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Abstract

Given the increasing concern about the presence of emerging contaminants in wastewater
and their persistence in the environment, this study aimed to assess the effects of two
anxiolytic pharmaceuticals commonly used in human therapy—Tranxilium (dipotassium
clorazepate) and Zolpidem (zolpidem tartrate)—on plant development. Lettuce (Lactuca
sativa L.) and wheat (Triticum aestivum) were selected as the biotest species. Phytotoxicity
assays were also performed on Raphanus sativus. Greenhouse experiments were conducted
using different concentrations of both pharmaceuticals, and several physiological and
growth parameters were evaluated, including the germination rate, biomass accumulation,
SPAD index, and spectrophotometrically measured contents of chlorophyll A, chlorophyll
B, and carotenoids. The results indicated that both pharmaceuticals can affect plant growth,
with stimulatory effects at intermediate concentrations and phytotoxic effects at higher
levels. These findings highlight the importance of considering the impact of emerging
contaminants on agricultural ecosystems and their potential risks to environmental and
human health.

Keywords: emerging contaminants; pharmaceuticals; phytotoxicity; plant biotests;
biostimulant; anxiolytics

1. Introduction
In recent decades, concern about the presence of unregulated chemical substances

in the environment has grown significantly. Among these substances are the so-called
emerging contaminants (ECs), which include synthetic or natural compounds whose
presence in the environment is not necessarily new but had not previously been identified
as pollutants. Concern over their potential environmental and health consequences has led
to their recognition as a relevant threat in recent years [1].

ECs encompass a wide variety of substances such as personal care and hygiene
products, antibiotics, hormones, plasticizers, pharmaceuticals, endocrine disruptors, per-
fluorinated compounds, and microplastics, among others. Most of these substances have
complex chemical structures and various functional groups that give them characteristics
such as high environmental persistence, mobility, and a tendency to bioaccumulate in
organisms, increasing the risk they represent both for human health and ecosystems [2].

However, some ECs, despite not being highly persistent in the environment, are
continuously released, which offsets their rapid degradation and elimination rates. This
enables their detection in surface waters (rivers, lakes, and seas) at concentrations ranging
from ng L−1 to µg L−1.
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One of the main pathways through which emerging contaminants enter the environ-
ment is urban wastewater and the effluents from wastewater treatment plants (WWTPs),
despite including primary, secondary, and, in some cases, tertiary treatments. These
treatment stages mainly remove solids, organic matter, and nutrients, but they are not
specifically designed to eliminate emerging contaminants. As a result, many of these
substances persist in treated effluent [3]. A significant portion of these substances and their
metabolites, therefore, pass through treatment processes and reach aquatic environments
via treated water discharges [4].

This limitation in conventional treatments has been confirmed by European-level stud-
ies that have detected a wide variety of emerging contaminants in wastewater treatment
plant (WWTP) effluents, including pharmaceuticals, pesticides, antibiotics, and personal
care products, evidencing their continuous release into the aquatic environment even after
treatment [5].

An increasing number of populations rely on water resources that are directly or
indirectly replenished with treated wastewater. This practice has raised growing concern
about the potential impact of these substances on aquatic ecosystems and the quality of
water intended for human consumption [6].

Despite increasing concern, emerging contaminants are still not routinely included in
environmental monitoring programs. Consequently, their environmental fate, behavior,
and potential ecotoxicological effects remain insufficiently understood. These knowledge
gaps underscore the need for further research to evaluate their risks and implications for
both ecosystems and human health [7].

Among ECs, pharmaceuticals have become one of the most studied substances. Phar-
maceuticals found in surface water and groundwater originate from various pollution
sources. One of the main types is the discharge of urban wastewater, which contains signif-
icant concentrations of pharmaceutical active ingredients (PAIs). After oral administration,
these compounds undergo metabolic processes in the body, and a significant proportion
is excreted either in their original (unmetabolized) form or as metabolites, which may or
may not retain biological activity. These substances reach domestic wastewater systems,
whether untreated or subjected to purification processes [8].

Effluents generated in WWTPs are often discharged into surface water bodies or
reused for agricultural irrigation. Additionally, residual sewage sludge (biosolids) obtained
from treatment processes can be reused as fertilizer.

In livestock farming, the use of medicated feed is common, leading to the excretion of
pharmaceutical residues. These residues, often reused as fertilizers on agricultural soils,
can contribute to the entry of these substances into terrestrial and aquatic ecosystems [9].
For example, Żołnowski et al. [10] demonstrated that the application of mineral–microbial
deodorizing preparations to poultry manure can influence its properties as a soil amend-
ment, highlighting how treated animal wastes can act as vectors for chemical compounds
and microorganisms into agricultural soils.

Their presence in aquatic environments represents not only an environmental risk but
also a public health concern, as they can enter the food chain through crop irrigation or the
consumption of animal-derived products that have been indirectly exposed.

Drugs such as anxiolytics, hypnotics, antidepressants, and antibiotics can be present
not only in untreated wastewater but also in treated effluents [11]. This highlights the
limitations of current treatment processes in completely removing these contaminants.

This phenomenon is particularly relevant in the current context, where a significant in-
crease in pharmaceutical consumption has been observed, especially those related to mental
health, such as psychotropics, including antidepressants, tranquilizers, and hypnotics.
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Recent studies in Spain show that the consumption of these pharmaceuticals has
risen significantly in recent years, particularly among adults and middle-aged women.
Specifically, the percentage of people consuming hypnotic-sedatives has nearly tripled in
recent years, rising from less than 4% to nearly 10% of the adult population, contributing to
the persistent presence of these compounds in wastewater and surface water bodies [12].

The two pharmaceuticals evaluated in this study are Tranxilium and Zolpidem, both of
which are of growing environmental concern due to their widespread use and persistence.
Tranxilium, whose active compound is dipotassium clorazepate, is an anxiolytic medi-
cation from the benzodiazepine class, commonly prescribed for the treatment of anxiety
disorders [13].

Zolpidem, on the other hand, is a hypnotic pharmaceutical with benzodiazepine-
like properties. Its active ingredient, zolpidem tartrate, is commonly prescribed for the
short-term treatment of sleep disorders in adults [14].

Previous studies have evidenced the presence of Zolpidem in water bodies at de-
tectable levels, identifying it in wastewater samples from different geographical areas such
as America, indicating its persistence in the aquatic environment and its potential as an
emerging contaminant [15].

Despite the lack of concrete research on the presence of Tranxilium in wastewater, its
chemical composition and environmental behavior are similar to other benzodiazepines,
such as diazepam and oxazepam, whose presence has been widely documented in WWTP
effluents [16].

In addition, the presence of benzodiazepines in the environment has been associated
with adverse effects on aquatic organisms. For example, studies have shown that exposure
to delorazepam can interfere with embryonic development in species such as Xenopus laevis,
causing effects related to the production of reactive oxygen species and alterations in the
expression of key developmental genes [17].

Plants play a critical role as natural sensors of environmental conditions, as they
respond sensitively to changes in air, water, and soil quality. Their capacity to absorb
and accumulate pollutant compounds has long supported their use as bioindicators for
detecting the presence of toxic substances.

