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ABSTRACT

Several environmental pollutants, including pesticides, herbicides and persistent organic pollutants play
an important role in the development of chronic diseases. However, most studies have examined
environmental pollutants toxicity in target organisms or using a specific toxicological test, losing the real
effect throughout the ecosystem. In this sense an integrative environmental risk of pollutants assess-
ment, using different model organisms is necessary to predict the real impact in the ecosystem and
implications for target and non-target organisms.

The objective of this study was to use alachlor, a chloroacetanilide herbicide responsible for chronic
toxicity, to understand its impact in target and non-target organisms and at different levels of biological
organization by using several model organisms, including membranes of dipalmitoylphosphatidylcholine
(DPPC), rat liver mitochondria, bacterial (Bacillus stearothermophilus), plant (Lemna gibba) and
mammalian cell lines (HeLa and neuro2a).

Our results demonstrated that alachlor strongly interacted with membranes of DPPC and interfered
with mitochondrial bioenergetics by reducing the respiratory control ratio and the transmembrane
potential. Moreover, alachlor also decreased the growth of B. stearothermophilus and its respiratory ac-
tivity, as well as decreased the viability of both mammalian cell lines. The values of TCsg increased in the
following order: Lemna gibba < neuro2a < Hela cells < Bacillus stearothermophilus. Together, the results
suggest that biological membranes constitute a putative target for the toxic action of this lipophilic
herbicide and point out the risks of its dissemination on environment, compromising ecosystem equi-
librium and human health.

© 2021 Elsevier Ltd. All rights reserved.
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1. Introduction

During the last decades the use of herbicides has increased
dramatically due to intensive agriculture and modifications in
farming practices (Piel et al, 2021). Herbicides account for
approximately 65% of all pesticide use globally and may have im-
pacts on non-target organisms and their environments (Lerro et al.,
2018).

Herbicides mainly enter the environment through application to
farm fields or when improperly stored or mixed before application.
Herbicides may enter freshwater ecosystems by spray drift, leach-
ing, run-off, or accidental spills. Groundwater contamination may
occur when herbicides move from an application or spill on soil
into a shallow aquifer presenting potential risks for several aquatic
organisms (Mhadhbi and Beiras, 2016). Human unconscious
exposure can occur by drinking contaminated water or through
skin while bathing in contaminated water (Harper et al., 2020).

Moreover, application of herbicides in soil may result in their
adsorption enhancing the accumulation of herbicide concentra-
tions in the topsoil and may endanger crops in the next growing
season, or generate weed resistant genotypes that complicates the
weed control process and makes control more costly. Moreover,
increasing herbicide concentration in the topsoil may damage or
change the community structure of the bacterial mats in the soil
(El-Nahhal and Hamdona, 2015).

The application of herbicides creates soil and water contami-
nation, resulting in contamination of food samples and agricultural
commodities, these contaminations may result in health risks and
ecotoxicity with deleterious environmental and public health ef-
fects (Dovidauskas et al., 2020; Harper et al., 2020).

Alachlor,  2-chloro-N-[2,6-diethyphenyl]-N-[methoxymethyl]
acetamide, a chloroacetanilide herbicide is extensively used for
control of annual grasses and many broadleaf weeds in fields of
corn, soybeans, and peanuts. Its heavy use and its elevated persis-
tence in water (half-life in ground water is estimated from 808 to
1518 days) amplify the risks for human exposure (Badriyha et al.,
2003; Ryberg and Gilliom, 2015). Among the risks of human
exposure, diminished sperm quality (affecting sperm concentration
and morphology (Grizard et al., 2007)), and the increased incidence
of cancer, such as colorectal cancer and leukemia (Lee, 2004) or
laryngeal cancer and myeloid leukemia (Lerro et al., 2018). In ani-
mals models, namely Wistar rats, alachlor induced nasal (Burman
et al., 2003), thyroid and stomach cancers (Acquavella et al.,
2004), as well as chromosomal aberrations in bone marrow
(Amer et al., 2007). Alachlor is an in vitro clastogen (mutagen agent)
in human blood lymphocytes (Ladeira and Smajdova, 2017) and in
Chinese hamster ovary cells (Lin et al., 1987). Alachlor is also sus-
pected to have endocrine disrupting effects due to the interaction
with estrogen and progesterone receptors (Mnif et al., 2011).

Alachlor was present in groundwaters in the USA at levels
ranging from less than 0.1-16.6 ug/L (WHO, 2017) exceeding the
U.S. Environmental Protection Agency drinking-water maximum
contaminant level (MCL) criteria of 2 ug/L for alachlor (Barbash
et al.,, 2001). Despite alachlor being banned as an herbicide in the
European Union in 2007 some reports show that even decades after
legislative controls, concentrations of pollutants may still pose a
risk (Kean et al., 2021).

Biological membranes are an ubiquitous component of cells and
their critical role in cell function and viability is recognized from
bacteria to superior organisms (Sadura et al., 2020; Zamprogno
et al.,, 2021). Perturbation of membrane biophysical properties
leading to severe impairment of cell function has been pointed out
as the underlying mechanism for toxicity and disease in a variety of
organisms, including humans (Maxfield and Tabas, 2005; Tekpli
et al., 2013). The hydrophobicity of alachlor, reflected by a high n-
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octanol/water partition coefficient (Log Kow = 3.66 (Osano et al.,
2002)), makes it prone to exert a membrane-mediated toxic ac-
tion (Badriyha et al., 2003). In fact, some findings suggest that
chloroacetanilides are able to deregulate lipid biosynthesis and
unsettle membrane permeability in higher plants (Eckermann,
2003), and it has been reported that alachlor interacts with the
components of the plasma membrane (protein and lipids) altering
its organization and functions (Fernandez et al., 2006). Interference
of alachlor with cellular macromolecules such as proteins as also
reported by Rattanawong and collaborators, describing that ala-
chlor caused cellular protein degradation of superoxide dismutases
and glutathione leading to endogenous oxidative stress (Vi et al.,
2007; Rattanawong et al., 2015). It was recently demonstrated in
Saccharomyces cerevisiae that alachlor-response to oxidative stress
requires the iron regulon transcription factor Aftlp, showing a
possible correlation between alachlor-induced toxicity and per-
turbations in metal and antioxidant homeostasis (Gil et al., 2017).

