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Abstract
Paracetamol is one of the most widely used drugs worldwide, yet its environmental presence and hazardous impact on non-
target organisms could rapidly increase. In this study, the possible cytotoxic effects of paracetamol were evaluated using two 
bioindicator plants Lens culinaris and Pisum sativum. Concentrations of 500, 400, 300, 200, 100, 50, 25, 5, 1 mg  L−1, and a 
control (distilled water) were used for a total of 10 treatments, which were subsequently applied on seeds of Lens culinaris 
Med. and Pisum sativum L.; after 72 h of exposure, root growth, mitotic index, percentage of chromosomal abnormalities, 
and the presence of micronucleus were evaluated. The cytotoxic effect of paracetamol on L. culinaris and P. sativum was 
demonstrated, reporting the inhibition of root growth, the presence of abnormalities, and a significant micronucleus index 
at all concentrations used, which shows that this drug has a high degree of toxicity.
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Introduction

Paracetamol (PCT) (also known as acetaminophen; 4-aceta-
minophenol; 4-hydroxyphenyl-acetamide) is one of the most 
widely used medications in different therapeutic procedures 
worldwide due to its antipyretic and anti-inflammatory prop-
erties (Freo et al. 2021). Its molecular weight is 151.16 g/
mol; each molecule consists of a benzene ring substituted by 
a hydroxyl group and the nitrogen atom of an amide group 
(Phong et al. 2019; Freo et al. 2021). In 1893, PCT was 
found in the urine of people who had ingested phenacetin 
and was isolated as a white, crystalline compound with a 
bitter taste. Then, in 1899, PCT was identified, and since 
then it has been considered a metabolite of acetanilide (Freo 
et al. 2021). Even its high use is due to the uncontrolled 
availability of the medicament, it is an over the counter and 

inexpensive product that is also available as an active ingre-
dient in more than 600 preparations (Cameron et al. 2021).

During the COVID-19 pandemic, this drug was one of 
the most widely used medicines for symptom relief in thera-
peutic activities prescribed by health professionals (Mostafa 
et al. 2022; Lapi et al. 2022; O’Keefe et al. 2021; Quispe-
Cañari et al. 2021; Cameron et al. 2021; Pandolfi et al. 2022) 
and as self-medication during the quarantine period (Quispe-
Cañari et al. 2021; Faqihi and Sayed 2021), generating an 
increase in PCT consumption, which led to a shortage of this 
drug (Spyres et al. 2021; Romano et al. 2021).

Acetaminophen is used for its properties that relieve 
pain and inflammation; at the same time, it can cause some 
adverse events such as dose-related hepatocellular necrosis, 
and it is responsible for almost 500 deaths annually in the 
USA (Lee 2017). Biotransformation of this drug results in 
inactive compounds by the formation of sulfates and glu-
curonide conjugates. Likewise, its diffusion occurs through 
most body fluids in humans, so it is subsequently excreted 
by the kidneys, thus recovering between 30 and 55% of the 
drug in the urine during the first day with the therapeutic 
dose (Prescott 1980). Only a small route is metabolized by 
the cytochrome P-450 enzyme system, resulting in a metabo-
lite called N-acetyl-p-benzoquinone imine (NAPQI). Under 
normal conditions, NAPQI is neutralized by the action of 
glutathione, but, when concentrations are significantly high, 
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the sulfate and glucuronide metabolic pathways become 
saturated. More PCT is diverted to the oxidative system and 
consequently, glutathione supplies are depleted. NAPQI can 
freely react with cell membranes, resulting in the profound 
production of reactive oxygen species (ROS), causing exten-
sive damage and even cell death (Saeedi et al. 2022; Foufelle 
and Fromenty 2016).

The different PCT fates upon disposal are well known; 
their chemical compound or metabolites enter ecosystems 
via wastewater treatment plants (Reinstadler et al. 2021; 
Landrigan et al. 2020). Concentrations above 65 ug/L in 
surface water (Roberts and Thomas 2006) and up to 81 
ug/kg in soil (Ashfaq et al. 2017) have been demonstrated 
over time. This is now a well-established problem, as these 
molecules can confer potential toxicity to other organisms 
(Parolini 2020). Since the toxicity of p-aminophenol and 
p-benzoquinone (products of PCT synthesis) is much higher 
than that of the drug in question, the potential environmen-
tal risk of this drug could increase during the formation of 
intermediates with a higher molecular weight, because these 
metabolites can accumulate and reach a maximum concen-
tration (Liang et al. 2016).

Pharmaceuticals represent an important group of emerg-
ing pollutants that can be taken up by plants (Rede et al. 
2019; Leitão et al. 2021). Badar et al. (2022) conducted an 
experiment on spinach treated with 50 mg/L, 100 mg/L, 
and 200 mg/L PCT. After 4 days, the concentrations in the 
roots had a significant reduction to 2.3 µg/g, 2.6 µg/g, and 
3.6 µg/g, respectively. This proves its assimilation by these 
organisms. Currently, the PCT-mediated impact on the 
environment is presumed to be due to its toxicity, physico-
chemical properties, and bioavailability (Meffe et al. 2021). 
Indeed, considerable data have confirmed the hypothesis that 
PCT could be a problematic compound for aquatic organ-
isms (Bebianno et al. 2017; Gutiérrez-Noya et al. 2021). 
Daniel et al. (2019) have shown that exposure to PCT at 
intermediate concentrations between 20 and 40 ug/L pro-
duces significant inhibition of glutathione-S-transferase 
(GST) in Daphnia magna individuals. At the same time, 
the significant DNA lesions found at the end of exposure 
(Parolini et al. 2010) may show a possible delay of the geno-
toxic action of paracetamol that can be confirmed by some 
bioassays performed (Meffe et al. 2021).

At present, plant species continue to be used as a genetic 
model to evaluate the toxicity of chemical compounds. Since 
plants are one of the organisms naturally exposed to different 
environmental pollutants, it becomes important to use them 
as eukaryotic models that allow environmental risk assess-
ment for ecotoxicological studies (Qi and Zhang 2020). 
Pharmaceuticals do not follow the trends observed for com-
mon anthropogenic pollutants. Drugs pose new challenges 
to the environment since they are continuously released 
in amounts comparable to pesticides, remain biologically 

active in nature, exert effects at extremely low levels, exhibit 
lipophilicity, and rapidly cross biological membranes. In 
addition, they are resistant to standard water treatment pro-
cedures and can be effective in a multiplicity of organisms 
that share pharmacological similarities (Nunes et al. 2014).

Eukaryotic system monitoring relies on multiple highly 
coordinated network functions of the DNA damage response 
(Nikitaki et al. 2018). The conserved features highlighted in 
plants and animals represent a challenging opportunity to 
develop new research available for monitoring in environ-
mental applications, taking advantage that in recent years 
the literature has focused on ecotoxicity in the soil–plant 
system (Chen et al. 2021) since, with this system, different 
procedures are important for a toxicity assessment and learn-
ing such as origin, destination, uptake, detoxification, and 
metabolism can be better evidenced.

The use of bioindicators with plant seeds over the years 
has been one of the scientific techniques reported for the 
determination of cytotoxicity, proving to be an instrument 
of high sensitivity and easy handling (Mendoza and Salazar 
2022; Mercado and Caleño 2021; García-Medina et al. 2020; 
Azzazy 2020; Leston et al. 2013; Nikitaki et al. 2018; Kum-
merová et al. 2013). This is how plant species have been used 
for the identification of cytological changes caused by mul-
tiple chemical agents such as Allium cepa, Lens culinaris, 
and Pisum sativum Salazar and Quintero Caleño (2020), also 
recommended for their economic and practical efficiency, 
considering that the increasing production, the use of this 
drug, its environmental presence, and the hazardous impact 
on aquatic organisms and other non-target individuals could 
increase rapidly. This study evaluates the possible cytotoxic 
effects of paracetamol using Lens culinaris Med. and Pisum 
sativum L. The negative impact of this drug is presented, 
demonstrating a high level of toxicity through the inhibition 
of root growth, the presence of abnormalities, and a signifi-
cant micronucleus index in all the concentrations used.

Materials and methods

Toxicity test conditions

Lentil (L. culinaris) and pea (P. sativum) seeds were used 
as bioindicators to identify cytological changes. To deter-
mine the concentrations of paracetamol suitable for the 
cytotoxicity assay, an exhaustive review was carried out in 
PubMed and ScienceDirect databases. Nine treatments were 
carried out with the following paracetamol concentrations 
(LAFRANCOL S.A.S): 500, 400, 300, 200, 100, 50, 25, 5, 
1 mg/L (Kudrna et al. 2020; Rede et al. 2019; An et al. 2009; 
Svobodnikova et al. 2020) and a control (distilled water) for 
a total of 10 treatments that were subsequently applied on 
the seeds of L. culinaris and P. sativum. For the preparation 
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of each concentration of paracetamol, distilled water was 
used because of its easy solubility of 12.78 mg/mL at 20 °C. 
Concentrations are not analytically confirmed, as is usually 
the case in the evaluation of screening level approaches 
(Hillis et al. 2011).