This makes them valuable for assessing risks associated with chemical, radioactive,
industrial, and agricultural pollution. Their widespread geographical distribution, physi-
ological sensitivity, and ease of sampling further enhance their effectiveness as tools for
environmental monitoring [18].

In this study, wheat and lettuce (Triticum aestivum L. var. Fuego and Lactuca sativa L. var.
Batavia) have been used as bioindicators to evaluate the effect of emerging contaminants
in irrigation water. These species are representative of both leafy crops (dicotyledons)
and cereals (monocotyledons), offering a broader perspective on the potential impact on
food safety.

Both lettuce and wheat are sensitive to environmental changes. Lettuce, due to its
rapid development, small size, and ease of handling, has become a widely used species
in toxicological assessment studies [19]. Wheat, on the other hand, enables the evaluation
of long-term effects and different phenological stages, which is relevant when studying
the accumulation of contaminants in edible parts. It has been shown to accumulate ECs
such as chlorinated organophosphate esters, which disrupt physiological functions like
photosynthesis and induce oxidative stress [20]. In addition to lettuce and wheat, radish
(Raphanus sativus) has been widely used in ecotoxicological bioassays due to its rapid
growth and sensitivity to pollutants. For instance, Qi et al. [21] compared the uptake and
accumulation of antibiotics such as cephalexin in radish, lettuce, and celery, highlighting
radish as an effective bioindicator for pharmaceutical contaminants. Moreover, Beltran and
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Sánchez [22] demonstrated the potential of radish in phytoremediation studies, particu-
larly for removing endocrine disruptors like 4-nonylphenol and bisphenol A from water.
These studies support the feasibility of using radish as a relevant test species in bioassays
evaluating the impact of pharmaceutical residues in the environment.

Research on the effects of these compounds remains limited. However, given their
persistence and potential impact on the environment and human health, it is essential that
we understand their behavior, presence, and mechanisms of action. This knowledge will
enable the development of effective strategies to mitigate their presence, contributing to
public health protection and the preservation of ecosystems.

This study aimed to assess the physiological effects of the pharmaceuticals Tranxilium
(dipotassium clorazepate) and Zolpidem (zolpidem tartrate) on agriculturally relevant plant
species. To this end, germination assays were conducted using Raphanus sativus L., and
greenhouse experiments were performed with lettuce (L. sativa L.) and wheat (T. aestivum).
The study evaluated key parameters such as the germination rate, biomass production, and
chlorophyll content in response to various concentrations of the pharmaceuticals.

2. Materials and Methods
2.1. Plant Material

Three plant species were selected to evaluate the effects of the pharmaceuticals:
Raphanus sativus L. (red round radish), used in a preliminary phytotoxicity assay; Triticum
aestivum L. var. Fuego (wheat), representing monocotyledonous crop species; and Lactuca
sativa L. var. Batavia (Batavia lettuce), representing dicotyledonous species. Seeds of R.
sativus were purchased from Batlle S.A. (Barcelona, Spain), T. aestivum var. Fuego from
KWS Momont España S.A. (Lleida, Spain), and L. sativa var. Batavia from Semillas Fitó
S.A. (Barcelona, Spain). This combination of species enabled the evaluation of differential
physiological responses between monocotyledonous and dicotyledonous plants, as well as
the identification of potential species-specific sensitivities to pharmaceutical exposure.

2.2. Pharmaceuticals Used

Pharmaceuticals used in this study were Tranxilium® capsules (5 mg, clorazepate
dipotassium) obtained from Sanofi-Aventis, S.A., Barcelona, Spain; and Zolpidem tablets
(5 mg) purchased from Generfarma S.L., Valencia, Spain. Both pharmaceuticals were used
as received without further modification. Due to their nature as strictly controlled anxi-
olytic pharmaceuticals, they were acquired under appropriate authorization for research
purposes. To comply with confidentiality and legal regulations, the specific details of this
authorization are not disclosed.

2.3. Germination Assay

The acute toxicity test using R. sativus seeds was employed to evaluate the phytotoxic
effects of the two pharmaceuticals during the germination stage.

For each pharmaceutical, five treatment groups were established: a control group
(distilled water, no treatment) and four groups exposed to increasing concentrations of the
pharmaceutical (5, 10, 15, and 20 mg L−1), designated as T1, T2, T3, and T4. In parallel, the
seed response to a reference toxicant, zinc sulfate heptahydrate (ZnSO4·7H2O), was also
evaluated. In this case, two types of controls were included: a negative control (distilled
water), used to ensure adequate germination (>90%) in the absence of toxic elements, and a
positive control consisting of zinc sulfate heptahydrate (ZnSO4·7H2O) at concentrations
of 1 M, 0.1 M, 0.01 M, 0.001 M, and 0.0001 M. The concentration range was selected to
determine the inhibitory concentration (IC50) for the seed lot, defined as the concentration
at which 50% of the seeds exhibited germination inhibition.
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For this purpose, five seeds were placed in each Petri dish lined with Whatman™
Grade 1 Qualitative Filter Papers (Cytiva, Amersham, UK) paper impregnated with the test
solutions, including a control and four increasing concentrations of the pharmaceuticals.

The test solutions were prepared from commercial tablets containing 5 mg of the active
ingredient, dipotassium clorazepate (Tranxilium) and zolpidem tartrate (Zolpidem).

To obtain a final concentration of 20 mg L−1 in a total volume of 250 mL, one tablet
(5 mg), previously ground into a fine powder, was dissolved in distilled water.

The mixture was stirred using a magnetic stirrer until complete homogenization was
achieved. From this stock solution (20 mg L−1), serial dilutions were prepared to obtain
lower concentrations of 5, 10, and 15 mg L−1, each adjusted to a final volume of 50 mL.
The dilution volumes of stock solution and distilled water for each concentration were
as follows:

• 5 mg L−1: 12.5 mL stock solution + 37.5 mL distilled water;
• 10 mg L−1: 25 mL stock solution + 25 mL distilled water;
• 15 mg L−1: 37.5 mL stock solution + 12.5 mL distilled water.

Each treatment, including the control and four concentrations, was conducted in tripli-
cate, resulting in a total of 30 Petri dishes (5 treatments × 3 replicates × 2 pharmaceuticals).
The dishes with seeds were placed in a growth chamber at 25 ◦C in darkness for 48 h to
allow germination. After this period, the dishes were sealed with Parafilm and stored
at −18 ± 2 ◦C until analysis, which was performed 3 weeks after sowing. Freezing the
germinated seedlings facilitates measurement by modifying the texture of the hypocotyl
and radicle, as described by Sobrero and Ronco [23].

To assess the toxic impact, inhibition of germination rate, as well as radicle and
hypocotyl length, were measured using millimeter paper as a precise measuring tool. This
approach allowed for the detection of both severe toxic effects that impair germination and
milder effects reflected by reduced root growth (Figure S1).

