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Abstract: Background: In recent years, the consumption of energy drinks (EDs) by adolescents
and young adults has increased significantly, so concerns have been raised about the potential
health risks associated with excessive ED consumption. Most analyses on EDs focus on the caffeine
content. Research on the content of minerals (essential and toxic) in energy drinks can be considered
scarce. Therefore, there is a need for research stating the actual status of heavy metal content in
commercially available energy drinks. Methods: This research presents the determination of the
total concentrations of macro-elements and trace elements (TEs), such as Na, K, Mg, Ca, Al, Cr, Co,
Cu, Fe, Mn, Nji, B, Zn, V, Sr, Ba, Pb, Cd, and As in nine samples of energy drinks using inductively
coupled plasma optical emission spectrometry (ICP-OES) and inductively coupled plasma mass
spectrometry (ICP-MS) techniques. Results: The order in the content of macro-minerals in the EDs
was as follows: Na > K > Mg > Ca. The results showed that ED 1, ED 3, and ED 7 samples had the
highest micro-mineral concentrations. All the samples had a hazard quotient and hazard index <1,
indicating no non-carcinogenic risk from exposure to single or multiple heavy metals in both the
adolescent and adult age groups. Some samples exceeded the threshold limit of acceptable cancer
risk for As, Ni, and Cr in both adolescents and adults. Conclusions: This assessment showed that in
addition to health implications based on the caffeine content of EDs, there might be a carcinogenic
risk associated with the toxic element content of these beverages. This research also highlights notable
differences in the TE levels among various ED brands, which may have important implications for
consumer well-being and health.
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1. Introduction

In recent years, the consumption of energy drinks (EDs) by adolescents and young
40/). adults has risen significantly, but concerns have been raised about the potential health
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risks associated with excessive consumption. Such drinks are aggressively advertised,
and are easily accessible in local stores, supermarkets, and gas station stores in almost all
European countries [1-5]. EDs are marketed as enhancers of mental acuity and physical
performance. Adolescents gravitate towards these beverages to swiftly boost energy levels,
and increase scholastic or athletic performance [1]. EDs have a high caffeine content which
is normally combined with large amounts of vitamins, minerals, taurine, amino acids,
and herbal extracts [6-8]. Most EDs contain from 50 to 505 mg of caffeine per can or
bottle. Research under controlled conditions determined that 200 mg of caffeine induces
atrial flutter and atrial fibrillation [1,9,10]. A growing number of case reports identifying
various adverse effects following the acute ingestion of EDs, namely acute hemodynamic
perturbations, disturbances in vascular function, and other cardiovascular abnormalities,
have been reported [7,11-14]. Moreover, there have been reports of regular energy drink
consumption being associated with anxiety and sleep disturbances [15,16].

Most analyses on EDs focus on the caffeine content. Besides caffeine, EDs generally
contain high sugar and other components such as B-complex vitamins, taurine, ginseng,
guarana seed extract, yerba mate, acai, and Ginkgo biloba. Some of these components (e.g.,
plant extracts) may lead to contamination problems in final products, including pesticide
and heavy metal (HM) residues [17]. Energy drinks could also be contaminated during
processing and packaging. According to some studies, most of the HMs present in alcoholic
beverages can originate from agricultural pesticides or contamination from processing
equipment (pipelines, containers, tanks, filtration systems, aluminum cans, etc.) [18-20].

The term “heavy metal” is based on categorization by density or molar mass. HMs
are naturally occurring elements that have high atomic numbers and densities that are five
times higher than water [21]. It is often used as a group name for metals (i.e., transition
metals from vanadium to zinc) that are associated with contamination and potential toxicity.
All so-called “heavy metals” and their compounds may have relatively high toxicity (e.g.,
lead or cadmium). Lead (Pb) is a toxic metal affecting nearly all organs, mimicking essential
elements like calcium, iron, and zinc, and disrupting enzyme systems critical for heme
synthesis, cell development, and bone growth. Arsenic (As), a widely distributed toxic
metalloid, is found in water, air, food, and soil. It inactivates up to 200 enzymes involved
in energy production, DNA synthesis, and repair, disrupting ATP production. Chronic
exposure to As causes multisystem dysfunction and is a known carcinogen. Cadmium
(Cd), a toxic element with no biological role, accumulates in plants and animal tissues,
particularly the liver and kidneys. Prolonged exposure through air, water, and food
can lead to cancer and damage to skeletal, urinary, cardiovascular, and nervous systems.
Contamination during raw material processing may introduce Cd into beverages [22].
Aluminum (Al), abundant in the earth’s crust, primarily enters the body through food.
It disrupts the absorption of fluoride, calcium, and iron, and its phosphorus-binding
properties may lead to phosphate depletion and osteomalacia. Al’s main toxic effect is
neurotoxicity [23]. Chromium occurs in various forms. Hexavalent chromium (Cr VI) is a
Group 1 human carcinogen, while trivalent chromium (Cr III) is essential for carbohydrate,
lipid, and protein metabolism and supports normal glucose regulation, with no classified
carcinogenicity [24].

Nonetheless, metals are not always toxic and some are in fact essential and, depending
on the dose and exposure levels and the receiving organism/population, the balance
between essential or toxic may tip (e.g., iron or zinc) [25,26]. Trace elements (TEs) are
classified as major minerals (macro-minerals) and trace minerals (micro-minerals). Major
minerals include several elements such as Ca, Na, Mg, and K; while trace minerals include
Zn, Cu, Fe, Mn, Co, B, and Cr. About 20 of the known elements are qualified today as
essential [27]. Many TEs are essential to numerous biological, chemical, and molecular
processes, regulating cellular homeostasis, humoral, and cellular immune responses, and
being cofactors of many enzymes and antioxidant molecules [28,29]. Some metals, such
as Fe, Zn, Cu, Co, and Mn, are required for various physiological functions in humans at
low concentrations, but they become toxic at higher concentrations. Other HMs, such as
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cadmium and lead, are not known to have any beneficial effects on human health and their
accumulation in the human body is deleterious to health [30].

The available research on the mineral content (both essential and toxic) in energy
drinks remains limited. This study aimed to quantify the concentrations of Na, K, Mg, Ca,
Al, Cr, Co, Cu, Fe, Mn, Ni, B, Zn, V, Sr, Ba, Pb, Cd, and As in nine commercially available
energy drinks sold in Poland, packaged in aluminum cans. Inductively coupled plasma
optical emission spectroscopy (ICP-OES) and inductively coupled plasma mass spectrome-
try (ICP-MS) were employed for the elemental analysis. Additionally, a toxicological risk
assessment was conducted to evaluate the potential health risks associated with exposure
to these elements through energy drink consumption in adolescents and adults. To our
knowledge, this is the only study that estimated the carcinogenic risk for toxic elements
from the consumption of EDs.

2. Materials and Methods
2.1. Samples and Sample Preparation

Nine different brands of energy drink samples were obtained from markets in Lublin,
Poland. The energy drinks selected for research represent the most popular and most
widely consumed brands in Poland based on market data. All of the packaging materials
of the energy drink samples analyzed in the study were aluminum cans. The composition
of each ED is shown below in Table 1.

Table 1. Composition of energy drink samples investigated in our study.

