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Abstract

Dietary supplements are becoming increasingly popular, yet these products are subject to less
stringent quality regulations than pharmaceuticals. The present study employed the ICP-OES
method to analyze a selection of elements (Ca, Mg, P, Al, and Zn) in dietary supplements.
Commercially available products, purchased in Poland through online sales, were selected
for the analysis. The study was conducted to assess compliance between the actual composition
of the supplements and the manufacturers’ declarations. Additionally, it was used to estimate
daily exposure to metals at the recommended intake. A number of supplements exhibited
discrepancies between their declared and actual composition, suggesting variability resulting
from manufacturing processes and inadequate quality control. In the majority of the analyzed
supplements, the concentrations of elements derived from excipients were found to be lower
than the stated values on the product labels. Additionally, the presence of certain elements,
such as calcium (Ca) in two products and phosphorus (P) in one, was not declared despite their
substantial concentrations. An evaluation of product exposure indicated that the Recommended
Daily Intake (RDI) for zinc was surpassed in merely two products, which could potentially pose
health concerns with prolonged use. The most significant variability in composition was
observed in multi-ingredient supplements, particularly those containing caffeine, while creatine
supplements demonstrated greater consistency. These findings underscore the need for enhanced
quality control in dietary supplements, particularly with respect to the composition of excipients
and the consistency between the declared and actual composition of the products.
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INTRODUCTION

A dietary supplement (DS) is defined by the Federal Food, Drug, and
Cosmetic Act as a product intended to supplement the diet, containing one
or more dietary ingredients such as vitamins, minerals, amino acids, plant
substances or their extracts, metabolites, or concentrates (Maughan et al.
2018). Dietary supplementation is important for people with dietary restric-
tions caused by food allergies or intolerances. For example, individuals with
cow’s milk protein allergies may need to supplement calcium, vitamin D, and
vitamin A. Among athletes, supplement use is particularly significant due to
the body’s increased nutrient requirements resulting from intense physical
activity. In many cases, it is difficult to meet nutritional needs, especially for
protein, through a conventional diet alone, which makes the use of concen-
trated forms of nutrients a viable option. However, dietary supplements
cannot replace a balanced diet as the primary source of nutrients (Alfieri
et al. 2023). Their use is often based on beliefs rather than knowledge
of the mechanisms of action, bioavailability, and metabolic interactions of the
active ingredients (Maughan et al. 2007).

The value of the dietary supplement market in Poland in year 2020 was
forecasted to reach 5.04 billion PLN (around 1 billion USD) with annual
growth of 0.35. The global market of dietary supplements in the mentioned
year was valued at 140.3 billion USD, indicating a rapid growth in the
dietary supplement market. (Hys et al. 2022) A study conducted in 2025 by
Brodniecka et al. states that 35% of adult Poles use dietary supplements on
a daily basis. The frequency of use of dietary supplements by athletes ranges
from 51% to 98%, depending on type of sport and gender. In the above study,
results from 659 Polish participants showed that 91.1% of surveyed athletes
reported using dietary supplements. More than 45% of professional as well
as non-professional athletes use caffeine and creatine as a performance sup-
plement (Broniecka et al. 2025). Despite the increasing availability of dietary
supplements for athletes and their widespread use, the mineral composition
of these products and the accuracy of their declared elemental content remain
insufficiently studied, particularly in creatine- and caffeine-based supple-
ments. These substances are among the most commonly used active ingredi-
ents in competitive and recreational sports (Maughan et al. 2007); however,
the excipients and fillers may serve as undeclared sources of minerals,
including both macro-minerals and potential metallic contaminants.

In the United States, dietary supplements are regulated by the Food and
Drug Administration (FDA) under the Dietary Supplement Health and Edu-
cation Act of 1994 (DSHEA). According to its provisions, dietary supplements
are classified as a distinct category of food, not as medicinal products, mean-
ing manufacturers are not required to obtain an FDA approval before mar-
keting their products. The manufacturer is solely responsible for safety and
proper labeling. As dietary supplements are subject to less stringent quality
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control requirements than medicinal products, there is a legitimate risk of
discrepancies between the declared and actual composition. This includes
elements introduced into the product not as active ingredients, but as bypro-
ducts of manufacturing processes or through the use of fillers as well as con-
taminants (Fu et al. 2009, Abernethy et al. 2010).

Contaminants in products are divided into three groups: organic, inor-
ganic, and solvent residues. Metals are classified as inorganic impurities,
and they are monitored in medications and their ingredients, as well as
in food and dietary supplements. The toxicity of metals is well documen-
ted in scientific literature, and the toxic effect can be acute, chronic, or sub-
chronic (Balaram 2016, Maithani et al. 2019, Chawla et al. 2020, Sheth and
Patel 2020, Aleluia et al. 2023, Dimpal et al. 2024, Cordeiro et al. 2024,
Mande et al. 2024). The most dangerous types of toxicity caused by these
contaminants are neurotoxicity, nephrotoxicity, and hepatotoxicity. They
affect the functioning of the cardiovascular system and contribute to risks
related to reproduction and development through neurotoxicity, immunoto-
xicity, and carcinogenicity (Abernethy et al. 2010).

Dietary supplements may be contaminated with heavy metals, some
of which are recognized as harmful to human health even at low exposure
levels. Many trace elements are used in formation of active components that
have therapeutic properties. However, these elements in high concentration
can lead to toxicity. Exposure to heavy metals, such as lead, can cause
a range of symptoms headache, irritability, abdominal pain and various
neurological disturbances. Many minerals that are essential to human
physiology in appropriate amounts become potentially harmful once a certain
threshold of exposure is exceeded (Canbay, Dogantiirk 2016).