The majority of studies have examined environmental pollut-
ants toxicity in target organisms using a specific toxicological test,
losing the real effect throughout the ecosystem. In this sense an
integrative environmental risk of pollutants assessment, using
different model organisms, are necessary to predict the real impact
in the ecosystem and implications for target and non-target or-
ganism. The main objective of the present study was performing a
toxicological screening of alachlor using several model organisms
and understand its impact at different levels of biological organi-
zation, from subcellular through to organism level, as a method-
ology to improve pollutants environmental risk assessment using a
comparative multi model toxicity determination. With this pur-
pose, several in vitro model systems were used in the present study:
synthetic membranes of dipalmitoylphosphatidylcholine (DPPC),
rat liver mitochondria, bacterial (Bacillus stearothermophilus) and
mammalian cells (HeLa and neuro2a), and a plant organism (Lemna
gibba), which was used as a positive control. These models were
chosen because they are known to be suitable tools for toxicity
assessment of a variety of environmental pollutants (Pereira et al.,
2009; Machado et al., 2010; Perreault et al.,, 2010; Chowdhary
et al., 2020; Yuan et al., 2020). The concentrations of herbicide
that cause 50% inhibition of bacterial or plant growth and 50% loss
of mammalian cell viability (TCsg), relative to the respective un-
treated controls, were calculated in order to compare alachlor
toxicity in a model of a target organism (the plant Lemna gibba)
with two models of “non-target” organisms (bacteria and
mammalian).

This work highlights not only the use of different model systems
representing both target and non-target organisms to evaluate the
eco-toxicological risks of the dissemination of lipophilic herbicides
on environment but also forewarning the need for a broader
assessment of pollutants impact to prevent compromising
ecosystem equilibrium and human health.

2. Materials and methods
2.1. Chemicals

All chemicals, including the synthetic lipid dipalmitoylphos-
phatidylcholine (DPPC, 99%) and the fluidity probe 1,6-diphenyl-
1,3,5-hexatriene (DPH), were obtained from Sigma Chemical
Company (St Louis, MO, USA). Alachlor (2-chloro-N-[2,6-
diethyphenyl]-N-[methoxymethyl] acetamide) with 99.5% purity
was dissolved in dimethyl sulfoxide (DMSO, 99.5%) and saved in
hermetically closed glass tubes at —20 °C for minimizing evapo-
ration. Reagents of high purity (>95%) were used in all experi-
mental procedures.
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2.2. Preparation of multilamellar vesicles (MLV) of DPPC

The multilamellar vesicles of DPPC were prepared in accordance
with a protocol previously described (Fernandes et al., 2008). Ali-
quots of pure DPPC in chloroform were dispersed in round bottom
flasks and the solvent was evaporated until a dry lipid film was
formed and it was hydrated under N, atmosphere with an appro-
priate volume of a solution containing 50 mM KCl and 10 mM
Hepes, pH 7.4, by hand shaking at 50 °C, to obtain a lipid concen-
tration of 150 mM and 350 uM for differential scanning calorimetry
(DSC) and fluorescence polarization measurements, respectively.
Then, the suspension was stirred under vortexing and stabilized
overnight.

2.3. Differential scanning calorimetry (DSC) measurements

An aliquot of concentrated alachlor was added to 150 mM DPPC
aqueous dispersions, to yield herbicide/lipid molar ratios of 1/10
and 1/5. Lipid dispersions were allowed to equilibrate for 18—20 h
at 50 °C, and subsequently hermetically sealed in aluminum pans,
and thermograms were then recorded in a PerkinElmer Pyris 1 DSC.
The DSC measurements were performed as described (Fernandes
et al., 2008). Data acquisition and analysis were performed using
the software provided by PerkinElmer. Due to the supercooling
phenomenon, accurate thermotropic transitions were evaluated
from heating traces. The onset and completion of the phase tran-
sition (T, and Tf) were determined from the intersections of the
peak slopes with the baseline of the thermograms (Koynova et al.,
1985), allowing the determination of the transition temperature
range (T¢T,), and Ty, corresponds to the temperature at the peak. At
the end of the experiments, the aluminum pans were opened, and
the samples dissolved in a chloroform/methanol (5/1) mixture. The
phospholipid content was determined by measuring inorganic
phosphate (Bartlett, 1959) after hydrolysis of the extracts at 180 °C
in 70% HClO4 (Bottcher et al., 1961).

2.4. Fluorescence polarization measurements

The fluidity probe 1,6-diphenyl-1,3,5-hexatriene (DPH) in
dimethylformamide was injected into the liposome suspension
(350 pM), prepared according to the procedure previously
described in section 2.2, to give a lipid/probe molar ratio of 200. The
mixture was vortexed for 10 s, and then alachlor was added to yield
the herbicide/lipid molar ratios of 1/10 and 1/5. The mixtures were
incubated at 50 °C in the dark, for a period of 18—20 h, to reach
equilibrium. A control sample was prepared without alachlor, but
with a DMSO volume equivalent to the maximal volume of herbi-
cide used. This solvent volume had insignificant effects (Dludla
et al,, 2018) on the fluorimetric measurements. This assay was
performed in a PerkinElmer spectrofluorimeter (model MPF-3)
equipped with a thermostatic cell holder. The excitation and
emission wavelengths were set at 336 nm and 450 nm, respectively
(5 nm excitation and 6 nm emission band pass). All fluorescence
measurements were corrected for the contribution of light scat-
tering by using appropriate blanks (without probe, but with an
equivalent volume of dimethylformamide).

