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Abstract
The study aimed to assess the health value and safety associated with the consumption of the chosen 37 beetroot-based 
dietary supplements (DSs). An optimized and validated analytical procedure, using a method called microwave plasma atomic 
emission spectrometry (MP-AES), was developed to determine the profiles of 19 elements (Na, K, Fe, Ca, Pt, Zn, Cd, Cu, 
V, Co, Ni, Pb, Mo, Mg, Al, Mn, Sr, Cr, Ba) in the DSs. The products were assessed for compliance with the recommended 
daily doses for the chosen elements, and any deviations were identified. Results showed that powders constituted a richer 
source of elements than capsules and tablets. The exception was iron-enriched products, which provided the highest dose of 
Fe (3.75 to 25 mg/daily dose). Safety assessment was evaluated in 3 steps, including (1) the determination of levels of Al, 
Ba, Cd, and Pb; (2) comparison of their content with the permissible contamination limits; and (3) comparison of the weekly 
or monthly intake of Al and Cd with the provisional tolerable weekly (PTWI) or monthly (PTMI) intake, respectively. The 
content of Ba was evaluated because of the oral reference dose (RfD). Five products were significantly contaminated with 
Cd (4–134% of PTMI Cd), two with Al (11–12%), and three with Ba (1.085–1.331 µg/d.d.). Lead was not detected above 
the LOQ (0.035 mg/kg). Factor analysis was employed to differentiate between the pharmaceutical forms (capsules, tablets, 
and powders) and determine the origin of the powder contained in the capsules. These results highlight the importance of 
implementing more stringent control measures and regulatory changes in the DSs market to ensure consumer safety.
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Introduction

Plant preserves are willingly used to produce dietary sup-
plements (DSs). Beetroot preserves such as lyophilizate, 
dried beetroot, dried juice, concentrates, and extracts are 
examples of this. This vegetable (Beta vulgaris L.) is a rich 

source of bioactive substances and minerals [1, 2], with its 
mineral compound content ranging from 0.5 to 2.5% [3]. It 
is also a valuable source of macroelements such as sodium 
(Na), potassium (K), magnesium (Mg), and calcium (Ca), as 
well as microelements such as manganese (Mn), iron (Fe), 
zinc (Zn), and copper (Cu) [4–6]. Mineral compounds play 
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a part in metabolic and physiological processes in the human 
body [7]. Electrolytes such as K, Na, Ca, and Mg play a 
crucial role in maintaining osmotic and electrolyte balance 
[8]. Sodium and K regulate the transmission of electrical 
impulses and the acid–base balance in human cells [9]. Cal-
cium is a component of the human skeletal system and teeth; 
it is necessary for the blood clotting process and, along with 
Na, participates in muscle contraction [9, 10]. Magnesium is 
engaged in skeleton building, thermoregulation, and blood 
pressure regulation [11, 12]. Magnesium, Mn, Cu, Zn, and 
Fe are involved in synthesizing and activating enzymes [11, 
13–16]. Manganese participates in the physiology of the sex-
ual, nervous, skeletal, and circulatory systems, as well as in 
the metabolism of cholesterol, carbohydrates, and red blood 
cells [13, 17]. Zinc is crucial for the proper functioning of 
the circulatory and immune systems [18]. Copper affects 
the synthesis of proteins and neurotransmitters, gene expres-
sion, the absorption of Fe, the deactivation of free radicals, 
and the processes of generating energy in cells [14]. Iron is 
an element with redox properties and, as a component of 
hemoglobin, is involved in the delivery of oxygen to cells. 
In addition, it is necessary for the proper functioning of the 
nervous system and immune system and is also involved in 
detoxification processes in the liver [16, 19].

As a root vegetable, beetroot tends to accumulate heavy 
metals, such as cadmium (Cd), mercury (Hg), and lead (Pb) 
[20, 21]. Moreover, some studies have found a high Zn and 
Mn content in beetroots grown near industrialized or min-
ing areas [21, 22]. Toxic metals interrupt plant metabolism 
by changing the electrical potential of the cell membrane 
and the pH value of the cytoplasm. Consequently, the min-
eral and bioactive composition of the vegetable might be 
decreased [3]. It was found that beetroot, next to carrots, pro-
vides the highest amounts of heavy metals among vegetables 
[21, 23]. The level of contaminants in foodstuffs results from 
food type, growing and meteorological conditions (such as 
soil type, water, and atmospheric deposition), agricultural 
and cultivation procedures (such as using fertilizers con-
taining Cd or other metals), and anthropogenic contamina-
tion of the environment [24]. Cadmium, Pb, and Zn have 
been released into the environment as a result of natural and 
anthropogenic processes such as volcanic eruptions, mining, 
and the extraction of metals from ores [21].

Prolonged exposure to Cd might result in the accumula-
tion of this element in the kidneys, leading to nephropathy. 
Furthermore, Cd intake leads to disorders of Ca metabolism, 
resulting in the formation of kidney stones or disorders of 
bone turnover such as osteomalacia and osteoporosis [25]. 
IARC classified Cd and its compounds as carcinogenic to 
humans (Group 1). Cadmium alters DNA repair and tumor-
suppressor proteins, leading to chromosomal damage and 
instability. Transduction process disturbances lead to the 
deregulation of cell growth. Chromosomal damage, genomic 

instability, epigenetic alterations, and direct binding to DNA 
appear to be of minor importance [25, 26].

Chronic Pb consumption leads to anemia, neurologi-
cal disorders (headaches, irritability, depression, seizures, 
muscle weakness, ataxia, tremors, and hearing impairment), 
as well as gastroenterological disorders and renal failure 
[27]. Moreover, it is associated with an increased risk of 
hypertension, coronary heart disease, stroke, and probably 
an increased risk of cancerogenesis (Group 2a). Organic 
compounds are classified as non-carcinogenic (Group 3). 
Lead causes male fertility disorders in the form of a reduced 
sperm count and an increased number of damaged sperm 
[27].