Continuing with the assay proposed by Salazar et al. 
(2020), 35 seeds of each of the bioindicator species (L. culi-
naris Med. and P. sativum L.) were placed in a 100-mm-
diameter Petri dish with 90-mm-diameter filter paper and 
porosity level equivalent to Whatman® N°3 paper inside. 
Subsequently, 35 mL of each of the concentrations was 
added to each Petri dish and sealed with Parafilm® paper, 
and then placed in the dark for 72 h at a temperature of 
28 + / − 2 °C to avoid desiccation (An et al. 2009; Bagheri 
et al. 2021). It is important to mention that all bioassays were 
performed in 5 replicates (Salazar et al. 2020).

Root growth

After 72 h of exposure to each of the paracetamol concen-
trations, the root growth of L. culinaris and P. sativum was 
evaluated. The root length of each plant was measured, 
and those that achieved a length greater than 1 mm were 
taken into account (Di Salvatore et al. 2008); this procedure 
was followed with some modifications applied by Salazar 
et al. (2020). For the determination of root growth, the rela-
tive root growth percentage (RGRC) formula was applied 
(Bosker et al. 2019):

The root elongation test of a plant is one of the simplest 
biomonitoring methods for toxicity assessment of organic 
and inorganic compounds (Aguiar et al. 2016; Priac et al. 
2017; Lyu et al. 2018; Di Salvatore et al. 2008). Seed germi-
nation starts with water absorption and culminates when the 
radicle protrusion is present through the enveloping layers 
(Wolny et al. 2018).

Cell abnormalities

The L. culinaris and P. sativum tests were used to determine the 
rate of abnormalities. The following formula applied in the meth-
odology of Salazar and Maldonado Bayona (2020) was used:

During mitosis, some fragments or complete chromo-
somes are left outside the nucleus, which are called micro-
nuclei (Kalsbeek and Golsteyn 2017; Luzhna et al. 2013). 
The micronucleus index (MNI) will be determined by the 
formula used by Scherer et al. (2019):

RRG(%) =
Mean root lenght in concentration

Mean root lenght in control
× 100

Relative abnormality rate (%) =
Total number of abnormal cells

Total number of cells observed
× 100

Mitotic index

After a period of seed growth (after 72 h), root tips of 
approximately 5-mm size of L. culinaris and P. sativum 
were rinsed with tap water and stained for 10 min with the 
compound aceto-orcein (Causil et al. 2017). For the stain-
ing protocol, 6 slides were prepared for each treatment, 
and 1000 cells per 5 replicates were analyzed; pressure 
was exerted with a coverslip to make each cell phase vis-
ible by scattering the cells (Fiskesjö 1985; Salazar et al. 
2019; Salazar and Maldonado Bayona 2020). The mitotic 
index (MI) was calculated, which allows knowing if there 
is presence or inhibition of cell division and is defined as 
the ratio between the number of cells undergoing mitosis 
and the total number of cells (Datta et al. 2018); for this, 
the following formula was used:

For the interpretation of the results, it was considered 
that, when there are inhibitory alterations, the MI is lower 
than the value of the negative control. On the other hand, if 
the MI is higher, it indicates an increase in cell division due 
to the chemicals used in the assay (Restrepo et al. 2012).

Experimental design and statistical analysis

A completely randomized block design was performed, 
consisting of an experiment with 9 treatments of differ-
ent concentrations of paracetamol plus a control group 
(distilled water), which had an exposure time of 72 h. An 
analysis of variance (ANOVA) and Tukey’s HSD (honestly 
significant difference) multiple range test (P ≤ 0.05) using 
Statgraphics Centurion  version XVII statistical software 
were used for the statistical analysis of the data obtained 
from the mitotic index and cell abnormalities.

Results and discussion

Root growth

When L. culinaris and P. sativum seeds were exposed to 
hydration, the objective was to stimulate cell growth so that 
the root meristematic cells would elongate. However, when 
roots are subjected to chemicals, some variations are pos-
sible; hence, the degree of affectation will depend on the 

MNI =
Total of cells with micronucleus

Total of cells observed
× 100

Mitoticindex(%) =
Number of dividing cells

Total number of cells
× 100
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chemical and time of exposure (Salazar et al. 2019). The 
relative growth of the bioindicator species roots was affected 
in each treatment, and there was a marked decrease; this 
occurs because the roots are usually the first tissue exposed, 
where the toxicant inhibits their extension and proliferation, 
which ultimately compromises the growth and reproductive 
capacity of the plant (Talukdar and Talukdar 2014).

The uptake of acetaminophen by plants is highly depend-
ent on the sorption and degradation of pharmaceuticals and 
the molecular weight of medicines (Bartha et  al. 2010; 
Bagheri et al. 2021; Chuang et al. 2019). Acetaminophen has 
been detected in leaves, soil, and in higher amounts in radish 
roots (Li et al. 2018). Spinaca oleracea plants treated with 
50 mg/L, 100 mg/L, and 200 mg/L acetaminophen accu-
mulated 75 µg/g, 136 µg/g, and 1012 µg/g acetaminophen, 
respectively, after 4 days in shoot tissues. After 8 days, drug 
concentrations decreased significantly to 56 µg/g, 73 µg/g, 
and 396 µg/g/g in the 50 mg/L, 100 mg/L, and 200 mg/L 
treatments, respectively, indicating that biodegradation of 
acetaminophen occurs after day 4 (Badar et al. 2022).

Concerning the results presented in Table 1, the statistical 
analysis showed a marked difference between the concen-
trations used with respect to the root growth of the control 
treatment (TT1). In the case of P. sativum species, there 
were no significant differences in the following treatments: 
TT3, TT4, TT5 (5, 25, 50 mg  L−1 respectively), TT6, and 
TT7 (100, 200 mg  L−1, respectively). Likewise, between 
TT8, TT9, and TT10 (300, 400, 500 mg  L−1, respectively); 
while, in L. culinaris, no differences were shown between 
TT2, TT3, TT4 (1, 2, 25 mg  L−1, respectively) and neither 
in TT8, TT9, TT10 (300, 400, 500 mg  L−1). Even so, it 
could be observed that root length decreases according to the 
increase in paracetamol concentrations, considering that the 
lowest concentrations conserve higher growth figures than 

the rest of the treatments; this behavior was reflected in the 
two species used in this research.

According to the above, in some investigations on 
the effects of paracetamol on germination and growth 
of plants exposed to different concentrations of 0.01 and 
10,000 ng g-1 (Rede et al. 2019) and 0.1; 1; 5 mg/L (Leitão 
et al. 2021), no significant effects were found since seed 
germination acts as a protective barrier from negative effects 
that may be generated by pharmaceutical contaminants 
(Rede et al. 2019). Something similar was reported with the 
use of Lemna gibba and Lemna minor, two species in which 
a negligible threat was observed in terms of parameters 
such as photosynthetic pigments, proline levels, and malon-
dialdehyde (MDA) content (Nunes et al. 2014); this makes 
the measurement of root growth a parameter that provides 
greater sensitivity when assessing cytotoxicity. In addition, 
the concentrations used in the investigations are not severe 
enough to affect plant growth.

On the contrary, other investigations have reported the 
similarity of statistically significant results in radicle elon-
gation, which indicate that the rate of root inhibition was 
directly proportional to the concentration of paracetamol 
(An et al. 2009), results very similar to those observed in this 
research. In Cucumis sativus, the biomass of leaves and roots 
decreased significantly after 7 days when the concentration 
of acetaminophen was higher than 10 mg  L−1, assuming that 
plants may be susceptible to phytotoxicity when exposed to 
acetaminophen (Sun et al. 2019).

