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Abstract: Ibuprofen (IBU) and ketoprofen (KET) are among the world’s most popular and widely
used nonsteroidal anti-inflammatory drugs (NSAIDs). Due to their high usage, these drugs have
entered the environment, including the soil, and, like any other chemical compound, can have a
negative effect on it. Therefore, an attempt was made to evaluate the effects of these two popular
drugs on soil bacteria and fungi, the bivalve crustaceans (Heterocipris incongruens) and the growth
and development of spring barley. The tested drugs did not show any negative effects on the total
bacterial abundance. Effects were observed on the growth and survival of H. incongruens and on the
abundance of fungi in the soil at the highest concentrations tested. The presence of IBU and KET
in the soil in which spring barley was cultivated caused an increase in the activity of antioxidant
enzymes catalase (CAT), superoxide dismutase (SOD), and guaiacol peroxidase (POD); an increase in
the content of proline and ascorbic acid (AsA) in the seedlings of this grain; and a decrease in the
yield of fresh plant weight, especially at the application of concentrations of 100 and 1000 mg-kg ! of
soil’s dry weight (DW). Effects on barley seed germination potential and germination capacity, plant
dry matter content, assimilation pigment content and malondialdehyde (MDA) were also observed
at the highest concentrations.

Keywords: oxidative stress; H. incongruens; bacteria; fungi; spring barley

1. Introduction

Nonsteroidal anti-inflammatory drugs (NSAIDs) comprise a large group of drugs with
analgesic, anti-inflammatory and antipyretic effects used in oral form as well as external
application (e.g., ointments, gels) by humans and in the veterinary field [1]. Consumption
of these drugs worldwide is very high and varies considerably from country to country.
NSAIDs include drugs such as ibuprofen, ketoprofen, naproxen, diclofenac, indomethacin,
nimesulide, meloxicam and celecoxib. The fact that they are readily available, often without
a prescription, is contributing to the high consumption of these drugs [1-3]. Medications
taken by humans or animals are retained in the body only to a small extent. A signifi-
cant portion of them is removed from the body in their primary form or as metabolites
formed during their metabolism with urine or feces. High intake of NSAIDs results in large
amounts of them entering the environment through wastewater treatment plants, where
they are disposed of at low rates in rivers, surface runoff or from farm discharges [4-0].
Animal excrement, industrial waste or municipal waste can also be a source of NSAIDs in
the environment [6]. NSAIDs are most often detected in the environment at low concen-
trations (from 1 ng-dm~3 to 1 mg-dm~3); however, considering the continuous influx of
this pollutant into the environment, a guess could be hazarded that these drugs can have a
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significant impact on the aquatic and terrestrial ecosystem. The available literature reports
make it clear that we can find these compounds not only in water or soil but also in plants,
animals or benthos [7,8].

Accordingly, a number of international organizations and research groups, i.e., the
Organization for Economic Co-operation and Development, OECD; International Organi-
zation for Standardization, ISO; and European Food Safety Authority, EFSA (also European
Commission, Chief Inspectorate of Environmental Protection in Poland, Food and Drug
Administration (FDA) in the USA, etc.), have developed a number of toxicological stan-
dards by which this type of pollution in the environment can be studied and controlled.
The European Commission and other similar bodies are trying to adapt existing legislation
to best control the pollution of various types of active substances and to counter environ-
mental pollution that could threaten the functioning of individual terrestrial and aquatic
biosystems. Examples of such measures are the EU Water Framework Directive and the
Directive on Priority Substances, which provide guidelines for identifying substances that
could pose a potential threat to surface waters. These directives provide a legal basis under
which member states are required to monitor and comply with the environmental quality
standards (EQS) set for these substances [1,9].

Unfortunately, despite numerous measures taken, we still know little about the con-
centrations of pharmaceuticals in soil and water. The situation is also complicated by the
fact that the behavior of NSAIDs, like that of other chemical compounds, is influenced
by various parameters, such as insolation, pH, temperature and the soil’s physical and
chemical properties. Under the influence of these parameters, drugs can be transformed
into various types of derivatives, which can be more harmful to the environment than the
substances from which they were derived. In addition, it is important to remember that
drugs in the environment do not occur individually but in various mixtures [2,6].

Ibuprofen and ketoprofen are among the most popular NSAIDs. They belong to the
first-generation NSAIDs, which act by inhibiting the cyclooxygenases COX1 and COX2.
Both drugs are propionic acid derivatives that exhibit anti-inflammatory, analgesic and
antipyretic effects. These drugs are frequently detected in wastewater and freshwater
ecosystems around the world [10]. We know from literature reports that ibuprofen can
affect the life and development of aquatic organisms, i.e., fish, mollusks or crustaceans. It
can also affect insects. Ketoprofen also can affect, among others, fish in their embryonic
stage or the crustacean Daphnia magna [10,11].

NSAIDs, like other chemical compounds, can be adsorbed into particles of solid bottom
sludge or soil particles, which can eventually lead to their accumulation and subsequent
slow entry into the ecosystem. Agricultural use of sewage sludge, which the drugs have
accumulated in, results in their dissemination into the environment. This leads to the
introduction of these compounds into the soils where crops are grown. These, in turn,
while taking up water and nutrients, can simultaneously take up NSAIDs and accumulate
and transform them inside their tissues. NSAIDs, like other drugs, depending on the plant
species, type of drug, concentration, length of exposure or developmental stage of the plant,
can cause oxidative stress in plants. These plants are then eaten by animals and humans,
which can have negative health effects [2,12-14].

There are numerous reports in the scientific literature on the negative effects of various
types of drugs, including NSAIDs, on plants (i.e., Lemna minor, Raphanus sativus var. sativus,
Lettuce sativa), algae (i.e., Acutodesmus obliquus, Scenedesmus obliquus), bacteria (i.e., Alivibrio
fisheri), planktonic crustacean (i.e., Daphnia magna), fish (i.e., Cyprinus carpio, Danio rerio)
and birds (Gyps) [3,12,14]. The most high-profile case of adverse effects of drugs on the
environment was the effect of diclofenac on the decline of several vulture species found in
India, Pakistan and Nepal. Studies conducted indicated that these birds consumed dead
cattle, in tissues of which diclofenac nephrotoxic effect amounts were found and caused
their death [9].

