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Long-term consumption of energy drinks induces biochemical and 
ultrastructural alterations in the heart muscle

Introduction

Energy drinks (EDs) target young and physically active indi-
viduals. They contain large quantities of active components such 
as caffeine, taurine, and niacin. EDs are branded as agents or 
enhancers of energy, concentration capacity, and physical and 
mental performance (1). However, the consumption of EDs, par-
ticularly in large quantities, is associated with the occurrence of 
cardiovascular events such as cardiac arrhythmias, chest pain, 
hypertension, and even sudden cardiac death (2). As such, the 
safety of the long-term consumption of EDs is questionable. 

The explosive increase in the consumption of EDs over the 
past years has led the scientific community to investigate the 
influence of such products on human health and to identify the 
reasons for their consumption. Additionally, the past years have 

witnessed an increase in the incidence of negative effects asso-
ciated with the consumption of EDs, the most common adverse 
effects noticed being the nervous, cardiovascular, and gastroin-
testinal effects. 

The risks are even higher if EDs are combined with alcohol. 
Several studies have investigated the effect of EDs in combina-
tion with alcohol and have shown that EDs significantly reduce 
the immediate effects of ethylic intoxication, which may lead to 
an increased consumption of alcoholic drinks (3). Ferreira et al. 
(4) have shown that, when combined with alcohol, Red Bull at-
tenuates the perception of alcoholic intoxication.

In general, the short- and long-term effects of the consump-
tion of EDs are controversial. Several studies have addressed 
the short-term effects of EDs, targeting specific components 
of EDs and not EDs in their entirety, and have reported positive 
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short-term effects induced by these specific components. For 
instance, it has been shown that caffeine activates AMP-acti-
vated protein kinase (AMPK), which is a key enzyme that coor-
dinates several signaling pathways that are involved in main-
taining cellular energy homeostasis (5). Additionally, caffeine 
causes sympathomimetic effects, intensifying heart activity and 
increasing blood pressure (6). 

It has also been proven that taurine is an indirect regulator 
of oxidative stress in the myocardium, stabilizing the cellular 
membranes by directly interacting with phospholipids. It exhibits 
various biological activities such as a positive influence on the 
calcium kinetics as well as the protection of the cardiac function 
and is a modulator of protein kinases and phosphatases in car-
diomyocytes. Further, it maintains the normal contractile func-
tion of the heart muscle (7) and reduces arterial pressure (8). 

Some EDs (5-hour ENERGY shots, Monster, Rockstar Energy, 
and Red Bull) contain niacin (vitamin B3) in doses above the daily 
recommended intake. Niacin has positive effects in restoring a 
healthy lipid profile and delaying the progression of atheroscle-
rosis (9). It has been used for more than half a century in the 
treatment of lipid disorders, such as abnormally elevated con-
centrations of LDL, non-HDL cholesterol, triglycerides, and lipo-
proteins and low concentrations of HDL (9, 10). 

In fact, most studies have shown that a moderate consump-
tion of EDs over a short period of time improves the cognitive and 
psychomotor capacities (11). However, some studies have also 
highlighted the occurrence of negative effects by the consump-
tion of EDs, such as an increase in the heart rate, and systolic 
and diastolic pressures and a decrease in the cerebral blood 
flow (12, 13).

Finally, the long-term effects of the consumption of EDs on 
different systems have been insufficiently studied, and those of 
such drinks on the cardiovascular system are unknown. Howev-
er, based on known information (see the preceding paragraph), 
our hypothesis is that the consumption of EDs represents a seri-
ous cardiac risk factor. The aim of this study was to investigate 
the effects of the chronic consumption of an ED (Red Bull) and 
of its combination with alcohol and to highlight their influence 
on certain biochemical parameters and the ultrastructure of the 
myocardium.  

Methods

Chemicals
All reagents used in this study were of analytical grade and 

were purchased from Sigma-Aldrich Chemie GmbH, Germany. 
The Red Bull ED was bought from a local market.

Animals and treatments
The study was conducted on male Wistar rats, which were 

kept under standard conditions and had free access to water 

and food. Experiments were performed according to the national 
regulations and were approved by the Institutional Ethics Com-
mittee (Registration no. 17928/2017). 

Twenty-eight albino male Wistar rats, weighing 182.11±4.7 g, 
were divided into the following four groups, each with seven ani-
mals: the Control (C), Red Bull (RB), ethanol (E), and Red Bull and 
ethanol (RBE). All animals received a standard diet. The C group 
had ad libitum access to tap water, the RB group were orally ad-
ministrated with 1.5 ml/100 g body weight of Red Bull in drinking 
water daily, for 30 days, and the E group received 0.486 mg/100 g 
body weight of ethanol daily. The RBE group received both Red 
Bull and ethanol in equivalent concentrations with each of the 
other two treated groups. 