The probe was excited with vertically polarized light and
resulting fluorescence intensity was recorded with the emission
polarizer oriented parallel (I;) and perpendicular (I L) to the exci-
tation polarizer allowing the determination of steady-state fluo-
rescence polarization by the following equation (Shinitzky and
Barenholz, 1978): P = (Iy - G I 1)/(Iy + G I L), where G is the
grating correction factor given by the ratio of vertically to hori-
zontally polarized emission components, when the excitation light
is polarized in the horizontal direction. In the fluorescence
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polarization thermogram three critical temperature values were
defined: T, and Ty, spotting the extreme temperatures where abrupt
changes of the fluorescence polarization occur, and Ty, reflecting
the midpoint of the main transition and corresponding to the peak
of the fluorescence polarization first derivative curve. Transition
temperatures were obtained as the mean value of three indepen-
dent experiences.

2.5. Animals and isolation of rat liver mitochondria

Male Wistar rats (250—350 g), housed at 22 + 2 °C under arti-
ficial light for 12 h light/dark cycle and with access to water and
food ad libitum, were used throughout the experiments, which
were carried out in accordance with the National Requirements for
Vertebrate Animal Research and the European Convention for the
Protection of Animals used for Experimental and other Scientific
Purposes. Mitochondria were isolated from the liver of male Wistar
rats by differential centrifugation, according to conventional
methods (Pereira et al., 2009). After washing, the pellet was gently
resuspended in the washing medium (250 mM sucrose and 10 mM
HEPES-KOH, pH 7.2) at a protein concentration of about 50 mg.ml™".
Protein content was determined by the biuret method (Gornall
et al., 1949).

2.6. Bacterial cultures and isolation of protoplasts

The strain of B. stearothermophilus was supplied by Mast Labo-
ratories, UK. The maintenance and growth conditions have been
previously described. Alachlor was added to the growth medium
from a concentrated solution in order to obtain a final concentra-
tion ranging from 300 to 500 pM. Growth was monitored by
measuring the turbidity (optical density, OD) at 610 nm, in a Bausch
and Lomb Spectronic 21 spectrophotometer.

Protoplasts were obtained essentially as described by Wisdom
and Welker (1973). The protein content of the protoplasts was
determined by the biuret method, using a calibration curve with
bovine serum albumin (Gornall et al., 1949).

2.7. Measurement of bacterial and mitochondrial respiration

The respiratory activity of bacterial protoplasts was monitored
polarographically with a Clark oxygen electrode in accordance with
the protocol previously described (Pereira et al., 2009). Aliquots of a
concentrated alachlor solution were added to the reaction medium
containing the protoplasts, and each preparation was incubated for
30 min, before the addition of the respiratory substrate. Oxygen
consumption rate in the presence of the herbicide was expressed as
% of the control.

Mitochondria oxygen consumption was monitored with a Clark-
type electrode as previously described (Pereira et al., 2009). Mito-
chondria were incubated for 3 min with different alachlor con-
centrations, before energization with 10 mM malate/5 mM
glutamate or 10 mM succinato in the presence of 2 M rotenone. To
induce state 3 respiration, adenosine diphosphate (ADP, 200 pM)
was added. Uncoupled respiration was initiated by the addition of
1 uM p-trifluoromethoxyphenylhydrazone (FCCP). O consumption
was calculated considering that the saturation oxygen concentra-
tion was 232 nmol O, per ml of reaction medium at 30 °C. Control
values are expressed in nmol O,.mg~! protein.min’. The respira-
tory control ratio (RCR) and ADP to oxygen ratio (ADP/O) were
calculated according with previously described methods (Chance
and Williams, 1956).
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2.8. Cell culture and evaluation of cell viability

Hela cells (human epithelial cervical carcinoma cell line) and
neuro2a cells (mouse neuroblastoma cell line), maintained at 37 °C
under 5% CO;, in Dulbecco's modified Eagle's medium—high
glucose (DMEM—HG; Sigma, St. Louis, MO), supplemented with
10% (v/v) heat inactivated fetal bovine serum (FBS; Sigma, St. Louis,
MO), penicillin (100 U/ml) and streptomycin (100 pg/ml), were
grown in monolayer and detached by treatment with 0.25% trypsin
solution (Sigma, St. Louis, MO). HeLa and neuro2a cells were seeded
at a density of 4.5 x 10* cells/ml of medium onto 48-well culture
plates. After 24 h, cells reached 50—70% confluence and were
incubated with alachlor solution at different concentrations
(10 uM—1000 puM) or with DMSO at a volume equivalent to the
maximal volume of herbicide solution used in the assay (control), at
37 °C for 24 h.

The cytotoxicity induced by the herbicide in HeLa and neuro2a
cells was evaluated by a modified Alamar Blue colorimetric assay, as
previously described (Cardoso et al.,, 2011). The absorbance was
measured in a SPECTRAmax PLUS 384 spectrophotometer (Molec-
ular Devices, Union City, CA) at 570 (As7¢9) and 600 nm (Agoo)
(supplier indication). The percentage of cytotoxicity for each her-
bicide concentration was calculated according to the equation: %
cytotoxicity = 100 — [((As70 — A600) of treated cells)/((As70 — Ag00) of
control cells)] X 100.

The TCso values (alachlor toxic concentration at which cell
viability reaches 50% of that of the control culture) were deter-
mined from the plots of cytotoxicity data against herbicide con-
centrations by interpolation.

2.9. Lemna gibba growth and chlorophyll extraction/quantification

Lemna gibba plants, collected from an artificial pond in the
Portuguese Vila Real de Tras-os-Montes e Alto Douro University
campus, were cultured as previously described (Santos et al., 2013).

