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Medicinal plants accumulate heavy metals from contaminated soil, and their consumption can cause poisoning. Our
objective was to determine the levels of Pb, Cd, Zn, Cu, Fe, and Mn in four medicinal plant species (Achillea millefolium,
Hypericum perforatum, Plantago lanceolata, and Urtica dioica) and their native soil, all sampled at a former smelter.
The highest soil Cd, Pb, and Zn levels surpassed the maximum allowed limit 75-fold, 48-fold, and 14-fold, respectively.
Their soil levels correlated with those in the plants, but this was not the case with Cu, Fe, and Mn. Heavy metal accumulation
seems to depend on the plant species, yet even so, medicinal herbs should be cultivated and gathered only from controlled
(uncontaminated) areas. Polluted areas should be monitored on a regular basis, while further research should investigate
the connection between the heavy metal levels in the soil, their levels available for plants, and the levels extractable from

plants.
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Over the past several decades, industrial activity in the
mining and smelting sectors has caused serious
environmental pollution by heavy metals on a global scale.
Increased concentrations of heavy metals in the air, soil, or
water threatens human health both directly and indirectly
via accumulation in the food chain. In countries with high
ecological awareness the risk of acute exposure has been
minimised thanks to the enforcement of restoration laws
and policies. The risk of chronic effects, however, is still
there.

Heavy metals in herbal medicines and spices, especially
if cultivated or collected in contaminated areas, often exceed
safety limits and are an important source of exposure
through diet (1-4). Accumulation of heavy metals in plants
(i.e. phytoextraction) has been well investigated under
laboratory conditions (5). However, it is also important to
correlate metal levels in plants and the soil in which these
plants grow.

In our research we focused on soil heavy metal pollution
in the Meza Valley, Slovenia. This area had been heavily
affected by mining and smelting operations in the town of
Zerjav. Lead production started in the 16® century and
intensified in the 20" century, reaching as much as 1 % of
the global production (6). In the late 1970s, extensive
restoration efforts were introduced, and 20 years later,
mining was discontinued (6).
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Environmental pollution in this area, including
biological burden, has been monitored regularly since the
1980s (6-11). Restoration efforts were intensified in 2007
and brought important improvements in the living
conditions ever since. However, the parameters of chronic
human exposure, such as the concentrations of heavy metals
in blood and in the soil, are still alarming (6, 12).

The aim of this study was to gain the latest insight into
the levels of heavy metal pollution of the Meza Valley and
to look for a correlation between the levels of lead (Pb),
cadmium (Cd), zinc (Zn), copper (Cu), iron (Fe), and
manganese (Mn) in soil and four common medicinal plants
grown in the same locales, i.e. common yarrow (Achillea
millefolium), St. John’s wort (Hypericum perforatum),
ribwort plantain (Plantago lanceolata), and common nettle
(Urtica dioica).

MATERIALS AND METHODS

Sampling

The soil and plant samples were collected from eight
locations in the Meza Valley. Three were in the town of
Zerjav, where a smelter operated until 1990, and five were
around Zerjav (distances given in parentheses): Male
Braslovce (30 km), Topolscica (20 km), Zavodnje (16 km),
Sentvid pri Zavodnju (12 km), and Javorje (4 km) (Figure
1). All locations were at least 10 m away from the street.
The samples were collected in June 2014, when all four
plant species were in full bloom.
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Figure 1 Meza Valley (Slovenia) sampling locations

Only the above-ground parts of the plants (three of each
plant species from each location, growing 1 to 3 m apart)
were collected, air-dried at room temperature for seven
days, and ground to powder. Plant sample specimens were
deposited in the herbarium of the Faculty of Pharmacy,
University of Ljubljana, Slovenia.

The soil samples were taken from the same locations
as the plant samples at a depth of 5 to 10 cm, air-dried for
seven days, ground, and passed through a 2-mm sieve.