Now, abiotic stress such as the excess of toxicants in the 
soil causes disturbances in several organelles, generating 
signals that are integrated to regulate gene expression and 
other cellular activities (Zhu 2016). The significant response 
with negative effects of cells upon exposure to paracetamol 
within 72 h is extremely interesting when combined with 
the finding of color change in the roots of L. culinaris and 
P. sativum, which presented dark coloration at the tip; with 
this, it is possible to hypothesize that the toxic response pro-
voked by paracetamol is energetically demanding as reported 
by Jaeschke et al. (2021), since there may be depletion of 
cellular energy reserves present in metabolically active tis-
sues. It has been suggested that the toxic effects of drugs 
are mediated by the overproduction of reactive oxygen spe-
cies (ROS), highly damaging molecules that cause deterio-
ration of several cellular structures: membranes, nucleic 
acids, proteins, enzymes, and lipids (El-Amier et al. 2019); 
this has been proven in some plants that possess mecha-
nisms to retain much of the toxicity in the roots (Talukdar 
and Talukdar 2014), suggesting that the cytotoxic impact 
of acetaminophen would be mediated by oxidative injury 
(Kalinec et al. 2014). In the trial with Hyalella azteca man-
agement, the use of acetaminophen was toxic to the species 
and induced a significant decrease in the antioxidant system 
caused by ROS (Gómez-Oliván  et al. 2014), which likewise 

Table 1  Root growth and percentage of relative root growth (RRG)

Means with different letters show significant differences according to 
Tukey (P ≤ 0.05)

Paracetamol 
concentration 
mg  L−1

Root length (cm) Relative root growth 
percentage (RRG)

P. sativum L. culinaris P. sativum L. culinaris

TT1: control 3.96 ± 0.3a 4.34 ± 0.03a –– ––
TT2: 1 3.32 ± 0.2b 3.71 ± 0.05b 83.3 85.4
TT3: 5 2.88 ± 0.1c 3.6 ± 0.44b 72.7 82.9
TT4: 25 2.4 ± 0.1c 3.48 ± 0.23b 60 80.1
TT5: 50 2.472 ± 0.2c 2.95 ± 0.2c 62 56.4
TT6: 100 1.824 ± 0.2d 2.55 ± 0.07d 45 58.7
TT7: 200 1.326 ± 0.1d 2.09 ± 0.06e 32.8 48.15
TT8: 300 0.828 ± 0.07e 1.7 ± 0.12f 20.2 39.1
TT9: 400 0.7 ± 0.08e 1.61 ± 0.11f 17.6 37
TT10: 500 0.48 ± 0.1e 1.59 ± 0.89f 12.2 36.6
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happened with P. sativum treated with cadmium, nickel, and 
lead (El-Amier et al. 2019), where the MDA content was 
significantly increased, leading to lipid peroxidation due to 
ROS generation (El-Amier et al. 2019; Aswani et al. 2019).

Mitotic index and mitotic inhibition

The mitotic index (MI) is a measure to quantitatively assess 
the cell division of an organism (Kato and Haskins 2023). 
Therefore, if the MI is low compared to the control treat-
ment, the drug is affecting mitosis. In this case, microscopic 
analysis of cells reflects a remarkable decrease in the mitotic 
index (MI) is a measure to quantitatively assess the cell divi-
sion of an organism (Kato and Haskins 2023). Therefore, if 
the MI is low compared to the control treatment, the drug 
is affecting mitosis. In this case, microscopic analysis of 
cells reflects a remarkable decrease in MI, reaching a maxi-
mum of 9 ± 0.7 and 9.8 ± 1.2 at 500 mg  L−1 treatment in P. 
sativum and L. culinaris, respectively. According to several 
investigations using eukaryotic models as bioindicators, e.g., 
Hediste diversicolor (Nogueira and Nunes 2021), Hyalella 
azteca (Gómez-Oliván et al. 2012), Daphnia magna (Daniel 
et al. 2019), Crassostrea gigas (Bebianno et al. 2017), Dreis-
sena polymorpha (Parolini et al. 2010), Gibbula umbilica-
lis (Giménez and Nunes 2019), Phorcus lineatus (Almeida 
and Nunes 2019), Ruditapes philippinarum (Correia et al. 
2016), Mytilus spp. (Piedade et al. 2020), Rhamdia quelen 
(Perussolo et al. 2019), Cyprinus carpio (Gutiérrez-noya 
et al. 2020), Danio rerio (Xia et al. 2017), Chlorella sp. and 
Desmodesmus spinosus (Gomaa et al. 2021), Brachionus 
rotundiformis (Park et al. 2018), Triticum aestivum (An et al. 
2009), Cucumis sativus L. (Sun et al. 2019), Lactuca sativa 
(Leitão et al. 2021), Brassica juncea L. Czern (Bartha et al. 
2010), Lemna minor, and Lemna gibba (Nunes et al. 2014), 
to evaluate the toxicological effect of pharmaceuticals on 
non-target organisms all agree on cell damage and their inte-
gration as do the results presented in mention.

The mitotic change reflected in the cells of L. culinaris 
and P. sativum appears to be very similar after 72 h of expo-
sure; it is observed that starting from the use of the 400 and 
500 mg  L−1 concentration (TT4 and TT5, respectively), the 
mitotic inhibition reaches a percentage of 48.9% and 51% in 
P. sativum and L. culinaris, respectively (Table 2), represent-
ing a concerning value with respect to the control treatment 
of almost 50%. The measurement of mitosis inhibition pro-
vides valuable information on the relationship between dam-
age and the concentrations used. In this case, L. culinaris 
presented less inhibition with P. sativum with 51% when 
using a concentration of 500 mg  L−1 (Table 2). The con-
trol treatment did not cause inhibition in any of the species 
studied, inferring that, as the concentration of paracetamol 
increases, the impact on the cell cycle is more relevant.

A similar study reported that increased concentration 
of lead in lentil roots caused several mitotic abnormalities, 
exposure to the metal affected the cell cycle of L. culinaris, 
and the results showed that higher concentrations were able 
to significantly inhibit cell division (Çanl 2018), thus infer-
ring that this plant is one of the most sensitive species to 
perform cytotoxic investigations such as the one exposed in 
mention since it demonstrates good performance, and the 
mitotic process can be appreciated, providing an effective 
cell assessment under stress effects (Salazar et al. 2020; 
Salazar and Maldonado Bayona 2020).

Cell abnormality index and micronuclei

Overall, 11 types of abnormalities were found, which dem-
onstrates a significant change in the chromosome structure 
induced by paracetamol (Table 3, Fig. 2), as for P. sativum 
all the abnormalities found were present at concentrations 
of 200, 300, 400, and 500 mg  L−1 (TT7, TT8, TT9, TT10, 
respectively), while using L. culinaris, all abnormalities 
began to be observed from the concentration of 50 mg  L−1 
(TT5). Thus, with the use of the control treatment, no abnor-
mality was evidenced, while with L. culinaris the control 
treatment reported nuclear lesions (Table 3); this allows 
us to presumably understand that, similar to the effects 
observed in the work of Khan et al. (2019), the appearance 
of these anomalies in the roots could be related to the fact 
that: first, paracetamol is absorbed by bioindicators, and this 
once inside the plant interferes with normal cell division and 
induces cytotoxicity, and second, that paracetamol being a 
low weight molecule—its affinity to the roots is higher, so its 
uptake and absorption will be more prominent and the root 
will be the predominant tissue of accumulation by choice of 
this agent (Chuang et al. 2019, 2015).

Table 2  Mitotic index and percentage of mitosis inhibition

Paraceta-
mol con-
centration 
mg  L−1

Mitotic index Mitosis inhibition (%)

P. sativum L. culinaris P. sativum L. culinaris

TT1: con-
trol

17.6 ± 0.8a 19.2 ± 0.83a –– ––

TT2: 1 15.4 ± 0.9b 17.2 ± 0.44ª,b 12.5 10.4
TT3: 5 14.8 ± 0.4b 16.6 ± 0.5b 15.9 13.5
TT4: 25 13.8 ± 0.5c 15.8 ± 1.6b 21.5 17.7
TT5: 50 12.4 ± 0.6c 13.2 ± 1.3c 29.5 31.25
TT6: 100 11.6 ± 0.9c,d 12.4 ± 1.5c,d 34 35.4
TT7: 200 10.8 ± 0.4d 11.8 ± 0.8c,d,e 38.6 38.6
TT8: 300 10.4 ± 0.8d,e 10.8 ± 0.8d,e 40.1 43.5
TT9: 400 9.2 ± 0.8e 10.2 ± 0.5e 47.7 46.9
TT10: 500 9 ± 0.7e 9.8 ± 1.2e 48.9 51
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For the interpretation of the obtained results, funda-
mentally, it is necessary to highlight that chromosomes are 
thread-like structures made of proteins and DNA organ-
ized in a compact form to allow the precise transmission of 
genetic material to daughter cells in mitosis; this error-free 
process depends on the precise attachment of chromosomes 
to spindle microtubules (Liu et al. 2020; Sharp. 2002), as can 
be seen in Fig. 1, the progression of a normal cell cycle. In 
the final mitotic phase, extensive remodeling ensures that the 
separated chromosomes are surrounded by a nuclear enve-
lope and that a single nucleus is formed in each daughter 
cell. However, cellular atypia may exist in the mitotic pro-
cess (Kwon et al. 2020), and one of the reasons that may 
disrupt this cycle is attributed to the abiotic stress to which 
plants are exposed by their frequent confrontation with envi-
ronmental changes (Qi and Zhang 2020).

