after ingesting capsules containing
100 mg caffeine and 1000 mg taurine (i.e., in amounts
equivalent to those found in a 250-mL Red Bull ED).

In support of these studies are those that measured cardio-
vascular parameters for =60 min; for example, Elitok et al.
(37) reported an increase in heart rate and blood pressure
in response to the ingestion of 355 mL sugared Red Bull
at 60 and 120 min postconsumption, whereas Worthley
et al. (32) showed an increase in blood pressure at 60 min
postconsumption of 250 mL of a sugar-free Red Bull-like
drink with no change observed after carbonated water inges-
tion. Moreover, Steinke et al. (30) showed significant increases
in heart rate (+5-7 beats/min), as well as in systolic and dia-
stolic blood pressure (+4-8 mm Hg) between 60 and 240 min
postconsumption of 500 mL of an ED that was similar in
composition to Red Bull.

In contrast to the aforementioned studies, a recent study
that investigated cardiovascular responses to a 480-mL
Rockstar ED (240 mg caffeine and ~62 g of sugar) observed
significantly elevated blood pressure values 30 min after in-
gestion (21). This controversial observation could be due to
differences between the EDs in terms of the amounts of caf-
feine (~114 compared with 240 mg) and sugar (~39 com-
pared with ~62 g) (i.e., 355 mL of a sugared Red Bull used
in our study compared with 480 mL of a sugared Rockstar
ED). However, taking into account that we observed a gradual
blood pressure increase with peak responses between 80 and
100 min postconsumption (17), it is possible that peak blood
pressure responses in the study by Svatikova et al. (21) could
not be reached within the 30-min measurement period. Thus,
unless the assessment of cardiovascular responses to EDs is
conducted over periods of =60 min, there is a high risk of

954 Grasser et al.

I) false-negative results and 2) the possibility of underestimat-
ing their real cardiovascular impact (39, 40).

Methodologies: continuous compared with discontinuous
blood pressure measurements. The acute cardiovascular re-
sponses to sugar-sweetened EDs have been shown to differ
between studies. In particular, blood pressure was shown by
some to be increased in response to a sugar-sweetened ED,
whereas others found no effect. Another possible explanation
for these differences may relate to the fact that these studies
used different methodologic approaches for measuring blood
pressure. In work by our group, blood pressure was assessed
by continuous beat-by-beat hemodynamic measurements
(17-19), whereas other studies used an automated sphygmo-
manometer only occasionally throughout the experiment. It
is possible that such infrequent measurements may lack the
degree of accuracy required to detect significant, modest
changes in blood pressure. For example, in a double-blind
experiment, Ragsdale et al. (31) randomly assigned 68 partic-
ipants to consume either 250 mL of an ED or a control
drink, but they reported no changes in blood pressure over a
120-min postconsumption period with blood pressure as-
sessed by arm cuff only at 0, 60, and 120 min postconsump-
tion. Similarly, by using a mercury sphygmomanometer to
assess blood pressure variables, Hajsadeghi et al. (38) investi-
gated the cardiovascular impact of 250 mL of an ED in young
healthy subjects and showed no significant changes in blood
pressure at 30 min and at 120 min postconsumption. In light
of our findings that both systolic and diastolic blood pressures
peak at 80-100 min postconsumption, one cannot disregard
the possibility that an increase in blood pressure at 60 min
postconsumption of the ED in the study by Ragsdale et al. (31)
and at 120 min postconsumption in the study by Hajsadeghi
etal. (38) may have been detected as a significant increase if
blood pressure had been measured continuously over the
120-min test period.