Soil acidity

To determine real [pH(H,O)] and potential [pH(KCI)]
acidity, we measured soil pH in both aqueous and KCl
solutions, respectively, by adding 25 mL of double-distilled
water or 1 mol L' KCI to about 10 g of soil sample. The
obtained suspensions were shaken periodically over 30 min,
and the pH was measured. Real acidity is the concentration
of H" in a water solution of a soil sample, whereas potential

or exchangeable acidity also includes H* adsorbed on the
soil colloids. Heavy metals usually have higher availability
in acidic soil than in neutral or basic soil (13, 14).

Total metals

The plant and soil samples were digested with closed-
vessel high-pressure microwave digesters. Prior to
digestion, 0.5 g of each plant sample was additionally dried
at 80 °C for 12 h, and 7.0 mL of HNO, and 2.0 mL of H,0,
were added. After waiting for 10 min to avoid the initial
vigorous chemical reactions, the samples were digested
following the temperature programme described elsewhere
(15). A similar procedure was applied to the soil samples:
9.0 mL of HCl and 3.0 mL of HNO, were added to 0.5 g of
each soil sample.

After cooling, the contents of the vessels containing
both the plant and the soil samples were filtered through a
Millipore 0.45-um filter. The solutions were quantitatively
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transferred into 50 mL calibrated flasks and diluted to full
volume with double-distilled water.

Exchangeable metals

Exchangeable cation concentration (cation exchange
capacity, CEC) was determined with a single-step extraction
procedure by adding 45.0 mL of NH,OAc (1 mol L") to
1.00 g of the soil sample and mixing the two for 2 h. The
suspensions were left overnight and then filtered.
Ammonium exchangeable fraction (Table 2) was calculated
as the exchangeable cation concentration divided by the
total heavy metal concentration, and was expressed in
percentages.

Extraction of plant samples

A hot water infusion was made by adding 10 mL of
water to 0.5 g of powdered Urtica dioica sample. We
selected this nettle because it is commonly prepared as a
cleansing or detox tea in this locality. The sample was then
heated in a microwave oven (100 °C), filtered, and diluted
to 50 mL. Heavy metal content was determined directly
from the undiluted aqueous solution.

Reagents and apparatus

All reagents were of analytical grade: HNO, (65 %;
Carlo Erba, Rodano, Italy), H,0, (30 %; Belinka Perkemija,
Ljubljana, Slovenia), HCI (37 %; Sigma Aldrich, Steinheim,
Germany), ethanol (96 %; Scharlau Chemie S.A.,
Barcelona, Spain), NH,OAc (Fluka, Steinheim, Germany).
High-purity water (electrical resistivity >10 MQcm) was
produced with a Milli-Q system (Millipore, Bedford, MA,
USA). Solutions were made using demineralised water
(electrical resistivity 18.2 MQcm, toc<10 ug L") produced
with the Milli-Q system. Calibrated solutions were prepared
from 1 g L' stock solutions (Merck, Steinheim, Germany).

The Cd and Pb content in all soil and plant extracts was
determined with a Perkin Elmer AAnalyst 600 atomic
absorption spectrophotometer with a HGA 400 graphite
furnace (Waltham, MA, USA) equipped with pyrolytic

graphite tubes and temperature programmes that are
presented elsewhere (15, 16). The concentrations of Fe,
Mn, Zn, and Cu were determined with a Varian AA240
atomic absorption spectrophotometer (Palo Alto, CA, USA)
under optimal conditions using suitable hollow cathode
lamps. Signals were measured with a background correction
(deuterium lamp) at the optimal flame (A-Ac) height (15,
16).