To ensure the safety of consumers and reduce food con-
tamination as far as possible, especially because of increased 
dietary supplement (DS) consumption, the European Com-
mission has set maximum permissible levels (ML) of con-
taminants in foodstuffs, such as 1 mg/kg of Cd and 3 mg/kg 
of Pb in DSs [28, 29]. Member States of the European Union 
are obligated to enforce food law and monitor and verify that 
the relevant requirements of food law are fulfilled by food 
producers, including DS manufacturers. Contaminated prod-
ucts in quantities exceeding ML must not be placed on the 
market. Furthermore, the World Health Organization (WHO) 
established a provisional tolerable monthly intake (PTMI) 
of Cd amounting to 25 µg/kg b.w./month [30]. Due to the 
high toxicity of Pb, the provisional tolerable weekly intake 
(PTWI) value was withdrawn because it was impossible to 
establish a safe dose of this element [31]. The PTWI and 
PTMI indicators are determined for food contaminants that 
can accumulate in the human organism and are expressed per 
kg of body weight. They refer to the appropriate weekly and 
monthly consumption from all sources that does not have a 
negative impact on health.

DSs are concentrated forms of food intended to sup-
plement the diet. A small amount of such products might 
provide a notable dose of components, which is why con-
sumers find them convenient [32]. Although they are gov-
erned by food regulations, the Chief Sanitary Inspector 
(GIS) in Poland only controls a limited number of products 
after they are put on the market. The GIS must be notified 
before products are released, but there is no obligation 
to provide analyses of such products prior to their entry 
into the market [32]. This effortless procedure results in 
many notifications of new products being launched, and 
GIS is receiving more notifications than they can inspect. 
Thus, there is a justified concern that some products on the 
market are of insufficient quality and may even be health-
threatening [33–36]. Since January 2023, the Draft Law 
on Amendments to the Law on Food and Nutrition Safety 
in Poland [37, 38] has been processed, and it is motivated 
by the necessity to adjust to the constantly shifting mar-
ketplace for these products. These include, among other 
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things, improving the transparency of advertisements in 
this category to highlight their lack of medicinal proper-
ties. The advertising message is the main source of infor-
mation about DSs for most consumers, and the marketing 
techniques used affect the consumer’s awareness, thereby 
indirectly affecting the decision to purchase a specific food 
category and, thus, the quality of consumed products. In 
addition, a time regime is proposed for supplementing the 
documentation by the manufacturer at the request of the 
Chief Sanitary Inspectorate. What’s more, it is suggested 
to allow the mark confirming the quality and safety of 
the product based on the analysis of its composition, pro-
vided that an opinion from the appropriate scientific unit 
is submitted.

Although there is considerable research on beetroot 
[39–41], there is still a lack of studies on the beetroot-
based DS elemental composition and contaminants. How-
ever, some pioneering studies on such areas as prescription 
food for special medical purposes (FSMPs) and modified 
milk products (MMPs) for newborns and infants available 
in Polish pharmacies were conducted [42–44]. They did 
not show any real health hazards to newborns and infants 
associated with the investigated samples [42, 45, 46]. Nev-
ertheless, the composition of FSMPs and MMPs formulas 
ready to use differed from the manufacturer’s declaration 
[46]. Furthermore, research highlights the need for verifi-
cation of the Ni content in these products [42]. Safety and 
risk assessment research on metal contamination as well 
as the elemental composition of beetroot-based DSs are 
essential from a nutritional and toxicological perspective.

This study aimed to evaluate the safety and quality of 
37 DSs based on their elemental content. The obtained 
results were compared with dietary recommendations, per-
missible levels of contamination, and toxicity parameters 
measuring exposure to harmful substances, such as PTWI, 
PTMI, and the oral reference dose (RfD). Moreover, the 
content of the chosen elements in the analyzed DSs was 
compared with the results for vegetables obtained in our 
previous study, which referred to the elemental composi-
tion of DSs and beetroot [43]. The reason for undertaking 
this type of research is the fact that many of these products 
are available for sale in pharmacies, but nobody can guar-
antee their safety because they are not routinely toxicolog-
ically analyzed. Significant amounts of DSs are available 
for sale online, including untrustworthy sources, and, thus, 
may pose a risk to consumers. Particularly athletes may 
take large amounts of beetroot-based products to increase 
exercise tolerance over extended periods of time, poten-
tially putting themselves at risk of heavy metal poisoning. 
Obtained results can be beneficial for other researchers, 
DS manufacturers, and institutions monitoring the food 
market, such as the Chief Sanitary Inspectorate.

Materials and Methods

Sample Preparation

Thirty-seven supplements consisting of beetroot were obtained 
from online or in-person shops in the Polish market. The 
detailed characteristics are shown in Table S1. Products in 
tablet form were marked with T, capsules with C, and powder 
with P. Manufacturers declared Fe content in seven products 
(marked with * in Table S1). The analysis included products 
that were available in the form of capsules, tablets, or powders, 
contained beetroot preserves (i.e., dried juice, powdered root, 
dried extracts, or lyophilizate) as a main ingredient (>50%), 
and were accessible to Polish consumers in person or online. 
Every product was analyzed in triplicate with threefold meas-
urements. The products were purchased twice (in November 
2020 and in October 2021) to obtain a representative group 
of products in terms of availability during this period. Prod-
ucts were homogenized directly before analysis using ceramic 
tools. Determination was carried out according to a previously 
published procedure [43].

Reagents and Standards

The following concentrations of standard solutions were 
acquired from Sigma-Aldrich (Germany): 1000 ± 2 mg/L of 
K, Ba, Ca, Cd, Co, Cu, Zn, Ni, Pb, Pt, V, and Mo; 1006 ± 4 
mg/L of Mg; 1001 ± 2 mg/L of Fe; and 998 ± 5 mg/L of Al. 
Standards of Na (10 000 mg/L) and Sr (1005 ± 5 mg/L in 4% 
 HNO3) were obtained from MSSpectrum (Poland), while a 
chromium (Cr) standard at a concentration of 1003 ± 3 µg/
mL and an Mn standard at a concentration of 1000 ± 6 µg/
mL were purchased from CPI International (USA). Nitric acid 
(65–70% purity) was obtained from Alfa Aestar (Germany).