Based on the results obtained from the germinated seeds, Formulae (1)–(3) were used
to calculate the relative germination percentage (RGP), relative root growth (RRG), and
germination index (GI) [21]:

RGP =
number o f germinated seeds in the test sample
number o f germinated seeds in distilled water

× 100 (1)

RRG =
radicle elongation in the test sample
radicle elongation in distilled water

× 100 (2)

GI =
RGP × RRG

100
(3)

2.4. Experimental Design

The experiment investigated the effects of Tranxilium and Zolpidem on the growth
and development of wheat and lettuce. The tests were conducted in the greenhouse of the
Experimental Field at the Higher Technical School of Agricultural and Forestry Engineering
and Biotechnology (ETSIAMB, Albacete, Spain).

For each pharmaceutical, five treatment groups were established: a control group (no
treatment) and four groups exposed to increasing concentrations of the pharmaceutical (5,
10, 15, and 20 mg L−1).

Each treatment was arranged in a single row within a seedling tray, consisting of eight
cells per row, with three seeds sown per cell. To ensure the reliability and validity of the
results, three independent replicates were performed for each treatment and pharmaceutical
(Figure S2).
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2.4.1. Sowing and Growth Conditions

Sowing was performed on 10 March 2025, using a commercial substrate composed of
Sphagnum peat, herbaceous peat (H8), coconut fiber, wood fiber, and perlite (Gramoflor
GmbH & Co. KG, Vechta, Germany), purchased through a local horticultural supplier
in Spain. The substrate was supplemented with a controlled-release fertilizer, PG Mix
14-16-18 (Yara International ASA, Oslo, Norway), at a concentration of 1.5 g L−1, following
the manufacturer’s recommendations.

All plants were cultivated in a greenhouse, under natural light conditions without
temperature control. Environmental parameters such as temperature and humidity were
not strictly monitored but were consistent with typical regional spring conditions, ranging
approximately between 10 ◦C and 22 ◦C. Irrigation was performed manually every 2–3 days,
applying sufficient water to maintain the substrate consistently moist but not waterlogged.
Volumes were adjusted based on visual assessment of substrate moisture and the specific
water needs of each species during the seedling stage in standard seedling trays.

Once the seedlings developed at least two fully expanded true leaves, indicating
adequate growth for transplanting, they were moved into larger pots (15 cm deep and
5 cm in diameter) to promote optimal root development and enhance growth. Transplanting
occurred on 9 April (30 days after sowing, DAS) for wheat and on 28 April (49 DAS)
for lettuce.

Pharmaceutical treatments were applied once most seeds had germinated and
seedlings reached sufficient development. For each cell, 5 mL of the corresponding phar-
maceutical solution was administered using a syringe to ensure precise dosing (Figure S3).
Applications were performed on a previously moistened substrate to facilitate pharmaceu-
ticals’ absorption.

The first dose was applied on 27 March (17 DAS) for wheat and on 30 April (51 DAS)
for lettuce, reflecting the slower growth rate of the latter.

2.4.2. Evaluated Parameters

Monitoring of Plant Development:
Throughout the experiment, periodic monitoring of plant development was per-

formed to assess the potential effects of pharmaceutical treatments on early growth stages.
Monitoring took place under controlled greenhouse conditions and involved recording
morphological variables associated with seedling emergence and vegetative development
of the cultivated species.

Greenness Index (SPAD):
In this study, the SPAD-502 Plus portable chlorophyll meter (Konica-Minolta, Osaka,

Japan) was employed to assess the relative chlorophyll content in crop leaves. This device
provides an indirect, non-invasive estimation of chlorophyll levels, serving as a rapid and
straightforward indicator of the plant’s nutritional status. The measurement is based on
absorbance at two specific wavelengths: 650 nm (red), corresponding to chlorophyll’s
maximum absorption, and 940 nm (infrared), which serves as a reference to compensate for
factors such as leaf thickness and water content [22].

The difference in transmittance between both wavelengths results in a value known as
the SPAD index, which is directly related to chlorophyll content in the leaves [23].

The measurement procedure involved taking readings directly from the leaf blade,
selecting the most developed leaves of each plant, and avoiding damaged areas and
the central vein (Figure S4). Measurements were taken twice a week throughout the
experimental period, allowing the monitoring of chlorophyll content changes in response
to the different pharmaceutical treatments.

Fresh Biomass Determination:
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At the end of the experimental period, the plants were harvested to evaluate fresh
biomass. In the case of lettuce, harvesting took place in the 14th week of growth, while,
for wheat, it was in the 15th week. Plants were carefully removed from the substrate and
cleaned with water to eliminate any remaining substrate particles (Figure S5).

Subsequently, each plant was divided into two parts: the aerial portion and the root
system. Both fractions were weighed separately in their fresh state using an analytical
balance with a precision of 0.001 g. This procedure allowed for an accurate estimation of
vegetative development under the influence of the different pharmaceutical treatments,
serving as an indicator of their impact on overall plant growth.

Photosynthetic Pigments (Chlorophyll and Carotenoids):
To evaluate the effect of the treatments, the quantification of photosynthetic pigments,

specifically chlorophyll a, chlorophyll b, and carotenoids, was carried out. These com-
pounds are key indicators of the physiological status of the plants, as they are closely
related to photosynthetic efficiency and nutritional status [24].

Samples were collected randomly by selecting healthy leaves from the middle portion
of the plants, avoiding both the youngest and senescent leaves. This sampling strategy
was applied within a single row per tray, collecting leaves from different plants to ensure
representativeness. Three independent analytical replicates were performed per row,
totaling nine analyses per pharmaceutical concentration, as three trays were used for each
treatment. Leaves were processed immediately after collection to preserve the integrity of
the compounds. Prior to extraction, leaves were rinsed with distilled water to remove any
residues and then cut into small pieces to facilitate pigment release.

Pigment extraction was carried out using 96% ethanol as the organic solvent. For each
sample, 1 g of fresh leaf tissue was weighed and placed into a test tube. Subsequently,
10 mL of ethanol was added, and the mixture was manually homogenized in a mortar until
a uniform suspension was obtained. The samples were then centrifuged at 3000 rpm for
10 min, and the resulting supernatant containing the extracted pigments was collected for
further analysis (Figure S6).

Chlorophylls and carotenoids were quantified using spectrophotometry by measuring
absorbance at specific wavelengths: 663 nm (A663) for chlorophyll a (Chla), 646 nm
(A646) for chlorophyll b (Chlb), and 470 nm (A470) for carotenoids (Car). Ninety-six
percent ethanol was used as a blank to avoid solvent interference. Spectrophotometric
measurements were performed using a Zuzi 4201/20 spectrophotometer (model Zuzi
4201/20) with a wavelength range of 325–1000 nm and a bandwidth of 5 nm.