Despite numerous ongoing studies, the mechanism of action of the drugs and the
products breakdown in individual organisms has not yet been discovered.
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Therefore, in order to broaden the knowledge of the NSAIDs impact on the envi-
ronment, especially the soil environment, this study attempted to evaluate the impact of
ibuprofen, ketoprofen and their mixture on various elements of the trophic chain, i.e., the
total abundance of soil bacteria and fungi, H. incongruens crustaceans and spring barley.

2. Materials and Methods
2.1. Materials

The NSAIDs ibuprofen (IBU), (£)-2-(4-isobutylphenyl)propanoic acid (>98% purity),
and ketoprofen (KET), 2-(3-benzoylphenyl)propionic acid (>98% purity), used in the study
were purchased from Sigma—Aldrich Chemical Co. (Poznan, Poland).

2.2. Total Number of Bacteria and Fungi

The study followed the procedure of Cyconia et al. [15] with minor alterations. Soil
samples were collected during the establishment of the plant culture (1 day) and during
the liquidation of the culture after 14 days. Then, 10 g samples of each of them were
placed in Erlenmeyer flasks containing 90 mL of 0.85% sterile NaCl solution and shaken
for 10 min. Serial dilutions of the soil suspension were prepared. To determine the total
bacterial abundance, samples from the respective dilutions were seeded by surface culture
on tryptic soy agar and incubated at 27 °C for 48 h. To determine total fungal abundance,
samples from the respective dilutions were seeded by the surface culture method on DRBC
Dichloran Rose Bengal Chloramphenicol medium and incubated at 22 °C for 7 days. The
total abundance of cultured bacteria and fungi was expressed as CFU (colony forming
unit) /g DW of soil [15].

2.3. Ostracodtoxkit F Test

A 6-day chronic toxicity microbiotest for mortality and growth inhibition of Hetero-
cypris incongruens was performed. The tests were conducted using the Ostracodtoxkit F test
(MicroBioTests Inc., Ghent, Belgium). The test was also carried out on soil without the IBU,
KET and IBU + KET addition to eliminate the effect of the soil on the bivalves. Mortality
(%) and growth inhibition (%) of H. incongruens crustaceans were determined.

2.4. Spring Barley Culture

Plants were grown in a vegetation hall. The tests follow the guidelines of the OECD/OCDE
208/2006 guide [16] and the PN-EN ISO 11269-2 standard [17]. The plant material was spring
barley (Hordeum vulgare L., cv. Suweren). IBU, KET and mixture IBU + KET were applied at
concentrations of 0.1, 1, 10, 50, 100, 1000 mg-kg_1 dry weight of soil. The content of NSAIDs
in the mixture was 1:1. Twenty identical seeds were sown in pots containing soil (loamy sand,
pH(KCI) = 6.0, organic carbon—38.5 g-kg ™!, 11% fraction content of <0.02 mm in diameter)
with NSAIDs supplementation and control soil (non-NSAIDs content). All tests were per-
formed four times. Throughout the testing period, constant soil moisture (70% ppw), constant
temperature of 20 + 2 °C and constant illumination at 170 pumol-m~2's~! were maintained
on a 16 h day/8 h night schedule. Fourteen days after sowing seeds into the soil, plant
photographs were taken, and the obtained plant material was used for detailed analyses.

2.5. Determination of Growth Responses

Seed germination potential (GP) and seed germination rate (GR) were calculated
according to the recommendations by Liu et al. [18].

Length inhibition of above-ground plant parts and plant roots was measured as
described by Wang et al. [19].

Dry matter was determined using the method described by Kowalska [20]: 1 g fresh
weight of spring barley plants was dried at 105 °C until solid. The dry matter content is
givenin g- g_1 of the fresh weight (FW).
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2.6. Determination of Photosynthetic Pigments Content

The content of chlorophyll a, chlorophyll b and carotenoids were determined by the
method presented by Oren et al. [21]. First, 200 mg of fresh weight of spring barley leaves
were homogenized with an 80% solution of chilled acetone and centrifuged, and the filtrate
was made up to a volume of 25 cm?. The content of individual photosynthetic pigments
was determined by measuring absorbance at wavelengths of 470 nm, 647 nm and 664 nm.

2.7. Determination of Malondialdehyde and Hydrogen Peroxide Content

We homogenized 0.5 g of fresh leaves weight with 0.1% trichloroacetic acid solution at
4 °C and then centrifuged the mixture.

Thiobarbituric acid was used as a substrate for the malondialdehyde (MDA) determi-
nation according to the procedure described by Hodges et al. [22]. The reaction mixture
contained supernatant, thiobarbituric acid and phosphate buffer. The mixture was heated
30 min at 95 °C. It was then cooled in an ice bath, and the absorbance was measured at
532 nm and 600 nm wavelengths. The MDA content was calculated using an extinction
coefficient of 155 nm~!'cm 1. The results are expressed in pmol-g~! FW.

The hydrogen peroxide content was determined according to the procedure provided
by Singh et al. [23]. A reaction mixture containing supernatant, phosphate buffer and
potassium iodide was prepared to determine HyO; content. The samples were incubated
in the dark for 1h, and then the absorbance was measured at 390 nm. H,O, content was
calculated using an extinction coefficient of 155 nm~!"cm™~! for this purpose. H,O, content
was expressed in pmol-g~! FW.

2.8. Determination of AsA Content

Ascorbic acid (AsA) concentration was determined according to the procedure pro-
posed by Law et al. [24]. First, 0.5 g of fresh spring barley leaves was homogenized in
10% trichloroacetic acid and then centrifuged the mixture. The reaction mixture contained
supernatant, TCA, H3POy, bipyridyl in ethanol and FeCl3. After mixing, the samples were
incubated at 37 °C for 60 min, and the absorbance was measured at 525 nm. AsA content
was read from the standard curve.

2.9. Determination of Free Proline Content

The free proline content was determined using the spectrophotometric method ac-
cording to the procedure provided by Bates et al. [25]. First, 0.5 g of fresh spring barley
plant sample was homogenized with 3% sulfosalicylic acid, then centrifuged. The reaction
mixture contained supernatant, glacial acetic acid and ninhydrin acid dissolution. The
samples were heated for 1 h at 100 °C, and then the reaction was stopped on an ice bath.
Toluene was added to the solution and extracted. Absorbance was measured at 520 nm.
The proline content was expressed in mg-g~! FW.