Energy Drink

Composition

ED1

water, sugar, citric acid, carbon dioxide, taurine (400 mg/100 mL), acidity regulator (sodium citrates),
glucose—fructose syrup, caffeine (30 mg/100 mL), flavors, colors (ammonia caramel and riboflavin),
sweeteners (acesulfame K and sucralose), inositol (20 mg/100 mL), and vitamins (niacin, pantothenic acid,
vitamin B6, and vitamin B12)

ED2

water, sugar, carbon dioxide, acids (citric acid and tartaric acid), acidity regulator (sodium citrates), flavors,
taurine (100 mg/100 mL), preservatives (potassium sorbate and sodium benzoate), caffeine (30 mg/100 mL),
vitamins (niacin and vitamin B6), sweetener (sucralose), inositol, and colors (E102, E129, and E133)

ED3

water, sucrose, glucose, acid (citric acid), carbon dioxide, taurine (400 mg/100 mL), acidity regulator (sodium
carbonates and magnesium carbonate), caffeine (30 mg/100 mL), vitamins (niacin, pantothenic acid, B6, and
B12), flavors, and colors (caramel and riboflavin)

ED 4

water, sugar, acidity regulators (citric acid and sodium citrates), carbon dioxide, taurine (350 mg/100 mL),
flavor, caffeine (30 mg/100 mL), dyes (E 150d), riboflavin, and vitamins (niacin, pantothenic acid, vitamin B6,
and vitamin B12)

ED5

water, apple juice from concentrated apple juice, sugar, carbon dioxide, acid (citric acid),
taurine (400 mg/100 mL), flavor, caffeine (30 mg/100 mL), sweeteners (acesulfame K and aspartame), color (E
150d), and vitamins (niacin, vitamin B6, and vitamin B12)

ED 6

water, sugar, acid (citric acid), carbon dioxide, taurine (300 mg/100 mL), acidity regulator (sodium citrates),
flavor, caffeine (30 mg/100 mL), safflower color concentrate, inositol, and vitamins (niacin, pantothenic acid,
vitamin B6, and vitamin B12)

ED7

water, acid (citric acid), carbon dioxide, taurine (400 mg/100 mL), acidity regulator (sodium citrate), flavors,
ginseng extract (0.08%), sweeteners (sucralose and acesulfame K), caffeine (30 mg/100 mL), preservatives
(sorbic acid and benzoic acid), L-carnitine tartrate (0.04%), vitamins (niacin, pantothenic acid, vitamin B6, and
vitamin B12), sodium chloride, D-glucuronolactone, guarana seed extract (0.002%), and inositol

EDS8

water, apple juice from concentrated juice (10%), grape juice from concentrated juice (10%), acidity regulators
(citric acid, sodium citrates), carbon dioxide, sweeteners (sucralose and acesulfame K), caffeine
(30 mg /100 mL), inositol, colors (ammonia caramel, sulfite caramel, and riboflavin), flavors, flavor enhancer
(erythritol), and vitamins (niacin, B6, B12, and pantothenic acid)

ED9

water, sugar, carbon dioxide, magnesium citrate, citric acid, flavorings, rhubarb gum, glycerol and vegetable
resin esters, caffeine (30 mg/100 mL), and vitamins (niacin, vitamin B6, vitamin B12, and biotin)
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To eliminate any dissolved CO,, the samples were sonicated using an ultrasonic bath
for 70 min. In the next step, 9 mL of the degassed sample was transferred to a Teflon
cuvette and 3 mL of 65% (v/v) HNO;3 (Suprapur, Merck, Darmstadt, Germany) was added.
The components were thoroughly mixed. The reaction vessel was closed and placed in a
microwave mineralizer Multiwave 5000 (Anton Paar, Graz, Austria). The program used was
based on temperature control with the dynamic selection of microwave power: temperature
was increased from ambient temperature to 180 °C in 20 min., held at a temperature of
180 °C for 10 min., and cooled to 70 °C.

After the cooling to ambient temperature, the digested samples were diluted to 25 mL
with ultrapure water, i.e., deionized water of resistance 18.3 MQ cm~! (EASYpure™ system,
Barnstead, Thermolyne Corporation, Ramsey, MN, USA). The standard solution of elements
was prepared by the dilution of ICP multi-element standard solution XXV for MS (Merck,
Darmstadt, Germany). All the analyses were performed in triplicate. The analysis of blank
samples confirmed the high purity of the used chemicals and containers.

2.2. ICP-OES Conditions

The ICP-OES analysis was performed by using a Varian 720-ES spectrometer (Var-
ian, Melbourne, Australia). The content of four macro-minerals Na, K, Mg, and Ca was
determined by this method (Table 2).

Table 2. ICP-OES instrument operating conditions.

RF power [W] 1000
Plasma flow [L min—1] 15
Auxiliary flow [L min—!] 1.5
Nebulizer flow [L min—!] 0.75
Replicate read time [s] 1
Instrument stabilization delay [s] 15
Sample uptake delay [s] 15
Pump rate [rpm] 15
Rinse time [s] 10
Wavelength [nm] Ca 396.847, K 766.491, Mg 279.533, Na 589.592

2.3. ICP-MS Conditions

The ICP-MS analysis was performed by using an Agilent Technologies 7700x series
spectrometer (Agilent, Tokyo, Japan). The content of the fifteen elements B, Al, V, Cr, Mn,
Fe, Co, Ni, Cu, Zn, As, Sr, Cd, Ba, and Pb was determined by this method (Table 3).

Table 3. ICP-MS instrument operating conditions.

RF power [W] 1600
Plasma flow [L min—1] 15
Carrier gas flow rate [L min~!] 0.34
Dilution gas flow rate [L min—!] 0.57
Nebulizer MicroMist
Ton Lenses x-Lens
Replicates 3
Stabilization time [s] 30
Acquisition Mode Spectrum
Nebulizer pump speed [rpm] 0.1
Energy discrimination [V] 5

11B/ 27A1, 51V, 52CI‘, 55M1’1, 56Fe, 59C0, 60Ni, 63Cu, 66Zn,

Isotopes acquired 75 As, 885y 1110 1378, 208pp
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2.4. Toxicological Risk Assessment

The toxicological risk assessment for the investigated elements in the ED samples was
conducted using the established equations to estimate the estimated daily intake (EDI) and
non-carcinogenic risks (HQ) [22,31,32].

The EDI was calculated using the following equation:

EDI = (C x IR x EF x EXD)/(BW x AT)
The hazard quotient (HQ) for each element was calculated as follows:
HQ = EDI/RfD

where EDI is the estimated daily intake (mg/kg/day); C is the metal concentration in
samples (mg/L); IR is the daily intake rate of EDs at 0.23 L/day for adolescents and
0.16 L/day for adults; EF is exposure frequency, in this study, 240 day/year; EXD is the
exposure duration, in this study, 8 years (10-18 years old) for adolescents and 47 years
(18-65 years old) for adults [33]; BW is the body weight at 45 kg for adolescents and 70 kg
for adults; AT = EXD x 365 days is the averaging time for non-carcinogensis; HQ is the
hazard quotient; and RfD is the reference oral dose in mg/kg/day (0.2 for B, 1 for Al, 0.009
for V, 0.003 for Cr, 0.14 for Mn, 0.7 for Fe, 0.0003 for Co, 0.02 for Ni, 0.04 for Cu, 0.3 for Zn,
0.0003 for As, 0.6 for Sr, 0.0005 for Cd, 0.07 for Ba and 0.0035 for Pb).

The average daily intake in our study, based on the EFSA report, was approximately
0.23 and 0.16 L/day for adolescents and adults, respectively. Adolescents (10-18 years)
consumed the most, averaging 7 L per month, at least 4-5 times a week. Adults (18-65 years)
averaged 4.5 L monthly, with at least 4-5 times a week [33].

To account for the additive effects of exposure to multiple elements, the total hazard
index (HI) was calculated as the arithmetic sum of individual HQ values:

HI =) HQ

The incremental lifetime cancer risk (ILCR) was estimated to determine the probability
of developing cancer over a lifetime due to exposure to potential carcinogenic elements.
The formula used was as follows:

ILCR = EDI x CSF

where CSF is the cancer slope factor (mg/kg/day). The oral values used were 0.5 for Cr,
1.7 for Ni, 1.5 for inorganic As, 0.38 for Cd, and 0.0085 for Pb. The CSF is a toxicity value that
quantitatively defines the relationship between dose and response. An ILCR value greater
than 10~# indicates high cancer risk, while an ILCR value smaller than 10~ is acceptable
and safe, and a value in the range of 1070 to 10~* indicates a moderate risk [22,34].