The most frequent abnormality observed in this assay 
was the presence of micronuclei (Fig. 2C, Table 3), and 
conversely, anaphase bridges (Fig. 2I, Table 3) were the 
least frequent abnormality. Micronuclei form when a chro-
mosome or an acentric fragment fails to properly bind to 
the mitotic spindle, is delayed during anaphase, and is not 
incorporated into one of the two primary nuclei; nuclear 
envelope disruption in micronuclei is often irreversible and 
is associated with DNA damage of unknown cause (Macie-
jowski and Hatch 2020; Luzhna et al. 2013; Sommer et al. 
2020). The significance of this finding is that micronuclei 
are not transient cellular events and that on the contrary, they 

are associated with chromosomal unstable consequences that 
may contribute to tumor formation (Blackford and Stucki 
2020). Furthermore, the report of this cellular aberration 
allows for the inference that substantial DNA damage may 
be associated with oxidative stress pathways and effects that 
could drive a tumorigenic response.

However, these data must be examined in the context of 
paracetamol concentrations, mode of action considerations, 
and the metabolism that occurs in each species for detoxi-
fication; what is relevant is that if there is DNA fragmen-
tation, it could result in a cancer cell. In other words, the 
causes of tumor growth in plant cells include the acquisi-
tion of meristematic characteristics by differentiated cells 
(Dodueva et al. 2020), i.e., it is important to have control 
of plant cell proliferation to specify normal development.

According to Table 3, it is likely that there are some 
hypotheses to explain why P. sativum showed less fre-
quency in the abnormalities in common compared to L. 
culinaris, possibly due to a lower sensitivity to the toxicant 
or that each species has a different metabolism that allows 
resistance to pharmacological residues with greater toler-
ance than others. In general terms, a trend was observed 
in which treatment 10 (500 mg  L−1) caused the highest 
frequency of abnormalities. In the same way, the relative 
abnormality rate where the micronucleus index and the 
relative percentage of abnormality are evaluated together 
(Table 4) correlates with the results obtained in Table 3, 
showing that the action of paracetamol causes irreversible 

Fig. 1  Phases of the cell cycle in P. sativum: A interphase; B prophase; C metaphase; D anaphase; E telophase
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DNA damage, and this is an important finding for plant 
development, since, as other authors have discussed, the 
probable mechanisms leading to DNA and/or chromosome 
damage are invariably associated with cell lethal processes 
and carcinogenesis (Kirkland et al. 2021). In this sense, 
the use of two plant biomarkers in this research represents 
higher reliability in the results, because it allows a statisti-
cal comparison as discussed in detail above. On the other 
hand, all paracetamol concentrations produced anomalies 
in common with values similar to each other, which allows 
inferring that paracetamol represents a toxicological risk 
to the environment itself.

Conclusions

The toxicity of paracetamol was evaluated in two plant 
species L. culinaris Med. and P. sativum L., demonstrat-
ing cytotoxic effects in the roots of the used bioindicators. 
Inhibition of root growth, the presence of abnormalities in 
the mitotic process, and a concerning micronucleus index 
were observed at all used concentrations. These data pose 

a problem for plant metabolism, and the results are criti-
cal, demonstrating that this medication has a high degree 
of toxicity. This study suggests that L. culinaris Med. and 

Fig. 2  Chromosomal abnormalities found in the mitotic process of P. sativum root: A hyperchromasia; B split chromosomes; C micronucleus; D 
binucleate cell; E cells without a nucleus; F cell fragmentation; G nuclear lesion; H sticky metaphase; I anaphase bridge

Table 4  Relative abnormality rate: micronucleus index and relative 
percentage of abnormality

Paraceta-
mol con-
centration 
mg  L−1

Micronuclei index (%) Relative rate of abnor-
mality (%)

P. sativum L. culinaris P. sativum L. culinaris

TT1: con-
trol

0a 0a 0 0.02

TT2: 1 0.16 ± 00.7b 0.08 ± 0.05a,b 1.4 1.32
TT3: 5 0.2 ± 00.6b 0.18 ± 0.04b,c 2.48 2.86
TT4: 25 0.36 ± 0.1c 0.3 ± 0.07c 5.82 4.38
TT5: 50 0.56 ± 0.12c 0.58 ± 0.08d 7.62 6.2
TT6: 100 0.8 ± 00.8d 1 ± 0.09e 7.62 7.6
TT7: 200 0.78 ± 00.8d 1.16 ± 0.08e 9.5 9.26
TT8: 300 0.96 ± 0.1e 1.62 ± 0.16 11.78 11.3
TT9: 400 1 ± 0.08e 1.7 ± 0.04f 14.7 12.2
TT10: 500 1.2 ± 00.5f 1.8 ± 0.05f 16.3 13.6
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P. sativum L can be used as biological models to apply 
ecotoxicological bioassays. However, despite the use of a 
wide range of PCT concentrations, it is important to analyti-
cally validate the concentrations and characterize the active 
metabolites of the pharmaceutical compound.

Author contribution Seir Antonio Salazar Mercado: methodology, 
writing, and original draft preparation. Jesús David Quintero Caleño: 
supervision, conceptualization, investigation, and data curation.

Funding This study was funded by the University Francisco de Paula 
Santander.

Data availability The data presented in this study are available on 
request from the corresponding author. The data are not publicly avail-
able due to privacy restrictions.

Declarations 

Ethical approval This section is “not applicable” for this study as the 
study does not involve any human participants nor their data or bio-
logical material.

Consent to participate Written informed consent was obtained from 
individual or guardian participants.

Consent for publication This section is “not applicable” for this study 
as the manuscript did not include any data from individuals.

Competing interests The authors declare no competing interests.

References

Aguiar LL, Andrade-Vieira LF, de Oliveira David JA (2016) Evalu-
ation of the toxic potential of coffee wastewater on seeds, roots 
and meristematic cells of Lactuca sativa L. Ecotoxicol Environ 
Saf 133:366–372. https:// doi. org/ 10. 1016/j. ecoenv. 2016. 07. 019

Almeida F, Nunes B (2019) Effects of acetaminophen in oxidative 
stress and neurotoxicity biomarkers of the gastropod Phorcus lin-
eatus. Environ Sci Pollut Res Int 26(10):9823–9831. https:// doi. 
org/ 10. 1007/ s11356- 019- 04349-1

An J, Zhou Q, Sun F, Zhang L (2009) Ecotoxicological effects of par-
acetamol on seed germination and seedling development of wheat 
(Triticum aestivum L.). J Hazard Mater 169(1–3):751–757. https:// 
doi. org/ 10. 1016/j. jhazm at. 2009. 04. 011

Aswani V, Rajsheel P, Bapatla RB, Sunil B, Raghavendra AS (2019) 
Oxidative stress induced in chloroplasts or mitochondria promotes 
proline accumulation in leaves of pea (Pisum sativum): another 
example of chloroplast-mitochondria interactions. Protoplasma 
256(2):449–457. https:// doi. org/ 10. 1007/ s00709- 018- 1306-1

Azzazy MF (2020) Plant bioindicators of pollution in Sadat City, West-
ern Nile Delta. Egypt PloS one 15(3):e0226315. https:// doi. org/ 
10. 1371/ journ al. pone. 02263 15

Badar Z, Shanableh A, El-Keblawy A, Mosa KA, Semerjian L, Mutery 
AA, Hussain MI, Bhattacharjee S, Tsombou FM, Ayyaril SS, 
Ahmady IM, Elnaggar A, Mousa M, Semreen MH (2022) Assess-
ment of uptake, accumulation and degradation of paracetamol in 
spinach (Spinacia oleracea L.) under controlled laboratory condi-
tions. Plants (Basel, Switzerland) 11(13):1626. https:// doi. org/ 10. 
3390/ plant s1113 1626

Bagheri M, He X, Oustriere N, Liu W, Shi H, Limmer MA, Burken JG 
(2021) Investigating plant uptake of organic contaminants through 
transpiration stream concentration factor and neural network mod-
els. The Sci Total Environment 751:141418. https:// doi. org/ 10. 
1016/j. scito tenv. 2020. 141418

Bartha B, Huber C, Harpaintner R, Schröder P (2010) Effects of aceta-
minophen in Brassica juncea L. Czern.: investigation of uptake, 
translocation, detoxification, and the induced defense pathways. 
Environmental Sci Poll Res Int 17(9):1553–1562. https:// doi. org/ 
10. 1007/ s11356- 010- 0342-y

Bebianno MJ, Mello ACP, Serrano MAS, Flores-nunes F, Mattos JJ, 
Zacchi FL (2017) Ecotoxicology and environmental safety tran-
scriptional and cellular effects of paracetamol in the oyster Cras-
sostrea gigas. Ecotoxicol Environ Saf 144(June):258–267. https:// 
doi. org/ 10. 1016/j. ecoenv. 2017. 06. 034

Blackford AN, Stucki M (2020) How cells respond to DNA breaks in 
mitosis. Trends Biochem Sci 45(4):321–331. https:// doi. org/ 10. 
1016/j. tibs. 2019. 12. 010