Agilent’s 4210 MP-AES high-sensitivity atomic emissions 
were used, along with the Millipore Milli-Q Water Purifica-
tion System (USA) and Anton Paar Multiwave Go microwave 
mineralizer.

Determination Procedure

The determination of the elements in the tested samples, which 
were previously mineralized, was carried out using atomic 
emission spectrometry with microwave plasma atomization 
(via the 4210 MP-AES supplied by Agilent) at specific wave-
lengths for each element (Table 1).

Method Validation

The validation of the mercury/MA-3000 method was per-
formed by the linearity, the limit of determination (LOD), 
and the limit of quantification (LOQ), precision, and 
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accuracy. The LOD and LOQ of the applied method were 
calculated using formulas proposed by Huber [44]:

SDa  standard deviation of the intercept for the calibration 
curve

b  slope of the calibration curve

When calculating the numerical LOQ, the dependence 
described by Huber [44] was used:

The determination coefficients (R2) were in the range of 
0.9862–1.0000. The average recovery for the selected ele-
ments (Na, K, Ca, Mg, Fe, Zn, Cu, Ag, Co, Al, Ni, Mo, 
Mn, Sr, Cr, Ba, Pb, Cd, V) was in the range of 80–120%, 
which are acceptable values in such analyses (Table 1). Pre-
cision was calculated as the coefficient of variation for all 
the results obtained in all analyzed samples. Values were 
obtained at an acceptable level and did not exceed 10%. 
Recovery for calibration curves  (Rcc) was calculated based 
on the signal obtained for standards  (Sexpected) and the signal 
calculated from the calibration equation  (Scalculated) using the 
following formula:

Calculations

Content Calculations

The content of particular elements was determined as µg/g 
of each product and then calculated into µg per daily dose 
(d.d.). The particular results for each product are presented 
in Tables S2 and S3 as the mean content in a product ± 
expanded uncertainty (U) of measurement at a 95% confi-
dence level obtained for the threefold measurement.

Intake Assessment

By using DSs following the manufacturer’s recommendation 
(Table S1), the consumer is provided with a specific amount 
of the analyzed elements, which has been expressed as the 
estimated daily intake (EDI). The estimated weekly intake 

(1)LOD =
3.3 SD

a

b

(2)LOQ = 3 ∙ LOD

(3)Rcc =

|
|
|
Sexpected − Scalculated

|
|
|

Sexpected

(EWI) and estimated monthly intake (EMI) were obtained 
by multiplying the EDI by 7 and 30, respectively.

Realization of Dietary Recommendations and Safety 
Assessment

The adequate intake (AI) and recommended dietary allow-
ance (RDA) values for adult males (19–75 years old) were 
adopted for the estimation of health value according to rec-
ommendations for the Polish population [47]. The calcu-
lated EDI of the analyzed DSs was compared with RDA 
values or with AI where RDA was not given (Na, K, and 
Mn). Moreover, for Fe-enriched products, the compliance 
of the Fe content with the manufacturers’ declarations was 
assessed (Table S1) according to the recommendations of 
the European Commission [48, 49].

The safety of the analyzed DSs was estimated according 
to European Commission regulations No. 1881/2006 and 
No. 629/2008 [28, 29], while human exposure was assessed 
by comparing the EDI index to the PTWI, PTMI, or RfD 
values. According to the United States Pharmacopoeia (USP 
43-NF 38), manufacturers of supplements are encouraged to 
estimate the content of elemental contaminants (As, Cd, Hg, 
Pb) and estimate the health risk based on PTWI, which is 
recommended by the United Nations Food and Agriculture 
Organization (FAO) and WHO [50].

Statistical Analysis

All data were checked for normal distribution [51]. The data 
obtained were characterized by a non-normal distribution, 
so non-parametric tests such as the Kruskal-Wallis test and 
Spearman rank correlation were performed. The results 
obtained were subjected to factor analysis using Statistica 
13.3 (TIBCO Software Inc., Palo Alto, CA, USA). The 
analyses confirmed the authenticity of the natural raw mate-
rial (beetroot) in the products and provided a distribution in 
terms of the pharmaceutical form of the products (DSs con-
taining beetroot), the level of Fe enrichment, and the form 
of the main plant material used (beetroot in the DS). The 
comparative data on the natural raw beetroot material were 
sourced from Brzezińska-Rojek et al.’s [43] study and were 
used to further develop the chemometric analyses conducted.

Results and Discussion

The content of 19 elements (Na, K, Fe, Ca, Pt, Zn, Cd, 
Cu, V, Co, Ni, Pb, Mo, Mg, Al, Mn, Sr, Cr, and Ba) 
was determined. The average results for the three groups 
of DSs (tablets, capsules, and powders) are presented 
in Table 2. The results are expressed as µg/d.d. of the 
DSs based on the manufacturers’ recommendations. The 
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concentrations of Pt (LOQ = 0.23 mg/kg), Ni (LOQ 
= 0.021 mg/kg), and Pb (LOQ = 0.035 mg/kg) were 
under the LOQ in all samples. Moreover, in tablets and 

capsules, a concentration of V above the LOQ was not 
detected. In all the powder samples, the Cd content was 
above the LOQ.