Dietary supplements are intended for long-term and regular consump-
tion; as a result, the contaminants they contain may accumulate in the body.
This risk is further exacerbated when the actual mineral content of a prod-
uct deviates from the composition declared on the manufacturers’ label,
which may result in consumers receiving intakes different from those intend-
ed, leading to deficient supplementation or excessive exposure. This under-
scores the importance of verifying label accuracy as an integral component
of dietary supplement quality and safety assessment. Recent studies demon-
strate that plant-based herbal products are more likely to contain heavy
metals than conventional, highly processed products (Fugh-Berman 2009,
Sakharkar 2017, Luo et al. 2021, Zuo et al. 2023, Bhalla, Pannu 2022).
The aim of this study was to conduct quantitative analysis of the content
of selected mineral elements (Ca, Mg, P, Al, Zn) in dietary supplements
for athletes, based on caffeine and/or creatine, using the ICP-OES method,
and to assess the consistency of the results obtained with the composition
declared by the manufacturer on the product label.
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MATERIALS AND METHODS

The study included conventionally formulated, highly processed dietary
supplements (n=26) available for retail sale in Poland, purchased from sports
nutrition stores and online retailers between 2024 and 2025. The selection
criterion was the presence, as declared by the manufacturer, of the active
ingredient: caffeine (CAF, n=10), creatine (Cr, n=10), or both ingredients
combined (CAF & Cr, n=6). The selection of supplements aimed to include
products commonly used by athletes that are representative of the Polish
market in terms of form (tablets, capsules, powders) and diversity of manu-
facturers. Each supplement was represented by a single production batch,
analyzed in three analytical replicates.

Approximately 0.5 g of each homogenized sample was subjected to micro-
wave-assisted digestion using a microwave digestion system (Anton Paar,
Graz, Austria). The samples were transferred to Teflon vessels previously
acid-etched, to which 3 mL of nitric acid (HNO,) and 1.5 mL of hydrogen
peroxide (H,0,) were added. After the mineralization process was complete,
the vessels were left to cool to room temperature. The resulting solutions
were transferred volumetrically to polypropylene vials, diluted to a volume
of 50 mL, and then analyzed using ICP-OES (Inductively Coupled Plasma
Optical Emission Spectroscopy). This technique enables simultaneous
multi-element determination of both light and heavy elements in complex
matrices. The method is characterized by low limits of detection (LOD), short
analysis times, and ease of sample preparation (Mackiewicz et al. 2025).
The content of the following elements was determined in each sample:
calcium (Ca), magnesium (Mg), phosphorus (P), aluminum (Al), and zinc
(Zn). Each sample was analyzed three times, and the results were expressed
as the average of the three replicates. For each supplement, the declared
content of the analyzed elements was specified by the manufacturer on the
product label, and the experimentally determined values were subsequently
compared with these declared values to assess label accuracy. Data were
compiled and processed using Microsoft Excel 2013.

RESULTS AND DISCUSSION

The results of the multi-element ICP-OES analysis of calcium, magne-
sium, phosphorus, and aluminum across the groups: CAF (caffeine-based
supplements), Cr (creatine-based supplements), and CAF & Cr (containing
both substances) are presented in Figure la-d, while zinc content is shown
before and after outlier removal in Figure le and 1f, respectively. The con-
centration distributions obtained allow an assessment of intra-group vari-
ability and evaluation of differences between groups.
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Fig. 1a, b. Graph showing the content of calcium (a) and magnesium (b) in supplement types
(CAF (caffeine-based supplements), Cr (creatine-based), and CAF & Cr (containing both

substances simultaneously)

The distribution of calcium concentrations (Figure la) showed significant
variation both between and within groups. The highest median calcium con-
centrations were observed in the CAF and CAF & Cr groups, with the CAF
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Fig. 1c, d. Graph showing the content of phosphorus (¢) and aluminum (d) in supplement
types (CAF (caffeine-based supplements), Cr (creatine-based), and CAF & Cr (containing both
substances simultaneously)
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Fig. 1le, f. Graph showing the content of zinc before (e) and after removing outliers
from the graph (f) in supplement types (CAF (caffeine-based supplements),
Cr (creatine-based), and CAF & Cr (containing both substances simultaneously)

group also exhibiting the greatest data dispersion, indicating a marked
heterogeneity in composition. Two outliers were identified in the CAF group,
with calcium concentrations of approximately 69 834 mg kg! (DS6) and
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64 803 mg kg! (DS8), which exceeded the values of the other samples in this
group. The high calcium content, coupled with the absence of information
about this element on the labels of both products, indicates the use of
calcium-based fillers, most likely calcium carbonate or calcium phosphate.
The Cr group had the lowest calcium concentrations of all groups; their
median did not exceed 300 mg kg'!, and the range of values was significantly
narrower, indicating a more uniform and simplified composition of excipients
in this product group. The literature confirms that calcium concentrations
in dietary supplements vary widely depending on the market and the type
of product. Udousoro et al. (2017) found that calcium concentrations
in supplements available on the Nigerian market varied widely, from 12
to 82 600 mg kg!, a range comparable to the values reported in this study.
Filipiak-Szok et al. (2015), when determining the elemental composition
of dietary supplements using ICP-MS and ion chromatography (IC), reported
calcium concentrations ranging from 4 890 to 25 140 mg kg! (ICP-MS) and
from 2 620 to 7 130 mg kg! (IC), respectively. In the study by Avula et al.
(2010), the calcium concentrations in the supplements examined ranged from
1 170 to 22 700 mg kg'!; one suplement had a calcium concentration below
1 000 mg kg!. Osko et al. (2022) reported relatively low calcium concentra-
tions, ranging from 0.02 to 89.01 mg kg, with two samples analyzed in the
study falling below the limit of detection (LOD).