Bosker T, Bouwman LJ, Brun NR, Behrens P, Vijver MG (2019) 
Microplastics accumulate on pores in seed capsule and delay 
germination and root growth of the terrestrial vascular plant 
Lepidium sativum. Chemosphere 226:774–781. https:// doi. org/ 
10. 1016/j. chemo sphere. 2019. 03. 163

Cameron EE, Moss SA, Keitaanpaa SJ, Bushell MA (2021) Pharma-
cists’ experiences of consumer stockpiling: insights from COVID-
19. J Pharm Pract Res 51(6):464–471. https:// doi. org/ 10. 1002/ 
jppr. 1758

Çanl M (2018) A new perspective to aberrations caused by barium and 
vanadium ions on Lens culinaris Medik. Ecotoxicol Environ Saf 
160:19–23. https:// doi. org/ 10. 1016/j. ecoenv. 2018. 05. 020

Causil L, Coronado J, Verbel L, Vega M, Donado K, y Pacheco C 
(2017) Efecto citotóxico del hipoclorito de sodio (NaClO), en 
células apicales de raíces de cebolla (Allium cepa L.). Revista 
Colombiana De Ciencias Hortícolas 11(1):97–104. https:// doi. org/ 
10. 17584/ rcch. 2017v 11i1. 5662

Chen L, Liu JR, Hu WF, Gao J, Yang JY (2021) Vanadium in soil-plant 
system: source, fate, toxicity, and bioremediation. J Hazardous Mate-
rials 405:124200. https:// doi. org/ 10. 1016/j. jhazm at. 2020. 124200

Chuang YH, Zhang Y, Zhang W, Boyd SA, Li H (2015) Comparison 
of accelerated solvent extraction and quick, easy, cheap, effec-
tive, rugged and safe method for extraction and determination of 
pharmaceuticals in vegetables. J Chromatogr A 1404:1–9. https:// 
doi. org/ 10. 1016/j. chroma. 2015. 05. 022

Chuang YH, Liu CH, Sallach JB, Hammerschmidt R, Zhang W, 
Boyd SA, Li H (2019) Mechanistic study on uptake and trans-
port of pharmaceuticals in lettuce from water. Environment Int 
131:104976. https:// doi. org/ 10. 1016/j. envint. 2019. 104976

Correia B, Freitas R, Figueira E, Soares AM, Nunes B (2016) Oxida-
tive effects of the pharmaceutical drug paracetamol on the edible 
clam Ruditapes philippinarum under different salinities. Compara-
tive biochemistry and physiology. Toxicology & Pharmacology : 
CBP 179:116–124. https:// doi. org/ 10. 1016/j. cbpc. 2015. 09. 006

Daniel D, Dionísio R, de Alkimin GD, Nunes B (2019) Acute and 
chronic effects of paracetamol exposure on Daphnia magna: 
how oxidative effects may modulate responses at distinct levels 
of organization in a model species. Environ Sci Pollut Res Int 
26(4):3320–3329. https:// doi. org/ 10. 1007/ s11356- 018- 3788-y

Datta S, Singh J, Singh J, Singh S, Singh S (2018) Assessment of 
genotoxic effects of pesticide and vermicompost treated soil with 
Allium cepa test. Sustainable Environment Res 28(4):171–178. 
https:// doi. org/ 10. 1016/j. serj. 2018. 01. 005

Di Salvatore M, Carafa AM, Carratù G (2008) Assessment of heavy 
metals phytotoxicity using seed germination and root elonga-
tion tests: a comparison of two growth substrates. Chemosphere 
73(9):1461–1464

https://doi.org/10.1016/j.ecoenv.2016.07.019
https://doi.org/10.1007/s11356-019-04349-1
https://doi.org/10.1007/s11356-019-04349-1
https://doi.org/10.1016/j.jhazmat.2009.04.011
https://doi.org/10.1016/j.jhazmat.2009.04.011
https://doi.org/10.1007/s00709-018-1306-1
https://doi.org/10.1371/journal.pone.0226315
https://doi.org/10.1371/journal.pone.0226315
https://doi.org/10.3390/plants11131626
https://doi.org/10.3390/plants11131626
https://doi.org/10.1016/j.scitotenv.2020.141418
https://doi.org/10.1016/j.scitotenv.2020.141418
https://doi.org/10.1007/s11356-010-0342-y
https://doi.org/10.1007/s11356-010-0342-y
https://doi.org/10.1016/j.ecoenv.2017.06.034
https://doi.org/10.1016/j.ecoenv.2017.06.034
https://doi.org/10.1016/j.tibs.2019.12.010
https://doi.org/10.1016/j.tibs.2019.12.010
https://doi.org/10.1016/j.chemosphere.2019.03.163
https://doi.org/10.1016/j.chemosphere.2019.03.163
https://doi.org/10.1002/jppr.1758
https://doi.org/10.1002/jppr.1758
https://doi.org/10.1016/j.ecoenv.2018.05.020
https://doi.org/10.17584/rcch.2017v11i1.5662
https://doi.org/10.17584/rcch.2017v11i1.5662
https://doi.org/10.1016/j.jhazmat.2020.124200
https://doi.org/10.1016/j.chroma.2015.05.022
https://doi.org/10.1016/j.chroma.2015.05.022
https://doi.org/10.1016/j.envint.2019.104976
https://doi.org/10.1016/j.cbpc.2015.09.006
https://doi.org/10.1007/s11356-018-3788-y
https://doi.org/10.1016/j.serj.2018.01.005


61974 Environmental Science and Pollution Research (2023) 30:61965–61976

1 3

Dodueva IE, Lebedeva MA, Kuznetsova KA, Gancheva MS, Paponova 
SS, Lutova LL (2020) Plant tumors: a hundred years of study. 
Planta 251(4):82. https:// doi. org/ 10. 1007/ s00425- 020- 03375-5

El-Amier Y, Elhindi K, El-Hendawy S, Al-Rashed S, Abd-ElGawad 
A (2019) Antioxidant system and biomolecules alteration in 
Pisum sativum under heavy metal stress and possible allevia-
tion by 5-Aminolevulinic acid. Molecules (basel, Switzerland) 
24(22):4194. https:// doi. org/ 10. 3390/ molec ules2 42241 94

Faqihi A, Sayed SF (2021) Self-medication practice with analgesics 
(NSAIDs and acetaminophen), and antibiotics among nursing 
undergraduates in University College Farasan Campus, Jazan Uni-
versity, KSA. Annales pharmaceutiques francaises, 79(3), 275–
285. DOI: 10.1016/j.pharma.2020.10.012Fiskesjo, G. (1985). The 
Allium Test as Standard Environmental Monitoring 12:99–112

Freo U, Ruocco C, Valerio A, Scagnol I, Nisoli E (2021) Paracetamol: 
a review of guideline recommendations. J Clin Med 10(15):3420. 
https:// doi. org/ 10. 3390/ jcm10 153420

García-Medina S, Galar-Martínez M, Gómez-Oliván LM, Torres-
Bezaury R, Islas-Flores H, Gasca-Pérez E (2020) The relationship 
between cyto-genotoxic damage and oxidative stress produced by 
emerging pollutants on a bioindicator organism (Allium cepa): the 
carbamazepine case. Chemosphere 253:126675. https:// doi. org/ 
10. 1016/j. chemo sphere. 2020. 126675

Giménez V, Nunes B (2019) Effects of commonly used therapeu-
tic drugs, paracetamol, and acetylsalicylic acid, on key physi-
ological traits of the sea snail Gibbula umbilicalis. Environ Sci 
Pollut Res Int 26(21):21858–21870. https:// doi. org/ 10. 1007/ 
s11356- 019- 04653-w

Gomaa M, Zien-Elabdeen A, Hifney AF, Adam MS (2021) Phycotox-
icity of antibiotics and non-steroidal anti-inflammatory drugs to 
green algae Chlorella sp. and Desmodesmus spinosus: assessment 
of combined toxicity by Box-Behnken experimental design. Envi-
ronmental Technol Innov 23(101586):101586. https:// doi. org/ 10. 
1016/j. eti. 2021. 101586

Gómez-Oliván LM, Neri-Cruz N, Galar-Martínez M, Vieyra-Reyes 
P, García- Medina S, Razo-Estrada C, Dublán-García O, Cor-
ral-Avitia AY (2012) Assessing the oxidative stress induced by 
paracetamol spiked in artificial sediment on Hyalella azteca. 
Water Air Soil Pollut 223(8):5097–5104. https:// doi. org/ 10. 1007/ 
s11270- 012- 1261-y

Gómez-Oliván LM, Neri-Cruz N, Galar-Martínez M et al (2014) Binary 
mixtures of diclofenac with paracetamol, ibuprofen, naproxen, and 
acetylsalicylic acid and these pharmaceuticals in isolated form induce 
oxidative stress on Hyalella azteca. Environ Monit Assess 186:7259–
7271. https:// doi. org/ 10. 1007/ s10661- 014- 3925-0