2.5. Statistical Analysis

To analyze element concentrations in various energy drink products, the Kruskal-
Wallis H test was used, which is a non-parametric method suitable for non-normally
distributed data often seen in environmental studies. Each product was sampled three
times (n = 3), and the test compared multiple independent groups to detect significant
differences in element levels [35,36]. To control the family-wise error rate, Bonferroni
adjustments were applied to the p-values, reducing the risk of Type I errors and ensuring
robust significance levels despite the small sample size [37].

One-sample Student’s t-tests were conducted to determine if element concentrations
in individual drinks exceeded the normative values set by bodies like WHO (World Health
Organization), EU (European Union), and US EPA (United States Environmental Protection
Agency). Mean concentrations from three samples per product were compared to these
norms. Despite the limited sample size (1 = 3), the one-sample t-test was deemed appro-
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priate for detecting significant exceedances. Bonferroni adjustments were also applied to
control for multiple hypothesis testing, ensuring the results’ reliability [38].

All the analyses were performed in R (version 4.4.1) using the tidyverse suite for data
manipulation and visualization, and the rstatix package for statistical tests and Bonfer-
roni corrections [39-41]. This approach ensured rigor, reproducibility, and adherence to
statistical best practices.

3. Results

Nine energy drinks of different brands were analyzed using the techniques ICP-OES
and ICP-MS, and the results are presented in Tables 4 and 5. The total concentrations of
19 elements (Na, K, Mg, Ca, B, AL, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Sr, Cd, Ba, and Pb),
both essential and toxic, were determined in the ED samples.

Table 4. Content of the macro-minerals [mg L~!] in the analyzed energy drinks (1 = 27).

Elements Min Max Mean SD p.adj *
Sodium (Na) 8.62 619.85 377.16 223.25 0.00524
Potassium (K) 5.51 189.57 65.28 72.90 0.00552
Magnesium (Mg) 0.013 543.97 83.96 184.14 0.00476
Calcium (Ca) 2.54 116.1 23.15 35.66 0.00692

* p.adj —p-values after Bonferroni correction

Table 5. Content of micro-minerals in the analyzed energy drinks (n = 27) and the WHO, EU, and US
EPA regulations of maximum permissible metal levels in drinking water [ug L™!].

Elements Min Max Mean SD p.adj * WHO [42] EU [43] US EPA [44-46]
Boron (B) 194.01 796.82 432.28 186.54 1.00000 2400 1500 1400
Aluminum (Al) 227.54 456.97 297.32 67.18 0.43800 N/A 200 200
Vanadium (V) 0.29 10.44 3.60 3.04 0.02640 N/A N/A N/A**
Chromium (Cr) 13.49 67.53 39.70 18.26 0.02520 50 50 100
Manganese (Mn) 6.69 107.27 27.38 35.27 0.05415 N/A 50 50
Iron (Fe) 121.86 308.31 205.34 66.00 0.22950 300 200 300
Cobalt (Co) 0.19 413 1.20 1.18 0.01830 N/A N/A 100
Nickel (Ni) 2.04 6.57 3.36 1.57 0.14745 70 20 100
Copper (Cu) 2.94 16.76 8.02 431 0.02985 2000 2000 1300
Zinc (Zn) 10.34 64.56 23.98 17.27 0.03960 N/A N/A 5000
Arsenic (As) 1.57 23.05 7.33 7.00 0.02625 10 10 10
Strontium (Sr) 2.99 3878.21 452.74 1284.72 0.02400 N/A N/A 1500
Cadmium (Cd) 0.19 0.78 0.34 0.18 1.00000 3 5 5
Barium (Ba) 4.81 19.98 11.54 5.18 0.04095 1300 N/A 2000
Lead (Pb) 5.00 32.79 10.37 8.53 1.00000 10 10 15

* p.adj —p-values after Bonferroni correction; N/A—not available; ** a proposed notification level for vanadium
at15 pg L~ 1in drinking water established by the OEHHA [47].

3.1. Macro-Mineral Composition Analysis of Energy Drinks

Using the ICP-OES method, the content of four macro-minerals (Na, K, Mg, and Ca)
was determined, the concentrations of which, summarized in Table 4, are given in mg L1

Among the measured elements, sodium was the element present in the investi-
gated products at the highest concentration. The content of this macro-mineral ranged
from 8.62 mg L' (ED 9) to 619.85 mg L~! (ED 4). Potassium concentrations in the products
tested were generally lower than Na concentrations, ranging from 5.51 mg L~! (ED 3)
to 189.57 mg L~ (ED 5).

The determined calcium concentrations ranged from 2.54 mg L~! (ED 2) to 116.1 mg L~!
(ED 3). The magnesium content ranged from 0.013 mg L~! (ED 2) to 196 mg L.~ (ED 3), and
was significantly higher (543.97 mg L~!-ED 9) for only one ED enriched with this element
at the production stage.

The Kruskal-Wallis test showed significant differences in the concentrations of all the
analyzed macro-minerals—Ca, K, Mg, and Na—between the different brands of energy
drinks. For each of these elements, the p-values after Bonferroni correction (p.adj) were
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significantly less than 0.05 (Ca: 0.00692, K: 0.00552, Mg: 0.00476, and Na: 0.00524), which
indicates that there are significant differences in their concentrations between the products
tested. The number of samples for each element was 27, and the test statistics exceeded
the critical values for degrees of freedom of 8, which confirms the significance of the
observed differences.

3.2. Micro-Mineral Composition Analysis of Energy Drinks

The results of quantitative determinations of fifteen micro-minerals (B, Al, V, Cr, Mn,
Fe, Co, Ni, Cu, Zn, As, St, Cd, Ba, and Pb), obtained using the ICP-MS technique, are given
in ug L~! of the initial drink solution in Table 5 and in Figures 1-6.

Al
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Figure 1. Content of aluminum (Al) [mg L~!] in the analyzed energy drinks (n = 3).
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Figure 2. Content of arsenic (As) [mg L™!] in the analyzed energy drinks (n = 3).
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Figure 3. Content of cadmium (Cd) [mg L~ 1]in the analyzed energy drinks (n = 3).
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Figure 4. Content of chromium (Cr) [mg L~ 1]in the analyzed energy drinks (n = 3).
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Figure 5. Content of nickel (Ni) [mg L1 in the analyzed energy drinks (1 = 3).
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Figure 6. Content of lead (Pb) [mg L~!] in the analyzed energy drinks (1 = 3).

Of the elements listed above, the essential TEs include Fe, B, Cu, Cr, Mn, Zn, and Co,
with Fe, Cu, Cr, and Zn also classified as heavy metals. Conversely, Ni, As, Cd, and Pb are
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examples of HMs that do not have any biological role. Some trace elements like Al, V, Sr,
and Ba have not been demonstrated to be essential in humans.

Among the essential TEs analyzed, B and Fe exhibited the greatest levels in the exam-
ined EDs. The B concentration varied between 194.01 pg L=! in ED 3 and 796.82 pug L~! in
ED 7, with the Fe levels ranging from 121.86 pg L1 in ED 2 to 308.31 pg L' in ED 7. Concen-
trations for the other essential TEs varied within the following ranges: Mn (6.69-107.27 ug L~1),
Cr (13.49-67.53 ug L), Zn (10.34-64.56 pg L 1), Cu (2.94-16.76 ug L~1), and Co (0.19-4.13 ug L.

Among the most hazardous toxic elements, Pb and As exhibited the highest concentra-
tion in th EDs. The average Pb levels in the energy drinks tested were consistent (ranging
from 5.00 to 9.61 ug L™1), except for one ED 3 sample, which contained 32.79 ug L~! of Pb.
The highest concentrations of Ni and As were found in ED 3 and ED 7, with concentration
ranges of 2.04-6.57 ug L' and 1.57-23.05 ug L1, respectively. Cd was found in very small
amounts in the EDs tested, ranging from 0.19 ug L' in ED 7 and ED 6 to 0.78 ug L™! in
the ED 1 sample.