The distribution of magnesium concentrations (Figure 1b) showed clear
differences between the groups. The widest range was observed in the CAF
& Cr group, where magnesium concentrations varied from approximately
57 to over 1 950 mg kg, indicating significant differences in the composition
of excipients used by individual manufacturers in this category. The CAF
group also exhibited a wide range, with four out of ten samples exhibiting
concentrations below 150 mg kg'!, while the remaining samples had concen-
trations of this metal exceeding 700 mg kg'. The bimodal distribution sug-
gests that some manufacturers do not use magnesium salts as excipients
at all, while others use them in significant quantities. The narrowest range
was found in the Cr group, where most data points were within approxi-
mately 30 to 500 mg kg! with one outlier at 1045 mg kg?* (DS16). The lower
and more uniform magnesium concentrations in the Cr group confirm that
the matrix of these products is less complex compared to the other supple-
ments. Filipiak-Szok et al. (2015) reported magnesium levels in dietary sup-
plements ranging from 3 030 to 7 480 mg kg! when analyzed by ICP-MS,
and from 820 to 3 020 mg kg! when analyzed by ion chromatography. These
values are higher than those reported in this study, which may reflect
the different category of products examined. The magnesium concentration
in dietary supplements in the study by Udousoro et al. (2017) ranged from
1.85 to 2 440 mg kg!, whereas in the study by Os$ko et al. (2022), it was
within a narrow range of 0.01 to 4.05 mg kg'. Avula et al. (2010) reported
magnesium concentrations ranging from 1 830 to 11 200 mg kg, with most
samples between 3 000 and 6 000 mg kg.
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The distribution of phosphorus concentrations (Figure 1c) showed little
intra-group variation in most samples. In the CAF group, most phosphorus
concentrations ranged from 189.8 to 488 mg kg'!; in the Cr group, the range
was narrower, from 195 to 246 mg kg'. The only outlier was sample (DS8)
from the CAF group, which had a phosphorus concentration of 82 894 mg kg,
several dozen times higher than the others. This sample also had a high
calcium concentration, indicating that calcium phosphate was used as a filler
in this product. Udousoro et al. (2017) found phosphorus concentrations
in the tested supplements ranging from 4.44 to 27 800 mg kg!, confirming
that phosphorus is an element with highly variable concentrations in dietary
supplements, depending primarily on the type of excipients used.

Most samples showed low aluminum concentrations (Figure 1d), except
for one outlier in the CAF group. The outlier DS3 had a concentration of
63.7 mg kg!, more than five times the group average of 10.9 mg kg!. Supple-
ments containing only creatine as the active ingredient exhibited the narrow-
est range of aluminum concentrations and the lowest aluminum levels.

The distribution of zinc concentrations varied considerably across the
study groups, which justified presenting it in two separate graphs, one
including outliers (Figure 1le) and one with outliers removed (Figure 1f),
allowing for a clearer interpretation of typical values. In this study, the zinc
content in the diet ranged from 1.18 to 4 400 mg kg'. Outliers were observed
in the CAF (DS3, DS4) and CAF & Cr (DS22) groups, while creatine-based
supplements had the lowest and most consistent zinc concentrations among
all groups. After removing outliers (Figure 1f), zinc concentrations in the
remaining samples fell within a narrow range of approximately 1 to
42 mg kg, with the Cr group exhibiting the narrowest range in the middle
half of the data, indicating a less complex matrix in the creatine supplements.
The literature indicates that zinc concentrations in dietary supple-
ments vary. Filipiak-Szok et al. (2015) reported zinc concentrations ranging
from 18.65 to 66.57 mg kg!, which is a narrower range than found in the
present study. Marrero et al. (2013) reported the highest zinc concentrations
in the group of multivitamin supplements stating zinc was present as gluco-
nate or oxide, ranging from 5 133 to 9 307 mg kg, while other product
groups contained between 1 and 104 mg kg'. Salles et al. (2017) found
the zinc concentration was as high as approximately 5 000 mg kg for the
selected multimineral supplement, whereas for the other groups, the zinc
concentration did not exceed 160 mg kg'. Even lower zinc concentrations
were observed in marine-based supplements derived from krill, shark carti-
lage, algae, and corals, with zinc levels of 50 mg kg!, 37 mg kg, 10 mg kg,
and 1 mg kg! respectively (Leblond et al. 2008). An analysis of herbal weight-
loss products revealed zinc concentrations ranging from 0 to 119.1 mg kg,
with the lowest non-zero value recorded at 0.9 mg kg!. The zinc content for
the individual plants comprising the DS was as follows: Ilex paraguariensis
3.76-33.26 mg kg, Cordia ecalyculata 2.08-12.43 mg kg!, Senna alexandrina
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1.88-16.13 mg kg, Citrus aurantium 0-119.1 mg kg, Cissus quadrangularis
0.9-16.23 mg kg'!, Camellia sinensis 4.28-34.66 mg kg' (Barrella et al. 2016).
In a study of supplements available in Romania, Amarei et al. (2017) found
zinc levels ranging from 5 to 573.63 mg kg'!, with none of the samples
exceeding the maximum allowable level. The zinc concentrations reported
by Avula et al. (2010) ranged from 4.89 to 62 mg kg, except for one sample,
which had a concentration of 113 mg kg'. In a study of supplements contain-
ing green tea extract, Osko et al. (2022) reported zinc concentrations ranging
from 0.48 to 31.5 mg kg for most samples, with one supplement showing
a concentration of 4 465 mg kg!, which is similar to the outliers observed
in this study. Jasinska-Balwierz et al. (2025) in a study of dietary supple-
ments containing adaptogenic plants found zinc concentrations ranging from
2.388 to 31.192 mg kg!, and the maximum single-dose intake for zinc was
not exceeded in any of the supplements tested. Both in this study and in the
literature, variations in zinc content in supplements are common. The high-
est levels were found in products that listing zinc as an active ingredient or
containing complex formulations, whereas supplements based on a single
active ingredient, such as creatine, contain significantly lower concentrations
of this element.

Compliance of the experimental formulation
with the manufacturer’s declaration

The consistency of the experimental results with the values declared by
manufacturers on the labels was assessed. Of the 26 supplements examined,
only some manufacturers included quantitative information on the content of
selected minerals on the label. For most elements (Ca, Mg, P, Zn), the quan-
titative content was declared by two or three manufacturers. Aluminum
was not listed on the label of any of the products tested. Such a limited scope
of quantitative declarations makes it difficult to fully assess the accuracy
of the ingredient list. The data are presented as bar charts, showing the
average value for all samples and the values listed on the product label,
if provided by the manufacturer.

Calcium had the highest concentration levels among all the elements
tested. Salts of this metal are most commonly used as fillers in the food
products examined.