Differences in volume load. Differential acute cardiovascu-
lar responses across the various studies could also result
from differences in the volume of the ED ingested, thereby
reflecting differences in the water load, as well as in the
amount of active ingredients consumed (Table 2). Indeed,
the 30% lesser volume of the EDs used in the study by Ragsdale
et al. (31) and Hajsadeghi et al. (38) than that used in our
study (250 compared with 355 mL) could have contributed
to the lack of a significant increase in blood pressure mea-
sured over 120 min. Furthermore, although in the study
by Worthley et al. (32) 250 mL of a sugar-free ED was found
to elevate mean blood pressure at 60 min postconsumption,
the increase in mean blood pressure (~3.5 mm Hg) was less
than that observed at the same time point in our study with
355 mL of Red Bull (~5 mm Hg at 60 min postconsump-
tion) (17). The potential importance of the volume of the
ED ingested on the cardiovascular system may also be under-
scored by the observation that the increases in systolic and di-
astolic blood pressures in response to 355 mL of Red Bull in
our study (17) were ~2 mm Hg less than those reported in
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Potential vasoactive components in an RB

energy drink

|

Sucrose Taurine
(glucose + fructose)

Vitamins B3, B5, B6, and
B12

J |
1

| |
2 e |

l

1

‘ ?
> = Blood pressure -—
+

v

+ <

FIGURE 2 Potential vasoactive components contained in a commercially available, sugared RB energy drink and their hemodynamic
impact. Interactions between distinct components are not included. CO, cardiac output; EndoF, endothelial function; HR, heart rate; RB,
Red Bull (Red Bull GmbH); SV, stroke volume; TPR, total peripheral resistance; |, diminished; 1, elevated; ?, not yet investigated; +,

enhancing; -, attenuating.

the study by Steinke et al. (30) in response to 500 mL of an ED
with a composition similar to that of Red Bull. This conten-
tion is further substantiated by findings from Svatikova et al.
(21) in which 480 mL of a Rockstar ED, containing 240 mg
caffeine and ~62 g sugar, substantially elevated blood pres-
sure 30 min after ingestion. Furthermore, Passmore et al.
(41), in their investigation in healthy male subjects of cardio-
vascular and renal effects of increasing oral doses of caffeine,
observed a linear dose-response relation for systolic blood
pressure, a finding that is in agreement with the aforemen-
tioned studies in which increasing volume loads, and there-
fore increasing amounts of caffeine, affected blood pressure.

Differences in posture during measurement. It is well es-
tablished that posture has a significant impact on blood
pressure variables and heart rate in a resting condition
(42—-44), as well as in responses to specific cardiovascular
maneuvers (44), an effect that was suggested to be caused
by changes in the intrathoracic blood volume (44). A recent
publication investigated the cardiovascular impact of an ED
in young healthy subjects and observed that heart rate was
significantly lower at 30 and 120 min postconsumption
than at baseline levels (38). In this study, heart rate was mea-
sured discontinuously at 30, 120, and 240 min postcon-
sumption by using a Cardioline AR1200 with the subject
in a supine position, whereas blood pressure variables
were measured in a sitting position after a resting period
of 5 min, which indicates a change in body posture between
heart rate and blood pressure measurements (38). There-
fore, it is possible that a posture change during measure-
ments as well as the position itself [i.e., a sitting position

in our studies (17-19) compared with a supine position in
the studies of Hajsadeghi et al. (38) for heart rate assess-
ment] influence the heart rate response to ED ingestion.

EDs and Hemodynamic Effects: Role of
Ingredients

On the basis of a recent publication (19) it appears that caf-
feine and sugar are key ingredients underlying the hemody-
namic impact of EDs on the human cardiovascular system
(Figure 2), with other substances (i.e., taurine, vitamin B
complex) playing only a minor role, if any. To further
strengthen this hypothesis, we describe in more detail the car-
dio- and cerebrovascular impact of either caffeine or sugar,
particularly for the heart rate response. It should also be noted
that because hepatic cytochromes P450 (CYPs), in particular
CYP1A2, are important for the metabolism of caffeine in the
human body, it could be possible that CYP1A2 polymor-
phisms can influence cardiovascular responses to EDs.