2.10. Determination of Superoxide Dismutase Activity

We homogenized 0.5 g of fresh leaf mass with the addition of a chilled (4 °C) extraction
mixture containing phosphate buffer, EDTA solution and polyvinylpyrrolidone (PVP)
solution. The supernatant obtained after centrifugation was used to determine the activity
of the enzymes tested and the protein content.

The spectrophotometric method proposed by Giannopolitis and Ries [26] was used to
determine the activity of superoxide dismutase (SOD). The reaction mixture consisted of
methionine, riboflavin, NBT, phosphate buffer (pH 7.8) and supernatant. The mixtures were
exposed in identical glass tubes. An identical series of samples were prepared at the same
time, which were not illuminated and served as reference samples in spectrophotometric
measurements. Absorbance was measured at 560 nm. SOD activity was expressed in
U-mg~! of protein. U—one unit of SOD activity—corresponds to the amount of enzyme
causing 50% inhibition of the rate of NBT reduction reaction.



Sustainability 2023, 15, 1613

50f19

2.11. Determine of Catalase Activity

The spectrophotometric method was used to determine catalase activity (CAT) ac-
cording to the procedure provided by Liu et al. [27]. The reaction was initiated by mixing
enzyme extract, phosphate buffer (pH 7.8) and HyO,. CAT activity was defined as the
amount of enzyme that degrades HyO; in 1 min at 240 nm.

2.12. Determination of Guaiacol Peroxidase Activity

Guaiacol peroxidase (POD) activity was determined using a spectrophotometric
method according to the procedure proposed by Abassi et al. [28]. The oxidation rate
of guaiacol in the presence of H,O, for 1 min at 470 nm was measured. POD activity was

expressed as U-mg~! protein-min~!.

2.13. Determination of Ascorbate Peroxidase Activity

Ascorbate peroxidase (APX) activity was determined using a spectrophotometric
method according to the procedure provided by Nakano and Asada [29]. The reaction
mixture contained enzyme extract, ascorbate, H,O, and phosphate buffer (pH 7.0). The
oxidation level of ascorbate was measured at 290 nm.

2.14. Determination of Total Protein Content

The total protein content was determined using the procedure provided by Brad-
ford [30]. The protein content was used to calculate the antioxidant enzyme activity.

2.15. Data Analysis

Obtained experimental data were statistically analyzed using one-way ANOVA fol-
lowed by Tukey’s post hoc test in STATISTICA 13.3 software. The probability level was
determined at p < 0.05. All determinations were performed in 4 replicates. The results are
expressed as the arithmetic mean £ SD (standard deviation).

3. Results and Discussion
3.1. Total Number of Bacteria and Fungi

The present study evaluated the effects of IBU, KET and a mixture of IBU and KET on
the abundance of bacteria in the soil. The results show an increase in bacterial abundance
14 days after the introduction of the tested NSAIDs into the soil compared to the results
obtained for samples from the first day of the study, and this was regardless of the concen-
tration and type of drug used. At the same time, it was observed that the presence of the
tested NSAIDs in the soil causes an increase in bacterial counts compared to the control
soil. On the first day of IBU tests, a decrease in bacterial counts was observed relative to
the control. In contrast, in samples taken on the 14th day of the study, no effect of IBU
on bacterial abundance was observed, which may be because bacteria exhibit the ability
to biodegrade and biotransform ibuprofen, as confirmed by numerous scientific studies
conducted by Chen and Rosazza [31] and Murdoch and Hay [32-34], among others. KET
showed the greatest effect on the abundance of bacterial cultures (Figure 1).
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Figure 1. Total abundance of culturable bacteria in control soil and soil with IBU, KET and IBU +
KET mixture. * CFU—(colony forming unit)/g DW of soil.

The slight decrease in bacterial counts at the beginning of the experiment at all applied
doses can be explained by the death of the drug-sensitive part of the microbial population.
Jiang et al. [35] observed that selected NSAIDs affected not only the activity of individual
microorganisms but also their entire community. In response to NSAIDs toxicity, microor-
ganisms produce EPSs (enveloped exopolysaccharides), which promote their survival
under stressful environmental conditions. This fact may explain the increase in culturable
bacterial abundance in samples taken on day 14 for all concentrations of the NSAIDs used.
In the mentioned study, a mixture of two NSAIDs was used, and no increase in toxicity of
the mixture of ketoprofen and ibuprofen to bacteria was observed. Different results were
obtained in the Jiang et al. study [35], which showed an increase in the toxicity of a three-
NSAIDs mixture (naproxen, ibuprofen and diclofenac) compared to single substances. The
differences obtained may be due to the type of mixture of drugs used, their concentration
and the type of medium in which the bacterial counts were determined.

Fungal abundance in the soil after the introduction of IBU, KET and a mixture of these
two NSAIDs was also evaluated. The study showed that the presence of the tested NSAIDs
in the soil did not have a major effect on the abundance of fungi in the soil. A negative
effect of IBU on fungal abundance was observed only at the highest dose of 1000 mg-kg !
of soil DW, both in samples taken on day 1 and day 14. The use of a mixture of the tested
NSAIDs had an adverse effect on the fungal population at a concentration of 1000 mg-kg !
of soil DW in samples taken on day 1 compared to single drugs. The toxic effect of the
IBU + KET mixture was minimized in samples taken on day 14 (Figure 2).
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Figure 2. Total abundance of culturable fungi in control soil and soil with IBU, KET and IBU + KET
mixture. * CFU—(colony forming unit)/g DW of soil.

The results indicate a high degradation potential of pharmaceuticals in fungi, which
is confirmed by the Tyumin et al. study [36]. Furthermore, in studies by Rodarte-Morales
et al. [37], Gonda et al. [38] and Toran et al. [39], the authors indicate that IBU is a com-
pound that is rapidly degraded by the fungi Eurotium amstelodami, Bipolaris tetramera, and
Aspergillus nidulans and members of the Polyporales family, the so-called white rot fungi.
Biodegradation of IBU will result in 1-hydroxyibuprofen, 2-hydroxyibuprofen and 1,2-
dihydroxyibuprofen. Escuder-Gilabert et al. [40], studying the biodegradation of KET and
IBU, proved that these compounds biodegrade readily in activated sludge.