The presence of calcium in DS6, DS8, DS21, DS22, and DS24 was con-
sistent with the manufacturers’ declaration on the label (Figure 2). For DS21
and DS22, where the manufacturer provided information on the calcium
content, the experimentally determined value did not differ significantly from
the content stated on the label; for DS21, the experimental calcium value
was 90.51% of the label value, while for DS22, the experimental value
exceeded the declared value by approximately 20.07%. A relatively high cal-
cium content was also found in DS24, whose label does not include any infor-
mation regarding the presence of this element. On the DS23 label, the manu-
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Fig. 2. Calcium concentration (mg kg') in the dietary supplements tested (n=26): experimental
values (ICP-OES, blue bars) and values declared by the manufacturer (yellow bars).
Declared values are provided only for samples with a quantitative declaration available

facturer indicated the presence of calcium in the form of calcium D-pantoth-
enate; analysis of the experimental results confirmed its presence in small
amounts. A study by Mackiewicz et al. (2025) showed that all samples ana-
lyzed contained higher calcium concentrations than indicated on the label.
The measured values ranged from 148.8% to 353.3% of the declared amount.
Magnesium was the element for which the greatest discrepancies were ob-
served between experimental and declared values. In all three cases where
the manufacturer provided the quantitative magnesium content, the value
measured by the ICP-OES method was lower than the declared value (Figure 3).

The experimentally determined magnesium concentration for sample
DS22 was 65.27% of the declared value, while for supplement DS21,
the measured magnesium concentration was only 16.33% of the declared
value. DS3 showed the greatest discrepancy between the experimental con-
centration and the label value, with the measured value amounting to only
7.9% of the value stated on the label. In the study by Udousoro et al. (2017),
out of six samples with a quantitative declaration, the experimental magne-
sium content was less than 10% of the declared value in four samples, while
one sample exceeded the declared value by more than double. Mackiewicz
et al. (2025) demonstrated that in dietary supplements intended for pregnant
women, the actual magnesium content ranged from 247.6% to 360.8% of the
declared value. It is worth noting that 12 out of 26 manufacturers listed only
the presence of magnesium on the label, without specifying the amount,
which is permissible under current regulations but may be insufficient from
the consumer’s perspective.
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Like calcium, phosphorus was not declared as an active ingredient, but
its high concentration in selected samples indicates the use of phosphates as
fillers (Figure 4).

Three manufacturers (supplements DS21, DS22, and DS24) provided
information on the presence of this element as phosphate on their labels.
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Fig. 4. Phosphorus concentration (mg kg') in the dietary supplements tested (n=26): experi-
mental values (ICP-OES, blue bars) and values declared by the manufacturer (yellow bars).
Declared values are provided only for samples with a quantitative declaration available
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Only DS22 explicitly listed the calcium content on its product label. The de-
clared total phosphorus content in the DS21 supplement was calcu-
lated from the label information regarding calcium content in the form
of calcium hydrogen phosphate (CaHPO,). DS24 only qualitatively confirmed
the presence of phosphate without specifying its amount. For DS22, the expe-
rimental value exceeded the declared value by 14.08%, while for DS21,
the phosphorus content was only 70.71% of the value calculated from the
label. The phosphorus content in sample DS8 was significant; it was the high-
est among the experimentally obtained values, yet the label gave no informa-
tion about the presence of this element in the supplement tested. In another
study, for three supplements with a quantitative declaration, the measured
values ranged from 21% to 62% of the declared value, indicating that
the actual phosphorus content was lower than stated on the label (Udousoro
et al. 2017).

The consistency of the values for DS8, DS21, DS22, and DS24 regarding
calcium and phosphorus concentrations (Figures 2 and 4) suggests the use
of a filler in the form of calcium phosphate in these samples.

None of the 26 supplements tested included information about the
presence of aluminum on their labels, however, this element was detectable
in all samples (Figure 5).

The average aluminum concentration was 10.90 mg kg'; however, sam-
ple DS3 stood out with a concentration of 63.7 mg kg, which is nearly 6-fold
higher than the overall average. Most common form of aluminum in food
is a dye called carmine, with the food additive code E120 (Ganhor et al.
2024). None of the manufacturers provided information about the use of this
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determined by ICP-OES



614

additive, which can lead to accumulation of this metal without knowledge
of the consumer. According to the EFSA, the tolerable weekly intake (TWI)
of aluminum is 1 mg kg! of body weight, and according to the WHO,
it is 2 mg kg'! of body weight (Filippinia et al. 2019, Ganhér et al. 2024);
the samples tested do not exceed these values.

Aluminum toxicity primarily depends of its physical behaviour and rela-
tive solubility in water. The toxicity of water soluble form such as Al** comes
from formation of radicals capable of depleting mitochondrial Fe and promot-
ing generation of H,O,, and oxygen radical species. This may cause oxidative
damage leading to intrinsic apoptosis, and shift from oxidative ATP produc-
tion to anaerobic glycolysis, resulting in reduced fS-oxidation and increased
peroxidation. Toxicity of insoluble Al depends on their behavior as particles.
Trivalent Aluminum Al** as well as other metal ions, can bind to proteins
leading to conformation changes, reduced solubility, spontaneous oligomeri-
zation, aggregation and precipitation (Willhite et al. 2014).

The zinc content, a trace mineral, was notably elevated in only three
of the 26 supplements tested (Figure 6).
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Fig. 6. Zinc concentration (mg kg') in the dietary supplements tested (n=26): experimental
values (ICP-OES, blue bars) and values declared by the manufacturer (yellow bars).
Declared values are provided only for samples with a quantitative declaration available

Information regarding zinc content was provided on the label of 2 out
of the 26 supplements tested. These samples contained significant amounts
of this element. DS3 declared 4 300 mg kg' of zinc, while DS22 declared
7 500 mg kg!. In both cases, the experimental values were lower than the
declared values; for DS3, the detected concentration was 79.07% of the label
value, while for DS22 it was 58.66% of the declared value. Although both
products contain less zinc than stated on the label, their concentrations are
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high enough that daily exposure to zinc when these supplements are used as
directed by the manufacturer exceeds current safety standards. It is worth
noting that DS4 had a higher zinc content than the others, yet its label did
not include any information about the presence of this element. Consumers
are therefore unaware that they are consuming zinc, and the daily intake,
in this case 478 mg kg! of product, may significantly supplement zinc intake
from other sources. The findings of this study contribute to the broader
picture of inconsistencies in zinc declarations documented in the literature.
Van der Voet et al. (2008) reported high zinc concentrations in a product
without any label declaration in a study of supplements using the ICP-OES
method, noting zinc concentrations as high as 2 000 mg kg! with no informa-
tion on the label, while another sample contained as much as 2 400 mg kg.