Alachlor solution was added in order to obtain concentrations
ranging from 2.5 to 100 pM. A control sample was prepared without
alachlor, but with a DMSO volume equivalent to the maximal vol-
ume of herbicide used. Plants were incubated during 7 days in a
culture growth chamber at 20 + 2 °C under a photosynthetically
active radiation (50 pmol/m?/s; Conviron mod. E7/2). Alachlor ef-
fects were assessed considering the frond number and the fresh
weight, according to the standard guideline 221 (OECD, 2002). The
relative growth rate (RGR) was calculated according to equation:
RGR = (Inxy — Inxq)/(t; — t1), where x; and X, are the frond
numbers at time t; (0 days) and t; (7 days), respectively (Kufel et al.,
2012). Data are expressed as percentage of those obtained with a
control culture (grown in the absence of alachlor). The evaluation of
chlorophyll content present in the Lemna gibba treated with ala-
chlor was performed in accordance with (Santos et al., 2013). The
concentrations of chlorophyll a (Chl a), chlorophyll b (Chl b) and
total chlorophyll were calculated by the following equation
(Lichtenthaler and Wellburn, 1983): Chl a (ug/mL) = 12.21Ag63 —
2.81Ag46; Chl b (pg/mL) = 20.13Agss — 5.03Age3; total
chlorophyll = Chl a + Chl b. All values were normalized with
respect to plant fresh weight.

2.10. Statistical analysis

All data were obtained from three or more independent ex-
periments, using different preparations. The values are expressed
as mean =+ standard deviation (SD) or mean + standard error of the
mean (SEM). Means were compared using one-way analysis of
variance (ANOVA) with the student-Newman-Keuls as a post hoc
test. Differences were considered significant if: *p < 0.05;
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**p < 0.01 and ***p < 0.001. Statistical analyses were performed
using Graph Pad Prism version 5.

3. Results
3.1. Effects of alachlor on membrane physical properties

The interaction of the herbicide alachlor with multilamellar
vesicles (MLV) prepared with the synthetic lipid DPPC was studied
by fluorescence polarization of DPH and DSC. The DPH probe is
preferentially located in the hydrophobic interior of the bilayer,
allowing the evaluation of the structural organization of lipids in
the central region of the membrane. The effects exerted by alachlor
upon interaction with DPPC membranes, at different concentra-
tions, were evaluated in terms of several parameters (listed in
Table 1), which reflect the extent of the perturbation promoted by
the herbicide in the physical state of DPPC bilayers. The phase
transition detected by fluorescence polarization of DPH underwent
a broadening and a shift to lower temperatures in the presence of
increasing concentrations of alachlor. Thus, the T, (midpoint
temperature of thermotropic phase transition) decreased from
42.2 °C, under control conditions, to 39.6 °C in the presence of al-
achlor at a molar ratio herbicide to lipid of 1/5, and the transition
temperature amplitude increased from 3.2 to 6.1 °C under identical
conditions. As illustrated in Table 1, similar results were obtained by
DSC for these thermodynamic parameters. The values of AH (J/g)
for the main transition of DPPC liposomes, in the absence of ala-
chlor and at the 1/10 and 1/5 alachlor/lipid molar ratios are also
displayed in Table 1. Fig. 1 shows DSC heating scans of DPPC MLV
incorporating increasing concentrations of alachlor, in the range of
0.1 (1/10) to 0.2 (1/5) alachlor/DPPC molar ratio. In the absence of
herbicide, DPPC dispersions exhibited a sharp endotherm, centered
at 43.7 °C, with a AH value of 60.4 J/g (Table 1). Increasing con-
centrations of alachlor significantly affected all characteristic pa-
rameters of DPPC endotherms, promoting a broadening of the
endotherm and its shift to lower temperatures. At the molar ratio
alachlor/DPPC of 1/5, the endotherm, centered at 39.1 °C, showed a
AH value of 51.78 J/g and the amplitude of the transition temper-
ature range revealed a significant increase as compared to the
control preparation (from 3.4 °C in the control to 7.8 °C at 1/5 al-
achlor/DPPC molar ratio). At the highest alachlor concentration, the
endotherm showed a clear asymmetry, denoting the occurrence of
a lateral phase separation.

3.2. Effects of alachlor on mitochondrial bioenergetics

The effects of alachlor on glutamate/malate- and succinate-
supported state 4 and state 3 respiration rates and respiratory
indices RCR and ADP/O ratio of rat liver mitochondria are depicted
in Fig. 2.

State 4 respiration was not significantly stimulated whereas
state 3 respiration was inhibited by alachlor concentrations up to
1.2 pmol/mg protein (approximately 60% with alachlor at 1 umol/
mg protein), either using glutamate/malate or succinate as the
respiratory substrates (Fig. 2A and C). The FCCP-uncoupled respi-
ration was inhibited by alachlor at the same extent at which state 3
respiration was depressed (data not shown). In the same concen-
tration range, alachlor significantly depressed RCR (from about 6 to
less than 2) with both respiratory substrates. The ADP/O ratio was
also decreased from 2.86 to 2.16 with glutamate/malate and from
about 1.88 to 1.28 with succinate (Fig. 2). Alachlor induced A¢
dissipation and a depression of the phosphorylation rate when
glutamate/malate or succinate were used to energize mitochondria
(Fig. 3A). Thus, in the presence of alachlor at 0.8 pmol/mg protein,
succinate-dependent AW underwent a dissipation of 15% (Table 2)
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Table 1
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Effects of alachlor on the thermotropic behavior of DPPC dispersions, as assessed by Fluorescence Polarization of DPH and Differential Scanning Calorimetry. Tg, Try, T —
To, and AH correspond, respectively, to the onset, midpoint, amplitude and enthalpy change for the main transition of DPPC liposomes.