Pigment concentrations were calculated using the formulae proposed [25] for chloro-
phyll a (4), chlorophyll b (5), and total carotenoids (6):

Chla[µgmL−1] = 13, 36·A663 − 5, 19·A645 (4)

Chlb[µgmL−1] = 27, 43·A645 − 8, 12·A663 (5)

Car [µgmL−1] =
(1000·A470)− (2, 13·Chla)− (97, 64·Chlb)

209
(6)

Statistical Analysis:
Statistical analyses were performed using Statgraphics Centurion, version 18.1.16

(Statgraphics Technologies, Plains, VA, USA). Each plant species (lettuce Lactuca sativa and
wheat Triticum aestivum) was analyzed separately due to differences in growth period and
light exposure. For each species, a two-factor experimental design was implemented with
the following factors:

• Pharmaceutical type (Tranxilium and Zolpidem);
• Dose (0, 5, 10, 15, and 20 mg L−1).
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Two-way ANOVA was applied to assess the effects of pharmaceutical type, dose, and
their interaction on all measured parameters. Where significant differences were found,
post hoc comparisons were performed using appropriate multiple comparison tests. This
approach allowed for the evaluation of dose-dependent responses and species-specific
effects of the pharmaceuticals.

3. Results
3.1. Monitoring of Vegetative Development

During the experiment, no significant differences in initial development were observed
between treatments. In wheat, emergence began on 19 March (9 days after sowing, DAS),
with most plants reaching four to five leaves by 9 April (37 DAS). The tillering stage (the
formation of lateral shoots) was observed on 21 April (49 DAS) in plants treated with
Tranxilium and on 5 May (66 DAS) in those treated with Zolpidem, occurring at similar
dates in the control group (Figure S7).

In lettuce, the first cotyledons appeared on 24 March (14 DAS), albeit only in some cells.
Emergence became widespread around 9 April (37 DAS), with a progressive appearance
of true leaves. By 30 April (58 DAS), most seedlings had developed three to four leaves,
increasing to six to seven leaves by 6 May (67 DAS). The most developed plants reached up
to eight leaves, with no visible differences among treatments, including the control, which
followed the same developmental timeline (Figure S8).

3.2. Germination Index (GI)

The results obtained from the phytotoxicity test (Figure 1) present the Germination
Index (GI) as a function of the different concentrations of the two pharmaceuticals tested,
Tranxilium and Zolpidem. The GI reflects both the proportion of germinated seeds and the
extent of radicle development during the bioassay.

a
c'

a b'

c

b'

b

a'

0
20
40
60
80

100
120
140
160
180
200

Tranxilium Zolpidem

%

T1 T2 T3 T4

C (-)

C (+)

Figure 1. Germination index (GI) of R. seeds at different concentrations of Tranxilium and Zolpidem.
T1: 5 mg L−1, T2: 10 mg L−1, T3: 15 mg L−1, and T4: 20 mg L−1. Error bars indicate the standard
deviation. Horizontal lines indicate the GI value for the negative control with distilled water (C) and
the positive control containing sulfate heptahydrate (ZnSO4·7H2O), as reference toxicant (C (+)) with
a GI of 50%. Different letters indicate statistically significant differences between parameters at a 95%
confidence level for the same pharmaceutical.

For Tranxilium, an increasing trend in the GI was observed with rising compound
concentrations, reaching a maximum value of 150.4% at 15 mg L−1, indicating a stimulatory
effect on germination and root growth. At 20 mg L−1, the GI slightly decreased to 128.7%,
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but remained above the control level, suggesting a mild reduction in the positive effect at
higher concentrations.

In contrast, Zolpidem displayed a different response. At low to moderate concen-
trations (5–15 mg L−1), the GI remained close to 100%, with no statistically significant
differences compared to the control. However, at 20 mg L−1, the GI dropped markedly
to 64.2%, indicating a phytotoxic effect at elevated concentrations. This adverse impact
may be attributed to the accumulation of the compound or its metabolites in root tissues,
negatively affecting germination and root development.

These findings suggest that Tranxilium may act as a biostimulant within moderate
concentration ranges, whereas Zolpidem exhibits phytotoxicity at higher doses.

3.2.1. Radicle Length

The average radicle length of R. sativus varied depending on the type of pharmaceutical
and the concentration applied (Figure 2).

Figure 2. Variation in average radicle length of R. sativus seeds at different concentrations of Tranxil-
ium and Zolpidem. Error bars indicate the standard deviation. Different letters denote statistically
significant differences between treatments at the 95% confidence level. C: control; T1: 5 mg L−1;
T2: 10 mg L−1; T3: 15 mg L−1; and T4: 20 mg L−1.

Overall, treatment with Zolpidem resulted in greater root growth compared to Tranx-
ilium. Specifically, concentrations of 5 and 15 mg L−1 of Zolpidem produced the longest
radicle lengths, measuring 39 ± 16 mm and 34 ± 10 mm, respectively, both of which were
statistically significantly greater than those observed in other treatments.

In contrast, the effect of Tranxilium on the radicle length was more variable,
showing a moderate increase at 15 mg L−1 (34 ± 14.5 mm), but without a clear
dose–response relationship.

3.2.2. Hypocotyl Length

Regarding hypocotyl length, the results showed greater differences between treatments
(Figure 3).

Zolpidem exhibited a more variable effect on hypocotyl development, with significant
reductions at 5 and 15 mg L−1 (7 ± 3 mm and 9 ± 8 mm, respectively), both significantly
lower than the control. In contrast, Tranxilium showed a more stable pattern, with val-
ues comparable to or slightly above the control, and a marked increase at 10 mg L−1

(18 ± 6 mm). However, a decrease at 15 mg L−1 (12 ± 7 mm) suggests an inhibitory effect
at higher concentrations.
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Figure 3. Variation in mean hypocotyl length of R. sativus seeds at different concentrations of Tranxil-
ium and Zolpidem. Error bars indicate the standard deviation. Different letters indicate statistically
significant differences between parameters at a 95% confidence level. C: control; T1: 5 mg L−1;
T2: 10 mg L−1; T3: 15 mg L−1; and T4: 20 mg L−1.

When comparing the effects of both pharmaceuticals on early seedling development,
distinct responses were observed. Zolpidem significantly promoted radicle elongation at
lower concentrations (5 and 15 mg L−1), while concurrently inhibiting hypocotyl growth,
indicating a tendency to favor below-ground development. In contrast, Tranxilium exhib-
ited a more balanced influence on both radicle and hypocotyl growth, though with less
pronounced effects.

3.3. Greenness Index (SPAD)
3.3.1. Lettuce

The data collected reflects the evolution of SPAD readings for both pharmaceuticals
across measurement dates. For plants treated with Tranxilium (Figure 4), a general trend
of increasing chlorophyll content was observed with rising pharmaceutical concentration,
particularly at moderate levels. Treatments with 5 and 10 mg L−1 showed a positive
temporal progression, suggesting a cumulative physiological response to the compound.

The most significant difference from the control was recorded on 5 May (56 DAS), when
treatment T2 (10 mg L−1) reached 22.7 SPAD units, compared to 21.48 in the control group.
This supports the hypothesis that moderate Tranxilium doses may exert a biostimulant
effect, potentially enhancing the biosynthesis of photosynthetic pigments.

However, the response was not linear. From 15 mg L−1 onward, SPAD values de-
clined, and, although they occasionally remained above control levels, this drop suggests a
toxicity threshold. Beyond this point, the compound may disrupt physiological processes,
diminishing its stimulatory effect and potentially impairing chlorophyll production.