In the last 6 days of the experiment, the animals were tested 
for their physical performance by conducting a weight-loaded 
forced swim test. The animals were forced to swim to exhaus-
tion with a load of 10% of their body weight attached to their 
tails. Each rat was considered to have reached exhaustion when 
it remained submerged for ≥5 s. Water temperature varied be-
tween 28°C and 30°C, and none of the animals were affected by 
hypothermia. 

After 30 days of treatment, immediately after exhaustion, the 
animals were killed by exsanguination under anesthesia. Sam-
ples of serum and heart muscle were harvested for biochemical 
and ultrastructural analyses, including the measurements of to-
tal heart glucose, glycogen, cholesterol and protein concentra-
tions; in addition, serum and heart muscle ALT and AST activities 
were measured.

Biochemical analyses
The total glucose concentration was determined using the 

Somogy Nelson colorimetric assay (14, 15). Glycogen concentra-
tion was determined using the Montgomery method (16) modi-
fied by Lo et al. (17). Total cholesterol was assayed using ferric 
chloride (18). Total protein concentration was determined using 
the Bradford colorimetric assay (19) with the Bradford “ready-
to-use” reagent. AST and ALT activities were analyzed using the 
Reitman and Frankel photocolorimetric assay (20). 

Ultrastructural analyses
For electron microscopy analyses, the myocardium speci-

mens were fixed in 2.7% glutaraldehyde and 2% osmium tetrox-
ide, successively washed in phosphate buffer, and dehydrated in 
increasing concentrations of acetone. They were then embed-
ded in Epon, and slices were cut at 50-90 nm using a Leica UC6 
Ultra microtome on a glass knife. The sections were contrasted 
and visualized at 80 kV using a TEM JEOL JEM-1010. Images 
were obtained with a Mega Wiew III camera (21).

Statistical analysis
All data are presented as mean±standard deviation (SD). For 

statistical analysis of the effects of different treatments, a one-
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way analysis of variance with Dunnett’s test was conducted. All 
data were analysed using GraphPad Prism version 6 for Win-
dows (GraphPad Software Inc., La Jolla, CA, USA). Significance 
was considered at values of p<0.05.

Results

Biochemical results 
The effects of Red Bull, ethanol, and their combination on 

glucose and glycogen concentrations in the heart muscle are 
shown in Figure 1. These results revealed that glucose concen-
tration increased in all treated groups, but this was significant 
only in the RBE group (RBE, 1.233±0.3867 vs. C, 0.6699±0.2759; 
p=0.0217*) (Fig. 1a). A clear increase in the glycogen concen-
tration (Fig. 1b) occurred in the RB group (RB 2.946±1.2 vs. C, 
1.077±0.4033; p=0.0019**). 

The concentration of cholesterol was significantly de-
creased in all treated groups (RB, 2.144±0.3724 vs. C 7.365±3.224; 

p=0.0004***; E, 2.874±1.071 vs. C 7.365±3.224; p=0.0017**; RBE, 
2.264±0.6763 vs. C, 7.365±3.224; p=0.0004***; Fig. 2a). 

Our results showed a slight increase in the myocardial pro-
tein concentration in all treated groups, being significant in the E 
group (E, 105.3±3.883 vs. C, 98.23±4.852; p=0.0475*) (Fig. 2b). 

AST and ALT activities increased in the myocardium and de-
creased in the serum in all groups (Fig. 3). The increase in the 
ALT activity in the myocardium was significant only in the RB 
group (RB, 144.5±25.06 vs. C, 115.1±13.43; p=0.0203*). 

Ultrastructural alterations
The most serious ultrastructural modifications observed in 

the heart tissue of rats in the E group (Fig. 4a-4d) were those 
that indicated the onset of alcoholic cardiomyopathy (a loose 
arrangement of myofibrils, and large spaces between myocytes 
occupied by several swollen mitochondria with dilated cristae). 
The morphological alterations induced in the heart muscle by 
EDs were very similar to those induced by ethanol (Fig. 4e and 
4f).