Table 2  Elemental composition of DSs in tablets, capsules, or powders and realization of dietary recommendations for adult males from 19 to 
75 years old by a daily portion of the analyzed dietary supplements

SD, standard deviation; Min, minimum; Max, maximum; n1, number of samples with the determined content of analyzed element above LOQ; 
aAI for man, bRDA for man; NR, lack of dietary recommendation; NC, not calculated due to lack of data, Cd in powders < LOQ (0.066 mg/kg), 
V in capsules and tablets < LOQ (0.017 mg/kg)

Analyzed 
element

Dietary Recommendations 
(mg/day)

n1 (µg/daily dose) The realization of dietary 
recommendations (%)

Mean SD Min Median Max Q1 Q3

Tablets Na 1500a 10 2303 759 1260 2650 3198 1540 2848 0.2a

K 3500a 10 6963 5470 22 7117 15313 2074 11613 0.199a

Mg 420b 10 1855 1400 336 1642 4350 710 2841 0.46b

Ca 1000b 10 44,067 95,399 60 1193 309,165 558 44,209 4.4b

Fe 10b 10 2660 3973 19 104 11,438 51 3722 27b

Mn 2.3a 9 25 11 8.7 25 41 17 32 1.096a

Zn 11b 6 5.9 4.5 0.78 5.7 10.8 2.2 9.8 0.053b

Cu 0.9c 1 3.2 NC NC NC NC NC NC 0.066a

Al NR 10 14 9.1 2.6 11 28 6.7 19 NC
Ba NR 10 2.2 1.2 0.39 2.4 3.9 1.1 3.0 NC
Cd NR 2 34 43 3 34 64 19 49 NC
Co NR 1 1.97 NC NC NC NC NC NC NC
Cr NR 7 1.3 1.7 0.19 0.53 4.5 0.29 1.6 NC
Mo NR 10 6.1 7.001 0.11 4.3 21 0.57 7.6 NC
Sr NR 9 10 14 1.9 6.2 48 3.3 7.6 NC

Capsules Na 1500a 14 5265 5193 194 3752 15,760 1474 5887 0.4a

K 3500a 14 11,313 9442 640 9621 40,338 8022 11,760 0.32a

Mg 420b 14 1327 1308 151 1052 5396 509 1684 0.33b

Ca 1000b 14 917 1269 86 462 4890 270 831 0.092b

Fe 10b 14 2104 6588 9.1 46 24,678 32 100 21b

Mn 2.3a 14 22 27 0.29 15 102 3.5 27 0.95a

Zn 11b 9 14 14 4.3 7.9 47 7.5 15 0.13b

Cu 0.9b 4 3.6 2.5 1.4 3.3 6.5 1.6 5.4 0.074b

Al NR 14 51 162 0.70 6.5 614 3.1 8.5 NC
Ba NR 14 35 99 0.38 2.1 374 1.4 6.9 NC
Cd NR 3 28 43 2.3 3.8 78 3.1 41 NC
Co NR 1 3.2 NC NC NC NC NC NC NC
Cr NR 3 1.2 0.88 0.19 1.3 1.9 0.76 1.6 NC
Mo NR 14 5.1 11 0.046 0.31 35 0.20 1.1 NC
Sr NR 14 3.5 5.6 0.68 1.1 17 0.91 2.3 NC

Powders Na 1500a 13 61,267 69,097 784 32,523 203,874 19,710 49,120 4.1a

K 3500a 13 14,3503 110,892 4977 140,650 403,524 54,576 17,1630 4.1a

Mg 420b 13 16,743 11,474 418 17,869 37,005 8124 23,391 4.2b

Ca 1000b 13 17,292 15,028 83 17,846 48,870 4518 26,772 1.7b

Fe 10b 13 2048 3491 20 741 12,786 452 1105 20b

Mn 2.3a 13 246 279 1.9 149 1058 77 341 11a

Zn 11b 12 186 125 4.5 179 398 91 250 1.7b

Cu 0.9b 11 40 30 11 32 94 18 55 0.81b

Sr NR 13 102 89 0.65 80 320 64 113 NC
Al NR 13 471 817 1.6 128 2420 28 411 NC
Ba NR 13 517 473 0.96 545 1331 129 830 NC
Cr NR 4 7.3 8.4 0.39 5.025 19 1.3 11 NC
Co NR 3 17 17 2.8 13 35 7.99 24 NC
Mo NR 13 5.6 6.02 0.39 2.9 21 2.5 8.7 NC
V NR 2 3.0 2.5 1.2 2.97 4.7 2.1 3.8 NC
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Content of the Analyzed Elements

The tablets, capsules, and powders differed in terms of their 
elemental content. The variability of elemental contents in 
individual groups might be related to the different origins of 
the supplements, the composition of the beetroot preserves 
used in production, and the presence of auxiliary substances. 
The products came from different countries (Table S1) and 
were purchased from various stores. The formulations con-
tained different auxiliary substances, such as anti-caking 
agents, acidity regulators, and sweeteners, which might also 
be sources of elements. The daily doses differed in all of 
the analyzed groups due to the characteristics of the formu-
lations; powders administered the highest amounts, while 
tablets and capsules administered the lowest. The greatest 
amounts of elements were delivered from powders because 
their portions were much larger by weight (3–15 g/day) than 
the daily dose of tablets or capsules (0.35–4.4 g/day).

There is a lack of literature that allows us to compare data 
on DSs produced from Beta vulgaris L. The writers did, 
however, publish one article on the topic, and some of the 
findings were compared [43].

Macrominerals in DSs

Potassium was the most abundant macromineral in capsules 
(11 mg/d.d.) and powders (144 mg/d.d.) while tablets deliv-
ered the highest dose of Ca (44 mg/d.d.) (Table 2). The tab-
let product T9 was distinguished by a significantly higher Ca 
content than the other DSs (126 mg/d.d.). The manufacturer 
stated that one of the excipients in this product was dical-
cium phosphate, which might have been the source of this 
element. In addition, in the other tablet products contain-
ing dicalcium phosphate, such as T1 (71 mg/d.d.), T6 (72 
mg/d.d.), and T7 (79 mg/d.d.); considerable amounts of Ca 
were found (Table S2). The capsules and powders consisted 
mainly of beetroot ingredients. Their compositions were 
most similar to raw beetroot, as in the case of having K con-
tent as the main macroelement (266 mg/100 g of fresh con-
ventional beetroot) [43]. The average Na content in a daily 
DS dose varied, with tablets having the lowest amount (2.3 
mg/d.d.), capsules falling in the middle (5.3 mg/d.d.), and 
powders having the highest amount (61 mg/d.d.) (Table 2). 
A portion of fresh beetroot provided, on average, 35 mg/100 
g of fresh weight (f.w.) of Na [43], which is less than some 
powdered DSs (P6: 41 mg/d.d., P9: 141 mg/d.d., P11: 190 
mg/d.d., P13: 204 mg/d.d.) (Table S2). The mean content of 
Mg in the daily dose of the DSs also varied, with capsules 
having the lowest amount (1.3 mg/d.d.), tablets falling in 
the middle (1.9 mg/d.d.), and powders having the highest 
amount (17 mg/d.d.) (Table 2). A portion of fresh beetroot 
provided, on average, 22 mg/100 g f.w. of Mg [43].