For plants treated with Zolpidem (Figure 5), a more moderate response was observed,
though the general pattern mirrored that of Tranxilium at intermediate concentrations.
An increase in SPAD values was recorded at 5 and 10 mg L−1 although these differences
were not statistically significant. The highest difference occurred on 9 May (60 DAS), when
treatment T2 (10 mg L−1) reached 23.3 SPAD units compared to 22.4 in the control. This
suggests a mild stimulatory trend on chlorophyll biosynthesis at certain concentrations,
though not significant.
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Figure 4. Evolution of leaf greenness (SPAD) in Lactuca sativa (lettuce) treated with different concen-
trations of Tranxilium. C: control; T1: 5 mg L−1; T2: 10 mg L−1; T3: 15 mg L−1; and T4: 20 mg L−1.

Figure 5. Evolution of leaf greenness (SPAD) in Lactuca sativa (lettuce) treated with different concen-
trations of Zolpidem. C: control; T1: 5 mg L−1; T2: 10 mg L−1; T3: 15 mg L−1; and T4: 20 mg L−1.

At higher concentrations (≥15 mg L−1), SPAD values either stabilized or de-
clined, indicating a threshold beyond which the compound’s positive effects dimin-
ish. This plateau or decrease may reflect phytotoxicity due to accumulation of the com-
pound or its metabolites, ultimately interfering with normal chlorophyll production and
photosynthetic function.

3.3.2. Wheat

The SPAD data for wheat showed a dynamic evolution depending on treatment
and time.

The application of Tranxilium exhibited a stimulatory effect on the chlorophyll content
at moderate doses (Figure 6), particularly at 10 mg L−1 (T2). From the beginning of the
monitoring period (7 April), SPAD values in T2 progressively exceeded those of the control.
This positive trend became more pronounced until 2 May, when the highest peak of the
entire experiment was recorded: 43.8 SPAD units in T2, compared to 41.8 SPAD units in
the control.
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Figure 6. Temporal evolution of leaf greenness (SPAD units) in Triticum aestivum (wheat) plants
treated with different concentrations of Tranxilium. C: control; T1: 5 mg L−1; T2: 10 mg L−1;
T3: 15 mg L−1; and T4: 20 mg L−1.

At higher concentrations (T3: 15 mg L−1 and T4: 20 mg L−1), the values remained
relatively high, although they did not consistently exceed those of T2. For instance, on
26 May, the SPAD values in T2 still reached 37.3, whereas T4 dropped to 34.0, falling below
the control (36.1 SPAD). These results suggest that, at higher doses, the compound may
begin to interfere with cellular processes through metabolic disruption or physiological
stress, affecting chlorophyll biosynthesis.

In the case of Zolpidem (Figure 7), similarly to Tranxilium, a clear upward trend
was observed in all treatments during the initial stages. The peak of the trial occurred on
30 April (51 DAS), with 45.1 SPAD units in T1 (5 mg L−1) and 44.6 SPAD units in T2
(10 mg L−1), both significantly higher than the control (40.6 SPAD units). Notably, T2
showed the most stable and sustained response over time.

Figure 7. Temporal evolution of leaf greenness (SPAD units) in Triticum aestivum (wheat) plants
treated with different concentrations of Zolpidem. C: control; T1: 5 mg L−1; T2: 10 mg L−1;
T3: 15 mg L−1; and T4: 20 mg L−1.

From 2 May (53 DAS), a gradual decline was observed in all treatments. Despite this,
plants exposed to 10 mg L−1 better preserved their photosynthetic capacity during the
decline phase, reinforcing the hypothesis that this concentration supports the maintenance
of photosynthetic capacity in advanced developmental stages.
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Higher concentrations (T3 and T4) did not produce further improvements and, on
some dates, exhibited weaker responses, supporting the hypothesis of the possible accumu-
lation of adverse effects at elevated doses.

3.3.3. Comparison Between Plant Species

This section presents a comparative interpretation of the physiological responses of
wheat and lettuce to the same substances, rather than a formal statistical comparison, since
both species differ in phenology and growth cycle.

Both crops responded positively to intermediate doses (especially 10 mg L−1) of
the applied pharmaceuticals. In lettuce, the SPAD index increases were more gradual
and sustained over time, especially with Tranxilium, showing an upward curve until the
end of the trial. In contrast, in wheat, both pharmaceuticals caused an earlier and more
pronounced increase, reaching maximum values by the end of April, followed by a gradual
decline in the following weeks, showing an earlier but less stable reaction.

In both species, a loss of efficacy was observed at high concentrations (15–20 mg L−1),
indicating a shared sensitivity to high doses. However, wheat’s response to Zolpidem was
more variable than in lettuce, with less evident signs of toxicity even at 20 mg L−1. This
suggests that wheat may have a greater physiological tolerance to these substances.

This response pattern is consistent with other studies reporting the existence of a
hormetic-type curve, in which low concentrations may have neutral or slightly positive
effects, but, beyond a specific threshold, adverse effects are induced [26].

These findings highlight the importance of considering both concentration and ex-
posure time when assessing the effects of emerging contaminants. Furthermore, they
demonstrate that, although some new ECs may appear harmless at low doses, their pro-
gressive accumulation in ecosystems could compromise ecosystem health.

3.4. Fresh Biomass: Shoot and Root
3.4.1. Lettuce

Shoot biomass:
In the case of Tranxilium, the results (Table 1) show a significant increase in shoot

weight. The highest value was recorded at 10 mg L−1 (12.48 ± 2.31 g), followed by
15 mg L−1 (12.02 ± 2.70 g). However, at 20 mg L−1, growth decreased sharply
(6.37 ± 1.68 g), reaching levels similar to the control, indicating toxicity at high doses.

Table 1. Aerial biomass (g), root biomass (g), and shoot–root biomass ratio of Lactuca sativa (lettuce)
treated with different concentrations of Tranxilium and Zolpidem. Values are expressed as mean
± standard deviation. C: control; T1: 5 mg L−1; T2: 10 mg L−1; T3: 15 mg L−1; and T4: 20 mg L−1.
Different lowercase letters within each column indicate statistically significant differences between
doses for the same pharmaceutical at p < 0.05 (95% confidence level).

Pharmaceutical Treatment Aerial Biomass (g) Root Biomass (g) Shoot-Root Biomass Ratio

Tranxilium

C 6.33 ± 1.48 a 1.19 ± 0.37 a 5.73 ± 2.06 a
T1 10.68 ± 2.83 b 1.99 ± 0.69 a 5.66 ± 1.55 a
T2 12.48 ± 2.31 cd 2.02 ± 0.51 a 6.54 ± 2.19 ab
T3 12.02 ± 2.71 bcd 1.64 ± 0.48 a 7.78 ± 1.95 bc
T4 6.38 ± 1.68 a 1.19 ± 0.35 a 5.47 ± 1.21 a

Zolpidem

C 7.20 ± 1.69 a 0.95 ± 0.56 a 9.23 ± 3.95 c
T1 11.04 ± 2.26 b 1.43 ± 0.46 a 5.04 ± 3.98 a
T2 13.17 ± 2.81 d 1.59 ± 0.54 a 8.76 ± 2.18 c
T3 11.08 ± 1.90 bc 1.34 ± 0.52 a 9.41 ± 3.28 c
T4 7.10 ± 1.76 a 0.96 ± 0.49 a 9.17 ± 4.84 c
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A similar pattern was observed with Zolpidem, where intermediate doses also pro-
moted a significant increase in shoot weight, peaking at 10 mg/L (13.16 ± 2.80 g). At higher
doses, inhibitory effects were again observed (7.10 ± 1.76 g), in this case causing a slight
reduction compared to the control value (7.20 ± 1.68 g).