Figure 1. Changes induced by the combined physical effort (swimming 
test) and consumption of Red Bull and/or ethanol on (a) glucose and (b) 
glycogen concentrations in the myocardium. The results are presented 
as mean±SD. P<0.05* and P<0.01** vs. C. C - control; RB - Red Bull; E - 
ethanol, RBE - Red Bull and ethanol. n=7 in all groups

2.0

1.5

1.0

0.5

0.0
C

G
lu

co
se

 c
on

ce
nt

ra
tio

n 
(m

g/
g 

tis
su

e)

RB E RBE

*

a

5

4

3

2

1

0
C

G
ly

co
ge

n 
co

nc
en

tr
at

io
n 

(m
g/

g 
tis

su
e)

RB E RBE

* *

b

Figure 2. Variations in (a) total cholesterol and (b) protein concen-
trations in the myocardium after physical effort (swimming test) and 
consumption of Red Bull and/or ethanol. The results are presented as 
mean±SD. P<0.05*, P<0.01** and P<0.01*** vs. C. C - control; RB - Red 
Bull; E - ethanol; RBE - Red Bull and ethanol. n=7 in all groups
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Figure 3. The combined effects of physical effort (swimming test) and consumption of Red Bull and ethanol on (a) serum AST, (b) serum ALT, (c) 
myocardium AST, and (d) myocardium ALT activities. The results are presented as mean±SD. P<0.05* and P<0.01** vs. C. C - control; RB - Red Bull; 
E - ethanol; RBE - Red Bull and ethanol. n=7 in all groups
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Figure 4. Ultrastructure of the ventricular myocardium. (a) Control group: tightly packed intermyofibrillar mitochondria (Mt) surrounded by parallel bands of 
myofibrils (Myo), with contractile filaments organized in sarcomeres. Numerous lipid droplets (L) are visible in the proximity of mitochondria. Intercalated 
disks (ID) are visible at the limit between two adjacent cells. Bar, 2 µm. (b) Control group: tightly packed intermyofibrillar and subsarcolemmal mitochondria 
(Mt) with visible cristae are surrounded by parallel bands of myofibrils (Myo), with contractile filaments organized in sarcomeres. Lipid droplets (L) are vis-
ible in the proximity of mitochondria. Intercalated disks (ID) are visible at the limit between two adjacent cells. BV, blood vessel; PM, plasma membrane. Bar, 
2 µm. (c) Ethanol-treated group: collagen fibers (C) are abundant in the intercellular space; lysis areas (arrowheads) are visible in the spaces occupied by 
mitochondria; some mitochondria have altered cristae. Bar, 5 µm. (d) Ethanol-treated group: enlarged spaces between myofibrils are occupied by numer-
ous mitochondria, some showing altered cristae; in contrast, subsarcolemal mitochondria population is reduced, and lysis areas (arrowheads) are visible. 
Bar, 5 µm. (e) Red Bull-treated group: the intermyofibrillar spaces are enlarged, with numerous lysis areas (arrowheads); numerous mitochondria have 
altered cristae. Bar, 5 µm. (f) Red Bull-treated group: numerous lysis areas (arrowheads) are present in the intermyofibrillar spaces; several mitochondria 
show disrupted cristae. Bar, 5 µm. (g) Red Bull and ethanol-treated group: disorganized intercalated disks (ID); numerous mitochondria with disrupted 
cristae (arrowheads). Bar, 2 µm. (h) Red Bull and ethanol-treated group: numerous vesicles that seem to be filled with glycogen (arrowheads) in the inter-
myofibrillar spaces, mitochondria having destroyed cristae (Mt), and disorganized intercalated disks (ID). Bar, 5 µm
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Discussion

This study shows, for the first time, that the long-term con-
sumption of EDs, individually or in combination with ethanol, 
causes biochemical and ultrastructural alterations in the heart 
muscles.

Our results revealed that both Red Bull and ethanol increased 
glucose and glycogen concentrations in the myocardium. In the 
RB group, the increase in the glucose and glycogen concentra-
tions was caused by two ingredients of ED, caffeine and taurine. 
Normally, caffeine causes calcium release from the intracyto-
plasmic stores (22) and activates AMPK via calcium/Calmod-
ulin-dependent protein kinase kinase-β (CaMKK) (23). AMPK 
promotes the uptake and use of glucose in the cardiomyocytes 
(24). Besides, AMPK either inhibits glycogen synthesis via the 
phosphorylation of glycogen synthase or activates glycogen deg-
radation via the phosphorylation of glycogen phosphorylase (25). 
However, the chronic activation of AMPK, as probably happened 
in our study, may increase glycogen synthesis by increasing the 
glucose uptake and the formation of glucose-6-phosphate. This 
induces the allosteric activation of glycogen synthase that can 
overcome inhibitory phosphorylation by AMPK (26). Moreover, 
it has been reported that taurine increases glucose uptake, gly-
colysis, and glycogen synthesis in the heart of adult rats (27). 