In the study by Mackiewicz et al. (2025), only two of the samples ana-
lyzed contained less zinc than indicated by the manufacturer on the label,
while the remaining samples showed zinc levels ranging from 101.9%
to 299.1% of the declared value. Additionally, one sample tested, which did
not declare the presence of zinc in its product, was found to contain a signi-
ficant concentration of this element. Zinc supplements analyzed by Puscion-
-Jakubik et al. (2026) using AAS showed that the zinc content was within
a tolerable range of -20% to +45% of the declared value for 70% of the sup-
plements tested. Only 6.25% of the remaining samples contained less than
20% of the declared zinc content, while 23.75% contained more than 45%
of that value. One sample tested exceeded the upper limit (UL) of 25 mg per
day. The results of the study by Soriano et al. (2007) differed; the concentra-
tions of zinc, copper, iron, and manganese in multivitamins/multiminerals,
as determined by F-AAS, matched the values declared by the manufacturers,
indicating that label compliance is achievable. Zinc concentrations in the
study by Salles et al. (2017) were similar in the group of multimineral-based
supplements, showing a high degree of compliance with the declared values.
In a study that also used the ICP-OES method, the zinc content in the tested
supplements was determined. The highest values were found in the multi-
vitamin group, where this element was present as gluconate or oxide. These
values ranged from 5 133 mg kg! to 9 307 mg kg!. The other groups studied
showed low concentrations of this element, ranging from 1 to 104 mg kg'!
(Marrero et al. 2013). The other supplements analyzed did not exceed the
permissible limits set by the aforementioned regulatory authorities for any
of the elements tested.

Assessment of daily zinc exposure and health implications

The experimental results were analyzed in terms of daily consumer expo-
sure to the elements being measured, using the manufacturer’s recommen-
ded daily dose of each supplement as the basis for calculation. This approach
enabled determination of actual daily metal exposure during regular use
of the product and comparison with applicable safety standards. Of all the
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elements tested, only zinc exceeded the recommended daily intake (RDI)
of 15 mg in two of the 26 products examined, as established by the Dietary
Supplements Working Group of the Sanitary and Epidemiological Council
of the Chief Sanitary Inspectorate (Resolution No. 10/2019). The other sup-
plements analyzed did not exceed the permissible limits set by the aforemen-
tioned regulatory authorities for any of the elements tested. DS3 showed
a daily zinc exposure equivalent to 3.4 times the RDI, while DS22 showed
exposure equivalent to 5.9 times the RDI. Both products are powdered sup-
plements, which may be relevant when assessing the risk of unintentionally
taking too large a dose, as the powdered form tends to result in greater vari-
ability in the measured dose compared to capsules or tablets with
a strictly defined unit weight. Importantly, both samples belong to different
groups (CAF or CAF & Cr), indicating that the risk of exceeding the RDI for
zinc is not limited to a single category of sports supplements, but may apply
to products with varying active ingredients. One of the supplement samples
in the aforementioned study by Udousoro et al. (2017) also showed a concen-
tration above the acceptable limit.

Zinc is an essential trace element that plays a crucial role in the proper
functioning of the body; it acts as a cofactor in numerous enzymatic reac-
tions, regulates gene expression, and influences metabolic and immune
processes. However, when safe intake levels are consistently exceeded,
it becomes toxic. Excessive zinc intake can cause neutropenia, and secondary
copper deficiency, and clinical side effects have been documented in both
experimental studies and clinical observations (Schoofs et al. 2024). High
zinc levels are rare, but they can cause anaemia (Jeng, Chen 2022). Studies
confirm that zinc has an antagonistic effect on calcium, copper, and iron
levels in the body (Sandstead 1982, Spencer et al. 1982, Agget 1983, Festa
et al. 1985). Copper plays a role in the production of elastin and collagen
in the human body, suggesting that its low levels may contribute to vascular
disorders. Excessive zinc intake may also lead to ischemic heart disease
(Klevay 1984). Copper absorption in the body can decrease by approximately
27% when taking zinc supplements at a dose of about 23.3 mg per day
(Burke et al. 1981). These values are significantly lower than the recom-
mended daily intake for DS22, which is nearly 88 mg. When the DS22 sup-
plement is used regularly in accordance with the manufacturer’s instruc-
tions, the risk of these complications should therefore be considered a real
concern, particularly among athletes, whose intense physical activity already
significantly increases their metabolic demand for trace elements.

Exceeding the permissible levels of metals in dietary supplements is a global
phenomenon. In Lebanon, a study of 33 supplements found that 21% of sam-
ples in the vitamins and minerals category contained levels of iron, zinc, and
manganese that exceeded the maximum allowable level (Korfali et al. 2013).
In Croatia, five of the 30 supplements tested contained metal concentrations
above the permissible limit, with lead concentrations exceeding this limit
by 120-386% (Tumir et al. 2010). In Mexico, one of the samples tested
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showed a zinc concentration of 4 785 mg kg!, corresponding to 17.9% of the
recommended daily intake as specified by the Institute of Medicine
(Garcia-Rico et al. 2007).

CONCLUSIONS

The analysis revealed discrepancies between the declared composition
and the experimentally determined concentrations of elements among the
analyzed supplements. Caffeine-based products (CAF and CAF & Cr) show
greater heterogeneity and a higher frequency of undeclared or excessive
element concentrations compared to the more uniform creatine (Cr) group.
In many cases, the magnesium and zinc content was lower than stated,
which may be due to inaccuracies in the manufacturing process or inconsis-
tencies in the product’s ingredients. At the same time, elevated or unde-
clared levels of elements typical of excipients (calcium, phosphorus, and
aluminum) were detected, indicating insufficient quality control of the formu-
lation prior to market release. Two of the tested supplements exceeded
the maximum intake level for zinc, indicating that their regular use may
pose a real risk of metabolic disorders, underscoring the need for stricter
control of micronutrient levels in dietary supplements.