Impact of caffeine

A major concern about the use of EDs relates to their caf-
feine content and its potential effect on blood pressure. Caf-
feine, the main active metabolite in EDs, is known to activate
the sympathetic nervous system and to act as an antagonist
of the neuromodulator adenosine (45). Because the func-
tions of adenosine are largely inhibitory, caffeine has the
potential to stimulate and potentiate sympathomimetic
actions, leading to elevations in blood pressure (46).
The content of caffeine in caffeinated beverages ranges
from 2.8 mg/fluid ounce (fl 0z) (9.5 mg/100 mL) in a clas-
sic Coca Cola [Pepsi Cola: 3.2 mg/fl oz (10.8 mg/100 mL)]
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to 51.3 mg/fl oz (173.4 mg/100 mL) in an espresso coffee,
with ED caffeine contents ranging between these 2 ex-
tremes [e.g., Red Bull: 9.5 mg/fl oz (32.1 mg/100 mL); Rock-
star: 9.4 mg/fl oz (31.8 mg/100 mL); Monster: 10.0 mg/fl oz
(33.8 mg/100 mL)] (6). Acute ingestion of caffeine or caffein-
ated beverages has also been shown to increase blood pressure
(47-49), although the outcome of these studies are heteroge-
neous because caffeine doses, method of dosage, subject popu-
lation, and study design were variable. In particular, habitual
caffeine intake of individuals as a factor in determining their
differential blood pressure responses to the same dose of caf-
feine or caffeinated beverages has often been emphasized. Un-
der resting conditions, caffeine causes an increase in blood
pressure in caffeine-withdrawn subjects (50), whereas habit-
ual coffee drinkers exhibited less or no effect of caffeine on
blood pressure (51). Furthermore, caffeine-naive individuals
may rapidly develop tolerance to its pressor effects over 2-3 d.
However, other studies found that some people do not de-
velop tolerance to the blood pressure—elevating effects of caf-
feine (52) and supplementation with caffeine alone has also
been reported to evoke similar changes in blood pressure in
habitual and nonhabitual caffeine users (53). Post hoc analy-
ses conducted with the use of data from our studies (17, 18)
also found no differences between habitual and nonhabitual
caffeine users in the effect of the ED in increasing blood pres-
sure after 24 h of caffeine avoidance.

In general, the ingestion of an amount of caffeine equiv-
alent to 1-3 cups coffee (80—-240 mg caffeine) appears to re-
sult in an increase in systolic blood pressure of 4-9 mm Hg
and in diastolic blood pressure of 2-4 mm Hg. In a study by
Hodgson et al. (49) in overnight-fasted, healthy adults who
consumed 3 cups tea (~150 mg caffeine) over a 3-h period,
increases in systolic blood pressure (+9 mm Hg) were higher
than those observed in our studies (+5-6 mm Hg) (17-19).
The lower amount of caffeine in our ED (~114 g) could ac-
count for some of these apparent differences in blood pres-
sure responses between our study and the above-mentioned
study that used tea because of a likely dose-response relation
of caffeine on blood pressure variables (49). One possible
mechanistic explanation for caffeine-induced increases in
blood pressure could be related to its potential negative im-
pact on endothelial function. Comparing caffeinated (80 mg
caffeine) with decaffeinated coffee, Papamichael et al. (54)
found, in young healthy subjects, an impaired endothelium-
dependent, flow-mediated dilation in response to the caf-
feinated, but not to the decaffeinated, coffee. However, by
using a microvascular endothelial function approach to
assess endothelium-dependent vascular effects in response
to an ED (~114 mg caffeine), we did not find a change in
microvascular endothelial function (17). This latter finding
is in agreement with a recent study in which endothelial
function was investigated in response to different EDs and
coffee (55). Molnar and Somberg (55) observed improved
endothelial function in 2 of 3 EDs, whereas 1 ED and the
coffee did not affect endothelial function.