RESULTS AND DISCUSSION

Soil contamination

Table 1 shows the levels of the six measured heavy
metals in the MeZa Valley. The European Union has not set
the limit values for Fe and Mn, as both metals occur
naturally in the soil in a relatively large range. The average
Mn level in the Earth’s upper crust is 650 mg kg (17), and
its concentration ranges from 40 to 900 mg kg! (18). In the
Meza Valley this range is between 617 and 1335 mg kg™,
which is on the upper end of or above the published values.
We believe that Mn levels this high are of natural origin
and not the result of contamination from the smelter,
because they do not correlate with the Pb and Zn levels.
The concentration range for Fe is typically 20,000 to
550,000 mg kg! (19), but in our study, it keeps at the lower
end: 17,092 to 56,272 mg kg™'.

As for the other metals, whose limits have been
regulated, Cu remained below the Slovenian limit of
60 mg kg! (20). In contrast, Cd, Pb, and Zn were found at
alarming levels, exceeding their lower limits 75, 49, and
14 times, respectively, and exceeding the critical limits 6,
8, and 4 times, respectively (Table 1). The samples with the
highest contamination were collected in the closest vicinity
(approximately 300 m) of the former smelter.

Soil acidity

Soil pH greatly affects heavy metal availability to plants
(21). Table 1 shows that the pH(H,O) and pH(KCI) ranged

Table 1 Heavy metal levels (mg kg™') and acidity in soil samples from eight Meza Valley locations [levels above the Slovenian limit

(19) are highlighted in bold]

Sample Cd Pb Zn Cu Fe Mn pH(H,0) pH(KC])
Male Braslovce 2.3 68 153 55.0 35,621 1280 5.70 4.70
Topolscica 0.4 45 93 20.3 40,644 617 6.40 4.70
Zavodnje 1.2 62 119 29.7 41,803 915 5.90 4.45
Sentvid pri Zavodnju 4.0 132 274 47.9 53,381 762 6.65 5.80
Javorje 5.6 908 296 56.3 56,272 1335 6.60 5.75
Zerjav 1 74.7 4132 2841 34.6 27,252 572 7.00 6.20
Zerjav 2 57.7 2789 2811 304 18,902 444 7.45 6.75
Zerjav 3 4.7 330 178 154 17,092 530 7.45 6.95
Limit value 1 85 200 60 - - - -
Critical limit value 12 530 720 300 - - - -
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Table 2 Ammonium exchangeable fraction of heavy metals

Location Cd Pb Zn Cu Fe Mn
Topolscica 13.9% n.d. n.d. 2.3% 0.02 % 0.53 %
Zerjav 1 30.6 % 12.8 % 3.5% 13.9% 0.05 % 0.35%

n.d. — not detected

5.70-7.45 and 4.45-6.95, respectively, which makes them
moderately acidic to slightly alkaline and confirms earlier
reports (9). Heavy metals usually have higher availability
in acidic soil than in neutral or basic soil (13, 14). However,
the availability of heavy metals (except for Mn) was higher
in samples with higher pH (Table 2), but we are aware that
their availability depends on many factors other than pH,
e.g. mineral composition, redox potential, microbiota of the
soil, concentration of soil organic matter, and humic and
fulvic acids as potential ligands for metal complexation
(22).

Exchangeable fraction of heavy metals in soil samples

The total soil heavy metal content points to the extent
of soil contamination. However, it has long been known
that the total content does not correspond to the content
available to plants but only its mobile fraction (23, 24). The
ammonium exchangeable fraction is one of the main mobile
fractions usually determined, the others being the soluble,
adsorbed, chelated, complexed, insoluble, and other
fractions (25, 26). We determined the ammonium
exchangeable fraction for all heavy metals in the soil
samples from Topoli¢ica and Zerjav 1 (Table 2), which
were collected in higher amounts to perform additional
experiments. Interestingly, Pb and Zn had no ammonium
exchangeable fraction for samples from TopolscCica.
However, Pb and Zn did accumulate in plants (Table 4).
This finding suggests that the ammonium exchangeable
fraction is not adequate to determine heavy metals available
for plants, as the absence of ammonium exchangeable
fraction does not guarantee the safety of plants cultivated
in such soil. Other mobile fractions should therefore be
considered.