The present study was limited to the analysis of selected mineral ele-
ments and did not include quantification of the active ingredients (caffeine
and creatine) themselves. Future research should combine both analyses
within a single study, enabling assessment of the ratio between active ingre-
dient content and filler-derived elements, which would provide a more com-
plete picture of product quality and formulation transparency.

The risk of heavy metal contamination is attributed to several factors,
including bioaccumulation, environmental pollution, manufacturing and tra-
ditional practices, and regulatory gaps. The study was limited to highly pro-
cessed conventional products relating exclusively to the factor associated
with regulatory gaps, suggesting higher concentrations of heavy metals and
other contaminants in analogous plant-based products. A rigorous analysis
of conventional and plant-based dietary supplements for athletes is required
in order to ascertain the relationship between the levels of heavy metals and
contaminants in these products, depending on their production methods.

The results of this study indicate that athletes who regularly use dietary
supplements should not base their assessment of a product’s safety only
on the composition provided by the manufacturer, given the discrepancies
found between the mineral content listed on the label and the actual content.
Preference should be given to products from manufacturers who fully
disclose the mineral composition and hold an independent quality certificate
issued by an independent institution.



618

Author contributions

K.S. — writing — original draft preparation, I.M. — supervision, review &
editing, A.D. — review & editing, methodology.

Conflicts of interest
The authors declare no conflicts of interest.

REFERENCES

Abernethy, D.R., DeStefano, A.J., Cecil, T.L., Zaidi, K. and Williams, R.L. (2010) ‘Metal
impurities in food and drugs’, Pharmaceutical Research, 27(5), 750-755, available: https://
doi.org/10.1007/s11095-010-0066-8

Aggett, P.J. (1983) ‘Acrodermatitis enteropathica’. Journal of Inherited Metabolic Disease,
6(Suppl 1), 39-43, available: https://doi.org/10.1007/BF01811322

Amariei, S., Gutt, G. and Oroian, M. (2015) ‘Study on toxic metal levels in food supplements’,
Food and Environment Safety, 14(2), pp. 131-136, available: https://doi.org/10.37358/
RC.17.6.5661

Aleluia, A.C.M., Nascimento, M.S., dos Santos, A.M.P, dos Santos, W.N.L., Santos, A.F. Jr,
Costa Ferreira, S.L. (2023) ‘Analytical approach of elemental impurities in pharmaceutical
products: A worldwide review’, Spectrochimica Acta, Part B. Atomic Spectroscopy, 205, 106689,
available: https://doi.org/10.1016/j.sab.2023.106689

Alfieri, A., D’Angelo, S., Mazzeo, F. (2023) ‘Role of nutritional supplements in sport, exercise
and health’, Nutrients, 15(20), 4429, available: https://doi.org/10.3390/mu15204429

Avula, B., Wang, Y.-H., Smillie, T.J., Duzgoren-Aydin, N.S. and Khan, I.A. (2010) ‘Quantitative
determination of multiple elements in botanicals and dietary supplements using ICP-MS’,
Journal of Agricultural and Food Chemistry, 58(16), 8887-8894, available: https://doi.
org/10.1021/3£101598g

Balaram, V. (2016) Recent advances in the determination of elemental impurities in pharma-
ceuticals — Status, challenges and moving frontiers, TrAC Trends in Analytical Chemistry,
80, 83-95, available: https://doi.org/10.1016/j.trac.2016.02.001

Barrella, M.V., Heringer, O.A., Cardoso, P.M.M., Pimentel, E.F., Scherer, R., Lenz, D. and
Endringer, D.C. (2019) ‘Metals content in herbal supplements’, Biological Trace Element
Research, 189(2), 488-494, available: https://doi.org/10.1007/s12011-018-1476-0

Bhalla A., Pannu, A.K. (2022) ‘Are Ayurvedic medications store house of heavy metals?’,
Toxicology Research, 11(1), 179-183, available:https://doi.org/10.1093/toxres/tfab124

Burke, D.M., DeMicco, F.J., Taper, L.J., Ritchey, S.J. (1981) ‘Copper and zinc utilization
in elderly adults’, Journal of Gerontology, 36(5), 558-563, available: https://doi.org/10.1093/
geronj/36.5.558

Canbay S. H. and Doganttrk, M. (2017), ‘Metals determination by microwave digestion ICP-OES
of some dietary supplements and diet products in Turkey’, Eurasian Journal of Analytical
Chemistry, 12(1), 45-53, available: https://doi.org/10.12973/ejac.2017.00143a

Chawla, R., Panda, S., Kulandaivelu, U., Panda, S.P., Dalu, D. (2020). ‘Risk assessment,
screening and controls of elemental impurities in pharmaceutical drug products: a review’,
Rasayan Journal of Chemistry, 13(02), 1187-1192, available: https://doi.org/10.31788/
RJC.2020.1325079

Congress (2026) Federal Food, Drug, and Cosmetic Act (COMPS-973). U.S. Government Pu-
blishing Office. Available at: https://www.govinfo.gov/content/pkg/COMPS-973/pdf/
COMPS-973.pdf (accessed: 14 April 2026)

Dimpal, D., Rutuja, D., Ganesh, S., Kajal, P., Dhananjay, P. (2024) ‘A review on the impurity



619

profile of pharmaceuticals’, Open Access Journal of Pharmaceutical Research, 8(1), 1-8,
available: https://doi.org/10.23880/0ajpr-16000302

European Food Safety Authority (2008) ‘Scientific opinion on safety of aluminium from dietary
intake’, EFSA Journal, 754, 1-34, available: https://doi.org/10.2903/j.efsa.2008.754