The presence of sugar as a calorie-containing ingredient
in the ED may also play a role by virtue of the fact that
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glucose-induced insulin release, possibly by its effects on
reducing total peripheral resistance, may limit the blood
pressure—elevating effects of the sugar-sweetened ED. Such
an assumption is in line with the findings of the above-
mentioned study of smaller increases in blood pressure when
tea was consumed with a meal than when consumed without
the meal (49). We previously investigated the hemodynamic
impact of caffeine and sugar in amounts similar to those
found in Red Bull EDs (19). It was observed that a compa-
rable quantity of caffeine alone exerts the same effect on
blood pressure as the sugar-sweetened ED, but the increase
occurs through different hemodynamic pathways—with the
sugar-sweetened EDs’ effects being primarily myocardial,
whereas caffeine elicited primarily vascular effects (19).
There is need for caution in comparing studies of a sugar-
sweetened ED with tea or coffee beverages because they all
differ in a variety of other compounds that could contribute
to the overall outcome of the actions of caffeine on the car-
diovascular system. One might speculate that the polyphe-
nolic compounds in tea or coffee and the high taurine
content of a Red Bull ED could interfere with the actions
of caffeine through pharmacodynamic and/or pharmacoki-
netic interactions (e.g., alterations in caffeine absorption,
metabolism, and/or its elimination).

Impact of sugar

It can be speculated that the sugars contained in EDs could
affect the cardiovascular system on the basis that the inges-
tion of food calories is generally accompanied by increases in
heart rate (56), cardiac output (56), and pulmonary ventila-
tion rate (57) (all of which contribute to the thermogenic ef-
fect of the calorie load). Indeed, in a randomized crossover
study, our group recently showed that the ingestion of 500 mL
water containing fructose (60 or 30 g), glucose (60 g), or
sucrose (60 g) increased heart rate 60 min after ingestion;
sucrose and glucose reduced total peripheral resistance
and increased cardiac output, whereas, in contrast, fructose
tended to increase total peripheral resistance (58). More-
over, we observed that changes in heart rate were time-
dependent, with a significant increase only after 45 min
postconsumption and the highest values at 120 min (59),
therefore underscoring the importance of the chosen post-
consumption measurement duration. A limitation of the
contention that the sugar content in an ED will significantly
affect heart rate and cardiac output is the amounts of sugar
used in these aforementioned studies (58, 59), which were
higher than in the 355-mL Red Bull ED.

Potential mechanisms underlying differential effects of
sugars on postprandial blood pressure.

Differential insulin release and impact on blood pres-
sure regulation. In response to glucose ingestion, the result-
ing increase in blood glucose concentrations induces a rapid
increase in plasma insulin, but this is markedly lower in re-
sponse to fructose (60—64), which is slowly converted to glu-
cose in the liver and only partly released as glucose into the

9102 ‘9T Joqwiaidas uo NOILIYLNN Y04 ALIID0S NVIIYINY e 6o uoninu ssdueApe wolj papeojumod


http://advances.nutrition.org/

1071l An International Review Journal

2

Advances in Nutri

circulation (65, 66). With the use of a hyperinsulinemic-
euglycemic approach to investigate the impact of insulin
on vascular resistance, Baron and Brechtel (67) observed
that insulin dose-dependently increased cardiac output by
stimulating the heart, but decreased systemic vascular resis-
tance. In this context, systemic insulin resistance could be
due to adrenergic stimulation (68), which can be partly ex-
plained by an enhanced sympathetic drive in response to in-
creases in plasma insulin concentrations (69, 70). Although
fructose elevates heart rate, which is more pronounced than
with glucose (59), the main hemodynamic difference be-
tween glucose and fructose could be attributed to their im-
pact on changes in total peripheral resistance and cardiac
contractility (58). The differential effect of sugars on plasma
insulin and vascular resistance through enhanced sympa-
thetic activation may be a mechanism to explain the ob-
served disparity in blood pressure responses.