It was noticed that Al was present in the highest concentrations among the non-
essential TEs, with a range from 227.54 pg L1 (ED 2) to 456.97 ug L~! (ED 1). Toxic Ba was
also found in the ED samples (the lowest concentration of 4.81 pug L~! was recorded for
ED 7, and the highest 19.98 ug L~! for ED 3). Interestingly, of the EDs tested, the highest
Sr concentration was reported for the ED 3 sample, which was 3878.21 ug L. Unlike the
sample of ED 3, the other EDs had low Sr concentrations (between 2.99 and 72.36 ug L.
Additional non-essential TEs, like V, were found in the EDs analyzed at levels between 0.29
(ED9) and 10.44 pg L' (ED 1).

The result of the Kruskal-Wallis test for micro-minerals indicates that for some ele-
ments, there are significant differences in concentrations between product groups, while for
others, these differences are not statistically significant after taking into account the Bonfer-
roni correction. Trace elements such as As, Ba, Co, Cr, Cu, Sr, V, and Zn showed significant
differences in concentrations between products. The values of the adjusted p (p.adj) for these
trace elements were lower than the accepted level of significance (e.g., 0.05), which suggests
that their concentrations differ depending on the type of product. On the other hand, trace
elements such as Al, B, Cd, Fe, Mn, Ni, and Pb did not show significant differences after
applying the Bonferroni correction. This means that the differences in their concentrations
between the tested product groups are not statistically significant, so it cannot be stated that
these products differ significantly in terms of their content. In summary, the Kruskal-Wallis
test showed significant differences in the concentrations of some micro-minerals, which
indicates that some of them may be more dependent on the type of product. The Bonferroni
correction provided control for the first-type error in the multiple comparison analysis,
allowing a more conservative assessment of statistical significance.

The EDI for fifteen micro-minerals via the consumption of the EDs is summarized
in Tables 6 and 7. The HQ was calculated to evaluate the risk of chronic systemic toxicity
posed by exposure to each toxic and essential element. The HQ represents the ratio of EDI
to the RfD, which is the maximum acceptable dose assumed to be without adverse health
effects in humans. When the HQ value for an element exceeds 1 (HQ > 1), it indicates
a potential health risk, meaning the exposure surpasses the maximum permissible RfD.
Conversely, if HQ < 1, adverse health effects are unlikely, and the exposed population is
presumed to be safe.

The HQ values for the investigated elements through the consumption of the EDs are
presented in Tables 6 and 7. For the nine analyzed ED samples, all the HQ values for both
adolescent and adult age groups were below the risk threshold (HQ < 1), indicating no
significant non-carcinogenic risks to consumers.

The potential cumulative hazard from exposure to the fifteen micro-minerals was also
assessed, with the results presented in Tables 6 and 7. The HI ranged from 0.10 to 0.32 for
the nine ED samples in adolescents and from 0.04 to 0.13 in adults. All the HI values
were below the critical threshold of one, confirming that the cumulative exposure to these
micro-minerals does not pose a significant non-carcinogenic risk for consumers.
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Table 6. Estimated daily intake and health risks associated with micro-mineral exposure in adolescents from energy drink consumption.
EDI
HI
Sample THQ
B Al v Cr Mn Fe Co Ni Cu Zn As Sr Cd Ba Pb
ED1 16x107%  15x107° 34x10° 12x107* 40x10° 58x10* 44x10° 18x10° 56x10° 22x10* 53x10° 13x10* 26x10° 48x10° 27x10°° 0.10
81x107% 15x107% 37x107°% 39x102 29x107* 83x10% 15x102 90x107* 14x10% 72x10% 18x102 21x10* 52x107% 68x107* 77x107° :
ED 2 67x107%  77x10*  67x107° 94x107° 24x107° 41x10* 64x107 94x10° 24x10° 67x10° 14x107° 11x10° 14x10° 22x10° 28x10°° 0.10
34x107%  77x107%  75x10*  31x102 17x107* 59x107% 21x107° 47x107* 61x107% 22x107*  47x10% 18x10° 28x107% 31x107* 81x107° :
ED 3 64x107*  1.0x107°  17x107° 21x107* 24x107° 51x10% 14x10° 22x107° 36x107° 35x107° 14x10° 13x10% 91x107 67x107° 11x107* 023
32x107%  1.0x107%  19x10° 69x102 17x107* 73x10% 46x10% 11x107° 89x107% 12x107% 46x10% 22x10% 18x107° 96x107* 31x107? :
ED4 19x107%  94x10* 1.0x10° 19x10* 24x10° 67x10% 16x10° 73x10° 22x10° 51x10° 85x10° 80x10° 10x10° 26x10° 22x107° 0.12
9.7 x 1073 9.4 x 1074 1.1 x 1073 6.5 x 1072 1.7 x 1074 9.6 x 1074 5.5 x 1073 3.6 x 1074 55x 1074 1.7 x 1074 2.8 x 1072 1.3 x 1074 2.0x 1073 38 x 1074 6.2 x 1073 ’
ED5 16x107%  77x107*  17x107° 12x10% 22x107* 72x107% 35x10° 1.0x10° 18x107° 97x10°° 11x107° 77x10° 11x10° 51x10° 32x107° 0.12
81x1073 7.7 x 1074 1.9 x 1073 4.0 x 1072 1.6 x 1073 1.0 x 1073 1.2 x 1072 5.0 x 1074 44 x 1074 32x107* 3.8 x 1072 1.3 x 1074 23 x1073 73x107%  92x1073 ’
ED6 1.4 x 1073 1.0 x 1073 1.0 x 1075 1.0 x 1074 8.1 x 1075 87 x 1074 1.3 x 107 7.6 x 107° 24 x107° 6.6 x 107° 1.3 x 1075 6.1 x 1075 6.4 x1077  42x107° 3.1x107° 0.10
69x10° 10x10° 11x107% 35x1072 58x107* 12x107% 43x107° 38x10* 61x107* 22x10% 42x102 1.0x10* 13x10° 60x10* 89x 1073 '
ED 7 2.7 x 1073 1.0 x 1073 1.0x 1075 47 x107° 4.0 x107° 1.0x 1073 47 x10°° 8.5 x 107° 1.3 x 1075 38 x107° 7.7 x 1075 1.0 x 1075 6.4 x 1077 1.6 x 1075 2.5 %1075 032
13x102  1.0x10° 11x107°% 16x102 29x107* 15x107% 16x102 43x10* 34x10* 13x10* 26x107' 17x107° 13x10° 23x10* 70x 1073 '
ED 8 13x107%  91x107% 17x10° 94x107° 37x10* 95x107* 39x10° 12x10° 39x107° 12x107* 36x107° 24x10* 12x10° 53x10° 22x10°° 0.19
67x107°  91x10* 19x10* 31x102 26x10° 14x107% 13x102 59x10* 97x107* 38x10* 12x107" 41x10* 24x107° 75x10*  62x107° '
ED9 12x107%  97x10%  1.0x10°® 23x107* 24x107° 46x10* 25x10° 69x10° 99x10°® 39x107° 42x107° 51x10° 87x107 24x10° 17x10°° 024
59x 1073 97x107%  11x10%  76x102 17x107*  66x107% 84x107° 34x10* 25x107% 13x107% 14x1071  85x107° 17x107% 34x107* 48x107° :
Table 7. Estimated daily intake and health risks associated with micro-mineral exposure in adults from energy drink consumption.
EDI
HI
Sample THQ
B Al \% Cr Mn Fe Co Ni Cu Zn As Sr Cd Ba Pb
ED1 68x107*  65x107%  14x107° 49x107° 17x107° 24x10% 18x10° 76x10° 24x107° 91x107° 22x10° 53x10° 11x10°° 20x107° 11x107° 0,04
34x107%  65x10%  16x107° 16x10% 12x107* 35x10% 61x107° 38x10* 59x107% 30x10* 74x107° 89x10° 22x107% 29x107* 32x107° :
ED2 28x107%  32x107%  28x10° 39x10° 99x10° 17x10% 27x107 39x10° 10x10° 28x10° 59x10° 44x10° 59x107 91x10° 12x10° 0.04
14 x 1073 32x 1074 31x107* 1.3 x 102 7.0 x 1075 25x 1074 89 x 1074 2.0 x 1074 26 x 1074 9.4 x107° 2.0 x 1072 74 x107° 1.2 x 1073 1.3 x 1074 34 x1073 ’
ED3 27x107 44x10%  70x10° 87x107° 99x10°° 21x10* 58x10° 93x10° 15x107° 15x107° 58x10° 55x10° 38x107 28x107° 46x107° 0.10
1.3 x 1073 44 x 1074 7.8 x 1074 29 x 1072 7.0 x 1075 31x107* 1.9 x 102 46 x 1074 37 x 1074 49 x107° 1.9 x 102 9.1 x 1073 76x 107  40x107* 1.3 x 1072 ’
ED 4 82 x 1074 39 x 1074 42 x10°° 82 x107° 9.9 x 10°° 28 x 1074 6.9 x 1077 3.1x10°° 9.2 x10°° 21 x107° 3.6 x 107° 34 x107° 42 x 1077 1.1 x 1075 9.1 x10°° 0.05
41x107%  39x107*  47x10%  27x102  70x10° 40x10* 23x107% 15x107* 23x10* 71x10° 12x102 56x10° 85x107*  16x107*  26x 1073 '
ED5 68x107* 32x10* 70x107® 51x107° 92x107° 30x107* 15x107° 42x10° 74x10° 41x10° 47x10° 32x10° 48x107 21x107° 14x107° 0.05
34x107°  32x10*  78x107* 17x102 65x107*  43x10*  49x107° 21x10* 18x10* 14x107* 16x102 54x10° 96x10*  30x10*  39x107° '
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Table 7. Cont.
EDI
HI
Sample THQ
B Al \'% Cr Mn Fe Co Ni Cu Zn As Sr Cd Ba Pb
ED 6 5.8 x 1074 42 x 1074 42 x 107° 44 x107° 34 x107° 3.6 x 1074 5.4 x 1077 32 x 107 1.0 x 107 2.8 x 107° 53 x 107° 2.6 x 107° 2.7 x 1077 1.8 x 10° 1.3 x 107° 0.04
29 x 1073 42 x 1074 47 x 1074 1.5 x 102 24 x 107 52 x 1074 1.8 x 1073 1.6 x 1074 2.6 x 1074 9.2 x 107° 1.8 x 102 43 x 107° 5.4 x 1074 25x 1074 3.7 x 1073 ’
ED7 1.1x 1073 42 x 1074 42 x 107° 2.0 x 107° 1.7 x 107° 43 x 1074 2.0 x 10° 3.6 x 10° 5.7 x 107° 1.6 x 107° 32 x107° 42 x 10°° 2.7 x 1077 6.8 x 10°° 1.0 x 107 013
5.6 x 1073 42 x 1074 47 x 1074 6.6 x 1073 1.2 x 1074 62 x 1074 6.6 x 1072 1.8 x 104 14 x 1074 5.4 x 107° 1.1 x 1071 7.0 x 1076 54 x 107* 9.7 x 107° 3.0 x 1073 ’
ED 8 5.6 x 1074 3.8 x 107* 7.0 x 107 39 x 107° 1.5 x 1074 4.0 x 1074 1.6 x 10° 5.0 x 107° 1.6 x 1075 4.8 x 107° 1.5 x107° 1.0 x 1074 49 x 1077 22 x107° 9.0 x 10°° 0.08
2.8 x 1073 3.8 x 107* 7.8 x 1075 1.3 x 102 1.1 x 1072 57 x 107* 5.4 x 1073 25 x 1074 41 x 107* 1.6 x 104 5.1 x 102 1.7 x 1074 9.9 x 107* 32 x107* 2.6 x 1073 ’
ED9 49 x 107* 41 x 107* 42 x 1077 9.6 x 107° 9.9 x 10°° 19 x 104 1.1 x10°° 29 x 10-° 41 x 10°° 1.6 x 1075 1.8 x 10° 2.1 x107° 3.7 x 1077 9.9 x 10~° 7.0 x 1076 0.10
25x107%  41x107* 47x107° 32x102 70x10° 28x107* 35x10% 14x107% 1.0x10* 54x10° 59x1072 36x10° 73x107* 14x10* 20x1073 ’
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The carcinogenic risk for Cr, Ni, As, Cd, and Pb via the consumption of the EDs for
both adolescents and adults was determined and is presented in Table 8. To our knowledge,
this is the only study that estimated the carcinogenic risk for toxic elements from the
consumption of EDs. For Pb and Cd, the ILCR values were consistently below the safe limit
of 10~° for both adolescents and adults, indicating no carcinogenic concern for these metals.