Plant contamination

Table 3 shows a great variation in the plant heavy metal
accumulation capacity (ranging from the lowest in Urtica
to the highest in Plantago), considering that all four species
were collected from the same eight locations.

One way to show a plant’s accumulation capacity is
with the ratio of plant and soil heavy metal concentration,
also known as bioconcentration factor (Table 4) (28, 29).
Achillea had the strongest accumulation preference for Cd
and the weakest for Cu. Urtfica, in contrast, showed the
weakest accumulation of Cd and the strongest of Cu. The
differences in accumulation between the metals were
significant, with Cd being the most and Fe the least
accumulated metal. This variability is in accordance with
previous reports (30, 31). Due to the variability of naturally

accumulated Cd, higher limits may be justified for herbal
drugs accumulating Cd, as proposed by Kabelitz et al. (30)
and Gasser et al. (31). Concentration of Cd, Pb and Zn in
plants correlated significantly to respective concentrations
in soil (Figure 2), while no significant correlation was found
for Cu, Fe and Mn (Figure 3).

Wherever Cd exceeded the limit value for soil, so it did
in at least some plant species. The same is true for Pb. Only
at Topolscica, where none of the soil metals exceeded the
limit, were all metals in all plant species below the limit
value. This suggests that the soil and plant limit values are
well balanced. For Cd, the soil and plant limits are equal
(1 mg kg'), which corresponds to the bioconcentration
factor close to 1 (Table 4). For Pb, the soil limit value is 17
times higher than the plant limit (85 and 5 mg kg,
respectively), which corresponds to the bioconcentration
factor of 0.02 to 0.07 (Table 4).

The European Commission (27) limit values for Pb and
Cd in plants are 1.0 mg kg and 5.0 mg kg, respectively.
However, the human toxicity threshold proposed by some
is higher and spans from 30 to 300 mg kg™ for Pb (32) and
5to30 mgkg! for Cd (32, 33). The Pb and Cd concentrations
in our study fall within these toxic ranges. They are,
however, lower than those found by Gjorgieva et al. (2) for
Urtica dioica growing in polluted areas of Macedonia
(102.03 mg kg!' for Pb and 7.37 mg kg' for Cd) and
comparable to those reported by Nadgorska-Socha et al.
(34) for Plantago lanceolata growing in polluted areas of
Poland (19.5 to 121.3 mg kg™ for Pb, and 5.7 to 13.8 mg kg™
for Cd).

Medicinal plants are still widely harvested from wild
habitats for individual use and production of plant-based
products (35). It is therefore important to emphasize that
the safety and benefits of plant-based products are directly
related to the quality of the raw materials (36), including
the presence of heavy metals within safe limits.

Heavy metals in plant extracts

A hot water infusion was produced from the Urtica
dioica samples from Topol§¢ica and Zerjav 1. Table 5 shows
some interesting findings. Even though the Zerjav 1 samples
of U. dioica had four times higher Cd levels than the
Topolscica samples, their extracts had a similar amount of
Cd (0.063 vs. 0.053 mg kg'!, respectively). Similarly, the
Zerjav 1 Pb levels were 15 times higher than the Topol§¢ica
levels, yet the extracted Pb was below the limit of detection
in both samples. It seems that heavy metals may bind to
plant tissues in an insoluble form.

