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Abstract: In Mexico, atrazine is one of the herbicides most widely authorized and used in different
irrigation districts. Atrazine is a herbicide that contaminates aquatic systems. Previous studies have
shown that atrazine causes damage to red blood cells and liver tissue in different aquatic species,
including abnormalities in melanomacrophages. However, more information on amphibians is
needed, since most of these studies have been done on fish. Furthermore, no study has determined
the effect of atrazine on species native to Mexico. Therefore, in this study, we asked what the
effects of atrazine are on the erythrocytes and melanomacrophages of the liver in the male frog
(Lithobates spectabilis). In the present study, we analyzed (1) the cytotoxicity of atrazine using the
micronucleus test, (2) the area of melanomacrophage centers and the presence of melanin, and (3) the
characterization of liver damage using histological techniques. Our results show that atrazine is
cytotoxic to erythrocytes, increases the area of and melanin presence in melanomacrophage centers,
and causes liver damage in male L. spectabilis. Therefore, hepatotoxicity and cytotoxicity are indicators
of environmental stress. We suggest monitoring Mexico’s aquatic systems and further analyzing
atrazine effects and other pollutants on native species.

Keywords: amphibians; Gesaprim; melanomacrophage centers; hepatotoxicity; cytotoxicity; frog;
Mexico

Key Contribution: This work provides new information on the effect of the herbicide atrazine on
a species of frog native to Mexico. We found a cytotoxic effect on erythrocytes and liver damage
in Lithobates spectabilis. These results may contribute to monitoring environmentally relevant con-
centrations of atrazine in aquatic systems and analyzing its impact on other species of frogs native
to Mexico.

1. Introduction

One of the main threats to amphibians is pesticide contamination [1]. Atrazine (2–18
chloro-4-ethylamino-6-isopropylamino-s-triazine) is widely applied worldwide, despite
being one of the most toxic herbicides [2,3]. Analyses of aquatic systems have shown that it
is more likely to find atrazine than other agrochemicals [4–6]. Amphibians are excellent
animal models for evaluating atrazine’s effect in the laboratory. Different investigations
in the laboratory using chronic and acute exposure have demonstrated that atrazine can
be genotoxic and mutagenic in amphibians [1,7]. However, most of these studies have
considered higher doses than are environmentally relevant. Atrazine concentrations in
the environment range from a maximum of 100 µg/L to a minimum of 0.01 µg/L [8]. In
contrast, the laboratory analyses have used concentrations of up to 35 mg/L [9]. Atrazine
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has been shown to affect the morphology of the oxygen-carrying cells in the circula-
tory system, causing alterations to the membrane, nucleus, and cytoplasm in erythro-
cytes from Lithobates catesbeianus [10], Dendrophryniscus minutus [11], Rhinella schneideri [12],
Anaxyrus americanus, Xenopus laevis [13], and Lithobates pipiens [14]. Several of these authors
have also determined that an increase in micronucleus frequency is associated with liver
damage [15,16]. The vertebrate liver is essential in the biotransformation of xenobiotics
involving hepatocytes and Kupffer cells through enzymatic and non-enzymatic mech-
anisms [17]. The livers of several ectothermic animals contain melanomacrophages or
pigment (melanin) cells. Pigment cells form melanomacrophage centers, whose functions
include defense, melanogenesis, and sequestration of cellular degradation products or
foreign substances of endogenous and exogenous origins [18].

Field and laboratory studies have shown that atrazine causes an accumulation of ery-
throcytes, hypervascularization, and sinusoidal enlargement, along with increases in the
numbers of melanomacrophages and abnormalities in erythrocytes in Rhinella schneideri [12].
Some studies of Xenopus laevis have found hypertrophy, vascular congestion and dilation,
apoptosis and cell death of hepatocytes, numerous hematopoietic cells, increased colla-
gen in connective tissue [15], smaller livers and caspase-3-immunopositive cells [19]. In
Sclerophrys regulari, atrazine causes hepatocyte degeneration, hemorrhage, necrosis, vasodi-
latation, congestion in blood vessels, and aggregation of melanomacrophage cells between
hepatocytes [20]. However, the cytotoxic and hepatotoxic effects on L. spectabilis are un-
known. Therefore, we hypothesized that atrazine causes cytotoxic damage to erythrocytes
and increases the area of melanomacrophage centers, causing histological alterations in the
liver of the male frog of the species L. spectabilis. This species is native to central Mexico [21],
which is also the location of the megalopolis of the Mexican highlands, and where the effects
of atrazine on frog fauna have not been explored [22]. Atrazine (Gesaprim®) is the third
most widely used herbicide and is applied without restriction in some irrigation districts in
Mexico [23]. Therefore, the objective of the current study was to evaluate the subchronic
effect of the atrazine herbicide on the erythrocytes’ morphology, area of melanomacrophage
centers, melanin’s presence in the centers of liver melanomacrophages, and histological
alterations in the liver in males of the Lithobates spectabilis.