Table 8. Incremental lifetime cancer risk (ILCR) for adolescents and adults due to Cr, Ni, As, Cd, and
Pb exposure from the analyzed energy drinks.

ILCR *
Sample Cr Ni As cd Pb
Adolescents
ED1 5.9 x 1075 3.1 x107° 7.9 x 106 1.0 x 1076 23 x 1077
ED2 4.7 x 107> 1.6 x 1075 21 x 107> 54 x 1077 24 x 1077
ED3 1.0 x 1074 3.8 x107° 2.1 x 107> 34 x 1077 94 x 1077
ED 4 9.7 x 107° 12 x 107° 13 x 107° 38 x 1077 1.8 x 1077
ED5 6.0 x 107> 1.7 x 107> 1.7 x 107° 43 x 1077 2.7 x 1077
ED6 52 % 107° 13 x10°° 1.9 x 107° 24 x 1077 2.6 x 1077
ED7 24 x 1075 14 x 1075 12 x 1074 24 x 1077 21 x 1077
EDS8 47 x 1073 2.0 x 107° 54 x 107> 45 % 1077 1.8 x 1077
ED9 1.1 x 1074 12 x 107° 6.3 x 1073 33 x 1077 1.4 x 1077
Adults
ED1 25 % 107° 13 x 107° 33 x10°° 42 x 1077 9.7 x 108
ED?2 2.0 x 107> 6.7 x 107° 89 x 10° 2.2 x 1077 1.0 x 10~7
ED3 44 x 105 1.6 x 107° 8.7 x 106 1.4 x 1077 39 x 1077
ED 4 41 x 1073 52 x 10 53 x 107° 1.6 x 1077 7.7 x 1078
ED5 25 % 107° 7.2 x 107° 7.1 x 107 1.8 x 1077 1.2 x 1077
ED6 22 % 107° 54 x 10 79 x 107 1.0 x 1077 1.1 x 107
ED7 9.9 x 107° 6.1 x 107° 49 x 107> 1.0 x 10~7 8.8 x 108
ED S8 20 x 1075 85 x 107 23 x 1075 1.9 x 1077 7.7 x 10~8
ED9 4.8 x 1073 49 x 10~° 2.7 x 107> 1.4 x 1077 6.0 x 1078

* ILCR was calculated by multiplying the EDI by the cancer slope factor (CSF). Oral CSF for Cr, Ni, inorganic As,
Cd, and Pbis 0.5, 1.7, 1.5, 0.38, and 0.0085 mg/kg/day, respectively [48].

For As, in adolescents, the ILCR values for most samples (except ED 1 and ED 7)
ranged between 10~° and 1074, signifying a moderate cancer risk. ED 1 was within the
safe limit, while ED 7 exceeded the 10~# threshold, indicating a high cancer risk for this age
group. Among adults, the ILCR values for As ranged from 3.3 x 107¢ (ED 1) to 4.9 x 10>
(ED 7). While most samples were below the safe limit, ED 7, ED 8, and ED 9 indicated a
moderate risk (1076 to 107%).

