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Abstract

Imazethapyr is an herbicide that is used in a variety of crops worldwide, including soybean and corn. The aim of the present
study was to evaluate the biomarkers responses of adult Leptodactylus latinasus exposed to the formulation Pivot® H (10.59%
imazethapyr) in the laboratory at concentrations and under conditions that simulate two potential field exposure scenarios:
an immersion in field runoff (Scenario 1: 10 mg/L) and a direct exposure to the droplets emitted by spray noozles (Scenario
2: 1000 mg/L). In both scenarios, the experimental procedure involved completely immersing the frogs over a period of 15 s.
Different endpoints were evaluated at several ecotoxicological levels 48 and 96 h after the herbicide exposure. These included
individual (biometric indices and behavior alterations), histological (liver pigments and lesions), biochemical (catalase,
glutathione system and cholinesterase activities) and genotoxic effects (micronuclei induction and nuclear abnormalities).
Forty-eight hours after imazethapyr exposure, frogs submitted to Scenario 1 presented an inhibition of liver glutathione-
S-transferase activity, whereas histological alterations and increased hepatic cholinesterase levels were observed in frogs
exposed under Scenario 2. Ninety-six hours after exposure to the imazethapyr formulation, frogs from the Scenario 1 treat-
ment presented a decrease in liver melanin and hemosiderin, increased hepatic catalase activity and micronuclei induction.
For their part, frogs exposed to Scenario 2 presented a decrease in the hepatosomatic index, an increase in liver alterations,
melanin reduction and micronuclei induction. The multivariate analysis enables correlations to be made between biomark-
ers of different organizational level in exposed anurans. Our result indicates that real exposure to imazethapyr formulations
under field conditions may pose a risk to Leptodactylus latinasus populations living in the agroecosystems.

Abbreviations GSH  Reduced glutathione

AChE Acetylcholinesterase HSI Hepatosomatic index

BL Blebbed nucleus HV Vascularization or congestion

BN Binucleated cell IMZT Imazethapyr

CAT  Catalase LB Lobed nucleus

ES Enlargement of sinusoids MMC Melanomacrophages

GST  Glutathione-S-transferase MNs  Micronuclei
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NT Notched nucleus
PCA  Principal component analysis

Introduction

Pesticide applications are considered critical in order to
maintain high agricultural output. However, they can also
cause adverse effects in nontarget organisms, either through
the same mechanisms they activate in pests, or through com-
pletely different modes of action (Howarth 2000; Kohler and
Triebskorn 2013). The imidazolinones are widely employed
broad-spectrum herbicides that are used for selective pre-
or post-emergence weed control in a variety of crops. The
mode of action for these herbicides in controlling weeds is
through an inhibition of the acetolactate synthase (ALS), an
enzyme involved in the synthesis of branched-chain amino
acids (Tan et al. 2005; Kawai et al. 2007; Lin et al. 2007).
Imazethapyr or IMZT (Cas No. 81335-77-5) is an imida-
zolinone herbicide that is widely used in genetically modi-
fied soybean and corn crops. The recommended application
rate of IMZT ranges between 0.8 and 1L/ha for both aerial
and terrestrial applications, respectively (CASAFE 2013).
IMZT is classified as a slightly toxic (Class III) by the
USEPA (1989), and as a dangerous compound for the envi-
ronment by the European Union (EU) (Kegley et al. 2020).
Furthermore, they affirm that IMZT is an unsafe pesticide
for the environment and is associated with to adverse effect
in humans such as irritant eye irritations, skin lessons lesions
and respiratory tract difficulties (Kegley et al. 2020).
Relatively little is known regarding IMZT toxicity to
nontarget organisms. Low acute toxicity has been reported
for the green alga Raphidocelis subcapitata (Sphaero-
pleales) and the aquatic invertebrate Daphnia magna (Cla-
docera) (Kegley et al. 2020), whereas high acute toxicity
was reported in the gibbous duckweed Lemna gibba (Alis-
matales) (Magdaleno et al. 2015; Reimche et al. 2015). The
sensitivity of terrestrial invertebrates to IMZT is variable
being low in earthworms but high in honey bees (Kegley
et al. 2020). Previous reports show that IMZT is not acutely
toxic to fish such as the channel catfish Ictalurus puncta-
tus (Siluriformes), the rainbow trout Oncorhynchus mykiss
(Salmoniformes) and the bluegill Lepomis macrochirus
(Perciformes) (Kegley et al. 2020). An alteration of oxida-
tive stress-related hepatic enzymes activity was reported in
the common carp Cyprinus carpio (Cypriniformes) after an
exposure to 0.0148 mg/L IMZT formulations (Moraes et al.,
2011) In addition, acetylcholinesterase (AChE) was inhib-
ited after exposure to a commercial formulation of IMZT in
the Mozambique tilapia Oreochromis mossambicus (Cich-
liformes), as reported by Pasha and Singh (2005) and Pasha
(2013). Recently, our group demonstrated toxicological
effects at the genetic, biochemical and individual level in

two local amphibian species exposed to IMZT formulation
in their larval phase: Boana pulchella and Leptodactylus
latinasus (Pérez-Iglesias et al. 2015, 2017, 2018, 2020).
More specifically, several biomarkers were altered such as
primary DNA lesions and micronuclei (MNs) frequency and
glutathione-S-transferase (GST) activity. Morphological
abnormalities and an alteration of swimming performance
were also observed. These studies demonstrate that IMZT
formulation is a stress factor in larval amphibians since the
herbicide alters the tadpole homeostasis and creates a state
of oxidative and physiological stress (Pérez-Iglesias et al.
2015, 2017, 2018, 2020).