Alachlor/DPPC (molar ratio)

Fluorescence
Polarization®

Differential Scanning
Calorimetry®?®

To (°C) control
1/10
1/5
control
1/10
1/5
control
1/10
1/5
control
1/10
1/5

TlTI (OC)

Te - To (°C)

AH (J/g)

41.30 + 147 42.52 + 043

38.02 + 0.97 * 38.14 + 0.79 ***

35.27 + 1.41 *** 34.83 + 0.64 ##* oo

42.16 + 0.78 43.66 + 0.51

41.20 + 0.20™* 41.40 + 043 **

39.62 + 0.54 * 39.09 + 0.58 ***: o0

3.20 +0.20 339 +0.11

5.60 + 0.20 *** 624 +1.72 *

6.10 + 0.25 *** 7.83 + 1.41 **
60.41 + 1.26

56.33 + 2.34"*
51.76 + 1.43 ***

@ Results are means + standard deviation from three or more independent experiments and comparisons were performed using one way ANOVA, with the Stu-
dent—Newman—Keuls as a post hoc test, for the following paired observations: control (0 uM alachlor) vs. different concentrations of alachlor (n.s., not significant;
*p < 0.05; **p < 0.01; ***p < 0.001); different alachlor concentrations vs. the concentration immediately below (n.s., not significant; °°p < 0.01; °°°p < 0.001).

Alachlor/DPPC
(molar ratio)

3
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Temperature (°C)

Fig. 1. DSC heating scans of DPPC liposomes in the absence (control) and in the
presence of alachlor, at the molar ratios alachlor/DPPC of 1/10 and 1/5.

and the phosphorylation rate was depressed by 74% (Fig. 3A). These
effects were significantly stronger than those observed for gluta-
mate/malate: 10% for AW dissipation (Table 2) and 64% for phos-
phorylation depression (Fig. 3A). However, when ascorbate/TMPD
were used as respiratory substrate, alachlor dissipated A¢ but did
not affect the phosphorylation rate at concentrations up to
0.8 umol/mg protein (Fig. 3B).

3.3. Alachlor effects on bacterial respiration

Protoplasts prepared from cells of B. stearothermophilus, grown
in the basal medium at 65 °C, were used to assess the effect of al-
achlor on the respiratory activity of the bacterium. Protoplasts were
incubated with alachlor in the concentration range of 1.0—3.0 pmol/
mg of protein, during a period of 30 min preceding the supple-
mentation with the respiratory substrate. The NADH-supported
oxygen consumption rate, expressed in percentage of the control
(protoplasts incubated with a volume of DMSO corresponding to
the maximum amount of alachlor solution assayed in the respira-
tion experiment), exhibited a progressive decrease with increasing
concentrations of the herbicide, as documented in Table 3. At the
concentration of 1 pmol/mg of protein, the herbicide already

promoted a significant decrease of the respiratory rate (by 26.6%).
When a mixture of ascorbate + TMPD was used instead of NADH as
respiratory substrate, alachlor did not exert any significant effect on
the respiratory activity of the protoplasts in the concentration
range of 1-3 umol/mg of protein (data not shown). The oxygen
consumption supported by NADH or ascorbate + TMPD was
completely impaired by the addition of KCN (1 mM), as a conse-
quence of complete inhibition of the terminal oxidase (data not
shown).

3.4. Effects of alachlor on bacterial growth

B. stearothermophilus was grown at 65 °C (within the optimal
temperature range) in a complex medium (dilute L-Broth) sup-
plemented with alachlor to obtain a final concentration ranging
from 100 to 500 uM. As a control, a culture was grown in a medium
without herbicide but containing DMSO at a volume corresponding
to the maximal amount of alachlor solution assayed in the growth
experiment. According to the results shown in Fig. 4, alachlor
inhibited bacterial growth as a function of concentration, inducing
a progressive increase of the lag time, a decrease of the specific
growth rate and a decrease of the final cell density (Table 4).

As observed, at the concentration of 500 uM, alachlor reduced
the specific growth rate by approximately 36% and promoted a
decay of cell yield of about 42%, as compared to the control culture
(Table 4). Although plotting the growth parameters as a function of
the herbicide concentration did not allow to accurately determine
the TCsq values of alachlor, these were inferred to be higher than
500 uM (Table 4).

3.5. Effects of alachlor on mammalian cell viability

The cytotoxicity of alachlor was evaluated in two mammalian
cell lines, neuro2a (from rat neuroblastoma) and HeLa cells (from
human cervical cancer), using the Alamar Blue assay. The Alamar
Blue reagent is a redox indicator corresponding to the oxidized
form of the resazurin dye, which changes the color and becomes
fluorescent when reduced. Thus, this resazurin-based assay eval-
uates cell metabolic activity, reflecting the presence of a reducing
environment, which is characteristic of viable cells (Silva et al.,
2016).

The toxicity exerted by alachlor was determined after 24 h of
incubation with the cells at different concentrations of the com-
pound, in the range of 10—1000 uM (Fig. 5). As observed, the her-
bicide promoted a concentration-dependent cytotoxic effect,
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Fig. 2. Effects of alachlor on glutamate/malate- and succinate-supported respiratory activity (complexes I and II, respectively) of rat liver mitochondria. (A) Glutamate/malate-
supported O, consumption rates in state 4 (open triangles) and state 3 (filled triangles) respiration, expressed as percentage of the control. (B) Glutamate/malate-supported
respiratory indices RCR (opened squares) and ADP/O (closed squares). (C) Succinate-supported O, consumption rates in state 4 (open triangles) and state 3 (filled triangles)
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rates (corresponding to 100%) in the respiration states 4 and 3 were, respectively, 4.87 + 0.70 and 30.4 + 0.94 nmol O, .mg ! protein. min~! in A and 6.7 + 0.67 and 36.0 + 3.0 nmol

0,.mg ! protein.min

, in C. The results correspond to the mean + SEM of three experiments performed with different mitochondrial preparations. Comparisions relative to the

control (mitochondria without alachlor) were performed using one-way ANOVA with the Student-Newman-Keuls as post hoc test (*p < 0.05; **p < 0.01).

reflected by a decrease of cell viability with increasing herbicide
concentrations. Typical dose-response curves were obtained by
plotting the percentage of cytotoxicity with respect to a control
without herbicide (containing DMSO at a volume corresponding to
the maximal amount of alachlor solution assayed in the viability
experiments), corresponding to 100% cell viability or 0% of cell
toxicity, against herbicide concentration. From the TCsy values
(alahlor concentrations at which cell viability reached 50% of that of
the control), it became apparent that alachlor exerted a stronger
toxicity in neuro2a cells (TCso = 68.9 puM) than in Hela cells
(TCsp = 235.5 uM). Although the dose/response curve of alachlor
showed a shift to lower herbicide concentrations in neuro2a cells as
compared to that in HeLa cells, the curves approached each other at
the highest concentrations, which reveals that, at these concen-
trations, alachlor promoted a loss of viability of about 90% in both
cell types.