3.2. Ostracodtoxkit F Test

Pollution of soils and bottom sediments poses a major threat to both soil and water
environments. In the sediment, a huge number of different types of benthic organisms
function. Heterocypris incongruens is a very common species found throughout the world.
Crustaceans are very sensitive to various types of pollution of the environment in which
they live, so they are an excellent bioindicator by which we can assess the impact of
pollutants, i.e., NSAIDs on the soil environment [41,42]. Kudlak et al. [43] indicates that
Ostracodtoxkit F is at least four times more sensitive (e.g., for 17x-ethinylestradiol) than
other bioassays based on organisms such as Daphnia sp., Hyalella azteca or the algae
Dunaliella tertiolecta—which are usually considered sensitive organisms. The authors
believe that the greater sensitivity of H. incongruens to contaminants is related to the fact
that these organisms feed at the boundary between sediment/soil and bottom water, which
makes them susceptible to both soluble and insoluble contaminants reaching the organism
via the oral route.

The study evaluated the effects of KET, IBU and their mixture on the growth of H.
incongruens shellfish in a 6-day Ostracodtoxkit chronic toxicity test. The results obtained
indicate that the tested drugs affect the growth of crustaceans H. incongruens and their
mortality only at the highest tested concentrations of these compounds. The application
of concentrations of 100 mg-kg ! of soil DW IBU and a mixture of IBU and KET, as well
as 50 and 100 mg-kg~! of soil DW KET, caused inhibition of crustaceans’ growth. One
hundred percent mortality of H. incongruens was observed when NSAIDs were applied at a
concentration of 1000 mg-kg~! of soil DW (Table 1).
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Table 1. Effect of IBU, KET, IBU + KET on H. incongruens.

Concentration of IBU KET IBU + KET
(mg.kgl\—lls::fl ];(s)il DW) Mortality (%) Inhﬁ)ri(:iv;:l(%) Mortality (%) Inhfl;)ri(:i‘zgl(%) Mortality (%) Inhﬁ;‘:;;h(% )

0.1 0 —0.16 0 —11.19 0 —2.04

1 0 —-1.07 0 —1.42 0 -5.01

10 0 —2.31 0 —0.31 0 —-12.19

50 0 —8.62 0 9.13 0 1.25
100 0 15.53 10 11.51 0 14.19
1000 100 - 100 - 100 -

The results obtained in the present study are supported by the literature. Kudtak
et al. [43], in their work, showed that NSAIDs, including IBU and KET, affect the growth
of H. incongruens and that these organisms are much more sensitive to drugs than other
test organisms. In addition, Bownik et al. [10], studying the effects of KET on Daphnia
magna, and Ramirez-Morales et al. [44], studying wastewater containing various types
of drugs (including IBU and KET) from a wastewater treatment plant in Costa Rica, and
Muniz-Gonzales et al. [11], studying the effects of IBU on Chironomus riparius, indicate that
the NSAIDs tested affected the growth and development of the test organisms. However,
due to the impact complexity and the fact that these drugs do not occur in the environment
individually but in various types of mixtures, it should be concluded that further large-scale
studies in this direction are necessary.

3.3. Plant Growth and Development

The first stage in the development of any plant is germination. It has a huge impact on
the growth and development of plants and, consequently, on the yield and its quality. The
correct course of this stage is influenced by many factors, including the presence of various
types of stress factors. Germinating grains and emerging seedlings are often unable to cope
with stressors present in the environment [45]. Due to the level of environmental pollution,
this is one of the significant problems of modern agriculture.

To evaluate the effect of the tested NSAIDs, the potential and germination capacity of
spring barley seeds and the inhibition of growth of roots and aboveground parts of this
grain, fresh weight yield and dry matter content were determined.

Although the plants did not show visual signs of stress, other stress signals were
observed. Analysis of the results obtained in the present study indicates that the greatest
effect on seed germination potential was shown by IBU, the effect of which was observed
already at a concentration of 10 mg-kg~! of soil DW. KET and the IBU + KET mixture
showed an effect on seed germination potential only at the highest concentrations. None of
the tested drugs had a statistically significant effect on seed germination potential (Table 2).

Table 2. Effect of IBU, KET and IBU + KET on the germination potential (GP) and germination
rate (GR) of spring barley. Data shown represent the means of 4 experiments + standard deviation.
Different letters indicate statistically significant differences at p < 0.05.

Concentration of NSAIDs IBU KET IBU + KET
(mg kg1 of Soil DW) GP (%) GR (%) GP (%) GR (%) GP (%) GR (%)
0 90.00+0.002 91.67 +2.892 71.67 £1041°2 80.00 £5.002 7333 +£5.772 86.67 £2.872
0.1  90.00 +10.002 95.00 +5.00° 75.00 £+ 5.00 2 81.67 £7.642 76.67 +12.58 @ 86.67 £5.772
1 90.00+5.002 91.67 +2.892 7333 £2.892 7833 +£2.892 70.00 £ 5.00 2 70.00 £+ 10.00 @
10 75.00 +13.232 91.67 +2.892 7333 +£10.41° 90.00 +5.00 2 75.00 + 0.00 2 80.00 £+ 5.00 @
50 75.00 £13.232 96.67 +2.892 75.00 +13.232 90.00 + 8.66 2 71.67 £10.412 80.00 £ 8.66 2
100  25.00 + 10.00° 91.67 +2.892 71.68 +7.642 83.33 £12.582 60.00 +13.23 2 70.00 +13.232
1000 6.67 +£2.89P 93.33 +2.892 41.68 + 7.64° 71.68 £10.41° 31.67 £ 7.64P 63.33 £ 17.56 @
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Seed germination has a direct effect on subsequent plant growth. Visible evidence of
this is the inhibition of plant shoots and their roots the length, as well as the yield of plant
fresh weight obtained. Root elongation is often considered one of the main measures of
effect in plant toxicity studies, since the roots are the point of contact with any contaminants
present in the soil and are unable to avoid them. In addition, contaminants can enter plants
through the roots [46]. An increase in the concentration of IBU in the soil caused an increase
in root length inhibition in spring barley. Inhibition was observed in this case with the
application of IBU at concentrations of 50 mg-kg ! of soil DW and higher. KET and the
IBU + KET mixture caused root length inhibition only at a concentration of 1000 mg-kg !
of soil DW. The NSAIDs tested, on the other hand, had a beneficial effect on the length
of aboveground plant parts. Application of the tested drugs at concentrations of 10 and
50 mg-kg ! of soil DW and, in the case of KET, also 100 mg-kg ! of soil DW, not only did not
cause growth inhibition but even accelerated the growth of spring barley seedlings. Only
the application of a concentration of 1000 mg-kg ™! of soil DW, for all applied compounds,
caused inhibition of shoot growth of spring barley seedlings (Figure 3).