Gutiérrez-Noya VM, Gómez-Oliván LM, Ramírez-Montero M, 
Islas-Flores H, Galar-Martínez M, Dublán-García O, Romero R 
(2020) Ibuprofen at environmentally relevant concentrations alters 
embryonic development, induces teratogenesis and oxidative 
stress in Cyprinus carpio. The Sci Total environment 710:136327. 
https:// doi. org/ 10. 1016/j. scito tenv. 2019. 136327

Hillis DG, Fletcher J, Solomon KR, Sibley PK (2011) Effects of ten 
antibiotics on seed germination and root elongation in three 
plant species. Arch Environ Contam Toxicol 60(2):220–232. 
https:// doi. org/ 10. 1007/ s00244- 010- 9624-0

Jaeschke H, Murray FJ, Monnot AD, Jacobson-Kram D, Cohen SM, 
Hardisty JF, Atillasoy E, Hermanowski-Vosatka A, Kuffner E, 
Wikoff D, Chappell GA, Bandara SB, Deore M, Pitchaiyan SK, 
Eichenbaum G (2021) Assessment of the biochemical pathways 
for acetaminophen toxicity: implications for its carcinogenic 
hazard potential. Regul Toxicol Pharmacol: RTP 120:104859. 
https:// doi. org/ 10. 1016/j. yrtph. 2020. 104859

Kalinec GM, Thein P, Parsa A, Yorgason J, Luxford W, Urrutia 
R, Kalinec F (2014) Acetaminophen and NAPQI are toxic 
to auditory cells via oxidative and endoplasmic reticulum 

stress-dependent pathways. Hear Res 313:26–37. https:// doi. 
org/ 10. 1016/j. heares. 2014. 04. 007

Kalsbeek D, Golsteyn RM (2017) G2/M-phase checkpoint adaptation 
and micronuclei formation as mechanisms that contribute to 
genomic instability in human cells. Int J Mol Sci 18(11):2344. 
https:// doi. org/ 10. 3390/ ijms1 81123 44

Kato TA, Haskins JS (2023) Mitotic index analysis. In: Gotoh E 
(ed) Chromosome Analysis. Methods in Molecular Biology, 
vol 2519. Humana, New York, NY. https:// doi. org/ 10. 1007/ 
978-1- 0716- 2433-3_3

Khan Z, Shahwar D, Yunus Ansari MK, Chandel R (2019) Toxicity 
assessment of anatase (TiO2) nanoparticles: a pilot study on 
stress response alterations and DNA damage studies in Lens 
culinaris Medik. Heliyon 5(7):e02069. https:// doi. org/ 10. 1016/j. 
heliy on. 2019. e02069

Kirkland D, Kovochich M, More SL, Murray FJ, Monnot AD, Miller 
JV, Jaeschke H, Jacobson-Kram D, Deore M, Pitchaiyan SK, 
Unice K, Eichenbaum G (2021) A comprehensive weight of 
evidence assessment of published acetaminophen genotoxicity 
data: implications for its carcinogenic hazard potential. Regul 
Toxicol Pharmacol: RTP 122:104892. https:// doi. org/ 10. 1016/j. 
yrtph. 2021. 104892

Kudrna J, Hnilicka F, Kubes J, Vachova P, Hnilickova H, Kuklova M 
(2020) Effect of acetaminophen (APAP) on physiological indi-
cators in Lactuca sativa. Life (basel, Switzerland) 10(11):303. 
https:// doi. org/ 10. 3390/ life1 01103 03

Kummerová M, Zezulka Š, Babula P, Váňová L (2013) Root response 
in Pisum sativum and Zea mays under fluoranthene stress: mor-
phological and anatomical traits. Chemosphere 90(2):665–673. 
https:// doi. org/ 10. 1016/j. chemo sphere. 2012. 09. 047

Kwon M, Leibowitz ML, Lee JH (2020) Small but mighty: the causes 
and consequences of micronucleus rupture. Exp Mol Med 
52(11):1777–1786. https:// doi. org/ 10. 1038/ s12276- 020- 00529-z

Landrigan PJ, Stegeman JJ, Fleming LE, Allemand D, Anderson DM, 
Backer LC, Brucker-Davis F, Chevalier N, Corra L, Czerucka 
D, Bottein MD, Demeneix B, Depledge M, Deheyn DD, Dor-
man CJ, Fénichel P, Fisher S, Gaill F, Galgani F, Gaze WH et al 
(2020) Human health and ocean pollution. Ann Glob Health 
86(1):151. https:// doi. org/ 10. 5334/ aogh. 2831

Lapi F, Marconi E, Grattagliano I et al (2022) To clarify the safety 
profile of paracetamol for home-care patients with COVID-19: 
a real-world cohort study, with nested case–control analysis, in 
primary care. Intern Emerg Med 17:2237–2244. https:// doi. org/ 
10. 1007/ s11739- 022- 03054-1

Lee WM (2017) Acetaminophen (APAP) hepatotoxicity-isn’t it time 
for APAP to go away? J Hepatol 67(6):1324–1331. https:// doi. 
org/ 10. 1016/j. jhep. 2017. 07. 005

Leitão I, Leclercq CC, Ribeiro DM, Renaut J, Almeida AM, Martins 
LL, Mourato MP (2021) Stress response of lettuce (Lactuca 
sativa) to environmental contamination with selected pharma-
ceuticals: a proteomic study. J Proteomics 245:104291. https:// 
doi. org/ 10. 1016/j. jprot. 2021. 104291

Leston S, Nunes M, Viegas I, Ramos F, Pardal MÂ (2013) The effects 
of chloramphenicol on Ulva lactuca. Chemosphere 91(4):552–
557. https:// doi. org/ 10. 1016/j. chemo sphere. 2012. 12. 061

Li Y, Chuang YH, Sallach JB, Zhang W, Boyd SA, Li H (2018) Poten-
tial metabolism of pharmaceuticals in radish: comparison of 
in vivo and in vitro exposure. Environ Pollut 242(Pt A):962–969. 
https:// doi. org/ 10. 1016/j. envpol. 2018. 07. 060

Liang C, Lan Z, Zhang X, Liu Y (2016) Mechanism for the primary 
transformation of acetaminophen in a soil/water system. Water Res 
98:215–224

Liu X, Liu X, Wang H, Dou Z, Ruan K, Hill DL, Li L, Shi Y, Yao X 
(2020) Phase separation drives decision making in cell division. 
J Biol Chem 295(39):13419–13431. https:// doi. org/ 10. 1074/ jbc. 
REV120. 011746

https://doi.org/10.1007/s00425-020-03375-5
https://doi.org/10.3390/molecules24224194
https://doi.org/10.3390/jcm10153420
https://doi.org/10.1016/j.chemosphere.2020.126675
https://doi.org/10.1016/j.chemosphere.2020.126675
https://doi.org/10.1007/s11356-019-04653-w
https://doi.org/10.1007/s11356-019-04653-w
https://doi.org/10.1016/j.eti.2021.101586
https://doi.org/10.1016/j.eti.2021.101586
https://doi.org/10.1007/s11270-012-1261-y
https://doi.org/10.1007/s11270-012-1261-y
https://doi.org/10.1007/s10661-014-3925-0
https://doi.org/10.1016/j.scitotenv.2019.136327
https://doi.org/10.1007/s00244-010-9624-0
https://doi.org/10.1016/j.yrtph.2020.104859
https://doi.org/10.1016/j.heares.2014.04.007
https://doi.org/10.1016/j.heares.2014.04.007
https://doi.org/10.3390/ijms18112344
https://doi.org/10.1007/978-1-0716-2433-3_3
https://doi.org/10.1007/978-1-0716-2433-3_3
https://doi.org/10.1016/j.heliyon.2019.e02069
https://doi.org/10.1016/j.heliyon.2019.e02069
https://doi.org/10.1016/j.yrtph.2021.104892
https://doi.org/10.1016/j.yrtph.2021.104892
https://doi.org/10.3390/life10110303
https://doi.org/10.1016/j.chemosphere.2012.09.047
https://doi.org/10.1038/s12276-020-00529-z
https://doi.org/10.5334/aogh.2831
https://doi.org/10.1007/s11739-022-03054-1
https://doi.org/10.1007/s11739-022-03054-1
https://doi.org/10.1016/j.jhep.2017.07.005
https://doi.org/10.1016/j.jhep.2017.07.005
https://doi.org/10.1016/j.jprot.2021.104291
https://doi.org/10.1016/j.jprot.2021.104291
https://doi.org/10.1016/j.chemosphere.2012.12.061
https://doi.org/10.1016/j.envpol.2018.07.060
https://doi.org/10.1074/jbc.REV120.011746
https://doi.org/10.1074/jbc.REV120.011746