Festa, M.D., Anderson, H.L., Dowdy, R.P., Ellersieck, M.R. (1985) ‘Effect of zinc intake
on copper excretion and retention in men’, American Journal of Clinical Nutrition,
41(2), 285-292, available: https://doi.org/10.1093/ajcn/41.2.285

Filippinia, T., Tancredi, S., Malagoli, C., Cilloni, S., Malavolti, M., Violi, F., Vescovi, L.,
Bargellini, A., Vinceti, M. (2019) ‘Aluminum and tin: Food contamination and dietary
intake in an Italian population’, Journal of Trace Elements in Medicine and Biology,
52, 293-301, available: https://doi.org/10.1016/j.jtemb.2019.01.012

Filipiak-Szok, A., Kurzawa, M., Cichosz, M. & Szlyk, E. (2015) ‘Elemental analysis of medicinal
herbs and dietary supplements’, Analytical Letters, 48(11), 1781-1792, available: https://
doi.org/10.1080/00032719.2015.1041031

Finotti Cordeiro, C., Lopardo Franco L., Taixeira Corvalho D., Bonfilio R. (2026) ‘Impurities
in active pharmaceutical ingredients and drug products: A critical review’, Critical Reviews
in Analytical Chemistry, 56(1), 55-75. available: https://doi.org/10.1080/10408347.2024.2384046

Fu, P.P., Chiang, H.-M., Xia, Q., Chen, T., Chen, B.H., Yin, J.-J., Wen, K.-C., Lin, G., Yu, H.
(2009) ‘Quality assurance and safety of herbal dietary supplements’, Journal of Food and
Drug Analysis, 17(5 Suppl.), 1-10, available: https://doi.org/10.38212/2224-6614.2673

Fugh-Berman A. (2009), Don’t be ‘mis-led’: ‘Few herbal products have been implicated in lead
poisoning’, J General Internal Medicine 24, 1259-1260, available: https://doi.org/10.1007/
$11606-009-1106-6

Garcia-Rico, L., Leyva-Perez, J. and Jara-Marini, M.E. (2007) ‘Content and daily intake
of copper, zinc, lead, cadmium, and mercury from dietary supplements in Mexico’, Food
and Chemical Toxicology, 45(9), 1599-1605, available: https://doi.org/10.1016/j.fct.2007.
02.018

Ganhor, Q., Rezk, M., Doppler, C., Ruthmeier, T., Wechselberger, C., Miiller, M., Kotnik, M.,
Puh, S., Messner, B. and Bernhard, D. (2020) ‘Aluminum, a colorful gamechanger: uptake
of an aluminum-containing food color in human cells and its implications for human
health’, Archives of Toxicology, 94(6), 2101-2115, available: https://doi.org/10.1007/s00204-

020-02737-6

Gléwny Inspektorat Sanitarny (2019) Resolution No. 10/2019 of the Diet Supplements Team
on maximum levels of zinc in food supplements. Warsaw, GIS, available at: https://www.
gov.pl/web/gis/zespol-do-spraw-suplementow-diety (accessed: 14 April 2026).

Hys K., Matuszek D.B., Olejnik K., Bierczynski K. (2022) ‘Intensity of commercial communica-
tion in Poland in the field of dietary supplements’, European Research Studies Journal,
European Research Studies Journal, 25(4), 404-414, available: https://doi.org/10.35808/
ersj/3089

Jasinska-Balwierz, A., Krypel, P., Swislowski, P., Rajfur, M., Balwierz, R. and Ochedzan-
-Siodlak, W. (2025) ‘Heavy metal contamination in adaptogenic herbal dietary supple-
ments: experimental, assessment and regulatory safety perspectives’, Biology, 14(11), 1479,
available: https://doi.org/10.3390/biology14111479

Jeng, S.S. and Chen, Y.H. (2022) ‘Association of zinc with anemia’, Nutrients, 14(14), 2965,
available: https://doi.org/10.3390/mu14142965

Klevay, L.M. (1984) ‘The role of copper, zinc, and other chemical elements in ischemic heart
disease’, In: Metabolism of Trace Metals in Man, vol. 1, Rennert, O.W., Chan, W.-Y. (eds.)
Boca Raton, CRC Press, 130-157, available: https://doi.org/10.1201/9780203711378

Korfali, S.I., Hawi, T. and Mroueh, M. (2013) ‘Evaluation of heavy metals content in dietary
supplements in Lebanon’, Chemosphere, 93(10), 1981-1986, available: https://doi.org/
10.1016/j.chemosphere.2013.07.071



620

Leblond, C., Mephara, J. and Sauvé, S. (2008) ‘Trace metals (Cd, Co, Cr, Cu, Hg, Ni, Pb,
and Zn) in food supplements of marine origin’, Food Additives and Contaminants,
25(12), 1430-1437, available: https://doi.org/10.1080/02652030802211363

Luo, L., Wang, B., Jiang, J., Fitzgerald, M., Huang, Q., Yu, Z., Li, H., Zhang, J., Wei, J., Yang, C.,
Zhang, H., Dong, L., Chen, 420+15 S. (2021) ‘Heavy Metal Contaminations in Herbal
Medicines: Determination, Comprehensive Risk Assessments, and Solutions’, Frontiers
in Pharmacology, 11, available: https://doi.org/10.3389/fphar.2020.595335

Mackiewicz, E., Klimaszewska, M., Albinska, J. and Szynkowska-Jézwik, M.I. (2025) ‘Eva-
luation of the elemental composition of dietary supplements containing iron available
on the Polish market using ICP-OES, FAAS and CVAAS techniques’, Molecules,
30(23), 4511, available: https://doi.org/10.3390/molecules30234511

Maithani, M., Raturi, R., Sharma, P., Gupta, V., Bansal, P. (2019) ‘Elemental impurities
in pharmaceutical products adding fuel to the fire’, Regulatory Toxicology and Pharma-
cology, 108, available: https://doi.org/10.1016/j.yrtph.2019.104435

Marrero, J., Jiménez Rebagliati, R., Leiva, E., Londonio, A. and Smichowski, P. (2013) ‘Induc-
tively coupled plasma optical emission spectrometric determination of fifteen elements
in dietary supplements: are the concentrations declared in the labels accurate?’, Micro-
chemical Journal, 108, 81-86, available: https://doi.org/10.1016/j.microc.2012.12.006