Amphibians have been widely used as bioindicators of
environmental quality due to their shell-less eggs, exposed
embryogenesis, free-living aquatic larvae, permeable skin,
narrow home range, key position in trophic webs and their
dependence upon both the aquatic and terrestrial environ-
ment (Blaustein and Wake 1990; Stebbins and Cohen 1995;
Blaustein et al. 2011). On the other hand, increased pesticide
use has been claimed as one of the main causes responsible
for the recent declines in amphibians populations reported
worldwide (Blaustein and Wake 1990; Houlahan et al. 2000;
Kiesecker et al. 2001; Beebee and Griffiths 2005; Mann et al.
2009). Several studies have demonstrated that amphibians
are negatively affected at the physiological, histological, bio-
chemical and cytogenetic levels when living in agroecosys-
tems where pesticides are applied (Mann et al. 2009; Shutler
and Marcogliese 2011; Hegde and Krishnamurthy 2014).
Particularly in Argentina, several authors have reported
evidences of alterations in anurans inhabiting the agricul-
tural Pampa region, where large amounts of pesticides were
applied (Cabagna et al. 2006; Attademo et al. 2007, 2011,
2014; Peltzer et al. 2008; Brodeur et al. 2011, 2012; Ago-
stini et al. 2013; Sanchez et al. 2013; Babini et al. 2015;
Josende et al. 2015; Guerra and Araoz 2016). In this sense,
amphibians are an important group of nontarget organisms
in Argentinean agricultural landscapes that can be exposed
directly or residually to a variety of pesticides through either
plant material, soil, water or contaminated prey items (Mann
et al. 2009; Brodeur et al. 2011, 2012; Van Meter et al. 2014,
2019; Suarez et al. 2016). Dermal uptake of pesticides is
a significant exposure pathway in terrestrial amphibians
(Briihl et al. 2013; Van Meter et al. 2014, 2015, 2018, 2019),
and dermal absorption of environmental pollutants has been
shown to be faster in amphibians than in mammals (Quar-
anta et al. 2009).

Adult amphibians are known to move across terrestrial
landscapes in search of breeding ponds and/or overwinter-
ing habitats (Briihl et al. 2013; Van Meter et al. 2018, 2019).
In agricultural areas, this situation means that terrestrial
amphibians are at risk of dermal exposure to pesticides by
contact with contaminated soil, water or vegetation (Van
Meter et al. 2018, 2019). Nevertheless, few studies have
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previously evaluated the effects of dermal exposure to pes-
ticides in adult anurans (Briihl et al. 2013; Van Meter et al.
2014, 2015, 2018, 2019).

In this context, the objective of the present study was
to evaluate biomarker responses at various organizational
levels in adult anurans exposed in laboratory conditions to
an IMZT-based herbicide formulation under two scenarios
illustrative of real-life field exposures. The terrestrial, fosso-
rial L. latinasus was selected as the test organism because it
is easy to collect and breed in captivity (Pérez-Iglesias et al.
2016) and because its populations are not at risk as the spe-
cies is classified as least concern (Vaira et al. 2012; IUCN
2020). In addition, L. latinasus has previously been recom-
mended for biomonitoring pesticide contamination in the
Pampa region (Brodeur and Vera Candioti 2017), being the
most frequent species in Neotropical agroecosystems and in
undisturbed areas (Agostini et al. 2016; Medina et al. 2016;
Suérez et al. 2016), and has been previously employed in a
number of ecotoxicological studies both in the field and in
the laboratory (Brodeur et al. 2011; Guerra and Ardoz 2016;
Pérez-Iglesias et al. 2016, 2020). However, to our knowl-
edge, there are no studies reported in the literature on the
effects of active ingredient or formulation of IMZT in adult
frogs evaluated using multiple biomarkers.

Materials and Methods
Chemical Reagents and Determinations

All chemicals, reactive and solvents were of analytical grade
and were purchased from Sigma Chemical Co. (St. Louis,
MO). Pivot® H (10.59% w/v of IMZT, CAS 081335-77-
5) was obtained from BASF Argentina S.A. All test solu-
tions were prepared immediately before use. According to
the concentration of the active ingredient of IMZT in the
Pivot® H safety sheet (10.59 g in 100 mL), the correspond-
ing calculations were made to obtain a stable stock solution
of 1 g of IMZT per liter of dechlorinated tap water (USEPA
1975). Then, from stable stock solution, the corresponding
dilutions were made in dechlorinated tap water to obtain the
concentrations of the exposure scenarios.

IMZT concentrations in bioassay solutions were analyzed
by equipment in the CIM Institute (National University of
La Plata, La Plata, Argentina) according to the procedures
described in Report 01-4134 of the US Geological Survey
(Furlong 2001). Briefly, IMZT active ingredient was identi-
fied and quantified by instrumental analysis with a Waters
Acquity Ultra Performance Liquid Chromatography (UPLC)
system coupled to a Quattro Premier XE tandem quadrupole
mass spectrometer (MS/MS), with an electrospray ioniza-
tion (ESI) source. For the chromatographic separation of
the herbicide, a C'® column (1.7 pm, 100x 2.1 mm) was
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used, at a flow of 0.3 mL/min with acetonitrile/methanol-
nanopure water gradient (previously conditioned with formic
acid). The identification and quantification of IMZT were
performed by injection a volume of 2 pL of the standard
solutions without additional extraction system. The software
MassLynx v4.1 and the TargetLynx package were used for
data analysis. Quantification was done by means of an exter-
nal calibration curve and through a measurement of the area
under the chromatographic peaks (using as a reference a
1 ppm solution of technical grade of IMZT to 95%), after
considering the dilution effected with each matrices and the
recovery of the compound. The detection limit of IMZT was
0.5 pg/L.

Test Organisms and Specimens Recollection

Leptodactylus latinasus (Jimenez de la Espada, 1875)
(Anura, Leptodactylidae) is a small sized terrestrial frog
species (38—40 mm) that hides under rocks or debris. Spec-
imens feed on the insects encountered on the soil among
the vegetation (Cei 1980). Males of this species build small
caves in the mud where they call females and eggs are laid
in a foam nest where tadpoles begin their development and
emerge when inundated by rain or overflowing brooks (Cei
1980; Brodeur et al. 2011). This species was chosen due
to its particular characteristic of reproducing and foraging
within soybean, wheat and maize crops, where it builds
caves between the plants, and in small depressions where
puddles form after rainfalls.

Individuals of L. latinasus (n=60) were obtained at night
during the breeding season from a typical unpolluted field
from the Pampa region where no large-scale agricultural
activities occurred (La Plata, Buenos Aires, Argentina
35°00" 02" S, 57° 52" 15" W). All frog collections were
approved by the Flora and Fauna Directorate from the Bue-
nos Aires Province (Permit # 22500-22339/13). Adult males
of L. latinasus were transported to the laboratory within a
few hours from capture. They were then weighed (average,
3.52+0.65 g) and measured (snout-vent length average,
31.27+2.60 mm). Afterward, specimens were acclimated
during 7 days in 2800 cm?® glass containers containing
water at the bottom. During this period, photoperiod was
maintained stable at 16:8 h light/dark and temperature at
25.0+ 1 °C. No food was supplied.