Heavy metal extraction rates were 7 to 22 % for Cd, 47
to 48 % for Zn, 18 to 19 % for Cu, 4 to 13 % for Fe, and
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Table 3 Heavy metal levels in plant samples (mg kg') from eight MeZa Valley locations [levels above the European Commission limit

(27) are highlighted in bold]

Plant Location Cd Pb Zn Cu Fe Mn
Male Braslovce 0.3 2.1 29.1 15.7 157.4 30.4
Topolscica 0.2 1.1 29.7 9.3 190.4 310.2
Zavodnje 0.3 1.3 35.6 9.2 112.6 318.0

Urtica Sentvid pri Zavodnju 0.5 6.9 40.2 18.7 162.5 17.3
dioica Javorje 0.4 2.9 42.0 9.4 120.6 131.3
Zerjav 1 0.9 155 73.5 9.3 77.1 14.9

Zerjav 2 0.6 6.6 47.0 5.0 95.3 27.2

Zerjav 3 0.3 2.6 42.0 7.4 83.0 23.9

Male Braslovce 0.6 2.3 38.1 11.7 115.0 18.3

Topols¢ica 0.4 2.1 38.1 8.3 61.1 68.8

Zavodnje 0.2 2.9 26.9 9.9 44.6 26.0

Hypericum Sentvid pri Zavodnju 1.2 4.7 453 10.9 108.8 10.9
perforatum Javorje 4.2 5.1 44.8 7.6 53.4 75.4
Zerjav 1 1.0 25.1 103.4 8.8 66.2 12.4

Zerjav 2 1.5 7.0 76.0 6.3 322 7.8

Zerjav 3 1.0 11.5 92.1 7.0 52.5 16.3

Male Braslovce 1.2 1.5 23.2 9.6 145.5 35.2

Topols¢ica 0.3 2.5 30.1 7.0 121.0 24.4
Zavodnje 35 2.1 31.1 4.2 80.9 163.2

Achillea Sentvid pri Zavodnju 2.6 3.6 353 9.5 89.3 19.4
millefolium Javorje 1.56 3.8 34.0 52 47.8 36.7
Zerjav 1 5.7 15.9 211.7 4.5 86.2 45.4

Zerjav 2 5.5 10.8 156.7 9.9 59.8 16.6

Zerjav 3 3.9 9.9 117.4 9.2 77.4 38.6

Male Braslovce 0.5 3.1 46.5 4.2 59.4 10.3

Topols¢ica 0.8 1.4 333 8.1 151.7 39.7

Zavodnje 1.1 3.5 48.5 7.1 58.5 75.4

Plantago Sentvid pri Zavodnju 0.3 3.9 51.8 8.1 262.0 23.2
lanceolata Javorje 34 107.4 104.4 9.3 122.0 56.7
Zerjav 1 0.9 48.3 147.8 7.1 175.0 233

Zerjav 2 16.0 195.9 799.5 8.2 338.7 332

Zerjav 3 2.7 61.0 127.4 10.2 112.1 16.7

Limit value (European Commission) 1.0 5.0 - - - -
8 % for Mn. Such variability is in line with earlier reports CONCLUSIONS

[1.9t0 35 % for Cuand 8.6 to 10 % for Mn (37), 20 to 50 %
for Mn and Zn (38), 9 % for Fe and 5 % for Mn (39), and
6 % for Fe, 24 % for Mn, and 35 % for Zn (40)].

Judging by the Cd level in the U. dioica hot water
infusion, by drinking one litre of tea (equivalent to 10 g of
the dried plant) a day for seven days a 70-kg person would
not exceed the acceptable weekly intake. Similar
calculations for Zn, Cu, Fe, and Mn show that U. dioica
from Topol§¢ica and Zerjav is suitable for medicinal and
nutritional use, especially if the washing procedure is
followed, as it can considerably reduce heavy metal content
(41, 42).

Regular evaluation of environmental conditions in areas
affected with mining and smelting pollution is of great
importance. Not only should it include the total content of
heavy metals in the soil, which shows the extent of soil
contamination, but also their content in plants, which
indicates human exposure. Our findings show alarming
concentrations of Cd, Pb, and Zn in the Meza Valley soil,
while Mn, Fe, and Cu did not exceed the limits. None of
the studied plant species strongly accumulates all the metals,
but Cd stands out as the most accumulated metal.
Fortunately, heavy metal extraction (with hot water infusion
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Figure 2 Cd, Pb, and Zn plant levels in relation to their levels in soil. Regression lines are drawn for all metals and plant species for
which the Pearson correlation was significant (p<0.05)

Table 4 Bioconcentration factors for the heavy metals and plant species (averages of eight locations).