Endothelial dysfunction. A further explanation for the
observed differential effects of fructose and glucose with re-
gard to changes in total peripheral resistance and blood
pressure could be due to differences in endothelial function.
Augmentation of skeletal muscle blood flow is an important
physiologic function of insulin (71). In a seminal study,
Steinberg et al. (72) observed that endothelial function is
impaired in human obesity and type 2 diabetes, both of
which are conditions associated with insulin resistance.
Due to limited insulin release, the ingestion of fructose
might be expected to lead to microvascular endothelial dys-
function, which could contribute to its effect in increasing
blood pressure. One study compared the hemodynamic ef-
fects of fructose, glucose, and sucrose and found no reduc-
tion in acetylcholine-mediated microvascular endothelial
function (58). Similarly, Bidwell et al. (73) observed that
forearm blood flow was not lower in response to a drink
containing both glucose and fructose (ratio of 45:55) than
in a drink containing glucose only. It is important to bear
in mind, however, that both of these studies were conducted in
young healthy subjects and so it remains to be seen whether
endothelial dysfunction would occur under similar circum-
stances in glucose-intolerant subjects.

Caffeine-sugar interactions

Although millions of people would not savor their coffee with-
out a spoonful or 2 of sugar, and despite the enormous research
interest in the health consequences of sugar-sweetened EDs,
little is known about whether the caffeine and sugar may inter-
act to affect the cardiovascular system. As pointed out earlier,
caffeine alone and sugar alone evoke distinct cardiovascular
changes in healthy humans (Figure 2). However, a recent study
in healthy subjects investigating the effects of caffeine, sugar,
and a combination of both (drink volume kept equivalent
to a standard 250-mL ED for a 70-kg person) (74) reported
that combination treatment did not increase heart rate in
comparison to either caffeine or sugar alone (74). These find-
ings therefore contrast with our observations that heart rate
and cardiac output substantially increased in response to a

sugar-sweetened caffeinated ED and that these effects were
not seen in response to a sugar-free version of the ED nor
to a caffeine-equivalent water control (19). One possible ex-
planation for the discrepancy between our study (19) and
that of Rush et al. (74) could reside in the somewhat short
post-treatment observation period of 30 min in which to de-
tect a response to the combination treatment. This notion is
strengthened by our observation of increasing heart rate and
cardiac output only after 60—-80 min after ingesting the sugar-
sweetened ED (19). Further research is required to determine
the effect on hemodynamic variables of an interaction, if any,
between caffeine and sugar in EDs.

Impact of taurine

Although taurine administration, in amounts far greater than
found in EDs, has been shown to reduce blood pressure (75),
some studies concluded that when taurine, in amounts sim-
ilar to that found in EDs, is provided in combination with caf-
feine, it may contribute to the acute increases in blood
pressure. In one such study (28), the ingestion of capsules
containing 100 mg caffeine and 1000 mg taurine did not alter
mean arterial blood pressure at 45 min postconsumption, but
increased blood pressure after subjects underwent a mem-
ory test at 70 min postconsumption. In another study that
compared the impact of 500 mL Red Bull ED with or without
taurine on heart rate and stroke volume before and after ex-
ercise, Baum and Weiss (26) showed that the ED led to signif-
icant increases in the contractility of the left atrium during a
postexercise recovery period. The fact that these cardiac ef-
fects leading to increased stroke volume were not observed
with the drinks that lacked taurine led the authors to suggest
that taurine, either alone or in combination with caffeine, was
responsible for the increase in stroke volume (26). A limita-
tion of this interpretation and conclusion, however, is that an-
other ingredient in Red Bull EDs, glucuronolactone, was also
absent in the drinks without taurine, such that a role for glucu-
ronolactone in this putative interaction with caffeine cannot
be completely ruled out. However, to date, there is no infor-
mation, to our knowledge, about the potential role of glucu-
ronolactone on any component of the cardiovascular system.
Moreover, current available versions of Red Bull EDs seem to
no longer contain glucuronolactone (76). Similarly, the extent
to which other active metabolites (including vitamins and
minerals) present in Red Bull or other EDs may interact
with caffeine and taurine to influence their blood pres-
sure—elevating effect remains at present unknown. In previ-
ous work by our group, cardiovascular changes in response
to sugar-free Red Bull were found to be largely the same as
those of a caffeine-equivalent water control (19). Therefore,
it is likely that these effects were due to caffeine alone, with
little or no influence of the auxiliary components (taurine,
glucuronolactone, and B-group vitamins) (19). In summary,
it appears that caffeine and a possible combination of caffeine
and taurine may negatively influence hemodynamic variables.
Further research is required to determine the exact role, if
any, of the other components, such as glucuronolactone, on
the observed cardiovascular changes in response to EDs.
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EDs and Hemodynamic Effects: What Is
Missing?