Experimental Design and Exposure Protocol

The experimental design is illustrated in Fig. 1. Briefly,
before the start of bioassay, frogs were placed in a clean
glass 20 L aquarium for a 24-h period of dehydration. This
dehydration period was intended to facilitate the movement
of water and xenobiotics throughout the anuran dermis upon
exposure, because rehydration starts in the bioassay once
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Fig. 1 Representation of the
experimental design simulat-
ing real exposure scenarios to « Mode: acute pulse —
imazethapyr-based formulation immersing entire
Pivot® H in adults of Leptodac- organisms,

tylus latinasus e Time: 15 seconds,

 Individuals per treatment:
ten adults males,

* Treatments:

Exposure phase

Control group:
Declorinated tap water

$2: 1000 mg/L of IMZT

exposure begins, according to the suggestions of Van Meter
et al. (2018). Experiments were carried out according to
the exposure protocol previously adopted by Wang and Jia
(2009) and Van Meter et al. (2014, 2015, 2018, 2019) fol-
lowing two plausible real-life scenarios: (1) an immersion
in field runoff (S1: 10 mg/L) and (2) a direct exposure to the
droplets emitted by spray nozzles (S2: 1000 mg/L). For each
scenario, ten adult frogs per treatment were exposed to an
acute pulse of Pivot® H, by immersing the entire organisms
in the each test solution (S1: 10 mg/L and S2: 1000 mg/L)
during 15 s. Test solutions of IMZT were prepared according
to procedures proposed by USEPA (1975). Also, a negative
control group consisted of 10 frogs immersed in dechlorin-
ated tap water that were run in parallel to herbicide-exposed
specimens (Van Meter et al. 2015; 2018). Immediately after
the acute pulse, each frog was placed separately and indi-
vidually in a 3-L glass flasks containing 200 mL base of
humidified fertile soil. Frogs were not fed throughout the
experiment and, after the exposure, they were rehydrated
by spraying dechlorinated tap water every 24 h to avoid frog
death due to drying (Van Meter et al. 2018). Evaluation of
the proposed endpoints was performed 48 and 96 h after the
acute pulse of exposure based on previous studies by our
group which highlight the importance of analyzing these
two time points (Franco-Belussi et al. 2013; Pérez-Iglesias
et al. 2016; Lajmanovich et al. 2018). On each sampling
time, frogs were anesthetized by immersion in benzocaine
(2%), placed on ice and dissected according to guidelines
detailed in Garber et al. (2011), CONICET (2005) and INTA

Post exposure phase

Measured endpoints: body condition, HSI, liver tissue
alterations, MMCs pigmentation, GSH, GST, CAT, AChE,
MN s and nuclear abnormalities.

Endpoints evaluations: after 48 and 96 h of acute pulse,
Rehydration of frogs: each 24 h,

Preservation of frogs during the experiment:
3 liter jars with 200mL of substratum or sediment

Laboratory controled conditions

Control group:
Declorinated tap water

kY, =20 - 10 (48h) and 10 (%Hh)

Scenario 1:
10 mg/L of IMZT

N =20 - 10 (48h) and 10 (96h)

Scenario 2:
: 1000 mg/L of IMZT
X

AR> N =20 - 10 (48h) and 10 (96h)

(2008). The liver was weighed using a scale with a precision
of 0.001 g. All procedures involving animals were of the
institutional ethical committee from the National University
of La Plata (permit #11/N619).

Evaluations of Endpoints

To assess the effects induced by IMZT under the two expo-
sure scenarios, several endpoints were considered at dif-
ferent ecotoxicological levels, i.e., individual (e.g., body
condition; hepatosomatic index, HSI and behavior altera-
tions), histological (e.g., melanin; hemosiderin; hyper vas-
cularization or congestion, HV; enlargement of sinusoids,
ES; mononuclear cell infiltration, MI; vacuolization, V; and
necrosis of hepatocytes), biochemical (e.g., acetyl cholinest-
erase, AChE; catalase, CAT; glutathione reduced, GSH; glu-
tathione-S-transferase, GST) and cytogenetic (e.g., micro-
nuclei, MNs; notched nuclei, NNs; blebbed nuclei, BLs;
erythroplastids, EPs).

Individual Endpoints

Body condition was assessed using a method described by
Brodeur et al. (2011, 2020). This method consists in exam-
ining the residuals from a regression of body mass against
snout-vent length where the regression line obtained estab-
lishes the average body weight for a given length. Then, indi-
viduals with positive residuals are considered to be in a good
condition, whereas individuals with negative residuals are
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regarded as having low energy reserves (Schulte-Hostedde
et al. 2005; Brodeur et al. 2011, 2020). The hepatosomatic
index (HSI) was calculated as the ratio of liver weight on
total body weight. Finally, to evaluate behavior alterations,
such as normal mobility, jump response to a stimulus and
orientation position of the frogs, from each treatment were
registered during 1 min in a polypropylene chamber (30 L)
and, posteriorly, frogs were individually placed into a pool
to examine swimming activity for another minute. These
endpoints were recorded after 48 and 96 h of the acute pulse.

Histological Endpoints

Histological techniques were conducted as previously
described by Pérez-Iglesias et al. (2016). Briefly, a half of
the liver was extracted and used for biochemical procedures
(“Liver tissue alterations” section), while the other portion
was placed in Karnovsky fixative solution (0.1 M phosphate
buffer, 5% paraformaldehyde and 2.5% glutaraldehyde) at
pH 7.2 for 24 h (4 °C) for histological procedures. Then,
each liver sample was rinsed with distilled water, placed in
an alcohol series to dehydrate and embedded in historesin.
Liver preparations were obtained by cutting randomly
selected 2-pm-thick sections (~ 60 sections of each liver)
using a Leica RM 2265 microtome. When mounting the
slides, approximately 20 liver sections were selected, for
a total of two slides per frog. One slide was stained with
hematoxylin—eosin to evaluate liver alterations and mela-
nin quantification, while the second slide was incubated in
acidic ferrocyanide for 15 min and then stained with neutral
red and eosin solutions for hemosiderin detection. Histo-
logical sections were observed under a Leica DM4000 B
microscope equipped with an image capture system (Leica
DFC 280).