Microminerals in DSs

Powders were characterized by a higher micromineral con-
tent per dose than what was found in tablets and capsules. 
Manganese was the most abundant micromineral (Table 2) 
in tablets (25 µg/d.d.), capsules (22 µg/d.d.), and powders 
(246 µg/d.d.). In the majority of cases, DSs provided less Mn 
than a portion of fresh beetroot (0.58 mg/100 g [43], 0.39 
mg/100 g [52]). However, product P2 provided 1058 µg/d.d. 
and was the richest of all the samples analyzed (Table S2). 
Tablets supplied 0.78–10.8 µg/d.d. of Zn, capsules sup-
plied 4.3–47 µg/d.d., and powders supplied 4.5–398 µg/d.d. 
(Table S2). A portion of fresh beetroot provided an average 
of 0.38 mg/100 g f.w. of Zn [43] and is comparable to some 
DSs in powder form (P2: 0.37 mg/d.d., P8: 0.40 mg/d.d.) 
(Table S2).

In contrast to our previous study, in which Ba was not 
detected above the LOQ (0.30 mg/kg) in DSs [43], capsules 
(49 µg/d.d.) and powders (517 µg/d.d.) were found to con-
tain considerable amounts of Ba. A portion of fresh beetroot 
provided, on average, 0.175 mg/100 g f.w. of Ba [43], which 
was less than the average amount found in a portion of pow-
der DSs (517 µg/d.d.).

Copper was determined to be above the LOQ in one 
tablet product (T1), four capsule products, and 11 powders 
(Table S2), while it was found in 75% of the conventional 
beetroot samples [43]. However, Cu was not detected above 
the LOQ in any organic beetroot samples [43].

Realization of Dietary Recommendations

The nutritional and bioactive efficacy of the DSs was 
assessed based on the percentage of the RDA or AI for the 
chosen elements. The calculations were made for an aver-
age male aged 19–75 years, based on the nutritional recom-
mendations for the Polish population [47]. For Na, K, and 
Mn, the AI values for these elements were applied. Dietary 
recommendations for men and women differ in the case of 
Mg (men: 420 mg/day, women: 320 mg/day), Fe (men: 10 
mg/day, women: 18 mg/day), Zn (men: 11 mg/day, women: 
8 mg/day), and Mn (men: 2.3 mg/day, women: 1.8 mg/day). 
However, this manuscript only refers to the recommenda-
tions for men to show a general tendency and make the 
results more transparent.

Contribution of the Analyzed Beetroot‑Based DSs 
to Mineral Intake

Table S3 shows the specific results of the examined DSs’ 
fulfillment of dietary recommendations, whereas Table 2 
shows a summary of the tablet, capsule, and powder DS 
groups. In all groups, the recommended DS portions led to 
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a realization of the AI for K that did not exceed 4.1%. For 
capsules and tablets, the average realization of the AI for Na 
did not exceed 3.5%. Powders contained more Na, and the 
average realization of AI for this group was 4.1%. However, 
C7 (11% AI), C12 (9.4% AI), C13 (8.7% AI), P9 (9.4% AI), 
P11 (12.6% AI), and P13 (13.6% AI) provided considerable 
doses of Na in view of daily intake. For adults, the AI of Na 
is 1500 mg/day. It is worth noting that long-term excessive 
Na intake can lead to many serious health consequences, 
including hypertension, strokes, stomach cancer, and possi-
bly esophageal cancer. It can also promote the development 
of osteoporosis and kidney stones, as well as obesity [47]. 
Capsules, tablets, and powders provided no more than 4.4% 
of the RDA for Mg and Ca.

The capsules and tablets delivered less than 1% of the AI 
for Mn. The powders constituted a considerable source of 
Mn, as the associated realization of AI amounted to 11%. 
The realization of the RDA for Zn was lower than 1.7%, 
while it ranged from 0.95 to 11% of the RDA for men for 
Mn. In Poland, the maximum DS level (ML) for Cr and Mo 
in DSs was set at 200 µg [53] and 350 µg [54], respectively, 
per daily portion. All of the studied products contained less 
than 10% of these values.

Fe‑Enriched Products

Seven of the analyzed DSs were enriched with Fe fuma-
rate or Fe gluconate (marked with * in Table S1). These 
organic compounds of Fe are the most popular forms of 
Fe in DSs [55], and they are highly bioavailable due to 
their easy ionization [56]. For Fe, the RDA for the Pol-
ish population is 10 mg/day for men [47]. The analyzed 
DSs contained 3.75–25 mg of elemental Fe (EDI), which 
provided an RDA realization (Figure 1) in the range of 
36–247% for men. The encapsulated product C14 was the 
richest in Fe (247% of the RDA for men). The product 
contained 123% of the permissible Fe content in DSs, 
which is 20 mg in products that are not dedicated to preg-
nant women [57].

Verification of Manufacturers’ Declarations 
Regarding Fe Content

Manufacturers declared that products T3, T4, and T10 
contained 1.4 mg of Fe; that T2 and C8 contained 2.3 
mg of Fe; that C14 contained 10 mg of Fe; and that P1 
contained 14 mg of Fe (Table S1). Products T2, T4, and 
C8 did not meet the recommendations (Table 3) of the 
European Commission (EC) on setting tolerance limits 
for minerals contained on the labels, because the con-
tent of Fe was not in the range from −20 to +45% of the 
declared amount [48, 49].