Figure 3. Growth inhibition (%) of spring barley seedlings as a response to NSAIDs concentrations.
Data shown represent the means of 4 experiments + standard deviation. Different letters indicate
statistically significant differences at p < 0.05.

Inhibition of the length of aboveground plant parts has a direct effect on the fresh
weight yield of spring barley seedlings. The presence in the soil of all tested NSAIDs causes
a decrease in plant fresh weight yield. The application of IBU even causes a linear decrease
in plant fresh weight as the concentration of the tested compound in the soil increases.
The presence of KET and the drug mixture influences the plant fresh weight yield after
applying the highest concentrations of the tested compounds (Figure 4).

Figure 4. Biomass production of spring barley seedlings affected by NSAIDs. Data shown represent
the means of 4 experiments + standard deviation. Different letters indicate statistically significant
differences at p < 0.05.
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A very important biomarker, indicating the effect of chemical compounds including
drugs on plant growth, is change in the level of plant dry matter. In our study, we observed
an increase in this parameter only with the highest concentration of the tested NSAIDs.
The largest increase in dry matter content in spring barley seedlings is caused by IBU, and
the smallest by the IBU + KET mixture (Figure 4).

The results obtained in the experiment were confirmed by studies conducted by other
researchers. Schmidt et al. [14] studying the effect of NSAIDs on Raphanus sativum and
Lactuca sativa indicated that the presence of the tested drugs in the medium in which the
plants grow influenced increasing the length of the roots of these plants. In addition, Wang
etal. [47] and Svobodnikova et al. [48], examining the effect of KET on rice seedlings and the
effect of naproxen on peas, respectively, showed that low concentrations of drugs slightly
stimulate plant growth, while high concentrations can significantly inhibit growth by
reducing biomass and destroying roots. Moreover, Christou et al. [2], in their study, indicate
that PHACs (pharmaceutically active compounds) can have effects on plants that depend on
the drug concentration used. Atlower concentrations, PHACs can cause hormesis in plants,
while at higher concentrations, oxidative stress was observed. According to the authors,
the hormonal effects of the influence of such compounds can also be expressed through
an increase in root length or, for example, through plant growth disorders. Pino et al. [49],
investigating the effects of 15 NSAIDs on lettuce (Lactuca sativa) further demonstrate that
the observed effect is dependent on the type of drug and on the species and even variety of
the plant which the drugs act on. Zezulka et al. [50] also came to similar conclusions. In
their study, they indicate that paracetamol and diclofenac have no effect on the germination
of pea, lettuce, onion and tomato seeds, while they affect the germination of corn seeds.

3.4. Effect of NSAIDs on Pigments Content

Photosynthetic pigments, i.e., chlorophylls and carotenoids, are organic chemical
compounds capable of absorbing visible light of a certain wavelength. These pigments
determine the course of photosynthesis in plants. Photosynthesis in turn is one of the most
essential processes that gives plants energy, enabling biomass production and its proper
development. Pigments differ in structure, the range of light absorbed and the functions
they perform. Abnormalities in the amount of chlorophyll a and b, carotenoids and the
ratio of their content to each other are some of the first symptoms of oxidative stress in
plants. Only chlorophyll a molecules in plants are capable of releasing electrons when
exposed to absorbed light. Chlorophyll b and carotenoids act as auxiliary pigments that, by
forming the so-called antenna system, capture light energy and transmit it to the reaction
centers of photosystems formed by chlorophyll a molecules. Carotenoids, moreover, have
a protective function against photooxidation of the photosynthetic apparatus. If in the PSI
or PSII photosystems, in which photosynthesis takes place, the absorption or transport of
energy is disturbed, then the excited chlorophyll molecules will react, among other things,
with oxygen to form radicals, i.e., singlet oxygen. The resulting oxygen free radicals will
damage proteins in photosystems, resulting in cellular dysfunction, which in turn can
adversely affect plant growth and development [50-52].

As a result of the study, an initial increase and then a decrease in the chlorophylls and
carotenoids amounts were observed as the concentration of NSAIDs in the soil increased.
The greatest changes in the content of assimilatory pigments were observed in plants
growing in soil with addition of IBU (Table 3).

A very important indicator for assessing physiological changes occurring in plants
exposed to stress factors is the determination of the reciprocal ratio of chlorophyll a to
chlorophyll b (Chl-a/Chl-b). An increase in the value of this parameter is a significant
indicator of stress. In contrast, a decrease in the value of this ratio can have various causes.
If it is caused solely by an increase in Chl-b content, it is a symptom of favorable changes in
the level of assimilatory pigments. A decrease in the Chl-a/Chl-b ratio caused by a decrease
in Chl-a content informs about large damage to photosystems and the photoinhibition that
follows [53,54].
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Table 3. Effect of IBU, KET and IBU + KET on the photosynthetic pigment in seedlings of spring
barley. Data shown represent the means of 4 experiments + standard deviation. Different letters
indicate statistically significant differences at p < 0.05.

Concentration of NSAIDs

Pigments (mg-g—1 DW)

(mg kg1 of Soil DW) Chl-a Chl-b Chl-a + Chl-b  Chl-a/Chl-b Car Chl(a + b)/Car
IBU

0 10440049 274+002¢ 13.1+0069 3840023 25+001¢ 52+0.02¢

01 109+0.11° 2940054 13.8 £ 0.15¢ 384003 26+003¢ 53 +0.024d

1 128+0042 3540042 16.24+0.082  3.7+0.034 3.1+0022 53 +0.024

10 12940282 33+007P 162 +0342  3940.022 3.0 +0.082 5.4 +0.04d
50 12.0+0.07P  3240.02°¢ 152 4+ 0.08®  38+001bc 28+001P 55+0.02¢
100 107 £0.064 28+0.059  135+0.09° 38+0.06Pc 2440014 5.7 +0.04P
1000 7.3 +£0.04° 2.0+003f 93 +0.07¢ 3740049  16+£001° 5.9 +0.06°¢