Liver Tissue Alterations

Ten histological sections per sample were examined for
liver tissue alterations according to Cakici (2015). The fol-
lowing elements were evaluated: hyper vascularization or
congestion (HV), enlargement of sinusoids (ES), mononu-
clear cell infiltration (MI), vacuolization (V) and necrosis
of hepatocytes.

Pigmentation of Liver Melanomacrophages (MMC)

For pigmentation evaluation, each liver sample (n=25
micrographs) was analyzed using Image Pro Plus 6.0 soft-
ware (Media Cybernetics, Inc., Rockville, MD). Based on
the different staining intensity, the area occupied by mela-
nin and hemosiderin pigment was quantified in the MMC
(Pérez-Iglesias et al. 2016).

@ Springer

Biochemical Endpoints

All procedures were performed according to Brodeur et al.
(2017). Livers were homogenized in ice-cold 50 mM tris
buffer (1 mM EDTA acid, 0.25 M of sucrose, pH 7.4) with
a Teflon-glass Potter—Elvehjem homogenizer. Then, the
homogenates were centrifuged at 4 °C (10,000 X g, 10 min)
to collect the supernatant, while nuclei and cell debris was
discarded. One portion of the supernatant was used for
direct determination of hepatic contents of GSH and the
rest portion of supernatant was stored at freezer (220 °C)
until enzyme activities determination. Protein concentra-
tions were determined by the method of Lowry (1951)
using bovine serum albumin as a standard. All enzymatic
reactions and protein calibration curve were performed
on microplates. Absorbance was read using a microplate
reader (SPECTROstar Nano, BMG Labtech, Ortenberg,
Germany).

CAT Activity Determination

The CAT activity in the liver of L. latinasus was deter-
mined by measuring the kinetic absorbance in microplates
making reaction mixture of 300 uL of PBS (100 mM, pH
7), 10 puL of H,0, (dilution 0,5% v/v, peroxide hydrogen
99% in distilled water) and 10 uL of sample (dilution, 1:25
of pure supernatant:PBS). The change in the absorbance
(240 nm) resulting from H,O, consumption was recorded
during 2 min (37 °C), using a molar extinction coefficient
of 43.6 M™! cm™! (Brodeur et al. 2011, 2017).

GSH Determination

Hepatic GSH contents were determined colorimetrically
by quantifying the amount of 2-nitro-5-thiobenzoic acid
resulting from the interaction of GSH with dithiobis-2-ni-
trobenzoic acid (DTNB). Three 60 pL aliquots of superna-
tant per sample were deproteinized separately by mixing
with 120 pL of acetonitrile. First of the three deprotein-
ized aliquots served as a blank and mixed with 10 puL of
N-ethylmaleimide, 110 puL of acetonitrile and 60 ul of
liver sample. Microtubes with solutions were centrifuged
at4 °C (10,000 x g, 10 min), and the supernatant was used
for GSH determination. The reaction for GSH determina-
tion consisted of 200 uL of saline buffer or PBS (50 mM,
pH 7.5), 10 uL of DTNB (0.5 mM) and 160 pL of super-
natant with sample. Determination of GSH was made by
using the average absorbance (412 nm) of replicates, after
subtracting the absorbance of the blank and estimating the
standard curve (Brodeur et al. 2011).
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GST Activity Determination

The GST activity in the liver of L. latinasus was measured
using 1-chloro-2, 4- dinitrobenzene (CDNB) as substrate.
Determinations were performed in a reaction mixture con-
taining 300 pL GST (30% m/v of GSH in PBS, pH 7), 10
pL CDNB (0.1 M) and 10 pL of sample (dilution, 1:25 of
pure supernatant:PBS). The colorimetric reaction absorb-
ance (340 nm) was recorded during 2 min (37 °C) and GST
activity was calculated with molar extinction coefficient of
9.6 mM~! cm™! (Brodeur et al. 2011, 2017).

AChE Activity Determination

Activity of hepatic acetyl cholinesterase (AChE) was
determined by the Ellman method (1961). The reaction
mixture consisted of 200 uL of PBS (100 mM, pH 8), 10
pL of acetylcholine (1 mM), 10 pL. of DTNB (0.5 mM) and
50 pL of sample (previously diluted 1/5; 200 pL. homog-
enized sample in 800 pL of PBS). The kinetic absorbance
(412 nm) was recorded during 3 min (37 °C) and AChE
activity was calculated using a molar extinction coefficient
of 14,150 M~" cm'.

Cytogenetic Level. MNs and Nuclear Abnormalities
on Erythrocytes

MN assay and blood analysis was conducted in accordance
with original protocol (Fenech 2007) with minor modifi-
cations for this species (Pérez-Iglesias et al. 2016). Blood
smears on microscope slides were confectioned by triplicate
from each herbicide-exposed and non-exposed frogs stained
during 12 min with 5% of Giemsa solution. MNs frequency
was calculated in peripheral mature erythrocytes after
acute pulse exposure in both scenarios. MNs were blind-
scored from 1000 erythrocytes from each blood frog sample
(X 1000 magnification). Also, the presence of other nuclear
abnormalities in mature erythrocytes was evaluated for this
species according our previous procedures (Pérez-Iglesias
et al. 2016, 2020). The following frequency of nuclear
abnormalities was considered: notched nuclei (NNs), i.e.,
nuclei with vacuoles and appreciable depth into a nucleus
without containing nuclear material; blebbed nuclei (BLs),
i.e., cells with one nucleus presenting a relatively small
evagination of the nuclear membrane which contains euchro-
matin; and erythroplastids (EPs), i.e., anucleated forms of
circulating red blood cells. MNs and nuclear abnormalities
frequencies are expressed as total number of alterations per
1000 cells and the examination criteria for MNs acceptance
were determined following previously reports (Vera-Candi-
oti et al. 2010).

Statistical Analysis

ANOVA one-way (analysis of variance) with post hoc
Dunnett test was performed to estimate the IMZT formu-
lation-induced effects on body condition, HSI, liver tis-
sue lesions, area occupied by melanin and hemosiderin
pigment, liver enzymes activities (GST, CAT and AChE),
hepatic GSH contents and frequencies of MNs and oth-
ers nuclear abnormalities (response variables), at both
times evaluated after the exposure (Zar 2010). ANOVA
assumptions were corroborated with Bartlett test for the
homogeneity of variances and x 2 test for normality. Then,
data were logarithmic-transformed to meet assumptions, in
those cases that did not meet the assumptions of normality,
a Kruskal-Wallis test was performed (Zar 2010).