3.6. Alachlor effects on L. gibba growth and chlorophyll content

The effects of alachlor on the vegetative proliferation of Lemna
gibba were evaluated in the presence of increasing herbicide con-
centrations (2.5—100 pM) and compared to a control culture, grown
in the absence of alachlor and with a DMSO volume equivalent to
the maximal volume of herbicide used. As shown in Fig. 6A, Lemna

gibba growth rate, determined by counting the frond number at the
beginning and at the end of a period of seven days (as described in
Material and Methods section) decreased with increasing concen-
trations of alachlor. In the concentration range of 2.5—10 uM of the
herbicide, the growth rate decreased abruptly, but at higher con-
centrations, up to 100 pM, the decrease was slower. The impact of
the herbicide on plant chlorophyll content was also evaluated
(Fig. 6B). A decrease in the total content of chlorophylls was noticed
with increasing alachlor concentrations, although a significant ef-
fect has been detected only at concentrations of 10 uM or higher.

4. Discussion

The herbicidal properties of chloroacetanilides (in which group,
alachlor is included (Jurado et al., 2011)) are assumed to be caused
by the inhibition of the elongase system responsible for the for-
mation of very long chain fatty acids (VLCFA) in plants, leading to
the impairment of structure and function of the plasma membrane
(Boger, 2003; Eckermann, 2003; Trenkamp et al., 2004), and the
inhibition of cell division (Marc et al., 2002; Hemanth Kumar and
Jagannath, 2020) and protein synthesis (El-Hadary and Chung,
2013).

Alachlor effects on non-target organisms have also been re-
ported in the literature (Seok et al., 2012; Rattanawong et al., 2015;



S.P. Pereira, S.M.A. Santos, M.A.S. Fernandes et al.

A
150~

100

Phosphorylation rate
(% control)
o
rd

o

0 02 04 06 08 10 12 14
Alachlor (pmol/mg protein)

AY AI*)P Val

-208 - - *7 {

-195 -

0 0.4 0.8 Ala (umol/mg protein)
| 2 min \ L“ L

Fig. 3. Effects of alachlor on phosphorylation rates and transmembrane potential (AW)
of rat liver mitochondria. (A) Phosphorylation rates with glutamate/malate (open cir-
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sponding to 100%) with glutamate/malate and succinate as respiratory substrates were,
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potential. Traces of AW fluctuations are represented for three preparations: a control
preparation (without alachlor) and two preparations containing alachlor (Ala) at the
concentrations of 400 and 800 uM. Data in A correspond to the mean + SEM of three
experiments performed with different mitochondrial preparations and traces in B are
typical of three experiments using different mitochondrial preparations. Comparisions
relative to the control (mitochondria without alachlor) were performed using one-way
ANOVA with the Student-Newman-Keuls as post hoc test (*p < 0.05; **p < 0.01).

Table 2
Effects of increasing concentrations of alachlor on the transmembrane potential
(AW) of rat liver mitochondria.

Alachlor (pmol/mg protein) A (mV)?

Malate/Glutamate Succinate
0 217+ 1.5 -215+0.9
0.2 —-215+1.2 -213 £ 09
0.4 —-210+0.3 —209 +£ 0.8
0.6 —207 + 0.6 * —-199 £ 3,1 *
0.8 -197 + 1,7 * —184 + 2,3 **

@ Values are means + standard error from three independent experiments using
different mitochondrial preparations. *p < 0.05; **p < 0.01 vs control (in the
absence of alachlor).

Gil et al., 2017). Following our previous data concerning the ca-
pacity of the chloroacetanilide herbicide metolachlor to inhibit
bacterial growth and respiratory activity and to impair mitochon-
drial bioenergetics (Pereira et al., 2009), in the present work we
performed a comprehensive study on the toxicity exerted by
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Table 3
Effects of alachlor on the oxygen consumption rate of B. stearothermophilus pro-
toplasts using NADH as substrate.

Alachlor (pmol/mg protein) 0, consumption rate (% of the control)®

0.00 100.00

1.00 7343 + 1.45 ***
2.00 60.58 + 6.46 *** °°
3.00 23.79 + 2.07 ##* o0

¢ Results are means + standard deviation from at least three independent ex-
periments and are expressed as percentage of the control (without alachlor).
Comparisons were performed using one way ANOVA, with the Stu-
dent—Newman—Keuls as a post hoc test, for the following paired observations:
protoplasts incubated with alachlor at different concentrations vs control pro-
toplasts (***p < 0.001) or protoplasts incubated in the presence of alachlor at
different concentrations vs protoplasts incubated with alachlor at the concentration
immediately below (°°p < 0.01; °°°p < 0.001).

0.D. (610 nm)
o

0-01 L} ) L} L] ) ) 1
0.0 0.5 1.0 1.5 2.0 25 3.0 3.5

Time (h)

Fig. 4. Effect of alachlor on the growth of cultures of Bacillus stearothermophilus, at
65 °C. Cells were incubated in a basal-medium (diluted L-Broth) without additives
(control, filled circles) and in the presence of alachlor at 300 uM (filled triangles),
400 pM (filled diamonds) and 500 uM (filled squares) and growth was monitored by
optical density (0.D.) measurements. The results shown are representative of three
independent experiments using different bacterial preparations.

alachlor, in a broader spectrum of biological systems, since toxic
responses can vary substantially depending on the species.
Although alachlor is used to kill weeds, once it is released into the
ecosystem it can spread and affect other organisms (Sopena et al.,
2009). In this sense, while in the previous studies a Gram-
positive bacterium, their protoplasts and rat liver mitochondria
were used as a models (Pereira et al., 2009), in the present work
other biological models that have been recognized to be useful to
chemical toxicity screening assays were used, including mamma-
lian cell cultures and the aquatic plant Lemna gibba. As an approach
to investigate whether toxicological effects of alachlor would be
mediated by perturbation of biomembrane physical properties,
biophysical studies with a membrane-mimicking model (DPPC li-
posomes) were also conducted.