61975Environmental Science and Pollution Research (2023) 30:61965–61976 

1 3

Luzhna L, Kathiria P, Kovalchuk O (2013) Micronuclei in genotoxicity 
assessment: from genetics to epigenetics and beyond. Front Genet 
4:131. https:// doi. org/ 10. 3389/ fgene. 2013. 00131

Lyu J, Park J, Kumar Pandey L, Choi S, Lee H, De Saeger J, Depuydt S, 
Han T (2018) Testing the toxicity of metals, phenol, effluents, and 
receiving waters by root elongation in Lactuca sativa L. Ecotoxi-
col Environ Saf 149:225–232. https:// doi. org/ 10. 1016/j. ecoenv. 
2017. 11. 006

Maciejowski J, Hatch EM (2020) Nuclear membrane rupture and its 
consequences. Annu Rev Cell Dev Biol 36:85–114. https:// doi. 
org/ 10. 1146/ annur ev- cellb io- 020520- 120627

Meffe R, de Santiago-Martín A, Teijón G, Martínez Hernández V, 
López-Heras I, Nozal L, de Bustamante I (2021) Pharmaceuti-
cal and transformation products during unplanned water reuse: 
insights into natural attenuation, plant uptake and human health 
impact under field conditions. Environment Int 157:106835. 
https:// doi. org/ 10. 1016/j. envint. 2021. 106835

Mendoza N Salazar S. (2022). Cytogenotoxicity of fifth-generation 
quaternary ammonium using three plant bioindicators. Environ 
Toxicol Pharmacol 95:103972. https:// doi. org/ 10. 1016/j. etap. 
2022. 103972

Mercado S, Caleño J (2021) Use of Lens culinaris Med test as environ-
mental bioindicator to identify the cytogenotoxic effect of para-
quat pesticide. Environ Sci Pollut Res Int 28(37):51321–51328. 
https:// doi. org/ 10. 1007/ s11356- 021- 14352-0

Mostafa E, Tawfik AM, Abd-Elrahman KM (2022) Egyptian perspec-
tives on potential risk of paracetamol/acetaminophen-induced tox-
icities: lessons learnt during COVID-19 pandemic. Toxicol Rep 
9:541–548. https:// doi. org/ 10. 1016/j. toxrep. 2022. 03. 035

Nikitaki Z, Holá M, Donà M, Pavlopoulou A, Michalopoulos I, Angelis 
KJ, Georgakilas AG, Macovei A, Balestrazzi A (2018) Integrating 
plant and animal biology for the search of novel DNA damage 
biomarkers. Mutat Res, Rev Mutat Res 775:21–38. https:// doi. 
org/ 10. 1016/j. mrrev. 2018. 01. 001

Nogueira AF, Nunes B (2021) Effects of paracetamol on the poly-
chaete Hediste diversicolor: occurrence of oxidative stress, 
cyclooxygenase inhibition and behavioural alterations. Environ 
Sci Pollut Res Int 28(21):26772–26783. https:// doi. org/ 10. 1007/ 
s11356- 020- 12046-7

Nunes B, Antunes SC, Santos J, Martins L, Castro BB (2014) Toxic 
potential of paracetamol to freshwater organisms: a headache to 
environmental regulators? Ecotoxicol Environ Saf 107:178–185. 
https:// doi. org/ 10. 1016/j. ecoenv. 2014. 05. 027

O’Keefe JB, Newsom LC, Taylor TH Jr (2021) A survey of provider-
reported use and perceived effectiveness of medications for symp-
tom management in telemedicine and outpatient visits for mild 
COVID-19. Infectious Diseases and Therapy 10(2):839–851. 
https:// doi. org/ 10. 1007/ s40121- 021- 00432-8

Pandolfi S, Valdenassi L, Bjørklund G, Chirumbolo S, Lysiuk R, 
Lenchyk L, Doşa MD, Fazio S (2022) COVID-19 medical and 
pharmacological management in the European countries com-
pared to Italy: an overview. Int J Environ Res Public Health 
19(7):4262. https:// doi. org/ 10. 3390/ ijerp h1907 4262

Park JC, Yoon D-S, Byeon E, Seo JS, Hwang U-K, Han J, Lee J-S 
(2018) Adverse effects of two pharmaceuticals acetaminophen 
and oxytetracycline on life cycle parameters, oxidative stress, and 
defensome system in the marine rotifer Brachionus rotundiformis. 
Aquatic Toxicol (amsterdam, Netherlands) 204:70–79. https:// doi. 
org/ 10. 1016/j. aquat ox. 2018. 08. 018

Parolini M (2020) Toxicity of the non-steroidal anti-inflammatory drugs 
(NSAIDs) acetylsalicylic acid, paracetamol, diclofenac, ibuprofen 
and naproxen towards freshwater invertebrates: a review. The Sci 
Total Environment 740:140043. https:// doi. org/ 10. 1016/j. scito tenv. 
2020. 140043

Parolini M, Binelli A, Cogni D, Provini A (2010) Multi-biomarker 
approach for the evaluation of the cyto-genotoxicity of paraceta-
mol on the zebra mussel (Dreissena polymorpha). Chemosphere 
79(5):489–498. https:// doi. org/ 10. 1016/j. chemo sphere. 2010. 02. 
053

Perussolo MC, Guiloski IC, Lirola JR, Fockink DH, Corso CR, Bozza 
DC, Prodocimo V, Mela M, Ramos LP, Cestari MM, Acco A, 
Silva de Assis HC (2019) Integrated biomarker response index to 
assess toxic effects of environmentally relevant concentrations of 
paracetamol in a neotropical catfish (Rhamdia quelen). Ecotoxi-
col Environmental Safety 182:109438. https:// doi. org/ 10. 1016/j. 
ecoenv. 2019. 109438

Phong HNP, Le GK, Nguyen TMH, Bui XT, Nguyen KH, Rene ER 
et al (2019) Acetaminophen micropollutant: Historical and cur-
rent occurrences, toxicity, removal strategies and transformation 
pathways in different environments. Chemosphere 236:124391

Piedade F, Bio S, y Nunes B (2020) Efectos de la exposición a corto 
plazo de fármacos comunes (paracetamol y ácido acetilsalicílico) 
sobre biomarcadores del mejillón Mytilus spp. Toxicología y 
Farmacología Ambiental 73(103276):103276. https:// doi. org/ 10. 
1016/j. etap. 2019. 103276

Priac A, Badot PM, Crini G (2017) Treated wastewater phytotoxicity 
assessment using Lactuca sativa: focus on germination and root 
elongation test parameters. CR Biol 340(3):188–194. https:// doi. 
org/ 10. 1016/j. crvi. 2017. 01. 002

Qi F, Zhang F (2020) Cell cycle regulation in the plant response to 
stress. Front Plant Sci 10:1765. https:// doi. org/ 10. 3389/ fpls. 2019. 
01765

Quispe-Cañari JF, Fidel-Rosales E, Manrique D, Mascaró-Zan J, Hua-
mán-Castillón KM, Chamorro-Espinoza SE, Garayar-Peceros H, 
Ponce-López VL, Sifuentes-Rosales J, Alvarez-Risco A, Yáñez 
JA, Mejia CR (2021) Self-medication practices during the 
COVID-19 pandemic among the adult population in Peru: a cross-
sectional survey. Saudi Pharmaceut J: SPJ : The Official Public 
Saudi Pharmaceut Soc 29(1):1–11. https:// doi. org/ 10. 1016/j. jsps. 
2020. 12. 001

Rede D, Santos L, Ramos S, Oliva-Teles F, Antão C, Sousa SR, 
Delerue-Matos C (2019) Individual and mixture toxicity evalu-
ation of three pharmaceuticals to the germination and growth of 
Lactuca sativa seeds. The Sci Total Environment 673:102–109. 
https:// doi. org/ 10. 1016/j. scito tenv. 2019. 03. 432

Reinstadler V, Ausweger V, Grabher AL, Kreidl M, Huber S, Grander J, 
Haslacher S, Singer K, Schlapp-Hackl M, Sorg M, Erber H, Ober-
acher H (2021) Monitoring drug consumption in Innsbruck during 
coronavirus disease 2019 (COVID-19) lockdown by wastewater 
analysis. The Sci Total Environment 757:144006. https:// doi. org/ 10. 
1016/j. scito tenv. 2020. 144006

Restrepo R, Reyes D, Ortiz MC, Rojas Ruiz, Fernando A, Kouznet-
sov VV (2012) Aberraciones cromosomales en bulbos de cebolla 
Allium cepa inducidas por moléculas híbridas 4-aminoquinolíni-
cas. Univ Sci 17(3):253–261. http:// www. scielo. org. co/ scielo. 
php? script= sci_ artte xt& pid= S0122- 74832 01200 03000 01& lng= 
en& tlng= es. Accessed 5 Sep 2022