For Ni, the ILCR values in adolescents ranged from 1.2 x 107> (ED 9) to 4.7 x 107>
(ED 8), all within the moderate risk range of 107¢ to 10~%. For adults, most samples
fell within the safe limit (<107°), except ED 1 (1.3 x 10~°) and ED 3 (1.6 x 10~°), which
presented a moderate carcinogenic risk.

For Cr, the ILCR values in adolescents ranged from 2.4 x 105 (ED7)to1.1 x 1074
(ED 9). Two samples (ED 3 and ED 9) approached or slightly exceeded the 10~# threshold,
indicating a high cancer risk, while the others fell within the moderate risk range. In adults,
the ILCR values for Cr ranged from 9.9 x 107¢ (ED 7) to 4.8 x 10~° (ED 9), with all the
samples falling within the moderate risk range.

4. Discussion
4.1. Energy Drink Macro-Mineral Composition

The results of the energy drinks showed a high content of Na, followed by K, Mg, and Ca.
In a previous study, Lesniewicz et al. [4] reported that the concentration of Na in energy drinks
consumed in Poland varied from 174 mg L~! to 943 mg L~!. In the study by Martins et al. [49],
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the Na concentrations in the seventeen energy drinks were very different depending on the type
of packaging; they ranged from 31.5 to 1216.7 mg L~! in PET bottles and 8.73 to 630.4 mg L~!
in aluminum cans. The results obtained in our study (8.62 mg L~1-619.85 mg L) are similar
to them. The potassium concentrations determined by Martins’ research team ranged from
2.4 t0 210 mg L~ [49]. The results of our experiments are consistent with this range. The
relationship between sodium and potassium at the cellular level is responsible for many
essential functions, including maintaining fluid balance. Na and K play important roles
in various bodily functions, and an imbalance in their intake can have significant health
implications, particularly concerning cardiovascular diseases and hypertension. Reducing
the amount of Na intake in foods remains an essential concern for the food processing
industry. The WHO recommends a Na-K molar ratio of <1 to help lower blood pressure.
Therefore, it is very important to monitor the content of these elements in energy drinks,
which are becoming an important part of the diet of young people [50-54].

The Mg and Ca levels in our study ranged from 0.013 mg L~! to 196 mg L~! and
2.54 mg L~ ! to 116.1 mg L}, respectively. Of all the macro-minerals tested, the largest
differences between the minimum and maximum concentrations were obtained for Mg,
as have other researchers. Calcium concentrations determined by the ICP-OES technique
by other researchers ranged from 12.9 mg L™! to 106 mg L~ [49], and from 2.39 mg L~!
to 120 mg L' [55], so they were consistent with our results. In contrast, the Ca levels
determined by Lesniewicz et al. [4] and Mohammed et al. [56] were lower, not exceeding
41.2mg L' and 66 mg L1, respectively.

4.2. Energy Drink Micro-Mineral Composition

The concentrations of V, B, and Co in EDs were examined only in the study conducted
by Les$niewicz et al. [4], with the levels ranging from 0.19 to 4.25 ug L1, 36.3t092.8 ug L1,
and 0.41 to 1.63 ug L™, respectively. These findings showed a considerable decrease in
comparison to our research, where the highest average levels of these substances were
10.44 pg L1 (for V), 796.82 ug L' (for B), and 4.13 pg L~! (for Co). The WHO guide-
lines for drinking water quality do not establish a specific limit for Co, V, and Sr, among
others [42]. We found that the concentrations of V and Co in our study were within the
ranges recommended by the California Office of Environmental Health Hazard Assessment
(OEHHA) and US EPA [44,47], respectively (Table 5). B’s outcome was significantly lower
than the standard suggested by the WHO. Lesniewicz et al. [4] reported Sr concentrations
ranging from 12.8 to 117 ug L~1, while Szymczycha-Madeja et al. [55] found concentrations
ranging from 1.8 to 608 g L~!. However, our study showed a significant increase in the Sr
levels for the ED 3 sample to a value equal to 3878.21 ug L~! (statistic = 918.030) with an
adjusted p-value of 0.000, indicating that the Sr concentration in this product significantly
exceeds the US EPA standards. This supports the hypothesis that the Sr levels in ED 3
are higher than the normative values. The researchers also found Ba levels ranging from
4281023.7 ug L~! [4] and from 19 to 82 ug L1 [55]. In our research, the levels of Ba found
fell within the lowest range reported in their study (4.81-19.98 g L~1).

The findings revealed that in the several ED samples in our research, the Al concentra-
tions showed significant deviations from the EU and US EPA norms (Table 5). Specifically, ED 6
(statistic = 28.372, p.adj = 0.006), ED 3 (statistic = 11.656, p.adj = 0.033), and ED 8 (statistic = 96.162,
p.adj = 0.000) all exhibited Al levels that significantly exceed the standards mentioned. The
elevated Al levels in the tested EDs are linked to the specific packaging material used. Mar-
tins and colleagues [49] found higher levels of aluminum (150~7150 pg L~!) in EDs within
aluminum cans compared to the levels in PET bottles (10-120 ng L~1). Le$niewicz et al. [4]
and Bunu et al. [57] found that the highest levels in EDs were 1260 pg L~! and 2049 pug L1,
respectively. It is well known that aluminum cans are covered with a thin polymer layer,
which may impact the Al content in EDs [49]. Francisco et al. [58] stated that if cans are
mishandled, it may result in the beverage coming into contact with the metal can material.
Even though the highest average concentration of Al in our study was significantly lower
(456.97 ug L1 compared to previous studies by Le$niewicz et al. [4], Martins et al. [49], and
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Bunu et al. [57], the levels of this metal found still exceed the permissible limits in drinking
water as per the specified standards (Table 5). Furthermore, as stated by Kilic et al. [17],
Cr, Ni, and Fe are among the other metals that have the ability to move from the metal
container into the ED sample. The Al levels in non-carbonated samples ranged from
26.12 pg L1 to 48.16 pg L1, with a mean of 37.74 ug L1, according to Ahmed et al. [59].
The aforementioned study also discovered that orange juice samples had an average Al
content of 36.98 ug L~!. Fruit juices and non-alcoholic beverage samples were the subject
of another study conducted in the USA; the results showed a broad range of concentrations,
ranging from 0.017 to 2.6 mg L~!, with an average of 0.36 mg L~ [60]. Across different
brands in Egypt, the Al content of soft drink samples, whether in glass, plastic, or can
bottles, varied from 20 ug L~! to 507.35 ug L= [61].

Despite these elevated Al levels, the calculated HQs for aluminum in all the tested EDs
for adolescents and adults were below the threshold of 1 (HQ < 1), indicating no significant
non-carcinogenic risk to consumers. This finding aligns with evidence suggesting that while
aluminum is present in various foods, beverages, and water, orally ingested Al at typical
levels is not immediately harmful to humans. However, potential long-term exposure
risks, including its speculated role in neurodegenerative conditions such as Alzheimer’s
disease, remain a topic of ongoing scientific investigation [62]. The results underscore the
need for the careful monitoring of Al concentrations in EDs, particularly those packaged in
aluminum cans, to ensure compliance with regulatory standards and minimize potential
health risks.

As, Cd, and Pb are frequently found in the environment as pollutants. These metals
have adverse effects on the human body and there is no known mechanism of homeostasis
for them [63]. HMs are potentially toxic in high amounts or after long-term exposure. These
metals manifest the ability to move and concentrate in different organs, leading to various
health issues [19]. Therefore, monitoring their concentrations in various foods, including
EDs, is warranted.