A principal component analysis (PCA) was performed
considering each exposure scenario as a grouping vari-
able to improve interpretation of the results and allows to
obtain integral information of the biomarkers responses
(or holistic vision). The integration of all biomarkers was
made by using components principal regression analysis
(Jackson 1993; Jolliffe and Cadima 2016). In addition, the
relationship biomarkers and IMZT were evaluated with a
correlation matrix (Pearson product moment correlation
coefficient) by using simple linear regression. Tests of
significance of the regression and correlation coefficients
were performed following Zar (2010). The level of signifi-
cance chosen was a=0.05 for all tests, unless indicated
otherwise. Analyses were performed using the R software
6v.2.11.1 (R Core Team 2010).

Results
Chemical Determinations

Analytic determinations of IMZT are presented in Table 1.
Particularly, the values corresponding to the real concen-
trations were 10.86 IMZT mg/L + 1.87 (SD) for scenario 1
(nominal 10 mg/L), and 1043.0 IMZT mg/L + 100.05 (SD)
for scenario 2 (nominal 1000 mg/L).

Table 1 Analytical results of the IMZT concentrations tested in the
exposure scenarios

Exposure concentrations to imazethapyr (mg/L)

Nominal Real SD p value
Scenario 1 10 10.86 1.87 2.3E+02
Scenario 2 1000 1043.0 100.05 8.2E+02

SD, standard deviation
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Response of Endpoints
Individual Endpoints

Evaluation of body condition and behavior alterations
after exposure to the herbicide IMZT formulation did not
reveal any differences between frogs exposed to S1 and S2
with respect to the control group at both times evaluated
(p>0.05). Nevertheless, it was observed that frogs exposed
to IMZT under S1 and S2 scenarios exhibited a decrease
in HSI 96 h after the exposure (p <0.05), but not at 48 h
(p>0.05) (Table 2).

Histological Endpoints

Table 2 summarizes the results of all histological endpoints
examined and the type of response observed for each of the
two exposure scenarios. Liver tissue alteration was evident
only HV and ES at both 48 and 96 h (Fig. 2). Statistical

Table 2 Endpoints at different ecological levels evaluated in adults of
Leptodactylus latinasus exposed to the imazethapyr-based herbicide
formulation Pivot® H

Level Endpoint 48 96
S1 S2 S1 S2
Individual Body condition ND ND ND ND
Hepatosomatic index ND ND (=)*  (—)*
Histological  Liver pathologies
HV ND (+)* ND (+)*
ES ND (+)* ND (+)*
MI ND ND ND ND
1% ND ND ND ND
MMC pigmentation
Melanin ND ND (=)* (—)*
Hemosiderin ND ND (=)* ND
Biochemical GSH ND ND ND ND
GST (=)* ND ND ND
CAT ND ND (+)* ND
AChE ND (+)* ND ND
Cellular MNs ND ND (H)* (H)*

Nuclear abnormalities ND  ND ND ND

Response or function of biomarkers respect to control group with
stimulation or increase (+) and inhibition or decrease (—). ND: not
detected effect

S1; corresponds to runoff scenario at 10 mg/L, while S2; correspond
to direct spray application at 1000 mg/L

* p<0.05; **, p<0.01; significant differences with respect to con-
trol.

HV Hyper vascularization, ES Enlargement of sinusoids, M/ mono-
nuclear cell infiltration, V vacuolization, MM C melanomacrophages,
GSH reduced glutathione, GST glutathione-S-transferase, CAT cata-
lase, AChE acetylcholinesterase, MNs micronucleus
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analysis performed revealed that these alterations occurred
both at 48 and 96 h, but only in S2 (p <0.05). Regarding the
analysis of pigments on liver MMC, a decrease in melanin
and hemosiderin was observed at 96 h (Table 2). Specifi-
cally, the area of melanin and hemosiderin in liver MMC
did not show any significant differences when comparing
frogs treated with IMZT formulation respect to control
group (p >0.05) after 48 h. However, a significant decrease
in the melanin area was detected in both scenarios after 96 h
(p <0.05). On the other hand, a significant decrease in the
pigmented area of hemosiderin in liver MMC was observed
only in frogs submitted S1 (p < 0.05) but not in frogs of the
S2 (p>0.05) after 96 h.

Biochemical Endpoints

Table 2 and Fig. 3 summarize the results of biochemical
endpoints analyzed and the type of response observed for
each of the two exposure scenarios 48 and 96 after the expo-
sure. IMZT formulation exposure did not have any effect on
GSH activity (p>0.05) 48 h after the exposure. However, at
this time point, a significant decrease in the activity of GST
was observed in frogs submitted to S1 (p <0.05), whereas a
significant increase in the activity of AChE (p <0.05) was
observed in frogs exposed to S2. No significant difference
was observed in CAT activity when comparing both sce-
narios with respect to the control group (p >0.05) 48 h after
the exposure. Finally, 96 h after the exposure to IMZT for-
mulation, the activity of GSH, GST and AChE was back to
control levels in frogs exposed to both scenarios. Only the
activity of CAT was modified at this time point, a significant
increase in hepatic CAT activity levels being observed in
frogs treated with S1 (p <0.01).

Cytogenetic Level Endpoints

At the cellular level, a significant increase in the frequency
of MNs was observed in the group treated with S1 (p <0.01)
and S2 (p <0.05) when compared to the control group, but
only at 96 h (Table 3). On the other hand, significant differ-
ences by IMZT-treatment were not detected with respect
to the control group when the frequency of nuclear abnor-
malities in erythrocytes was compared to both exposure sce-
narios and both times points evaluated (p > 0.05) (Table 2).