In our study, ethanol led to a slight increase in glucose and 
glycogen concentrations. Ethanol decreases the sensitivity to in-
sulin, which is mediated in the heart muscle by tumour necrosis 
factor-α (TNFα) and/or interleukin-6 (IL-6), inducing the activation 
of Jun N-terminal kinases, which inhibits the Akt-AS160-GLUT4 
signaling pathway (28). As such, the glucose concentration 
should have decreased. We cannot provide an explanation of 
these results, and there is no study on this topic in the literature. 
However, ultrastructural modifications shown in Figure 4 led us 
to consider that the Krebs cycle was not correctly functioning 
and, consequently, the glucose metabolism in the myocardium 
was affected. 

The combined administration of Red Bull and ethanol pro-
duced a significant increase in the glucose concentration, which 
was expected because the independent administration of each 
of these components increased the glucose concentration in the 
myocardium. 

Glycogen is a vital molecule for the normal functioning of the 
myocardium. It is necessary for the ontogenetic development 
of the heart, because it supplies the necessary energy for the 
growth and development of the organ (29). In the mature organ, 
glycogen is found in small quantities, furnishing energy to the 
excito-conductor system. A large quantity of glycogen is ben-
eficial only under ischemic conditions (30). Glycogen accumula-
tion in the myocardium favours the incidence of pre-excitation 
syndrome (31). Several studies have reported an association of 
the EDs and/or alcohol with the occurrence of negative effects 
at the cardiovascular level (palpitations, cardiac arrhythmias, 
hypertension and even sudden cardiac death) (2, 32); therefore, 

we cannot exclude the possibility that these effects were con-
nected to glycogen accumulation in the myocardium.  

Cholesterol concentration significantly decreased in all 
groups. This effect can in turn be a cause of the myocardial dys-
functions reported in the chronic consumption of EDs and alco-
hol. A role of cholesterol is to stiffen the cellular membranes and 
maintain the shape of cells by forming “bridges” (lipid rafts) in 
the regions where the membrane proteins are expressed (33). 
Additionally, cholesterol controls the membrane fluidity, and, 
consequently, plays an important role in the the cholesterol to 
phospholipid ratio (34). The molar ratio of cholesterol to phos-
pholipids in plasma membranes is usually maintained just be-
low unity (35). Therefore, reducing the cholesterol concentration 
may lead to membrane destabilization, which may in turn affect 
cellular metabolism in the myocardium.

The decrease in the cholesterol concentration induced by 
Red Bull might have been due to the elevated content of taurine 
and/or niacin present in the ED. This change is somewhat ex-
pected because both taurine and niacin are used in the preven-
tion and cure of atherosclerosis (36, 37). More precisely, taurine 
reduces serum cholesterol (38) and niacin reduces serum cho-
lesterol and triglycerides and increases HDL concentration (39). 

Decreased cholesterol in the myocardium following chronic 
ethanol treatment has also been reported by Godfrey et al. (40) 
and Hu et al. (41), but no one has ever explained these results and 
the physiological significance of the phenomenon is unknown.

The combined administration of Red Bull and ethanol induced 
an even higher reduction of cholesterol in the myocardium than 
the independent administration of the two components. 

Our results show a slight increase in the myocardial protein 
concentration in all treated groups, being significant in the E 
group. The slight increase in the protein concentration observed 
after the administration of Red Bull could be due to the high con-
tent of vitamin B6. A dose of Red Bull sold in Romania contains 
250% of the recommended B6 daily dose. Vitamin B6 is an essen-
tial cofactor in the functioning of over 140 enzymes required for 
the synthesis, degradation, and interconversion of amino acids 
(42). 

The formation of protein adducts could be an explanation 
for the significant increase in the protein concentration in the 
E group observed in our study. Research has shown that alco-
hol causes the accumulation of protein adducts in the hepatic, 
nervous, and muscular tissues, aggravating the ethanol-induced 
toxicity in these tissues (43). In a study by Worrall et al. (44), 
increased amounts of reduced acetaldehyde protein adducts, 
unreduced-acetaldehyde, and malondialdehyde-acetaldehyde 
were found in the cardiac tissue of rats after 6 weeks of alco-
hol treatment. Furthermore, a previous study has shown that 
adducts formed by acetaldehyde with proteins stimulate the for-
mation of mRNA responsible for the synthesis of collagen and 
expression of connective tissue proteins (45). 

AST and ALT activities increased in the myocardium and de-
creased in the serum following all treatments. According to the 
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ultrastructural alterations caused by Red Bull and ethanol, the 
activities of these membrane integrity markers were expected to 
be increased in the serum. However, our results are consistent 
with those of Mihailovic et al. (46), who reported an increase in 
the AST activity with unchanged ALT activity in the heart muscle 
after a 10-day treatment with ethanol. Our results show that 
Red Bull had the same detrimental effects as ethanol, at least in 
the heart muscle. Furthermore, the combination of Red Bull and 
ethanol had synergistic and/or complementary effects on AST 
activity.