Comparing the concentrations of harmful HMs in the EDs to the available literature
data, the following conclusions can be drawn: The studies by Kilic et al. [17], Adepoju
and Ojo [64], and Bunu et al. [57] reported As levels ranging from 0.76 to 6.73 ug L1,
21to7.1 pgL71, and 0.5 to 60.3 pug L1, respectively. The As levels in our study were
significantly elevated in ED 7, with a statistic of 30.466 and an adjusted p-value of 0.005,
which is below the 0.05 threshold for significance. This indicates that the As concentration
in ED 7 surpasses the WHO, EU, and US EPA norms (Table 5), supporting the hypothesis
that the As levels in this particular energy drink are higher than recommended. In addition,
slightly increased levels of As were found in ED 8 and ED 9. Early symptoms of low As
exposure in drinking water include melanosis (abnormal black-brown skin pigmentation)
and keratosis (the hardening of the palms and soles). Ongoing exposure, on the other hand,
leads to leukomelanosis (skin depigmentation with white patches), hyperkeratosis, and
potentially skin cancer [65].

In previous research, Ni levels were reported to range between 0.93 and 22.7 ug L1 [4],
12 and 59 pg L' [55], and 35.98 and 303.97 ug L~ [17], significantly higher than our find-
ings, which revealed Ni concentrations to be 3-46 times lower. Despite the relatively lower
levels detected, the results of our risk assessment indicated that Ni posed no carcinogenic
risk in adults, with the ILCR values falling below the safe threshold of 107 for most
samples, except for ED 1 and ED 3, which presented a moderate risk. In adolescents,
however, an intermediate cancer risk was identified across all the samples. Nickel exposure,
depending on its concentration and duration, is associated with various adverse health
effects, including contact dermatitis, cardiovascular diseases, asthma, lung fibrosis, and
respiratory tract cancer [66].

In our investigation, the levels of Cd and Pb ranged from 0.19 to 0.78 ug L~! and 5.00 to
32.79 ug L1, respectively. It is important to mention that the levels of Pb in ED 3 exceeded
the permitted levels for this metal in drinking water as stated in Table 5. Among the studies
that were conducted, only the research by Adepoju and Ojo [64] reported significantly
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reduced levels of Cd (0.1-0.2 pg L~') and Pb (1.6-4.8 pug L~'). In research conducted in
Poland, Szymczycha-Madeja et al. [55] observed elevated levels of Cd (1.2-2.5 pg L~ 1) and
Pb (19-53 pg L) compared to the findings of Lesniewicz et al. [4], who reported lower
concentrations of Cd and Pb at 0.21-0.88 ug L~! and 5.91-17.2 pg L=, respectively. Our
findings on the levels of these HMs were most similar to those of Le$niewicz et al. [4].
Kilic et al. [17] also reported comparable results for Cd and Pb. Moreover, Bunu et al. [57]
found maximum Pb concentrations of 23.4 ug L~! for Pb in their study. In the case of HM
content in carbonated and non-carbonated beverages [59], the lowest mean concentration
of Cd (7.4-18.6 ug L) followed by Pb (4.1-4.5 pg L~1) was observed in both types of
beverage samples. A Pb range of 0.0014-6.0 ug L~! was found in a prior investigation
of fruit juices and non-alcoholic beverage samples from the USA [60]. Pb levels in a
variety of soft drink samples packaged in glass bottles, plastic, and cans ranged from 0.5 to
6.44 ug L1 [67]. According to earlier Egyptian research on soft drink samples, several soft
drink brands had Cd concentrations ranging from 0.5 ug L' to 1.96 pg L= [61].

Researchers from Nigeria and Iraq observed particularly high levels of Cd and Pb
concentrations [56,57,68-70] that were above the acceptable limits of these HMs in drinking
water (Table 5). In the study conducted by Yahaya et al. [69], Cd levels ranged from
769 to 779 ug L~! while Pb levels fell between 12 and 323 pug L~!. Mohammed and
his colleagues [56] found Cd levels between 140 and 340 pg L~! and Pb levels ranging
from 100 to 140 pg L~1. Pb concentrations determined in the studies by Bunu et al. [68]
and Gimba et al. [70] ranged from 18 to 332 pg L~! and 28 to 139 pg L, respectively.
Contamination with Pb is a significant issue in Nigeria. According to Momodu and
Anyakora [71], 36.7% of the drinking water wells in Nigeria had Pb levels exceeding the
WHO guideline value. Over a long period of intake, Cd can build up in the kidneys
and liver, potentially causing kidney damage due to its extended biological half-life [72].
Excessive exposure to Pb can result in bone weakness, metallic taste, insomnia, seizures,
microcytic anemia, glucosuria, cognitive issues, anorexia, reticulocytosis, and more. The
organs affected are the brain, bone, blood, kidney, and thyroid [73].

The concentration levels of Cr found in this research (13.49-67.53 g L), and also docu-
mented by Kilic et al. [17] (13.25-100.96 ug L~!) and Adepoju and Ojo [64] (534.3-608.9 g L)
are significantly greater than those reported in the ED samples in the Lesniewicz et al. [4]
(2.56-19.7 ug L~1) and Szymczycha-Madeja et al. [55] (3.5-14 pg L~1) studies. The Cr
concentrations exhibited significant deviations from the WHO and EU norms in two energy
drinks: ED 9 and ED 3. ED 9 showed a moderate increase in the Cr levels (statistic = 10.746)
with an adjusted p-value of 0.038, which is below the significance threshold of 0.05. ED 3
presented a substantial increase in the Cr concentration (statistic = 308.273) with an adjusted
p-value of 0.000 indicating a highly significant departure from the norm. It is essential
to maintain regular glucose metabolism in human nutrition by ensuring that Cr levels in
drinking water are within the recommended range. However, excessive intake of Cr can
result in stomach issues, ulcers, seizures, and damage to the kidneys and liver, possibly
leading to death [74].

Our risk assessment revealed that the THQs for As, Pb, Cd, and Cr were below the
threshold value of one, indicating no non-carcinogenic concerns for long-term exposure.
However, the ILCR values in the adolescent age group highlighted notable carcinogenic
risks for both As and Cr. Specifically, the ILCR values for As exceeded the safe threshold
of 107° in seven samples, indicating intermediate cancer risk, while one sample surpassed
the 10~# level, signifying a high cancer risk. For Cr, the ILCR values exceeded 10~ in seven
samples, with two samples surpassing the 10~# threshold, pointing to a high cancer risk.
Importantly, our study measured the total Cr levels, encompassing both Cr®* and Cr®*.
While Cr®* is recognized as a genotoxic and carcinogenic compound, Cr* is an essential
trace element for human nutrition. This underscores the necessity for further speciation
analysis to accurately assess the health risks associated with Cr exposure.

Our study found elevated levels of Mn, similar to the findings in the studies conducted
by Kilic et al. [17] (5.45-489.93 ug L), Szymczycha-Madeja et al. [55] (9.4-586 ug L™ 1),
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and Mohammed et al. [56] (100-210 pug L~1). Le$niewicz et al. [4] discovered noticeably
lower amounts of this element in ED samples (15.1-40.9 pg L~!). The Mn concentrations
exceeded the EU and US EPA norms in two energy drinks: ED 5 and ED 8. ED 5 showed a
significant increase in the Mn levels (statistic = 57.898) with an adjusted p-value of 0.001,
while ED 8 also demonstrated elevated Mn concentrations (statistic = 37.589) with an
adjusted p-value of 0.003. The carbonated and non-carbonated beverage samples examined
by Ahmed et al. [59] showed mean Mn concentrations in the range 119.0-146.4 ug L1,
which was higher compared to our results. A previous report from Brazil also demonstrated
the elevated mean content of Mn 150.4 pg L~! in orange juices [75]. As widely recognized,
Mn is a powerful neurotoxic in addition to being an essential element. Numerous enzymes
involved in energy metabolism, the generation of neurotransmitters, the regulation of
reproductive hormones, and endogenous antioxidant enzyme systems use it as a cofactor.
On the other hand, excessive Mn exposure is hazardous, particularly to the central nervous
system (CNS), since it gradually destroys nerve cells [76].