Integration of Biomarkers by PCA Analysis

First, an exploratory PCA was carried out with all the evalu-
ated endpoints that were standardized prior to the analysis.
In a second stage, only those variables that showed signifi-
cant differences (p <0.05) with respect to the control groups
after the ANOVA and Dunnett test and were selected and
considered biomarkers.
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Fig.2 Melanomacrophages
(MMC) and liver sections

in adults of Leptodactylus
latinasus from treated groups
at 48 (a) and 96 h (c¢), and non-
exposed frogs to imazethapyr
formulation at 48 (b) and 96 h
(d). Arrows show some MMC
present in the liver; double
arrows show sections with
enlargement of sinusoids (ES);
asterisks show hyper vasculari-
zation (HV)

Enzyme activity
(umol.min 1. mg proteint)

|
|

Fig.3 Biochemical biomarkers resulting from IMZT-based commer-
cial herbicide Pivot® H exposure over 48 h (a) showing the responses

of GST (black bars) and AChE (white bars), and after 96 h (b) show-
ing the response of CAT (gray bars)

Catalase activity
(mmol.min . mg protein')

1
1

Treatm ent

Control

The reduction of dimensionalities by means of the PCA
revealed an evident differentiation between the IMZT-treated
groups with respect to the control, which is explained by the
correlation and integral response between the biomarkers at
48 and 96 h. In general, when analyzing the response of the
4 biomarkers (HV, ES, GST and AChE) at different levels

of organization (histological and biochemical) and their cor-
relation by the PCA at 48 h, the analysis showed that the bio-
markers are organized into 3 main components that explain
86.71% (PC1=47.58% and PC2=39.13%) of the variability
of the data. In addition to this, according to the response
expressed by the biomarkers here evaluated, it was possible
to determine an increasing gradient of concentrations along
the acute pulse scenarios (from S1 to S2) with respect to the
negative control (Fig. 4a). Specifically, the separation of the
control group from S1 and S2 was due to a greater extent by
the response of the biochemical biomarkers that contribute
to the variability of PC1 and the histological biomarkers that
contributed variability to the axis of PC2 (Fig. 4a). From
these analyses, it was also possible to show significant posi-
tive correlations between histological biomarkers with each
other (r=0.52; p <0.05) and between both biochemical bio-
markers, AChE and GST (r=0.88; p <0.05). On the other
hand, the analyses revealed that, at 96 h, there is a significant
differentiation in the response of the biomarkers that explain
the PC1 since they allow the negative control group to be
separated from the S2 (p <0.05), as well as the biomarkers
that contribute to the PC2 axis that allow the control group
to be separated from S1 (p <0.05) and S2 (p <0.001). Also,
the correlation obtained by the PCA of the 7 biomarkers
(HSI, ES, HV, melanin, hemosiderin, CAT and MNs) 96 h
after the acute pulse of IMZT formulation at the different
levels of organization (individual, histological, biochemi-
cal and cytogenetic), showed that these are organized into
3 main components that explain 63.77% (PC1=29.55%,
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Table 3 Frequencies (%) of micronucleus and other nuclear abnormalities in peripheral blood erythrocytes from Leprodactylus latinasus adults
exposed to the imazethapyr-based herbicide formulation Pivot® H in two real-life scenarios

Treatments Exposure  Exposure  No. of No. of cells  MNs?* Other nuclear abnormalities®
treatments  time (h) animals analyzed
analyzed NTs LNs BNs BLs
Control group 48 10 10,390 1.91+0.53 0.10+0.10 0.30+0.21 0.20+0.13 0.59+0.22
96 10 10,270 2.37+0.47 029+0.15 059+022 0.20+0.13 1.47+0.36
Pivot® H S1 48 10 9772 2.30+0.40 0.12+0.12 1.16+0.68 0.33+0.16 0.45+0.17
96 10 10,299 5.21+0.80** 0.28+0.20 1.17+0.35 0.37+0.21 1.57+0.53
S2 48 10 10,850 1.47+0.29 0.19+0.12 0.09+0.09 0.00+0.00 0.46+0.15
96 10 10,716 4.16+0.58* 045+0.24 045+0.16 0.27+020 1.47+0.62

Results are expressed as mean number of abnormalities/1000 cells + SE.
AMNs, micronuclei; NTs, notched nuclei; LNs, lobed nuclei; BNs, binucleated cells; BLs, blebbed nuclei.
* p<0.05; **, p<0.01; significant differences with respect to control values

Fig.4 Biplot representing the A T
responses of each biomarker 2 '\‘k
evaluated in Leprodactylus
latinasus adults exposed to

the simulating scenarios of
exposure to the IMZT-based
commercial herbicide Pivot® H
after 48 (a) and 96 h (b). The
wide gray white arrow shows
the increasing concentration
gradient for control group

and each scenario of IMZT
exposure such as control group
(squares), runoff simulation or 34
10 mg IMZT/L (triangles), and

direct spraying application or T w T
1000 mg/L (circles) obtained -6 4 2 0 2 4 6
by the correlation between the PCA 1 (41.6%)

biomarkers. Circles showed

groupings of each treatment on

an IMZT gradient. The length g
of the red arrow indicates the B g
magnitude of the response of i
the different biomarkers. AChE, 3 -
acetylcholinesterase; CAT,
catalase; ES, enlargement of
sinusoids; GST, glutathione-S-
transferase; HSI, hepatosomatic
index; HV, hyper vasculariza-
tion; MNs, micronucleus

o
!

PCA 2 (34%)
1

AQ
n oSt

PCA 2 (19.3%)

PCA 1 (27.2%)

PC2=20.29% and PC3 =13.93%) of the variability of data. control and the worst scenario (S2) (Fig. 4b). Here, the sepa-
From the response biomarkers shown, it was possible to  ration of the control group from S2 was largely due to the
identify two large subgroups characterized by the negative  response of the MNs, melanin of the MMC, ES and HV

@ Springer



Archives of Environmental Contamination and Toxicology (2021) 81:492-506

501

(which separate the subgroups on the axis of PC1) and from
HSI, CAT and hemosiderin in the MMC (which separate
the subgroups on the axis of PC2) (Fig. 4b). From these
analyses, it was also possible to show significant positive
correlations between histological biomarkers such as ES and
HV (r=0.39; p <0.05) as well as significant negative cor-
relations between MNs and ES (r=-0.40; p <0.05).