Romano S, Galante H, Figueira D, Mendes Z, Rodrigues AT (2021) 
Time-trend analysis of medicine sales and shortages during 
COVID-19 outbreak: Data from community pharmacies. Res 
Social Adm Pharm 17(1):1876–1881

Saeedi BJ, Hunter-Chang S, Luo L, Li K, Liu KH, Robinson BS (2022) 
Oxidative stress mediates end-organ damage in a novel model of 
acetaminophen-toxicity in Drosophila. Sci Rep 12(1):19309

Salazar SA, Maldonado Bayona HA (2020) Evaluation of the cytotoxic 
potential of sodium hypochlorite using meristematic root cells of 
Lens culinaris Med. Sci Total Environ 701:134992

https://doi.org/10.3389/fgene.2013.00131
https://doi.org/10.1016/j.ecoenv.2017.11.006
https://doi.org/10.1016/j.ecoenv.2017.11.006
https://doi.org/10.1146/annurev-cellbio-020520-120627
https://doi.org/10.1146/annurev-cellbio-020520-120627
https://doi.org/10.1016/j.envint.2021.106835
https://doi.org/10.1016/j.etap.2022.103972
https://doi.org/10.1016/j.etap.2022.103972
https://doi.org/10.1007/s11356-021-14352-0
https://doi.org/10.1016/j.toxrep.2022.03.035
https://doi.org/10.1016/j.mrrev.2018.01.001
https://doi.org/10.1016/j.mrrev.2018.01.001
https://doi.org/10.1007/s11356-020-12046-7
https://doi.org/10.1007/s11356-020-12046-7
https://doi.org/10.1016/j.ecoenv.2014.05.027
https://doi.org/10.1007/s40121-021-00432-8
https://doi.org/10.3390/ijerph19074262
https://doi.org/10.1016/j.aquatox.2018.08.018
https://doi.org/10.1016/j.aquatox.2018.08.018
https://doi.org/10.1016/j.scitotenv.2020.140043
https://doi.org/10.1016/j.scitotenv.2020.140043
https://doi.org/10.1016/j.chemosphere.2010.02.053
https://doi.org/10.1016/j.chemosphere.2010.02.053
https://doi.org/10.1016/j.ecoenv.2019.109438
https://doi.org/10.1016/j.ecoenv.2019.109438
https://doi.org/10.1016/j.etap.2019.103276
https://doi.org/10.1016/j.etap.2019.103276
https://doi.org/10.1016/j.crvi.2017.01.002
https://doi.org/10.1016/j.crvi.2017.01.002
https://doi.org/10.3389/fpls.2019.01765
https://doi.org/10.3389/fpls.2019.01765
https://doi.org/10.1016/j.jsps.2020.12.001
https://doi.org/10.1016/j.jsps.2020.12.001
https://doi.org/10.1016/j.scitotenv.2019.03.432
https://doi.org/10.1016/j.scitotenv.2020.144006
https://doi.org/10.1016/j.scitotenv.2020.144006
http://www.scielo.org.co/scielo.php?script=sci_arttext&pid=S0122-74832012000300001&lng=en&tlng=es
http://www.scielo.org.co/scielo.php?script=sci_arttext&pid=S0122-74832012000300001&lng=en&tlng=es
http://www.scielo.org.co/scielo.php?script=sci_arttext&pid=S0122-74832012000300001&lng=en&tlng=es


61976 Environmental Science and Pollution Research (2023) 30:61965–61976

1 3

Salazar SA, Quintero Caleño JD (2020) Determination of mala-
thion’s toxic effect on Lens culinaris Medik cell cycle. Heliyon 
6(9):e04846. https:// doi. org/ 10. 1016/j. heliy on. 2020. e04846

Salazar SA, Torres-León CA, Rojas-Suárez JP (2019) Cytotoxic evalu-
ation of sodium hypochlorite, using Pisum sativum L as effective 
bioindicator. Ecotoxicol Environ Saf 173:71–76. https:// doi. org/ 
10. 1016/j. ecoenv. 2019. 02. 027

Salazar SA, Quintero Caleño JD, Rojas Suárez JP (2020) Cytogeno-
toxic effect of propanil using the Lens culinaris Med and Allium 
cepa L test. Chemosphere 249:126193. https:// doi. org/ 10. 1016/j. 
chemo sphere. 2020. 126193

Scherer MD, Sposito J, Falco WF, Grisolia AB, Andrade L, Lima SM, 
Machado G, Nascimento VA, Gonçalves DA, Wender H, Oliveira 
SL, Caires A (2019) Cytotoxic and genotoxic effects of silver 
nanoparticles on meristematic cells of Allium cepa roots: a close 
analysis of particle size dependence. The Sci Total Environment 
660:459–467. https:// doi. org/ 10. 1016/j. scito tenv. 2018. 12. 444

Sharp DJ (2002) Cell division: MAST sails through mitosis. Current 
Biology : CB 12(17):R585–R587. https:// doi. org/ 10. 1016/ s0960- 
9822(02) 01098-9

Sommer S, Buraczewska I, Kruszewski M (2020) Micronucleus assay: 
the state of art, and future directions. Int J Mol Sci 21(4):1534. 
https:// doi. org/ 10. 3390/ ijms2 10415 34

Spyres MB, Aldy K, Farrugia LA, Kang AM, Love JS, Campleman SL 
et al (2021) The toxicology investigators consortium 2020 annual 
report. J Med Toxicol 17:333–362

Sun C, Dudley S, McGinnis M, Trumble J, Gan J (2019) Aceta-
minophen detoxification in cucumber plants via induction 
of glutathione S-transferases. The Sci Total Environment 
649:431–439. https:// doi. org/ 10. 1016/j. scito tenv. 2018. 08. 346

Svobodníková L, Kummerová M, Zezulka Š, Babula P, Sendecká K 
(2020) Root response in Pisum sativum under naproxen stress: 
Morpho-anatomical, cytological, and biochemical traits. Chem-
osphere 258:127411. https:// doi. org/ 10. 1016/j. chemo sphere. 2020. 
127411

Talukdar D, Talukdar T (2014) Coordinated response of sulfate trans-
port, cysteine biosynthesis, and glutathione-mediated antioxidant 
defense in lentil (Lens culinaris Medik.) genotypes exposed to 
arsenic. Protoplasma 251(4):839–855. https:// doi. org/ 10. 1007/ 
s00709- 013- 0586-8

Wolny E, Betekhtin A, Rojek M, Braszewska-Zalewska A, Lusinska 
J, Hasterok R (2018) Germination and the early stages of seed-
ling development in Brachypodium distachyon. Int J Mol Sci 
19(10):2916. https:// doi. org/ 10. 3390/ ijms1 91029 16

Xia L, Zheng L, Zhou JL (2017) Effects of ibuprofen, diclofenac and 
paracetamol on hatch and motor behavior in developing zebrafish 
(Danio rerio). Chemosphere 182:416–425. https:// doi. org/ 10. 
1016/j. chemo sphere. 2017. 05. 054

Zhu J (2016) Review abiotic stress signaling and responses in plants. 
Cell 167(2):313–324. https:// doi. org/ 10. 1016/j. cell. 2016. 08. 029

Publisher's note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds 
exclusive rights to this article under a publishing agreement with the 
author(s) or other rightsholder(s); author self-archiving of the accepted 
manuscript version of this article is solely governed by the terms of 
such publishing agreement and applicable law.

https://doi.org/10.1016/j.heliyon.2020.e04846
https://doi.org/10.1016/j.ecoenv.2019.02.027
https://doi.org/10.1016/j.ecoenv.2019.02.027
https://doi.org/10.1016/j.chemosphere.2020.126193
https://doi.org/10.1016/j.chemosphere.2020.126193
https://doi.org/10.1016/j.scitotenv.2018.12.444
https://doi.org/10.1016/s0960-9822(02)01098-9
https://doi.org/10.1016/s0960-9822(02)01098-9
https://doi.org/10.3390/ijms21041534
https://doi.org/10.1016/j.scitotenv.2018.08.346
https://doi.org/10.1016/j.chemosphere.2020.127411
https://doi.org/10.1016/j.chemosphere.2020.127411
https://doi.org/10.1007/s00709-013-0586-8
https://doi.org/10.1007/s00709-013-0586-8
https://doi.org/10.3390/ijms19102916
https://doi.org/10.1016/j.chemosphere.2017.05.054
https://doi.org/10.1016/j.chemosphere.2017.05.054
https://doi.org/10.1016/j.cell.2016.08.029

	Paracetamol ecotoxicological bioassay using the bioindicators Lens culinaris Med. and Pisum sativum L
	Abstract
	Introduction
	Materials and methods
	Toxicity test conditions
	Root growth
	Cell abnormalities
	Mitotic index
	Experimental design and statistical analysis

	Results and discussion
	Root growth
	Mitotic index and mitotic inhibition
	Cell abnormality index and micronuclei

	Conclusions
	References