Except for Yahaya et al.’s research [69] reporting the highest Cu concentration of 14,041 ug L1,
other studies found Cu levels in EDs below drinking water standards (Table 5). The Cu
concentrations in our study and in Martins et al. [49] did not exceed 20 ug L. However,
Kilic et al. [17] observed Cu levels ranging from 23.67 to 60.48 ug L~1, Lesniewicz et al. [4]
found concentrations between 0.87 and 109 pg L~!, and Szymczycha-Madeja et al. [55]
recorded levels between 11 and 79 pg L~1. Juices and soft beverages’ Cu content was also
examined in the literature. A comparison with our results showed that there are signifi-
cantly lower Cu levels in EDs than in the aforementioned drinks. For example, in Brazil,
orange fruit juices have been shown to contain Cu at concentrations between 21.6 and
293 pg L1, According to Godebo et al. [60], orange juices have a Cu concentration of 75.15
to 141.66 ug L1, which is higher than the concentration in another study [59]. Remarkably,
a recent study on non-alcoholic juice found that two varieties had significantly higher mean
concentrations of copper: 280.0 ug L~! in fresh mango juice and 240.0 pug L~ in cappy
mango juice [61]. According to reports, the Cu concentration in samples of different soft
drink brands in Egypt ranges from 10.0 to 66.64 pg L-1[67]. Conversely, Abdel-Rahman
et al. [61] found that the Cu concentrations in canned and plastic-bottled Pepsi drinks were
210.0 ug L' and 160.0 ug L1, respectively. Cu acts as a cofactor for various enzymes
(referred to as cuproenzymes) that play a role in energy production, iron metabolism, neu-
ropeptide activation, connective tissue production, and neurotransmitter creation [70]. But,
prolonged exposure to elevated copper levels can lead to liver damage and symptoms in the
gastrointestinal tract such as abdominal pain, cramps, nausea, diarrhea, and vomiting [77].

Kilic et al. [17], Lesniewicz et al. [4], Bunu et al. [68], Yahaya et al. [69], and Mo-
hammed et al. [56] all reported significantly high concentrations of Fe in their respective
studies (334.77-937.12, 139-1380, 261850, 1083-1157, and 120-1030 pg L~'). In our re-
search, the Fe levels varied between 121.86 and 308.31 pg L~!. All ED samples, with the
exception of the EDs in the studies by Szymczycha-Madeja et al. [55] (35-78 pug L~!) and
Martins et al. [49] (70-190 ug L~1), had higher Fe concentrations compared to the permitted
levels (Table 5). Fe concentrations were generally within the EU and US EPA norms across
most EDs. However, ED 8 exhibited a significant increase in Fe levels (statistic = 71.735)
with an adjusted p-value of 0.001, indicating a substantial deviation from the norm. Fe
is an important element in many biological processes, as on the one hand, it serves as an
excellent oxygen carrier, and on the other, it can act as a protein-bound redox element [78].
Iron deficiency is common worldwide and in infants can cause severe neurological deficit.
However, excessive iron intake is generally connected with an increased risk of colorectal
cancer [79].

The analysis of Zn concentrations in our study, as well as in studies conducted by
other researchers [4,49,55,57,68,69], revealed that Zn was present in different brands of EDs
within acceptable limits (Table 5). The maximum Zn concentrations of 1005 pug L~! and
2907 ug L~! were observed by Yahaya et al. [69] and Bunu et al. [57], respectively. In turn,
the Zn concentration in soft drinks packaged in cans, glass, and plastic bottles collected from
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Giza's Egyptian market places was found to be in the range of 10 g L' and 197.63 ug L' [67],
which is less than the ranges obtained in both carbonated (265.15-315.78 pug L) and non-
carbonated (168.81-301.81 ug L~ ') beverage samples in the research study presented by
Ahmed et al. [59]. Zinc plays a significant role in the metabolism of proteins, lipids, nucleic
acids, and gene transcription [80]. Its function in the human body is wide-ranging in terms
of reproduction, immune function, and wound healing. Zinc deficiency may manifest as
growth issues, sexual problems, inflammation, digestive symptoms, or skin problems [81].

The present study and other available scientific reports have shown that EDs are not
inert to human health. Nevertheless, there is no document in the EU legal system that
specifies what an “energy drink” is. Regulation (EU) No 1169/2011 on the provision of food
information to consumers mainly refers to a non-alcoholic caffeine-rich soft drink. From
2014 onwards, drinks containing more than 15 mg caffeine/100 mL had to be labeled with
the warning: ‘High caffeine content. Not recommended for serving to children, pregnant
and breastfeeding women’ and information on the caffeine content in mg/100 mL [82]. In
Denmark, it is illegal to produce or distribute soft drinks and to add more than 15 mg of
caffeine per 100 milliliters to food. EDs are only allowed to be sold to people above 16 in
the UK and Germany, but only to people above 18 in Lithuania and Latvia [83]. Energy
drinks are categorized as dietary supplements or ordinary foods in the US. The Dietary
Supplement Health and Education Act of 1994 (DSHEA) states that substances used in
normal foods, including caffeine, cannot be used in dietary supplements without previous
FDA approval. Despite caffeine’s classification as a medication, the DSHEA does not
mandate that components in herbal supplements be disclosed [84]. Since 1 January 2024,
Poland has prohibited the sale of energy drinks to anyone younger than 18. With the
exception of natural sources, it covers items that contain more than 150 mg of taurine or
caffeine per liter. This rule attempts to shield youth from health consequences that can
impair everyday functioning and education, such as sleeplessness, anxiety, or difficulty
focusing. These rules were put in place with the goal of encouraging a healthy lifestyle and
helping children develop good eating habits at a young age.

5. Conclusions

The analysis of nine ED samples revealed the presence of Na, K, Mg, and Ca, with Na
being the most abundant. These macro-elements are crucial for the overall health of the
body. Overall, the majority of the elements analyzed in the EDs adhered to the WHO, EU,
and US EPA norms, with no significant deviations observed. However, notable exceptions
included elevated levels of Cr (in ED 3 and ED 9), Mn (in ED 5 and ED 8), Fe (in ED 8),
As (in ED 7), Sr (in ED 3), and Al (in ED 6, ED 3 and ED 8). The observed differences
in heavy metal content may be due to their heterogeneity, raw material sources, origin,
production, and packaging processes. Consequently, caution is advised when consuming
EDs, as excessive drinking can lead to increased build-up of both essential and non-essential
TEs and/or HMs in the human body. In general, the accumulation of these metals can
increase the risk of non-communicable diseases such as cardiovascular diseases and various
types of cancer. These findings raise specific concerns regarding the safety of certain EDs
concerning the Cr, Mn, Fe, As, Sr, and Al content, warranting further investigation and
potential regulatory scrutiny to ensure consumer safety.

The analysis of nine ED samples revealed the presence of Na, K, Mg, and Ca, with
Na being the most abundant. These macro-elements are essential for maintaining overall
health. Most of the elements analyzed adhered to the WHO, EU, and US EPA norms, with
no significant deviations observed for non-carcinogenic risks, as indicated by the THQ
values below one for all the elements, including Cr, Mn, Fe, As, Sr, and Al. This confirms
that in terms of long-term non-carcinogenic exposure, the investigated EDs are generally
safe for consumption.

However, carcinogenic risk assessments highlighted concerns, particularly for certain
elements like As and Cr in some ED samples, especially in the adolescent age group. The
ILCR values for these elements exceeded the thresholds for moderate to high carcinogenic
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risk in specific cases, necessitating caution. The variability in heavy metal content among
the ED samples may be attributed to differences in raw material sources, production
processes, and packaging.

While no immediate non-carcinogenic risks were identified, excessive and prolonged
consumption of EDs could contribute to the accumulation of both essential and non-
essential trace elements and /or heavy metals in the human body, posing potential long-
term health risks, including carcinogenic risks. These findings underscore the importance
of regulatory oversight and further studies, including longitudinal and clinical research, to
ensure the safety of energy drink consumption and protect consumer health.
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