The most serious ultrastructural alterations observed in the 
heart tissue of rats treated with ethanol (Fig. 4c and 4d) are those 
that indicate the onset of alcoholic cardiomyopathy. As pointed 
out by De Leiris et al. (47), human subjects and animal models 
exposed to chronic ethanol consumption undergo functional and 
structural alterations in the heart tissue. Oxidative stress induc-
es lipid peroxidation, protein oxidation, reduces the GSH content 
of mitochondria, and disturbs calcium homeostasis, impairing 
the contractile capacity of the heart muscle. The organelles also 
show modified structures with disorganized cristae, resulting in 
altered oxidative metabolism. An excellent work of Tsiplenkova 
et al. (48) gives a detailed inventory of the damages caused by 
ethanol in alcoholic cardiomyopathy, such as the alteration of 
mitochondrial membranes including organelle swelling and loss 
of cristae. These authors also noticed an increase in the number 
of mitochondria with myocytes, in which the space occupied by 
mitochondria was larger than that occupied by myofibrils. This 
is consistent with our observation of enlarged intermyofibrilar 
spaces filled with mitochondria. Interestingly, we also found that 
the subsarcolemal mitochondria population was reduced, while 
numerous lysis areas were present. 

In addition, we noticed collagen deposits in the intercellular 
space, which has also been reported by Urbano-Marquez and 
Fernandez-Sola (49) in human patients with alcoholic cardiomy-
opathy.

Whether such altered cardiomyocytes may end in apoptosis 
or in necrosis remains unclear; however, apoptosis, or even a 
combination of apoptosis and necrosis, seems to produce myo-
cyte loss in alcoholic cardiomyopathy (50).

While cardiomyocyte alterations induced by alcohol con-
sumption are well documented, there is very little evidence, if 
any, concerning ultrastructural alterations induced by EDs in the 
heart muscle. In some myocytes of the RB group, the myofibril 
arrangement showed a loose structure and the space between 
them was occupied by several large (swollen) mitochondria dis-
playing a rarefied matrix and dilated cristae, which led to the as-
sumption that oxidative metabolism was affected. All these mor-
phological alterations correlated with measured biochemical 
alterations in glucose, glycogen, and cholesterol concentrations 
and AST and ALT activities reported in our study. The exaggerat-
ed proliferation of mitochondria (“mitochondriosis”) in-between 
narrowed myofibrils was also reported by Tsiplenkova et al. (48), 
as a feature of alcoholic cardiomyopathy.

In the myocytes of the RBE group, the cumulated effects of 
ED and ethanol were even more dramatic, with an increase in 
the lysis areas, majority of myofibrils without a regular (parallel) 
arrangement, myofibrils with a part of them fragmented, and sev-
eral mitochondria with rarefied structures and dilated cristae. 
Numerous vesicles were present in the intermyofibrillar spaces, 
probably filled with glycogen, as has been previously reported 
(49) in alcoholic cardiomyopathy. These structural alterations 
also support the biochemical changes measured in our study. 
Several myocytes had hypochromic nuclei with irregular bor-
ders, and the intercalated disks were fragmented and dehiscent. 

Study limitations 
Our experimental groups were relatively small but allowed 

for the statistical processing of results. Further, the duration of 
further experiments should be extended to provide better in-
sights inon the long-term effects of using EDs, and to highlight 
possible adaptive mechanisms to their components. In addition, 
we used only one ED. Therefore, we consider that additional 
studies are needed using several such drinks, particularly be-
cause they have different compositions.

Conclusion

Our results explain, to a certain extent, the symptoms de-
scribed in the literature for those who consume EDs in large 
quantities or for a long period of time. We particularly refer to 
glycogen accumulation in the myocardium, which can disrupt 
the cardiac activity and may favor the occurrence of tachycar-
dia, palpitations, cardiac arrhythmias, hypertension, and even 
death (2). The lowering of cholesterol concentration may, in turn, 
be a cause of myocardial dysfunctions reported in the literature 
following the chronic consumption of EDs and alcohol. Athletes, 
as well as active individuals, should avoid both the consump-
tion of EDs and their consumption in combination with alcohol. 
Our results showed that EDs produce morphological changes in 
the heart muscle similar to those produced by ethanol. Further 
research, on different EDs as a whole and on separate compo-
nents is necessary to deeply understand their detrimental ef-
fects and the mechanisms by which they are produced.
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