Analysis of Results According to Regulatory Context

The permissible contamination limits of foodstuff are 
outlined by European Commission Regulations No. 
1881/2006 and No. 629/2008 [28, 29]. The permissible 
contamination limit is 1 mg/kg for Cd [30] and 3 mg/kg 
for Pb [31]. Lead was not detected above the LOQ (<0.035 
mg/kg) in any sample. Two products in tablet form (T4, 
T8) and 3 in capsule form (C3, C4, C12) were notably 
contaminated with Cd (Figure 2), and the amount of Cd 
in C12 was more than 6000 times the limit. This problem 
was also detected in our previous research, in which nearly 
25% of the analyzed products were contaminated with Cd 
[43].

Research has shown that DSs containing Ca compounds 
[58], herbs or botanicals [59], or protein [60] as a major 
component do not pose a risk of Cd intoxication. However, 
there have been some reports of Cd contamination in fresh 
beetroots. Rusin et al. [61] showed that the Cd content in 
two beetroot samples exceeded the ML (203% and 670% of 
the ML) set by the EC for vegetables (0.1 mg/kg f.w. [62, 
63]). Norton et al. [64] also found that the Cd content in one 
beetroot sample exceeded that of the ML (101% of ML).

The measurement of consumer risk might be expressed 
as the realization of PTMI for Cd. Two of the analyzed DSs 
exceeded 100% of the PTMI value (T8: 110% PTMI, C12: 
134% PTMI). Hence, they should not be taken by consum-
ers, even for a short period of time.

Barium poisoning happens rarely, but food is one of the pos-
sible sources of intoxication. The US Environmental Protec-
tion Agency (EPA) set an oral reference dose (RfD) of 14 mg 
of Ba/70 kg/day [65]. Products P6 (1.331 µg/d.d.), P2 (1.172 
µg/d.d.), and P3 (1.085 µg/d.d.) provided a considerable dose 
of Ba and might pose a threat to consumers with long-term 
consumption [66]. Similarly, capsules (0.7–614 µg/d.d.) and 
powders (1.6–2420 µg/d.d.) contained considerable amounts of 
Al. Relating these portions to the PTWI for Al (140 mg/70 kg/ 

Fig. 1  The realization of RDA for Fe for men according to recom-
mendations for the Polish population (31)
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7 days), 2 products might pose a risk for the consumer: P8 (11% 
PTWI) and P9 (12% PTWI).

Exposure to Cd compounds can result in an increased risk 
of carcinogenesis, especially in the prostate, kidneys, pancreas, 
and testicle [24, 67]. The intake of Ba compounds may result in 
gastrointestinal effects (vomiting, abdominal cramps, diarrhea), 
cardiovascular impairments (heart rhythm changes), or paralysis. 
The spectrum of effects on the human body depends on the rate 

of solubility in water and stomach acids, as well as the dose 
of Ba [66]. Beetroot, as a root vegetable, can accumulate toxic 
metals [20, 21]; thus, it is important to control finished products 
that include this ingredient. Moreover, Rusin et al. [61] pointed 
out that the highest concentrations of Cd and Pb are found in 
dried products.

Statistical Analysis

Correlations

Spearman rank correlations were found at three levels of 
significance, i.e., p < 0.05, p < 0.01, and p < 0.001 with 
various correlation coefficients (rs). Positive correlations 
were obtained between the elements analyzed in the DSs 
containing beetroot and the natural raw material (beetroot). 
The correlations (p < 0.001) occurring between the elements 
in the database of DSs containing beetroot were as follows: 
K-Zn (rs=0.814), K-Mg (rs=0.566), K-Ba (rs=0.576), Fe-Mo 
(rs=0.557), Fe-Mg (rs=0.742), Fe-Mn (rs=0.709), Ca-Sr 
(rs=0.848), Ca-Ba (rs=0.555), Zn-Mg (rs=0.734), Zn-Mn 
(rs=0.636), Zn-Ba (rs=0.654), Mg-Mn (rs=0.634), Mg-Sr 
(rs=0.637), Mg-Ba (rs=0.722), Sr-Ba (rs=0.683).

The second Spearman rank correlation test concerned the 
natural raw beetroot materials and the DSs containing beet-
root. The obtained elemental database showed the existence 
of the following correlations (p < 0.001): K-Zn (rs=0.745), 
K-Mg (rs=0.670), K-Mn (rs=0.496), K-Ba (rs=0.579), K-Al 
(rs=0.493), Fe-Zn (rs=0.512), Fe-Mg (rs=0.689), Fe-Mn 
(rs=0.705), Ca-Sr (rs=0.807), Ca-Ba (rs=0.527), Zn-Mg 
(rs=0.714), Zn-Mn (rs=0.686), Zn-Ba (rs=0.628), Mg-Mn 
(rs=0.675), Mg-Sr (rs=0.665), Mg-Ba (rs=0.710), Mg-Al 
(rs=0.605), Sr-Ba (rs=0.672), and Sr-Al (rs=0.479).

Kruskal–Wallis Test

The differences between pharmaceutical forms in view of 
elemental composition (category 1) were as follows (p < 
0.05): K (H = 18.004; p = 0.000), Zn (H = 12.280; p = 

Table 3  Compliance of the determined iron content with manufacturers’ declarations and guidelines

d.u., dosage unit

Sample Declared Fe content 
(mg/d.u.)

Accepted minimum toler-
ance (−20%)

Accepted maximum 
tolerance (+45%)

Determined Fe content 
(mg/d.u.)