Several studies have demonstrated that mitochondrial function
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Table 4

Effects of increasing concentrations of alachlor on growth parameters (specific
growth rate and final cell density) of B. stearothermophilus. Estimated TCsq values of
alachlor (at uM) are presented for both growth parameters.

Alachlor (uM)  Specific growth rate (h=')*  Final cell density (% of control)?

0 2.48 + 0.16 100

300 2.29 +0.17™ 92.68 + 4.21™
400 1.66 & 0.05 *** 80.81 + 6.07 ***°°
500 1.58 + 0.31%%* 57.91 1 3.91 *xooe
TCso (1M) >500 >500

2 Values of specific growth rates and final cell densities are means + standard
deviation from three or more independent experiments and comparisons were
performed using one way ANOVA, with the Student—Newman—Keuls as a post hoc
test, for the following paired observations: control culture (0 uM alachlor) vs cul-
tures grown in the presence of alachlor at different concentrations (n.s., not sig-
nificant; **p < 0.01; ***p < 0.001); cultures grown in the presence of alachlor at
different concentrations vs cultures grown in the presence of alachlor at the con-
centration immediately below (n.s., not significant; °p < 0.05; °°p < 0.01;
°°°p < 0.001).
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Fig. 5. Cytotoxicity of alachlor in neuro2a cells (closed circles) and HeLa cells (open
circles). The cells were incubated with alachlor over the concentration range of
10—1000 pM in Dulbecco's modified Eagle's medium (DMEM-HG) for 24 h. Cell
viability was determined by the Alamar blue assay, as described in Materials and
Methods. The data are expressed as percentage of a control (untreated cells).
Mean + SD were obtained from triplicates and are representative of three independent
experiments. Comparisons relative to the control were performed using one-way
ANOVA with the Student-Newman-Keuls as post hoc test (*p < 0.05).

is altered by exposure to different herbicides (Bora et al., 2021; Park
et al.,, 2021). In fact, it was described that atrazine exposure upre-
gulated the expression of proapoptotic factors, namely Bax, Caspase
3 and FasL, and downregulated antiapoptotic factor, such as Bcl-2.
Moreover, atrazine-exposed quail kidney have mitochondrial ab-
normalities and oxidative damage that occurred by atrazine influ-
ence in mitochondrial-related genes expression and modulation of
NRF2 signaling pathway (Zhang et al., 2018). Moreover Pendime-
thalin, an herbicide used to control weeds, interfered with mito-
chondrial complexes I and V inhibiting energy metabolism in
zebrafish embryos (Park et al., 2021). Similarly, we showed that
alachlor interferes with mitochondrial bioenergetics of rat liver
mitochondria. However, the Complex IV was not affected by ala-
chlor, as deduced from AW records. Thus, although some dissipa-
tion of AW was detected, the phosphorylation rates of ascorbate/
TMPD-energized mitochondria were not affected. These results

Environmental Pollution 286 (2021) 117239

suggested that alachlor intervenes directly at Q binding sites be-
tween complex I and III or II and III, as previously described for
other herbicides, including atrazine (Lim et al., 2009). The oxygen
consumption rate of B. stearothermophilus protoplasts show to be
unaffected when ascorbate/TMPD was used as a respiratory sub-
strate (data not shown), demonstrating that the Complex IV and the
phosphorylation system are insensitive to alachlor in both models.
Therefore, alachlor-induced AW dissipation and phosphorylation
rate depression in glutamate/malate or succinate-energized mito-
chondria should be explained by the inhibitory action of the her-
bicide in the respiratory chain at the level of Complexes I and II,
although an inhibition of Complex Il cannot be excluded. This
assumption is supported by the parallel inhibition of state 3- and
FCCP uncoupled-respiration exerted by the herbicide, when ma-
late/glutamate or succinate were used as respiratory substrates.
The low stimulatory effect observed on state 4-respiration, sug-
gested low ability of the compound to induce inner membrane
permeabilization, excludes the involvement of proton leakage in
alachlor-induced AW dissipation and phosphorylation rate
depression. Interestingly, metolachlor, in a concentration range
similar to that used here for alachlor, was also able to inhibit
Complex I- and Complex II-, but not Complex IV-dependent
respiration, and to promote a reduced effect on inner mitochon-
drial membrane permeability to protons (Pereira et al., 2009).

Considering the adverse effects of the two chloroacetanilide
herbicides on rat liver mitochondria bioenergetics, it is reasonable
to assume that mitochondria may have an important role in the
toxicity caused by those compounds in non-target organisms.
Concordant results had been previously described for the herbicide
paraquat, which disturbed the respiratory electron transport chain
and increased ROS levels in the mitochondrial matrix of Caeno-
rhabditis elegans nematode (Edwards et al., 2013). Considering that
mitochondria are the major source of ROS (Zorov et al., 2014), the
increase in ROS levels observed in some organisms after alachlor
treatment could result from direct effects in mitochondrial func-
tion, including inhibition of respiratory electron transport chain
and/or mitochondrial AW dissipation (Burman et al., 2003; Gil et al.,
2017) as observed in our study and simultaneously promoting the
oxidative damage of several biological macromolecules.