Maughan, R.J., Depiesse, F. and Geyer, H. (2007) ‘The use of dietary supplements by athletes’,
Journal of Sports Sciences, 25(S1), 103-113, available: https://doi.org/10.1080/02640410
701607395

Maughan, R.J., Burke, L.M., Dvorak, J., Larson-Meyer, D.E., Peeling, P., Phillips, S.M.,
Rawson, E.S., Walsh, N.P., Garthe, 1., Geyer, H., Meeusen, R., van Loon, L.J.C., Shirreffs, S.M.,
Spriet, L.L., Stuart, M., Vernec, A., Currell, K., Ali, V.M., Budgett, R.G.M., Ljungqvist, A.,
Mountjoy, M., Pitsiladis, Y.P., Soligard, T., Erdener, U., Engebretsen, L. (2018) ‘IOC con-
sensus statement: dietary supplements and the high-performance athlete’, British Journal
of Sports Medicine, 52(7), 439-455, available: https://doi.org/10.1136/bjsports-2018-099027

Osgko, J., Szewczyk, A., Berk, P., Prokopowicz, M. and Grembecka, M. (2022) ‘Assessment of the
mineral composition and the selected physicochemical parameters of dietary supplements
containing green tea extracts’, Foods, 11(22), 3580, available: https://doi.org/10.3390/
foods11223580

Puscion-Jakubik, A., Kolenda, K., Socha, K. and Markiewicz-Zukowska, R. (2017) ‘Assessment
of zinc content in food supplements’, Biological Trace Element Research, 177(2), 393-401,
available: https://doi.org/10.1007/s12011-016-0895-3

Salles, P.M.B., Menezes, M.A.B.C., Sathler, M.M., Moura, R.R. and Campos, T.P.R. (2017)
‘Elemental composition of dietary supplements most consumed in Belo Horizonte, Brazil,
analysed by kO-INAA’, Journal of Radioanalytical and Nuclear Chemistry, 312, 421-431,
available: https://doi.org/10.1007/s10967-017-5222-1

Sakharkar, P. (2017) ‘Lead poisoning due to herbal medications’, Indian Journal of Clinic
Biochemistry, 32(4), 500-501, available: https://doi.org/10.1007/s12291-017-0678-x

Sandstead, H.H. (1982) ‘Copper bioavailability and requirements’, American Journal of Clini-
cal Nutrition, 35(4), 809-814, available: https://doi.org/10.1093/ajcn/35.4.809

Schoofs, H., Schmit, J. and Rink, L. (2020) “Zinc toxicity: understanding the limits’, Nutrients,
12(10), 3044, available: https://doi.org/10.3390/mu12103044

Sheth, A.C. and Patel, P.U. (2020), ‘Review of elemental impurities in pharmaceuticals arena’,
International Journal of Pharmaceutical Quality Assurance, 11(02), 214-218, available:
https://doi.org/10.25258/ijpqa.11.2.3

Shounak, R.M., Shankar, S.Y., Laxmikant, B. Borse, L.B.B. (2024) ‘A review on impurity profi-
ling in pharmaceutical substances’, Asian Journal of Pharmaceutical Research and Deve-
lopment, 12(5), 46-51. available: https://doi.org/10.22270/ajprd.v1215.1477



621

Soriano, S., Pereira Netto, A.D. and Cassella, R.J. (2007) ‘Determination of Cu, Fe, Mn and Zn
by flame atomic absorption spectrometry in multivitamin/multimineral dosage forms
or tablets after an acidic extraction’, Journal of Pharmaceutical and Biomedical Analysis,
43(1), 304-310, available: https://doi.org/10.1016/j.jpba.2006.06.009

Spencer, H., Kramer, L., Norris, C., Osis, D. (1982) ‘Effect of calcium intake on the inhibitory
action of zinc on calcium absorption’, American Journal of Clinical Nutrition, 35(4), 816,
available: https://doi.org/10.1093/ajcn/35.4.816

Tumir, H., Bosnir, J., Vedrina-Dragojevi¢, 1., Dragun, Z., Tomi¢, S., Puntari¢, D. and Jurak, G.
(2010) ‘Monitoring of metal and metalloid content in dietary supplements on the Croatian
market’, Food Control, 21(6), pp. 885-889, available: https://doi.org/10.1016/j.foodcont.
2009.11.007

Udousoro, I., Ikem, A. and Akinbo, O.T. (2016) ‘Content and daily intake of essential and
potentially toxic elements from dietary supplements marketed in Nigeria’, Journal of Food
Composition and Analysis, 52, 58-65, available: https://doi.org/10.1016/j.jfca.2016.07.002

van der Voet, G.B., Sarafanov, A., Todorov, T.I., Centeno, J.A., Jonas, W.B., Ives, J.A. and
Mullick, F.G. (2008) ‘Clinical and analytical toxicology of dietary supplements: a case study
and review of the literature’, Journal of Toxicology, 2008, 1-10, available: https://doi.
org/10.1155/2008/273828

Willhite, C. C., Karyakina, N. A., Yokel, R. A., Yenugadhati, N., Wisniewski, T. M., Arnold, I.
M., Momoli, F., Krewski, D. (2014). ‘Systematic review of potential health risks posed
by pharmaceutical, occupational and consumer exposures to metallic and nanoscale
aluminum, aluminum oxides, aluminum hydroxide and its soluble salts’, Critical reviews
in toxicology, 44(Suppl 4), 1-80, available: https://doi.org/10.3109/10408444.2014.934439

Zuo, T-T., Li, Y-L., Wang, Y., Guo, Y-S., Shen, M-R., Yu, J-D., Li, J., Jin, H-Y., Wei, F., Ma S-C.
(2023), ‘Distribution, speciation, bioavailability, risk assessment, and limit standards

of heavy metals in Chinese herbal medicines’, Pharmacological Research - Modern Chinese
Medicine, 6, 100218, available: https://doi.org/10.1016/j.prmem.2023.100218