From 1980 through 2014, there have been 43 case reports re-
lated to the ingestion of EDs (13). The majority of these re-
ports were evaluated and published after 2010, and it can be
argued that this could be due to a greater awareness among cli-
nicians of the symptoms of caffeine and ED overconsumption.
More than 80% of the aforementioned cases referred to cardio-
vascular and neurological events, with the former accounting
for 52% and the latter for 29% (13). This observation is in line
with the findings of Goldfarb et al. (77), who reviewed acute
cardiovascular events in response to ED consumption. They
reported that between 1980 and 2013 there were a total of
17 cases, with the majority presenting atrial and ventricular ar-
rhythmias (n = 10), whereas 2 cases even presented with car-
diac arrest (77). This suggests a higher risk of cardiac
arrhythmias in predisposed individuals, those undergoing
treatment with substances known to influence the cardiac
propagation system (77), and in individuals with undiagnosed
cardiac conditions. Moreover, the aforementioned review by
Ali et al. (13) reported cases with coronary vasospasm and hy-
pertension in response to ED consumption. On the basis of
these publications, a possible adverse influence of ED con-
sumption should not be disregarded, in particular in patients
suffering from cardiac illnesses. Furthermore, taking into con-
sideration our previous findings of elevated blood pressure
and diminished cerebrovascular blood flow velocity in re-
sponse to 1 can of an ED (17, 18), it can be speculated that
in persons at risk of hypertension or those with impaired ce-
rebral blood flow (e.g., atherosclerosis), EDs might even
potentiate their cardio- and cerebrovascular risk. Our spec-
ulation is substantiated by recent studies in which increasing
evidence of negative cardiovascular effects in response to ED
consumption was presented (14, 15).

However, the scientific literature with regard to the impact
of coffee or caffeine on the risk of stroke is controversial, rang-
ing from findings that showed a transient increase in risk of is-
chemic stroke onset, particularly among infrequent drinkers
(78), to a recent observation that heavier daily coffee consump-
tion (=3 cups/d) is associated even with decreased stroke prev-
alence (79). It is of note that the latter study observed an
increasing risk in stroke prevalence in coffee-naive persons
within the first 2 h after consumption (79). Moreover, accord-
ing to James (80), even modest elevations in blood pressure by
4 and 2 mm Hg (systolic and diastolic, respectively) in response
to the intake of dietary caffeine “could account for premature
deaths in the region of 14% for coronary heart disease and 20%
for stroke” (80). There is therefore a need for future research to
focus on the impact of EDs in persons at risk of cardio- and
cerebrovascular diseases, which should be undertaken as short-
and long-term randomized controlled studies.

Conclusions

Recent research discussed here suggests that ED consump-
tion can lead to an acute adverse hemodynamic profile
with an augmented cardiac workload and diminished cere-
bral blood flow velocity, even during a mental stress test.

958 Grasser et al.

These adverse changes are most likely caused by caffeine
or by the effect of an interaction between caffeine and sugar
on the cardiovascular system, whereas auxiliary substances
play just a minor role. These cardio- and cerebrovascular
changes in response to EDs have only been studied in
healthy young humans but not in those at risk of cardiovas-
cular events or those with pre-existing hypertension and/or
impaired cerebral circulation. To standardize methods to al-
low for more accurate data comparison, future studies
should consider the following: I) the use of continuous
blood pressure measurements, when possible; 2) measuring
hemodynamic responses for a minimum of 60 min ED post-
consumption; and 3) maintaining a standard posture through-
out the test. Given their global popularity and estimated
market value of >$40 billion, accurately assessing the po-
tential adverse effects of EDs has important implications
for the prevention and management of obesity, type 2 dia-
betes, and cardiovascular disease.
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