Compliance with the 
declaration (%)

Compliance with 
the guidelines

T2 2.3 1.8 3.3 5.7 248 No
T3 1.4 1.1 2.0 1.2 87 Yes
T4 1.4 1.1 2.0 2.5 176 No
T10 1.4 1.12 2.0 1.3 89 Yes
C8 2.8 2.24 4.1 2.1 74 No
C14 10 8.00 14.5 12.3 123 Yes
P1 14 11.07 20.1 12.8 92 Yes

Fig. 2  Determined content of Cd in DS samples expressed as a per-
centage of the maximum allowable level of its contamination (A). 
EDI value compared with PTMI value for Cd for an adult weighing 
70 kg (1750 µg/70 kg/month) (B).
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0.002), Mg (H = 6.379; p = 0.041), Sr (H = 7.707; p = 
0.021), and Ba (H = 10.081; p = 0.006). The Kruskal-Wal-
lis test also revealed differences between the supplements 
enriched with Fe in view of certain elements (category 2) (p 
< 0.05), including Fe (H = 14.684; p = 0.000) and Mo (H 
= 14.059; p = 0.000). In category 3, significant differences 
were found between DSs classified according to the form 
of the main ingredient in view of the analyzed elements (p 
< 0.05): K (H = 13.171; p = 0.004), Fe (H = 12.660; p = 
0.005), Zn (H = 12.980; p = 0.005), Mg (H = 13.201; p = 
0.004), Mn (H = 10.111; p = 0.017), and Ba (H = 9.304; 
p = 0.025). Using the analyzed database of raw material 
(beetroot) [35] and DSs containing beetroot, the Kruskal-
Wallis test showed the following differences (p < 0.05): K 
(H = 21.881; p = 0.002), Fe (H = 14.860; p = 0.005), Mg 
(H = 21.058; p = 0.000), Mn (H = 14.820; p = 0.005), and 
Ba (H = 15.087; p = 0.004).

Post‑hoc Dunn’s Test

A post-hoc Dunn’s test was used to identify which groups 
were significantly related. The Dunn test was conducted for 
the same data categories as the Kruskal-Wallis test and at 
three levels of significance (i.e., p < 0.05, p < 0.01, and p 
< 0.001).

The results of the Dunn test on the data regarding DSs 
containing beetroot were classified according to their phar-
maceutical forms (tablet, capsule, powder), as shown in 
Table 4. The most significant relationships were obtained 
between tablet and powder forms for K and Zn. For some 
samples of Fe-enriched DSs, a significant relationship was 

found between Fe and Mo (p < 0.001) when compared to 
non-enriched products.

A post-hoc test was also carried out for DS samples in 
terms of the form of the main ingredients they contained. 
Dunn’s test revealed significant relationships, which are pre-
sented in Table 5. The test revealed significant interrelation-
ships for Zn and Mg between the extract and the beetroot 
powder.

The raw beetroot data published by Brzezińska-Rojek 
et al. [43], as well as the data from the supplements ana-
lyzed in this study, were used in the Dunn test. The results 
of the post hoc test are presented in Table 6. The strongest 
relationships were obtained for Mg and K between the raw 
beetroot and beetroot extracts in the DSs.

Factor Analysis

Bartlett’s test of sphericity was performed for a database 
of DS containing beetroot samples. The results of this test 
were found to be significant (p=0.000). The Kaiser-Meyer-
Olkin Measure of Sampling Adequacy (KMO) was 0.589, 
which according to the criteria [68] allows us to perform 
the analysis. The first-factor analysis was performed on all 
the data of the analyzed DSs containing beetroot, classi-
fied according to pharmaceutical form, Fe enrichment, and 
the form of the main ingredient in the DS (Figure 3A–D). 
The second analysis, which is presented in Figure 4a and b, 
aimed to show the distribution of the DS samples containing 
beetroot compared to that of raw beetroot (data taken from 
Brzezińska-Rojek et al. [43]).

For the data divided by pharmaceutical form (tablets, 
capsules, and powders), the value of the first factor (F1) 
explained 33.54% of the variance, while the second fac-
tor (F2) explained 24.92%. Both factors cumulatively 
explained 58.46% of the total variance, where the eigen-
values for F1 and F2 were 3.69 and 2.74, respectively. As 
can be observed in Figure 3A, F1 is responsible for the dif-
ferentiation of DS samples in powder form from those in 
tablet form. In the case of capsules, some were attributed 
to the powder group, which may suggest that they con-
tained the same powders used in the powder-form supple-
ments. The low values of the F1 factor correspond to the 
powders, which were described by the elements Na, Sr, Ba, 

Table 4  Results of the Dunn’s test for the data matrix concerning the 
pharmaceutical form of dietary supplements (significance values in 
superscript)

Tablet Capsule Powder

Tablet - Ba0.005,  K0.000,  Zn0.001

Capsule - K0.047,  Zn0.042,  Mg0.041,  Sr0.017

Powder Ba0.005, 
 K0.000, 
 Zn0.002

K0.047,  Zn0.042, 
 Mg0.041, 
 Sr0.017

-

Table 5  Results of the Dunn’s 
test for the data matrix 
concerning the main ingredient 
of dietary supplements 
(significance values in 
superscript).

Extract Concentrate Beetroot powder Dried juice

Extract - Fe0.016,  Mo0.041 Ba0.044,  K0.011,  Fe0.040, 
 Mg0.003,  Zn0.012

Concentrate Fe0.016,  Mo0.041 -
Beetroot powder Ba0.044,  K0.011,  Fe0.040, 

 Mg0.003,  Zn0.012
-

Dried juice -
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Al, K, Mg, Zn, and Mn. High F1 values corresponding to 
DSs in tablet form were described by Ca, Mo, and Fe (Fig-
ure 3D). The performed analysis not only makes it possible 
to differentiate DS samples based on their pharmaceutical 

form but also to show similarities between the content of 
capsules and that of powders.

The distribution of the studied products by pharma-
ceutical form, which is shown in Figure 3A, is similar 

Table 6  Results of the Dunn’s test for the data matrix concerning the main ingredient of dietary supplements and raw beetroot (significance val-
ues in superscript).