KET

0 13.0+£0412 32+0.12p* 16240532  40+0042® 3.0+008b 55+0.03P

01 135+0923 3440292 1694+1202  4.0+0.072 3240223  5340.02¢

1 13.6+040% 3340.132 1704+ 0522 4140072 33+£0.102 5.1+0054

10 13.1+0.092 3440.042 1644+0.092  39+0.06P 3.0+£0.023¢ 544002P
50 13.8+0112 344+0.042 172 +0.15%  4.040.022 32+0033% 5 5+002P
100 13.0+0682 3240.172 162 +0.85h 4040012 28+015¢ 5.8 +0.032
1000 9.5 +0.17P 23 +0.06P 11.84+023P  41+0.032 20+004d 59 +0012

IBU + KET

0 109+0.08¢ 28+0.014 13.74+0.08¢  3.8+0.042 2.7 +£0.022 51+003f
01 112+0.11F¢ 31+012P 143+023P  364+0.10° 2.6+ 0.01° 56+ 0.07°¢

1 114 +009° 3.04+004€ 144+ 005> 3.8+0.082 2.6+0.02P 5.6 +£0.02¢

10 114+006° 31+002b  144+006> 3740043 25+001°¢ 5.8 +0.034
50 11.4+0.09° 3.04+004% 145+012° 3840042 25+0.02¢ 59 +0.01°
100 13.1+0.112 3540.032 166 £0.132  38+0.04% 2.7 +0.022 6.2 +0.05P
1000 9.6+014 25+004° 1214+0.1449 39+0.092 1.8 +0.034 6.6 +£0.022

Chl-a—Chlorophyll a; Chl-b—chlorophyll b; Chl-a + Chl-b—chlorophyll a + chlorophyll b; car—carotenoids;
a/b—chlorophyll a/chlorophyll b; Chl/car—(chlorophyll a + chlorophyll b)/carotenoids.

In the conducted studies, no changes were observed in the ratio of chlorophyll a to
chlorophyll b after application of any of the tested NSAIDs, even at the highest concentra-
tion. This is because the content of both chlorophylls was reduced to a comparable degree
(Table 3).

Another important indicator indicating the amount of oxidative stress in plants ex-
posed to stress factors is the ratio of Chl a + b to carotenoid content (Chl a + b/Car). A
decrease in the value of this parameter indicates oxidative stress in the plants under study
and at the same time indicates an attempt to defend themselves by increasing the content
of carotenoids, which are effective scavengers of ROS [51,53,55].

In the conducted studies only, a slight increase in this parameter was observed with
the highest concentrations of IBU, KET and the IBU + KET mixture (Table 3).

As previously mentioned, low concentrations of NSAIDs can stimulate plant growth.
More intensive growth requires adequate “nutrition” for the plant, which means a func-
tioning photosynthetic apparatus and more photosynthetic pigments. However, too high
concentration of NSAIDs in the substrate has a negative effect on the content of assimilatory
pigments and plant growth and development. A similar trend of changes in the content of
assimilatory pigments was observed by Opris et al. [56] studying the effects of diclofenac,
ibuprofen and naproxen for Atriplex patula, Spinacia L. and Lactuca sativa. Sun et al. [57],
in their study, indicate that the application of PPCPs (pharmaceutical and personal care
products) at higher concentrations causes a decrease in chlorophyll a and chlorophyll b
levels in cucumber plants. Alkmin et al. [58] demonstrates that the effect of drugs on the
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number of chlorophylls and carotenoids in Lemna minor and Lemna gibba plants depends on
the type of drugs, their concentrations and the species of plant affected by the drug.

3.5. Content of Malondialdehyde and Hydrogen Peroxide

Reactive oxygen species (ROS) are compounds that cause numerous damages in plant
cells, i.e., peroxidation of lipids and proteins, nucleic acids and other cellular structures.
Malondialdehyde (MDA) is a chemical compound formed by the peroxidation of lipids con-
tained in protein-lipid membranes, mainly linoleic acid. An increase in its content reflects
the degree of cell damage and is one of the main biomarkers of oxidative stress [47,59].

In the present study, spring barley seedlings grown in soil containing IBU, KET and a
mixture of IBU and KET with increasing concentrations caused changes in MDA content in
plants, and the direction of changes depended on the applied drug and its concentration.
The presence of IBU in the soil caused an initial increase and then a slight decrease in MDA
content in spring barley seedlings as the concentration of the drug in the soil increased.
The presence of KET in the soil caused a slight decrease in MDA content in the plant after
applying concentrations of 100 and 1000 mg-kg~! of soil DW. In contrast, the presence
of the IBU + KET mixture in the soil caused an increase in MDA content in spring barley
seedlings, but only after application of this mixture at a concentration of 1000 mg-kg~! of
soil DW (Figure 5b).

(@) (b)

(©) (d)

Figure 5. Effects of IBU, KET and IBU + KET on the content of (a) hydrogen peroxide (umol‘g_1 FW),
(b) malondialdehyde (umol- g*1 FW), (c) free proline (mg-g*1 FW) and (d) ascorbic acid (ug- g*1 FW)
in spring barley seedlings. Data shown represent the means of 4 experiments + standard deviation.
Different letters indicate statistically significant differences at p < 0.05.
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The increased MDA content indicates that the NSAIDs tested caused some degree
of cell damage. However, plants were able to resist the phytotoxicity of pharmaceuticals
as evidenced by the decrease in MDA content in spring barley seedlings, and a defense
response may be responsible for this result. Few studies on the effect of pharmaceuticals on
MDA content in plants have been reported in the literature. Wang et al. [47] investigated
MDA content in rice seedlings under the influence of KET, and Zhang et al. [60] observed
an increase in MDA in Basella alba L. plants under the influence of carbamazepine and
ibuprofen. Similar observations were also made by lori et al. [61] studying the effect of
IBU on willow. The cited authors observed an increase in MDA in willow under the IBU
influence.

Another very important biomarker indicating that oxidative stress has occurred is
the accumulation of hydrogen peroxide in plant cells. An increase in HyO, accumulation
is observed when there is increased detoxification of superoxide anion radical (O,°7)
carried out by superoxide dismutase (SOD) and when enzymatic mechanisms of HyO,
detoxification fail in plants. Note that H,O, is the most stable chemical molecule of all
reactive oxygen species (ROS), able to rapidly cross all cell membranes. HyO, also acts as a
secondary messenger for further signaling, leading to plant responses and various growth
and developmental functions [6,62].