Moreover, alachlor, as well as metolachlor (Pereira et al., 2009),
exerted an inhibitory effect on oxygen consumption stimulated by
NADH in B. stearothermophilus protoplasts, further emphasizing the
importance of cellular respiration as a putative target for these
chloroacetanilides and impact in bacteria, pointing to the ability to
damage or change the community structure of the bacterial mats in
the soil (Pereira et al., 2009).

The importance of lipids in the activity of respiratory complexes
is well recognized (Serricchio et al.,, 2018; Anand et al., 2020).
Indeed, membrane lipids, particularly cardiolipin, are required for
both the stabilization of the complexes and the formation of
supercomplexes (Serricchio et al, 2018; Anand et al., 2020).
Although a direct interaction between the chloroacetanilide her-
bicides and the respiratory complexes should not be excluded, a
disturbance of the physical properties of lipid environment, similar
to that observed in DPPC liposomes, as detected by DSC and fluo-
rescence polarization of DPH, might impact respiratory activity.
Such perturbations, reflected in an increase of membrane fluidity
and the induction of lateral phase separation with eventual reper-
cussion on lipid-protein interactions and protein distribution in the
plane of the membrane, could also contribute to the herbicide-
induced inhibition of the growth of B. stearothermophilus. In this
regard, it should be stressed that previous studies have shown that
B. stearothermophilus growth is strictly dependent on the physical
state of membrane lipids (Martins et al., 2003, 2005; Pereira et al.,
2009).
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Fig. 6. Relative growth rate (A) and total chlorophylls (B) of Lemna gibba exposed for 7 days to increasing concentrations of alachlor. The relative growth rate (RGR) was calculated as
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It is noteworthy that alachlor was more toxic to mammalian
cells than to bacteria, promoting a depression of the bacterial
growth rate to 50% at a concentration above 500 uM and reducing
the viability of HeLa and neuro2a cells to 50% of the control at the
concentrations of 235 and 69 uM, respectively. Taking into account
that alachlor-induced toxicity is mediated by changes in membrane
physical properties (Lushchak et al., 2018), as suggested by our DSC
and fluorescence polarization data it is possible that, for example,
neuronal cells which have plasma membranes with a peculiar lipid
composition (enriched in glycolipids and higher lipid/protein ratio)
(Lim and Wenk, 2009) can be more affected by alachlor-membrane
interactions than HelLa cells. On the other hand, if mitochondria
bioenergetics is involved in cell toxicity (Pereira et al., 2018; Deus
et al., 2020), the higher severity of the effects exerted by alachlor
on neuro2a cells as compared to HeLa cells could result from the
higher susceptibility of brain mitochondria to toxicants. In fact,
brain mitochondria, as compared to the same organelles of other
tissues, namely liver, have been shown to be drastically affected by
a large number of mitochondria-active compounds (Cunha-Oliveira
et al., 2013; Moreira et al., 2013). An eventually higher partition of
drugs into brain cell membranes and the lack of antioxidant
enzymatic defenses (such as catalase) (Singhal et al., 2013) may be
the reason for higher sensitivity of brain cells, and probably their
organelles, to membrane-active compounds.

In the context of cell proliferation, evaluated in the three model
systems, bacteria, mammalian cells and Lemna gibba, it is note-
worthy that the latter was the most affected by alachlor. In terms of
TCs, a difference of about two orders of magnitude was observed
between bacteria (>500 uM) or HelLa cells (235.5 uM) and Lemna
gibba (7.8 uM). Most likely, alachlor caused a potent single effect on
a vital metabolic function of Lemna gibba (Mohammad et al., 2010),
which could explain the abrupt decrease of the plant growth rate at
the lowest concentrations assayed. The disturbance of Lemna gibba
proliferation was promoted by the herbicide at lower concentra-
tions than those that induce the decay of chlorophylls. Therefore,
we may conclude that, rather than chloroplast dysfunction, other
processes, such as inhibition of protein synthesis and impairment
of fatty acid metabolism (Yang et al, 2010; El-Nahhal and
Hamdona, 2015), might have contributed to herbicide adverse ef-
fects on plant growth, at least at the lowest concentrations assayed.
An impact on the distribution of the complexes of the

photosynthetic system in chloroplast membranes or perturbations
in lipid-protein interactions (Sharma et al., 2020), due to herbicide-
induced changes in the physical behavior of membrane lipids
showed by the biophysical studies, could also be evoked to explain
herbicide adverse effects on Lemna gibba. In this context, the
parallelism between the data provided by the different experi-
mental models from prokaryotes to eukaryotes and from animal to
plant systems, emphasizes the involvement of ubiquitous struc-
tures, such as membranes, as the primary target for the toxicity
exerted by this chloroacetanilide herbicide (Santos et al., 2014;
Nykiel-Szymarnska et al., 2019; Kim et al., 2021). Thus, alachlor-
induced perturbations of membrane physical properties might
underlie a variety of effects leading to the disruption of the ho-
meostasis in different biological systems, with predictable reper-
cussion in their physiology (Kim et al., 2021). When a compound
unspecific affects ubiquos structures such as lipidic membranes or
mitochondria and the ability for energy production it is expected
that it will affect several organisms (Santos et al., 2014). Starting
toxicological assessment with these simple in vitro assays can save
time and money on toxicological screening, reduce animal testing
and harmful implications for the environment and humans.

In conclusion, the results obtained showed that alachlor-
induced toxicity both in targeted and non-targeted organisms
showed by TCsg values increased in the following order: Lemna
gibba < neuro2a < Hela cells < Bacillus stearothermophilus. Our
work points out that the mechanism underlying the toxic action of
this lipophilic herbicide is putatively mediated through interaction
with biological membranes and perturbations of their physical
properties, as well as the possible hazards of its dissemination on
environment, compromising ecosystem equilibrium. Moreover, the
parallelism between data obtained from the different experimental
models emphasizes their suitability for chemical toxicity screening
and stresses their usefulness to reduce the use of animals in toxi-
cological assays and the pertinence of studying the differences in
toxicity between difference species simultaneously exposed in or-
der to prevent eco-toxicological risks and human health.
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