Extract Concentrate Beetroot powder Dried juice Beetroot 
raw mate-
rial

Extract - Fe0.013 K0.047,  Zn0.041,  Ba0.016, 
 Mg0.01

Mn0.020, 
 Al0.006, 
 K0.000, 
 Mg0.000

Concentrate Fe0.013 - K0.034

Beetroot powder K0.047,  Zn0.041,  Ba0.016,  Mg0.01 -
Dried juice -
Beetroot raw material Mn0.020,  Al0.006,  K0.000,  Mg0.000 K0.034 -

Fig. 3  A Scatterplot of object samples of two factors of all dietary 
supplements in view of their pharmaceutical form. B Scatterplot of 
object samples of two factors of all dietary supplements in view of 

their enrichment. C Scatterplot of object samples of two factors of all 
dietary supplements in view of a form of the main ingredient. D Scat-
terplot of loadings for elements in all the analyzed samples.
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to that of DSs enriched in Fe (Figure 3B). The F2 factor 
was mainly responsible for the separation of the samples 
according to product enrichment. High F2 values corre-
spond to enriched samples, as described by Mn, Fe, and 
Mo (Figure 3D). Because DSs are made of plant material 
(i.e., beetroot), it is probable that the assemblages of Mn, 
Fe, and Mo next to each other indicate their interaction. In 
Vigani et al.’s [69] study on cucumbers, it was confirmed 
that the presence of Mo influences increased Fe uptake in 
plants because most molybdenum-containing enzymes in 
plants require Fe-containing redox groups [70]. Lawson-
Wood et al. [71] showed that Mn and Fe being at the high-
est levels results in both elements being taken up more 
efficiently by plants. Low F2 values were responsible for 
the diversification of non-enriched samples, characterized 
by Zn, Mg, K, Ba, Al, Sr, Na, and Ca. Factor analysis 
of the DSs under study allowed for the identification of 
samples enriched in Fe.

In the next analysis, F1 diversified the DS samples 
containing beetroot extract, concentrate, and beetroot 
powder (Figure 3C). The high F1 values, described by 
Fe, Mo, and Ca, corresponded with the DS samples con-
taining beetroot in the concentrate and extract forms. The 
presence of Fe as a descriptor is related to the enrichment 
of this group, while Ca is probably derived from the water 
from which the concentrate was prepared. On the other 
hand, samples containing beetroot powder in their com-
position had low F1 values and were characterized by Mn, 
Zn, Mg, K, Ba, Al, Sr, and Na. The presence of a form 
of dried beetroot juice in this group, as well as several 
extract samples, may indicate mislabeling of the prod-
uct. The chemometric analysis distinguished samples of 
DSs containing beetroot in terms of the form of the main 
ingredient used but also verified the information given 
on the product label.

Bartlett’s test of sphericity that was conducted for DS 
data containing beetroot and raw beetroot material [35] 
showed a significance of p=0.000, and a KMO score 
amounted to 0.562, so the data was subjected to FA analy-
sis [68]. This factor analysis aimed to assess the similarity 
between the natural raw material (raw beetroot) and DS 
samples containing beetroot. The raw material data were 
taken from content published by Brzezińska-Rojek et al. 
[43]. The F1 value explained 36.67% of the variance, 
while the F2 value explained 16.63%. Together, the two 
factors explained 53.30% of the total variance. The eigen-
values of F1 and F2 were 3.67 and 1.66, respectively. 
High F1 values were responsible for the distribution of 
samples containing extracts and beetroot concentrate in 
the DS. The low F1 values showed a close relationship 
between the beetroot powder and the raw beetroot sam-
ples, suggesting that the beetroot powder may have been 
formed from the natural raw material. It can be assumed 
that, as the manufacturer specifies on the product label, 
the beetroot powder is indeed the natural raw material in 
powder form. The samples of beetroot powder and raw 
material were described by elements such as Na, Ba, Sr, 
K, Al, Mg, Zn, and Mn (i.e., elements of soil origin). The 
use of natural raw beetroot data in FA, combined with 
data from DSs containing beetroot, made it possible to 
demonstrate the authenticity and quality of the products 
analyzed.

The factor analyses presented in Figure 3A, B, C, and D show 
the joint influence of the pharmaceutical form, the Fe enrich-
ment of the product, and the form of the main ingredient present 
in the DS on the identification and verification of DSs. Addition-
ally, the factor analysis of the DSs and samples of the natural 
raw material (beetroot) provide important information about the 
authenticity of the ingredient used in the supplement (Fig. 4a, b) 
and the quality of the final product.

Fig. 4  a Scatterplot of object samples of two factors of all dietary 
supplements and beetroot samples. b Scatterplot of loadings for ele-
ments in all the analyzed samples.
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Conclusion

In this research, 37 beetroot-based DSs were assessed 
for safety and health value based on mineral composition 
and Al, Ba, Cd, and Pb content. In general, DSs in pow-
der form contained higher doses of elements than DSs in 
capsule and tablet forms. The exception was Fe-enriched 
products, mainly available in capsule or tablet form, which 
provided a significant dose of Fe because of RDA fulfill-
ment. The capsule product C14 contained the highest dose 
of Fe (247% of the RDA for men). Some DSs supplied 
considerable doses of Na; thus, they should be considered 
when estimating the daily consumption of Na. The study 
revealed that 5 products were considerably contaminated 
with Cd, which translated into notable PTMI realizations. 
In the majority of cases, DSs provide low health value 
because of their mineral delivery to consumers. Moreover, 
DSs contaminated with Cd might pose a risk to consumers. 
Factor analysis was useful in differentiating beetroot-based 
products based on their pharmaceutical form and the type 
of beetroot preserves they used. Moreover, it allowed for 
an evaluation of the authenticity and safety of the exam-
ined products.

In conclusion, in the majority of cases, DSs provided 
fewer minerals than a 100 g portion of fresh beetroot. Some 
of the available beetroot-based products might pose a risk 
for consumers due to their accumulative abilities and con-
tamination with toxic elements. The research revealed that 
there is a strong need for the evaluation of DSs which are 
launched and for a requirement that quality certificates be 
provided for finished products.
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