U. dioica H. perforatum A. millefolium P, lanceolata all species
Cd 0.15+0.19 0.34+0.34 0.77+0.93 0.58+0.64 0.46+0.62
Pb 0.02+0.02 0.03+0.02 0.02+0.02 0.07+0.06 0.03+0.04
Zn 0.17+0.11 0.2240.17 0.22+0.2 0.33+0.19 0.24+0.17
Cu 0.31+0.12 0.28+0.11 0.25+0.17 0.27+0.18 0.28+0.14
Fe 0.004+0.001 0.002+0.001 0.003+0.001 0.006+0.005 0.004+0.003
Mn 0.14+0.18 0.04+0.03 0.06+0.05 0.05+0.03 0.07+0.1
All metals 0.13+0.16 0.15+0.2 0.22+0.46 0.22+0.34 0.18+0.31

Table 5 Levels of heavy metals extracted by hot water from Urtica dioica expressed per kg of herbal drug (mg kg, n=3)

Location Cd Pb Zn Cu Fe Mn
Topolscica 0.05 *0  14.39 1.64 7.51 26.20
Zerjav 1 0.06 *0  34.56 1.79 9.96 *0
'"RDA/ATWI 20.0025** 23 8—-11  1'0.7-0.8  '8-18***  11.6-2.3

RDA — recommended dietary allowances in mg day”'; TWI - tolerable weekly intake in mg week'; *Below the limit of detection; **TWI
per kg of body mass; ***Recommended intake assumes 75 % of iron is from haem iron sources
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Figure 3 Cu, Fe, and Mn plant levels in relation to their levels in soil. The Pearson correlation was not significant (p<0.05) for any

of the metals in any of the investigated plant species

in our case) was low, which suggests that heavy metals bind 4.

to plant tissues in an insoluble form. Further research should
help to better understand heavy metal transport from soil

to plants and from plants to plant extracts. S
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Kopicenje tezkih kovin iz tal v zdravilnih rastlinah

Tezke kovine iz onesnazenih tal se kopicijo v zdravilnih rastlinah, zaradi ¢esar lahko njihovo uzivanje privede do zastrupitev.
Namen naSe raziskave je bil ugotoviti vsebnosti svinca, kadmija, cinka, bakra, Zeleza in mangana v vzorcih tal ter v
vzorcih navadnega rmana (Achillea millefolium), Sentjanzevke (Hypericum perforatum), ozkolistnega trpotca (Plantago
lanceolata) in velike koprive (Urtica dioica), nabranih na osmih lokacijah v Meziski dolini. Koncentracije kadmija, svinca
in cinka so kriti¢no presegale mejne vrednosti. Vsebnost teh treh tezkih kovin je znacilno korelirala z njihovo vsebnostjo
v proucevanih rastlinah, ki pa posamezne tezke kovine kopicijo v razli¢cnem obsegu. Razli¢en je bil tudi obseg njihove
ekstrakcije v vroco vodo. Nasa raziskava prispeva pomembne rezultate za nadaljnje proucevanje povezav med prehajanjem
tezkih kovin iz (onesnazenih) tal v rastline in rastlinske izvlecke. Poleg tega nakazuje tudi na izjemen pomen rednega
spremljanja stanja tal, zlasti na podro¢jih kriti¢ne onesnazenosti, saj je nabiranje zdravilnih rastlin v naravi v danasnjem
¢asu izjemno priljubljeno.

KLJUCNE BESEDE: baker; cink; kadmij; kopriva; Meziska dolina,; rman, svinec, Sentjanzevka; trpotec, Zelezo