Discussion

Experiments simulating real-life exposure scenarios realized
with adults of the frog L. latinasus demonstrated the poten-
tial adverse effect of IMZT formulation on the physiology
of a Neotropical anuran. Particularly, considering scenarios
of real field exposures, a few studies have been conducted
worldwide to evaluate the adverse effects separately of envi-
ronmental contaminants in juvenile and adult anurans from
regions such as Africa (Ezemonye and Tongo 2010), Europe
and Asia (Leiva-Presa and Munro Jenssen 2006; Quaranta
et al. 2009; Briihl et al. 2013), and North America (Edge
et al. 2011; Selcer and Verbanic 2014; Van Meter et al.
2014, 2015, 2018; Glinski et al. 2018; Abercrombie et al.
2020). The same situation was observed in studies carried
out on Neotropical anurans (Castillo et al. 1991, 2005; Laj-
manovich et al. 2018). In this sense, the current study is the
first to evaluate and integrate the effects of a formulation of
a herbicide (IMZT) at multiple biological levels in an adult
Neotropical frog simulating real scenarios of exposure.

Overall, few impacts were observed at the individual
level, no effect was observed on body condition and a
decrease in HSI was observed only following exposure to S2
and only after 96 h. Overall, the lack of effects observed at
the organismal level may be due to the short duration of the
exposure. Indeed, it is probably necessary for the exposure
to be longer-lasting and/or recurring for clear effects to be
seen on body condition and HSI, as sometimes reported in
field studies (Brodeur et al. 2011).

The histological effects of this study demonstrate for
the first time that IMZT formulation produces liver lesions
such as HV and AS and affects hepatic MMC in adult frogs.
Specifically, IMZT in his commercial formulation induced
alterations in the area occupied by the pigments melanin
and hemosiderin in the liver of L. latinasus, corroborating
the utility of using these pigments in MMC as histologi-
cal biomarkers (Pérez-Iglesias et al. 2016). It is important
to mention that other authors have highlighted the impor-
tance of determining the effects of environmental stress-
ors in detoxification organs due to the maintenance of the
homeostasis in aquatic vertebrates (McDiarmid and Altig
1999; Paunescu et al. 2010; Cakici 2015). In this study, we
observed an increase in the frequency of liver alterations
(HV and ES) in both scenarios. According to Giirkan and

Hayretdag (2012), this situation may be an indication of irre-
versible damage that consequently ends in hepatocellular
degeneration. Several studies carried out in anurans support
this idea since they have shown that high concentrations
of pesticides cause damage to liver structures that lead to
an increase in the rate of hepatic cell apoptosis and it has
even been pointed out that principles of carcinogenesis may
be associated with processes such as hypervascularization
(Paunescu et al. 2010; Zaya et al. 2011; Cakici 2015; Pérez-
Iglesias et al. 2016).

In addition, the analysis of the histological biomarkers
in adults showed alterations in the pigments of the hepatic
MMC by exposure to Pivot® H in S1 and S2 after 96 h expo-
sure. These results are consistent with previous studies car-
ried out in anurans that demonstrate the alteration produced
in the hepatic pigmentary system (MMC) by environmental
stressors (Paunescu et al. 2010; Zaya et al. 2011; Giirkan and
Hayretdag 2012; Franco-Belussi et al. 2013; Cakici 2015;
Pérez-Iglesias et al. 2016; De Oliveira et al. 2017; Fanali
et al. 2018). In general, MMC and its associated pigments
such as melanin and hemosiderin are important in catabolic
processes as an immune response, as detoxifiers and as pro-
tectors against ROS (Fenoglio et al. 2005; Franco-Belussi
et al. 2013). However, an increase in MMC may be due to
increased oxidative damage that occurs in cell membranes,
increased cell death processes by the accumulation of lipo-
fuscin within MMC (Couillard and Hodson 1996; Fenoglio
et al. 2005; Franco-Belussi et al. 2013) or due to the abil-
ity of this cellular defense system to eliminate waste due
to an increase in phagocytic activity (Agius and Roberts
2003; Franco-Belussi et al. 2013). Moreover, the results
obtained in this work show that at 96 h there is a significant
decrease in the area of the pigments melanin and hemosi-
derin in the hepatic MMC. According to previous studies,
MMC pigments are physiological and cytologic biomark-
ers of the health status of amphibians and their decrease is
related with a reduction in phagocytic and protective activ-
ity against oxidizing agents of MMC in the liver (Fenoglio
et al. 2005; Pérez-Iglesias et al. 2016; Fanali et al. 2018;
Franco-Belussi et al. 2020). Focusing on the response of the
catabolic pigment hemosiderin in S1, this work again reports
similar results to those previously described in this species
after herbicide exposure (Pérez-Iglesias et al. 2016). The
decrease in hemosiderin pigment, due to the herbicide expo-
sure, may be related to more severe damages that involve
alterations in the hepatic catabolic processes inhibiting the
recycling of ferric compounds related to the erythrocatetic
function (Agius and Roberts 2003). This statement can be
corroborated by the significant increase in the frequency of
MNs in erythrocytes of circulating blood cells, which would
indicate alterations in erythrocateresis making cell renewal
impossible, a function that depends on hepatic MMC in anu-
rans (Agius and Roberts 2003; Fenoglio et al. 2005). The
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physiology and well-being or fitness of anurans exposed to
pesticides would be negatively affected by the inability of
the liver to eliminate or detoxify xenobiotics and damaged
cellular components of the body (Pérez-Iglesias et al. 2016).

With regard to the biochemical responses observed,
IMZT formulation was found to induce alterations in AChE
activity in L. latinasus adults. In this sense, our results
corroborate the same effects reported in fish by Pasha and
Singh (2005), Moraes et al. (2011) and Pasha (2013), where
IMZT commercial formulations alter the cholinergic sys-
tem of local aquatic vertebrates. Oxidative stress refers
to the imbalance due to excess ROS or oxidants over the
cell’s ability to carry out an effective antioxidant response.
ROS are highly reactive species that can affect membrane
lipids and nucleic acids, so regulating the delicate balance
between ROS production and the activation of antioxidant
cell defenses, such as CAT and GST enzymes, is essential
to maintain cell viability (because they participate in the
elimination of ROS) (Ferrari et al. 2008). In particular, the
significant increase in CAT in adults of L. latinasus sug-
gests that this enzyme acts as one of the main antioxidant
defenses for these organisms against the action of an her-
bicide (Ferrari et al. 2011) with pro-oxidant characteristics
such as Pivot® H (Moraes et al. 2011). Added to this, the
increase in CAT is considered a beneficial response in a
stress situation since it prevents oxidation in cells (Ferrari
et al. 2011). On the other hand, the decrease in GST activ-
ity demonstrates an enzymatic inhibition of the dominant
antioxidant defense system of these organisms (Ferrari et al.
2011). The decrease in GST would lead to the deactivation
of detoxifying systems that counteract the damaging effects
of ROS (Attademo et al. 2007; Ferrari et al. 2008, 2011). In
this case, the role of GST was inhibited at 48 h, which could
lead to an increase in oxidative stress by herbicide exposure.