In the conducted studies, an increase in HyO, content was observed in spring barley
seedlings growing in soil with the addition of the tested NSAIDs. The highest increase was
observed for plants growing in soil with the addition of IBU. An increase in HyO, content
in seedlings growing on IBU-supplemented soil was observed already at a concentration
of 1 mg-kg~! of soil DW. When a concentration of 50 mg-kg~! of soil DW was applied,
the increase in HyO; content was more than twofold. After the application of higher
concentrations of IBU, the HyO, content decreased slightly, but the HyO, content of these
seedlings was still significantly higher than that of the control plants. The presence of
KET and the IBU + KET mixture in the soil causes an increase in H,O, content in the
seedlings when the drug is applied at concentrations of 50, 100 and 1000 mg-kg~! of soil
DW. However, application of KET alone causes much greater changes in HyO, content than
application of the drug mixture (Figure 5a).

The obtained results are confirmed by the available literature. Wang et al. [47], Zhang
et al. [60], Sun et al. [57] and Christou et al. [2], in their studies, observed an increase in
H, 0O, content in the leaves of plants in contact with various pharmaceuticals. This proves
conclusively that this biomarker is a very sensitive indicator of changes in plants, and even
a small stress causes its accumulation in plants.

3.6. Content of Ascorbic Acid (AsA)

Ascorbate is one of the most important low-molecular antioxidants in plants. It is
responsible for scavenging free radicals, i.e., 10,, OH*, O,*, superoxide radical and
ONOOH,; is involved in the regeneration of tocopheroxyl radical; and is one of the cofactors
of ROS detoxifying enzymes [6,63].

For each of the tested NSAIDs, the AsA content in spring barley seedlings changed
differently depending on the increasing concentration of the tested substance. Only the
presence of KET in the soil caused a systematic increase in AsA content. The presence of
IBU in the soil caused a slight increase in AsA content only when applying drug concen-
trations of 50 and 100 mg-kg~! of soil DW. However, the application of a concentration
of 1000 mg-kg~! of soil DW no longer caused changes in AsA content in spring barley
seedlings compared to the control. However, the presence of the IBU + KET drug mixture
in the soil caused an increase in AsA content in spring barley seedlings in the concen-
tration range of 0.1-100 mg-kg ! of soil DW, while the application of a concentration of
1000 mg-kg ! of soil DW no longer led to changes in AsA levels relative to the control.
However, changes in AsA content in barley seedlings growing in soil containing the drug
mixture were not linearly correlated with the increase in drug concentration in the soil
(Figure 5d).
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Ascorbic acid (in various forms) is one of the essential elements of the Halliwell-Asada
cycle and the xanthophyll cycle in plants, making it very important in defense against
oxygen free radicals. AsA content is closely dependent upon and related to the activity
of antioxidant enzymes such as ascorbate peroxidase (APX). Diaz-Vivancos et al. [64],
studying salt stress in transgenic plum, indicate that salt stress caused an increase in the
content of various forms of ascorbate in these plants. Kummerova et al. [65], studying the
effect of diclofenac and paracetamol on Lemna minor, observed changes in the content of
various forms of ascorbate in these plants. Opposite results were obtained by Asadi Karam
et al. [66] examining the level of oxidative stress in Brassica napus L. under the influence
of cadmium. They observed a decrease in AsA content in this plant. Changes in the AsA
content indicate the ability of the tested NSAIDs to generate ROS and the involvement of
the glutathione-ascorbate cycle in the elimination of H,O, from spring barley seedlings
exposed to IBU, KET and IBU + KET mixture. Comparing the results obtained in the studies
presented in this paper to those obtained by other authors, it can be concluded that each
stress factor can affect the response of different plant species differently. This indicates the
importance of further, thorough research conducted in this direction.

3.7. Content of Free Proline

The free proline content in plants is another important element of the system that is
designed to protect the plant against reactive oxygen species. This amino acid can act in
several ways. To protect the plant from stress-induced damage, this amino acid can act,
for example, as an osmolyte and a metal chelator, as well as a signaling and antioxidant
molecule [67].

In this study, we even observed a linear increase in proline content in spring barley
seedlings with increasing concentrations of the tested NSAIDs and their mixture in the soil.
An increase in proline content was already observed after the application of the tested drugs
and their mixture at a concentration of 1 mg-kg~! of soil DW. The higher the concentration
applied, the higher the proline content in spring barley seedlings (Figure 5c).

The obtained results are confirmed in the available literature. Stuchlikova et al. [68]
and Sosua et al. [67] observed an increase in proline content in Plantago lanceolata and
Solanum lycopersicum L., respectively, under the influence of the drugs flubendazole and
fenbendazole and diclofenac, respectively. These authors emphasize the tremendous
importance of proline in plant defense against organic pollutants, noting that increased
proline accumulation is a common physiological response of plants exposed to various
stresses, with proline simultaneously playing an important role in plant stress tolerance.

3.8. Antioxidant Enzymes Activities

To defend against reactive oxygen species that cause oxidative stress, plants have
developed a complex defense system that includes enzymes, i.e., catalase, peroxidases,
superoxide dismutase and glutathione reductase. The action of these enzymes is closely cor-
related, as they sequentially convert ROS until they produce compounds that are nontoxic
to plant cells.

The first line of defense against ROS is a group of enzymes generally referred to as
superoxide dismutases (SODs). These enzymes degrade superoxide anion radical (O,*") to
HzOz and 02 [69].

In the discussed studies, an increase in SOD activity was observed after the use of IBU
at concentrations of 100 and 1000 mg-kg~! DM. soil. KET and the IBU + KET mixture, in
contrast, did not cause major changes in the activity of this enzyme (Table 4).



Sustainability 2023, 15, 1613 15 0f 19

Table 4. Effect of IBU, KET and IBU + KET on the activity of catalase (U-mg~! protein-min~'), superoxide dismutase (U-mg~! protein), ascorbate peroxidase
(U-mg~! protein-min~') and guaiacol peroxidase (U-mg~! protein-min~!) in spring barley seedlings. Data shown represent the means of 4 experiments + standard
deviation. Different letters indicate statistically significant differences at p < 0.05.