A multiple range test allowed the assignment of homogeneous groups. It was found
that the control and 20 mg L−1 treatments shared the same letter (“a”), indicating no
statistically significant differences between them.

Although both pharmaceuticals showed biostimulant effects at intermediate doses,
no significant differences were detected between the two treatments, suggesting a similar
physiological response of the plant to both compounds.

Root biomass:
The trend in the root biomass (Table 1) was parallel to the aerial biomass, with increases

at moderate concentrations and a slight reduction at 20 mg L−1.
The highest root mass was recorded at 10 mg L−1 for both Tranxilium (2.02 ± 0.51 g)

and Zolpidem (1.59 ± 0.53 g). Despite the decrease at 20 mg L−1, the values remained
higher than the control in both cases (1.19 ± 0.35 g for Tranxilium and 0.96 ± 0.48 g
for Zolpidem).

Although no statistically significant differences were found, possibly due to sample
variability, differences in the root weight between treatments were observed. It is also
clearly evident that the root biomass with Tranxilium was higher than that obtained
with Zolpidem.

Shoot–root biomass ratio (SRBR):
The shoot–root biomass ratio is a useful indicator for assessing the balance in develop-

ment between the shoot and root parts of the plant (Table 1).
In this analysis, Zolpidem showed significantly higher values than Tranxilium at

most concentrations, indicating a greater allocation of resources toward shoot growth. The
highest value was observed at 15 mg L−1 (9.40 ± 3.27), closely followed by the control
(9.23 ± 3.95), both well above the values recorded with Tranxilium.

The statistical differentiation between treatments is reflected in the homogeneous
groups: while the values corresponding to Zolpidem are grouped predominantly in the
“c” category, those of Tranxilium are concentrated in the groups “a” and “ab”, showing a
significant separation between the two pharmaceuticals.

These results reinforce the idea that Zolpidem more strongly promotes shoot biomass
development over root growth, in contrast to Tranxilium, which induces a more balanced
development between the two vegetative compartments.

3.4.2. Wheat

Shoot biomass:
In wheat, the shoot biomass (Table 2) also showed a dose-dependent response, par-

ticularly with Zolpidem, which reached its maximum value at 10 mg L−1 (2.60 ± 0.93 g),
classified within homogeneous group “f”, statistically different from the control. Concen-
trations of 5 and 15 mg L−1 also promoted growth, though to a lesser extent, falling into
the intermediate groups (“ef”, “cd”).

Tranxilium also induced an increase in shoot weight up to the 10 mg L−1 dose
(1.99 ± 0.54 g), classified in group “cd”, although the effects were more moderate compared
to Zolpidem.

At 20 mg L−1, both treatments showed a marked decrease in shoot biomass, especially
with Zolpidem (1.29 ± 0.47 g), under the control value, suggesting a potentially toxic effect.
In contrast, Tranxilium showed a similar reduction (1.28 ± 0.48 g), but it was not statistically
significant, as it shared the same group “a” with the control.
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Root biomass:
As shown again (Table 2), at 10 mg L−1, both Zolpidem (1.40 ± 0.42 g) and Tranxilium

(1.23 ± 0.20 g) significantly increased the root weight compared to the control, falling into
distinct homogeneous groups (“d” and “c”, respectively). In this case, Zolpidem produced
a more pronounced improvement, with a more consistent increase compared to Tranxilium.

Table 2. Aerial biomass (g), root biomass (g), and shoot–root biomass ratio of wheat treated with
different concentrations of Tranxilium and Zolpidem. Values are expressed as mean ± standard
deviation. C: control; T1: 5 mg L−1; T2: 10 mg L−1; T3: 15 mg L−1; and T4: 20 mg L−1. Different
lowercase letters within each column indicate statistically significant differences between doses for
the same pharmaceutical at p < 0.05 (95% confidence level).

Pharmaceutical Treatment Aerial Biomass (g) Root Biomass (g) Shoot–Root Biomass Ratio

Tranxilium

C 1.57 ± 0.57 ab 0.89 ± 0.24 a 1.86 ± 0.86 a
T1 1.76 ± 0.58 bc 0.94 ± 0.22 ab 1.92 ± 0.59 ab
T2 1.99 ± 0.55 cd 1.23 ± 0.20 c 1.69 ± 0.51 a
T3 1.73 ± 0.73 bc 1.11 ± 0.30 bc 1.55 ± 0.67 a
T4 1.29 ± 0.49 a 0.86 ± 0.25 a 1.53 ± 0.63 a

Zolpidem

C 2.23 ± 0.85 de 0.94 ± 0.26 ab 2.58 ± 1.52 c
T1 2.41 ± 1.10 ef 1.10 ± 0.32 bc 2.37 ± 1.30 bc
T2 2.61 ± 0.94 f 1.40 ± 0.42 d 1.93 ± 0.59 ab
T3 1.98 ± 0.591 cd 1.19 ± 0.27 c 1.66 ± 0.45 a
T4 1.29 ± 0.47 a 0.88 ± 0.29 a 1.58 ± 0.73 a

The 20 mg L−1 dose in both treatments did not differ significantly from the control,
sharing group “a”, supporting the existence of an optimal concentration range below which
growth is promoted.

Shoot–root biomass ratio (SRBR):
The results (Table 2) show that Zolpidem tends to induce greater shoot development

compared to Tranxilium, especially at low concentrations, although the highest value was
recorded in the control (2.58 ± 1.51). However, as the concentration increased, index values
progressively decreased, reaching levels similar to those observed with Tranxilium. From
10 mg L−1 onward, the treatments were statistically grouped in category “a”, indicating a
loss of the differential effect.

These results reflect a greater ability of Zolpidem to favor shoot biomass development
in wheat, particularly in the absence of stress caused by high doses. In contrast, Tranxilium
exhibited a more uniform and balanced pattern.

3.4.3. Comparison Between Plant Species

At a comparative level, lettuce exhibited greater sensitivity in the shoot biomass,
with more pronounced increases and a statistically homogeneous response in the root
biomass, indicating that its aerial development is more susceptible to the presence of
pharmaceuticals. In contrast, wheat showed a more balanced response between shoot and
root parts, although with lower absolute increases.