Finally, if we consider the response of histological bio-
markers, we could think that since antioxidant enzyme sys-
tems do not respond (the case of CAT) or are inhibited (the
case of GST) for that concentration and at that time, the
antioxidant response would be in charge of MMC and its
pigments, at least after 48 h of exposure. On the other hand,
after 96 h, in S1 there is an increase in CAT that would
indicate that this is the antioxidant system that prevails over
the function of MMC since the concentration of the stressor
is lower. However, the situation is different in S2 (higher
concentration) since the antioxidant enzymes evaluated do
not respond to the action of the herbicide, there is an inhibi-
tion in the cellular protection of liver MMCs evidenced by
decreased melanin, and liver damages such as HV and AS
were observed. In summary, the present study demonstrated
that exposures of an anuran species to high concentrations of
a formulation of IMZT resulted in liver damage. In a study
of the effects of atrazine, Brodkin et al. (2007) interpreted
similar responses as evidence that the anuran test species had
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lost their physiological response capacities to maintain cell
renewal processes and antioxidant and detoxifying functions.

It should also be noted that exposure to IMZT formulation
produces cytogenetic damage in L. latinasus adults, which is
consistent with previous studies by our group (Pérez-Igle-
sias et al. 2015, 2017, 2018, 2020). In this context, genomic
instability may be critical for affecting population health,
causing one or both of two possible outcomes: 1) an increase
in the physiological stress (Barni et al. 2007; Jha 2008); or
2) decreased organism survival and long-term population
effects as a result of inability to repair the DNA damage
(Barni et al. 2007; Cavas and Kénen 2007; Jha 2008).

In recent years, Newman (2014) highlighted the impor-
tance of correlating biomarker responses instead of evaluat-
ing them separately. This information helps to understand
not only the susceptibility of organisms to environmental
stressors but also their mode of action and toxicity, which
can later be used as early warning signals in environments
that are disturbed or contaminated by the presence of envi-
ronmental stressors (Newman 2014; Pérez-Iglesias et al.
2020). In this sense, previous information evaluating corre-
lations between adverse effects at different levels of biologi-
cal organization is scarce. In this work, the multivariate anal-
ysis using a battery of biomarkers related to the responses at
different levels of biological organization allows to generate
novel information not provided by the individual and sepa-
rate analysis of each biomarker. Furthermore, these results
show that the endpoints evaluated respond to the concept of
biomarkers proposed by Walker (2009) who affirms that the
analyzed endpoints are useful biomarkers to use.

Added to this, the PCA analysis from this study clearly
allowed us to observe the separation between those frogs
exposed to IMZT formulation and the control group. This
situation shows that the adverse effects of Pivot® H induce
alterations in the physiological responses evidenced when
evaluating biomarkers at different levels of biological organ-
ization. The holistic approach of multivariate analysis allows
the evaluation of multiple endpoints simultaneously and
facilitates the general and particular understanding of the
various effects of experimental exposure to an environmental
stressor. This is an advantage for this type of analysis in con-
trast to the separate information provided by conventional
analyses. In conclusion, and in agreement with other authors
(Van der Oost et al. 2003; Newman 2014), we recommend
the use of this type of approach for ecotoxicological studies
since it allows us to discern the groups of anurans that were
exposed to environmental stressors from those that were not
exposed.

Focusing on the ecological importance of experimental
design, a first acute scenario (S1) simulate surface run-
off of pesticide occurs and contaminated water income
to breeding sites (caves in the ground) of the frogs. It is
important to note that the highest concentrations of IMZT
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in runoff water occurred near the site of herbicide appli-
cation, when the amount of IMZT transported by runoff
did not exceed 3% and storage of rainwater inside the soil
(Dias Martini et al. 2013). A second scenario (S2) con-
sidered the worst-case scenario exposure where a direct
application to the frog occurs at a concentration of the her-
bicide approved for use on crops (e.g., the frog emerging
from the cave and sprayed with the herbicide) (Van Meter
et al. 2014). Our results prove that these realistic expo-
sure scenarios can directly affect adults of L. latinasus.
Indeed, S1 caused significant cytogenetic damage while
more severe effects (biochemical damage, histological
and individual) were observed in S2, the worst exposure
situation considered. We understand that the cytogenetic
biomarker evaluated on this occasion (MNs) is presented
as an early signal, responding in situations of low herbi-
cide concentrations, before irreversible damage occurs at
higher levels of organization. In addition to this, if the
particular life habits of this species are considered, we
can understand that MNs in this case would be a valid
tool to use in monitoring with L. latinasus given that a
surface runoff event is the most likely exposure situation
after runoff events due to heavy rains. Base on the infor-
mation gather, IMZT exposure appears to be a risk factor
for L. latinasus populations. However, we highlight what
was previously mentioned (Pérez-Iglesias et al. 2015), it
is important to know the identities of the additive com-
pounds present in the commercial formulations because
the acute toxicity of a technical active ingredient can differ
significantly from that of the end-use formulation contain-
ing that active ingredient. Also, several investigations have
demonstrated that the additive compounds present in pes-
ticide commercial formulations have the ability to induce
toxicity by themselves, separate from the active ingredient
(Pérez-Iglesias et al. 2015). It should be mentioned that
according to our Argentinean administration, the additive
compounds (also called “moisturizers and inert ingredi-
ents”) present in any agrochemical are not required to be
listed on the agrochemical data sheet and can be kept as a
“trade secret,” as evidenced in the Pivot® H datasheet or
letterhead. Further studies are required to reveal whether
the adverse effects exerted by Pivot® H on the L. latinasus
adults we observed are attributable to IMZT or result from
the presence of xenobiotic (s) within the formulated tech-
nical formulation assayed in our study and to understand
the impact of pesticides on local populations of anurans.
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