The Activity of Concentration of NSAIDs (mg-kg~! of Soil DW)
Enzymes 0 0.1 1 10 50 100 1000
CAT 0.0569 + 0.0025 2 0.0562 + 0.0030 2 0.0576 + 0.0019 2 0.0570 + 0.059 2 0.0539 + 0.0048 2 0.0529 + 0.0019 2 0.0510 + 0.0042 2
POD 5.6 £ 0.05¢<d 54 +0.104d 6.1 £0.16bc 5.9 + (.12 bed 63+031P 7.1+0.092 7.1+ 0432
APX 0.4289 + 0.0188 @ 0.4285 + 0.0265 2 0.4007 + 0.0162 2 0.3724 + 0.0029 2 0.3789 + 0.0217 2 0.3776 + 0.0370 2 0.3761 + 0.0184 2
SOD 12.0+ 0.12 be 10.8+0.70 ¢ 10.7 +0.84 ¢ 10.2 £0.00 ¢ 11.8 4+ 1.86 b¢ 14.0 + 1523 16.1 +0.612
CAT 0.0738 + 0.0016 2 0.0750 + 0.0187 2 0.0796 + 0.0115 2 0.0825 + 0.0128 2 0.0966 + 0.0406 2 0.1057 + 0.0646 2 0.0849 + 0.0050 2
POD 53+014¢ 50+012¢ 5.7 + 0.09 be 62 +033P 63 +0.14P 9.7+0322 102 +£ 0422
APX 0.8508 + 0.0256 2 0.8559 + 0.0204 2 0.9043 + 0.0302 2 0.8762 + 0.1076 2 0.8660 + 0.0962 2 0.8326 + 0.0687 2 0.8933 + 0.0320 2
SOD 11.0 &+ 1.18 be 10.9 + 0.86 b¢ 103 +0.21°¢ 105+ 1.23¢ 13.7 £ 0352 13.0 + 0.80 @b 11.1 4+ 0.24 be
IBU + KET

CAT 0.0866 =+ 0.0164 2P 0.0922 + 0.0036 2P 0.0951 + 0.0076 2P 0.1024 + 0.036 2 0.0881 =+ 0.0045 2P 0.0878 =+ 0.0049 2P 0.0718 + 0.0111 b
POD 9.2 4 0.36¢d 9.1 +0.39de 10.2 + 0.44 be 104 + 0.28 10.5 + 0.43P 11.0 + 0.42P 12.9 +0.09 2
APX 1.2847 4+ 0.0493 2 1.2116 & 0.1508 2 1.3327 4 0.0791 2 1.3242 4+ 0.1691 2 1.2571 + 0.0875 2 1.2161 + 0.0360 @ 1.3663 + 0.0680 2
SOD 142 +0.492 139+ 1.732 13.8+ 0912 129 +0.752 141 +2322 152 +2392 15.6+ 1.012

CAT—Catalase; POD—guaiacol peroxidase; APX—ascorbate peroxidase; SOD—superoxide dismutase.
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A similar lack of major changes in SOD activity in pea plants under the influence of
naproxen was observed by Svobodnikova et al. [48]. Wang et al. [47], studying the reaction
of rice to KET, and Zhang et al. [60], studying the reaction of Basella alba L. to ibuprofen
and carbamazepine, observed an initial increase and then a decrease in SOD activity over
the course of the experiments. These differences may be due to the type of experiment
conducted and may also depend on the species of plant upon which the drugs under study
act. In addition, in our own study, the enzyme activity was determined only once, i.e., on
the 14th day after sowing the seeds into the soil, so it is not possible to determine how this
activity changed on subsequent days of conducting the study. This may be related to the
fact that drugs in the environment are biodegradable, so their effect on plants will depend
on the timing of the study.

As a result of SOD activity, H,O; is produced in plant cells. In order to remove this
reactive oxygen form, plants use further enzymes, i.e., catalase and peroxidases. CAT is
an enzyme located mainly in peroxisomes and glyoxysomes. It causes the breakdown
of hydrogen peroxide and does not need any additional substances for this reaction. In
contrast to CAT, peroxidases are found in many cell organelles, and they require phenolic
compounds (pyrogallol, benzidine, guaiacol) or certain antioxidants (ascorbic acid) to break
down H,O, [6,47].

In the ongoing studies, it was observed that changes in CAT activity are dependent
on the drug used. KET and the IBU + KET mixture caused an initial increase and then
a decrease in CAT activity, while IBU did not cause major changes in the activity of this
enzyme. However, an increase in POD activity was observed after the application of both
single drugs and their mixture. The greatest changes in POD activity were observed under
the influence of KET. In contrast, there were no significant changes in APX activity after
treatment with KET and the IBU + KET mixture. IBU, however, caused a slight decrease in
APX activity in spring barley seedlings (Table 4).

The results of studies on enzyme activity in plants that have been in contact with
drugs are inconclusive. The magnitude and direction of changes in enzymatic activity
depended on the plant species, the type of drug and its concentration and the length of the
study. Sousa et al. [67] observed a decrease in APX and CAT activity under the influence of
diclofenac in tomato plants. Svobodnikova et al. [48] and Wang et al. [47], in their studies,
found an initial increase and then a decrease in APX and CAT activity under naproxen in
pea plants and ketoprofen in rice seedlings, respectively. Zhang et al. [60] also observed an
initial increase and then a decrease in POD activity in Basella alba L. under the influence
of IBU and carbamazepine. In contrast, Sun et al. [57] observed an increase in POD and
APX activity in cucumber shoots and roots under exposure to PPCP, which was linearly
correlated with an increase in the concentration of the tested compounds in the medium.

4. Conclusions

The study indicates that the presence of IBU, KET and the IBU + KET mixture in the
soil affected the growth and development of spring barley seedlings, especially after the
application of higher drug concentrations. The tested NSAIDs caused oxidative stress in
the tested plants, which was manifested by an increase in the content of H,O,, proline and
AsA; an increase in the activity of antioxidant enzymes CAT, SOD and POD; and a decrease
in the yield of plant fresh weight.

The results of the study presented in this paper and the available literature reports
indicate the high complexity of the environmental effects of drugs and the need to carry
out numerous studies in this direction, since drugs found in the soil environment can show
differential effects on individual plant species. Understanding the effects of drugs and the
product of their metabolism is essential to explain changes in the growth and development
of plants growing in the contaminated environment. This knowledge is necessary because
drugs can affect the size and quality of the plant yield obtained, but just as importantly, the
consumption of such plants can also have negative effects on humans and animals.
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