Regarding the SRBR between lettuce and wheat, Zolpidem produced a more marked
effect in lettuce, with significantly higher values (up to 9.40 ± 3.27) compared to those
recorded in wheat (maximum of 2.58 ± 1.51). This indicates a greater promotion of shoot
growth in lettuce. In both crops, Tranxilium showed a more stable and balanced pattern,
with low values and no significant differences between concentrations. Overall, the results
suggest that the response to Zolpidem is species-dependent, showing a more pronounced
effect in leafy species such as lettuce compared to cereals like wheat.
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3.5. Photosynthetic Pigments: Chlorophyll and Carotenoids
3.5.1. Lettuce

According to the analysis of variance (two-factor ANOVA), no statistically signifi-
cant effects of the evaluated factors were found on the concentrations of chlorophyll a,
chlorophyll b, and total carotenoids with a 95% confidence level (p > 0.05), as shown in
Table 3.

Table 3. p-values obtained from the analysis of variance (ANOVA) for each dependent variable
in Lactuca sativa (lettuce) cultivation, considering the effects of pharmaceutical concentration (A),
pharmaceutical type (B), and their interaction (A × B).

Source of Variation Chlorophyll a Chlorophyll b Total Carotenoids

A: Concentration 0.0758 0.2384 0.5385
B: Pharmaceutical 0.4212 0.5797 0.5554
Interaction AB 0.5507 0.8386 0.5096

However, for chlorophyll a, a p-value close to the significance threshold was recorded
(p = 0.0758) in relation to the pharmaceutical concentration, which may suggest a potential
biological effect that does not reach statistical significance under the established experimen-
tal conditions. The type of pharmaceutical (p = 0.4212) and the interaction between both
factors (p = 0.5507) did not show any influence on this variable.

In the case of chlorophyll b, neither concentration (p = 0.2384), type of pharmaceutical
(p = 0.5797), nor interaction (p = 0.8386) showed statistically significant effects, suggest-
ing that the observed variability cannot be attributed to the evaluated experimental fac-
tors, as occurred with total carotenoids, showing no statistically significant differences in
any parameter.

The mean values of chlorophyll a (Table 4) show a slight upward trend in levels with
an increasing concentration of both pharmaceuticals, especially with Zolpidem, with a
maximum at 10 mg L−1 (21.50 ± 3.06). In the case of Tranxilium, the highest value also
occurred at that concentration (18.06 ± 5.28), although with less difference with respect to
the control. Despite these variations, the treatments were mostly grouped under the same
groups (“a” and “ab”), which reinforces the absence of statistically significant differences.

Table 4. Mean concentrations of chlorophyll a, chlorophyll b, and total carotenoids in Lactuca sativa
(lettuce) grown under different concentrations of Tranxilium and Zolpidem. Values are expressed in
µg mL−1 as mean ± standard deviation. C: control; T1: 5 mg L−1; T2: 10 mg L−1; T3: 15 mg L−1;
and T4: 20 mg L−1. Different lowercase letters within each column indicate statistically significant
differences between doses for the same pharmaceutical at p < 0.05 (95% confidence level). Total
carotenoid values reported as <LOD indicate concentrations below the limit of detection.

Pharmaceutical Treatment Chlorophyll a (µg mL−1) Chlorophyll b (µg mL−1) Total Carotenoids (µg mL−1)

Tranxilium

C 16.76 ± 3.87 a 23.22 ± 6.75 a <LOD
T1 17.76 ± 5.53 ab 22.19 ± 5.02 a <LOD
T2 18.06 ± 5.28 ab 26.20 ± 4.49 a <LOD
T3 17.18 ± 5.00 a 24.73 ± 4.42 a <LOD
T4 16.39 ± 3.82 a 22.68 ± 4.52 a <LOD

Zolpidem

C 15.69 ± 2.09 a 22.98 ± 4.55 a <LOD
T1 18.61 ± 3.81 ab 23.36 ± 3.62 a <LOD
T2 21.50 ± 3.06 b 25.82 ± 2.81 a <LOD
T3 17.05 ± 1.84 a 24.35 ± 1.98 a <LOD
T4 16.79 ± 2.17 a 25.22 ± 3.40 a <LOD



Agriculture 2025, 15, 1916 17 of 22

The chlorophyll b content remained more stable. Slight increases were observed at
10 mg L−1 for both Tranxilium and Zolpidem (26.20 ± 4.49 and 25.81 ± 2.81, respectively),
although these were not statistically significant compared to their respective controls.

As for total carotenoids, extremely low values were recorded. This may be due to
measurement interference, as chlorophyll a and b absorb in the 470 nm region of the
visible spectrum. Specifically, in protein complexes containing chlorophyll a and b, a
secondary absorption peak has been observed around 472 nm. Therefore, if chlorophyll
concentrations are overestimated or there is overlap in absorption bands, the correction
applied in the formula may be excessive, resulting in erroneously low or even negative
carotenoid values [27]. Furthermore, carotenoids are considered accessory pigments relative
to chlorophylls, and, in mature leaves, their presence represents approximately one-third
of the total chlorophyll (a + b) abundance. This supports the idea that their concentrations,
even when real, may be close to the detection limit of the method, making them more
susceptible to quantification errors [28].

3.5.2. Wheat

For the wheat crop (Table 5), the analysis of variance (two-factor ANOVA) also re-
vealed no statistically significant effects (p > 0.05) of the evaluated factors, pharmaceutical
concentration, type, or interaction, on the concentrations of chlorophyll a, chlorophyll b, or
total carotenoids.

Table 5. p-values obtained from the analysis of variance (ANOVA) for each dependent variable in
Triticum aestivum (wheat) cultivation, considering the effects of pharmaceutical concentration (A),
pharmaceutical type (B), and their interaction (A × B).

Source of Variation Chlorophyll a Chlorophyll b Total Carotenoids

A: Concentration 0.2224 0.0541 0.5703
B: Pharmaceutical 0.9943 0.6966 0.9014
Interaction AB 0.4025 0.6909 0.9825

Chlorophyll b showed a trend close to statistical significance regarding the concentration
of the pharmaceutical (p = 0.0541), which could indicate an emerging biological response.

The mean values of chlorophyll a showed a slight increase at 10 mg L−1, particularly
with Tranxilium (20.82 ± 6.72), compared to the respective controls. However, in the case
of Zolpidem, the differences were not statistically significant and were grouped within the
same homogeneous category (Table 6).

Regarding chlorophyll b, the values were more variable among treatments, but positive
peaks were noted with Zolpidem at the control concentration (25.46 ± 5.22) and 10 mg L−1

(24.4 ± 8.25), as well as with Tranxilium at 10 mg L−1 (24.52 ± 6.04).
As for total carotenoids, concentrations were very low across all treatments, as also

reported for the lettuce crop.
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Table 6. Mean concentrations of chlorophyll a, chlorophyll b, and total carotenoids in Triticum aestivum
(wheat) grown under different concentrations of Tranxilium and Zolpidem. Values are expressed in
µg mL−1 as mean ± standard deviation. C: control; T1: 5 mg L−1; T2: 10 mg L−1; T3: 15 mg L−1;
and T4: 20 mg L−1. Different lowercase letters within each column indicate statistically significant
differences between doses for the same pharmaceutical at p < 0.05 (95% confidence level). Total
carotenoid values reported as < LOD indicate concentrations below the limit of detection.

Pharmaceutical Treatment Chlorophyll a (µg mL−1) Chlorophyll b (µg mL−1) Total Carotenoids (µg mL−1)

Tranxilium

C 15.13 ± 5.71 a 23.11 ± 4.79 abc <LOD
T1 16.05 ± 6.49 ab 19.86 ± 5.74 abc <LOD
T2 20.82 ± 6.73 b 24.53 ± 6.05 bc <LOD
T3 20.09 ± 7.08 ab 20.61 ± 6.23 abc <LOD
T4 15.93 ± 4.77 ab 22.11 ± 5.53 abc <LOD

Zolpidem

C 16.86 ± 6.09 ab 25.47 ± 5.23 c <LOD
T1 19.62 ± 5.78 ab 20.21 ± 6.22 abc 0.89 ± 5.33 a
T2 19.36 ± 6.06 ab 24.40 ± 8.26 bc <LOD
T3 16.19 ± 4.55 ab 19.12 ± 7.29 ab 0.49 ± 4.05 a
T4 15.96 ± 2.15 ab 18.29 ± 5.06 a 0.12 ± 2.47 a

4. Discussion
The observed trend, the stimulation of growth and physiological parameters at inter-

mediate doses (10 mg L−1) and phytotoxic effects at higher concentrations (15–20 mg L−1),
is consistent with a hormetic response pattern described in plants exposed to emerging con-
taminants and other bioactive compounds. In this context, Agathokleous [29] reports that
low doses of certain contaminants can activate signaling pathways associated with mod-
erate stress, promoting photosynthesis and growth, whereas high doses induce oxidative
stress and cellular damage, reducing plant performance.

In the germination assay with R. sativus, Tranxilium caused a significant increase
in the germination index (GI), reaching up to 150.4% at 15 mg L−1, whereas Zolpidem
remained close to control values at low doses but drastically reduced the GI at 20 mg L−1.
These contrasting responses may be explained by the differences in root absorption and the
interaction of each compound with the seedling’s primary metabolism. Previous studies
have shown that certain benzodiazepine family pharmaceuticals can interact with ion
channels and oxidative enzymes in plant tissues, affecting germination and root elongation
processes [29]. Moreover, research on the uptake of pharmaceuticals by plants indicates that
the absorption capacity can vary markedly between species and compounds. For instance,
Rhodes et al. [30] demonstrated that the accumulation of cephalexin in roots differed
among lettuce, celery, and radish, with the root affinity and enzymatic transformation
influencing overall uptake. These findings support the idea that the higher tolerance
observed for Tranxilium compared to Zolpidem in R. sativus may be partly due to the
differential absorption and metabolic handling within the seedlings.

Complementing these observations, a recent study on Lactuca sativa exposed to
common pharmaceuticals including antibiotics and carbamazepine showed a similar
concentration-dependent response: low to moderate concentrations had limited or slightly
stimulatory effects on germination and root elongation, whereas higher concentrations
produced clear phytotoxic effects [31]. This supports the generality of hormetic responses
in plants subjected to pharmaceutical contaminants and underscores the importance of
considering compound-specific toxicity thresholds when assessing the environmental risk.

Regarding the SPAD index, both cultivated species responded positively to inter-
mediate doses, reaching maxima around 10 mg L−1, which suggests an enhancement
in chlorophyll synthesis or preservation. This effect is consistent with observations by
Liu et al. [32] in wheat exposed to chlorinated organophosphate esters, where a transient
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increase in chlorophyll content was associated with antioxidant mechanisms and osmotic
adjustment. However, at higher concentrations, the reduction in SPAD indicates potential
damage to the photosynthetic machinery, likely due to the compound or the action thereof
or their metabolites, whose effects on PSII through ROS compromise the repair of this vital
structure [32].

Consistent with SPAD changes, both the shoot and root biomass also exhibited a
hormetic pattern. Lettuce showed greater sensitivity in the shoot biomass, whereas wheat
displayed a more balanced response between above-ground and root tissues. This differen-
tial behavior may be linked to the morpho-anatomical traits of each species: dicotyledons
such as lettuce typically have a larger leaf surface area and higher transpiration rates, which
favor contaminant uptake and accumulation from irrigation water [19], while monocotyle-
dons like wheat possess deeper root systems and physiological adaptations that may buffer
the initial impact of contaminants [33].

Overall, the results reinforce the hypothesis that certain pharmaceuticals present as
emerging contaminants, which can act as biostimulants at low doses, but also highlight that
their accumulation or exposure at higher concentrations leads to adverse effects on plant
growth and physiology. This dual response has also been documented by Herklotz et al. [34]
in plants exposed to pharmaceutical contaminants such as diclofenac, carbamazepine, or
fluoxetine, suggesting that the phenomenon is generalizable across different classes of
pharmaceutical compounds.

From an environmental perspective, the detection of physiological effects at relatively
low concentrations is relevant, as levels ranging from ng L−1 to µg L−1 of these compounds
have been routinely detected in WWTPs’ effluents and surface waters [34,35]. Although
the concentrations used in this study are higher than those reported in natural environ-
ments, they serve as a model to understand the potential cumulative effects resulting from
repeated exposures, considering that cultivated plants may be continuously irrigated with
treated wastewater.

5. Conclusions
This study provides evidence that the pharmaceuticals Tranxilium and Zolpidem can

significantly affect plant development, acting as emerging contaminants with physiological
impacts on crop species. From early germination in Raphanus sativus to the later growth
stages in lettuce (Lactuca sativa) and wheat (Triticum aestivum), both substances induced
measurable alterations in morphological and physiological parameters.

At moderate concentrations (notably 10 mg L−1), both pharmaceutical exhibited
biostimulant effects, enhancing traits such as leaf greenness (SPAD), root elongation, and
fresh biomass accumulation. These findings are consistent with the hormetic response,
where low to intermediate doses stimulate plant performance, while higher concentrations
(15–20 mg L−1) caused phytotoxic effects, particularly in lettuce, indicating the existence of
a dose-dependent threshold beyond which detrimental impacts occur.

The responses were clearly species-dependent. Zolpidem promoted shoot develop-
ment more effectively, especially in dicotyledonous lettuce, whereas Tranxilium elicited
more balanced effects on both the aerial and root biomass. The anatomical and physiologi-
cal differences between dicots and monocots likely underlie these variations. A pigment
analysis supported the SPAD measurements, showing increases in chlorophyll a and b at
optimal doses, while carotenoids remained largely unaffected. These shifts reflect changes
in plant metabolism, growth efficiency, and stress responses.

Overall, the results highlight the agronomic and ecological relevance of pharmaceu-
tical contaminants in cropping systems. They emphasize the need for monitoring these
compounds in agricultural soils and wastewater, and for establishing guidelines that define
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safe environmental concentrations. Given their potential for accumulation and persistence,
further research is essential in order to assess the long-term impacts on crop productivity,
food safety, and ecosystem resilience.
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