2. Materials and Methods
2.1. Lithobates spectabilis

We selected L. spectabilis as our study species. This frog is native to and widely
distributed throughout central Mexico. L. spectabilis is found primarily in oak, pine-oak,
and fir forests at 1200 to 3200 m.a.s.l from eastern Michoacan to central Mexico, and north
through Tlaxcala. It mainly inhabits the edges of mountain streams, and its breeding season
is in July [24]. L. spectabilis is listed as a species of least concern due to its wide distribution
and large presumed population size [21].

2.2. Capture Site

Twelve adult male L. spectabilis were captured in an aquatic system using an ento-
mological net. The aquatic system had no history of pesticide contamination and a stable
population of frogs. Males were captured during their active hours (18:00–20:00 h) be-
tween August and September 2021 in the locality of Cuaxonacayo, Ixtacuixtla-Tlaxcala
(19°64′23.60′′ N 98°21′53.99′′ W; 2919 m.a.s.l). All individuals were collected with a scien-
tific collection permit issued by the Secretaría de Medio Ambiente y Recursos Naturales de
Mexico (SEMARNAT; SGPA/DGVS/03662). Frogs were identified as L. spectabilis based on
a field-identification guide for amphibians distributed in Mexico [24]. After capture and
identification, the males were transported to the laboratory. No animals showed anatomical
alterations, such as limb deformities.
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2.3. Experimental Design
Animal Housing Conditions

In the laboratory, we assembled glass terrariums to simulate the environmental con-
ditions (vegetation, humidity (75–90%), room temperature (22.3–24.9 °C), illumination)
of the frogs’ natural habitat. We used 40 L fish tanks (51 × 29.5 × 26 cm). We lined the
bottoms of the tanks with uncontaminated grass and added a glass container to hold
water (25.5 × 25.5 × 8 cm). Temperature and humidity were monitored to track abnormal
changes. In each tank, a photo-period of 12/12 h light/dark was maintained using a lamp
controlled by a digital timer (lights on at 6:00 a.m.), and a sensor was used to record the
ambient temperature and relative humidity using an Arduino-cloud program for 24 h. This
experiment was carried out in two phases: acclimatization and atrazine exposure.

2.4. Phase 1: Acclimatization

The males were allowed to acclimate inside a tank with potable water for one hour
before being placed in the terrarium. All twelve individuals were placed in terrariums
for acclimatization for three weeks. During this time, the individuals were only exposed
to potable water, which was replaced daily to prevent the accumulation of frog feces and
urine. The potable water used in this experiment was from a non-contaminated source. The
individuals were fed ad libitum with live crickets raised for pet-feeding purposes (Petmmal
S.A de C.V).

2.5. Phase 2: Atrazine Exposure

The individuals were randomly allocated to two terrariums after the acclimatization
phase. One terrarium was used for the control group (n = 6), and the other was used for the
group exposed to the herbicide atrazine Gesaprim® (n = 6).In the treatment of subchronic
exposure to atrazine, individuals were exposed to a commercial formulation of atrazine
herbicide (Gesaprim® 90% purity) at a concentration of 15 µg/L dissolved in potable water
added to glass containers inside the terrariums for 90 days. The dose used in this study was
determined based on the environmental concentration that has been previously reported in
an aquatic system in Mexico [22], making it an environmentally relevant and realistic dose.
For the control group, the individuals were exposed to potable water only. The atrazine
solution and potable water were replaced daily throughout the experiment.

2.6. Erythrocyte Abnormalities

The males were anesthetized by immersion with 200 mg/L MS-222 (tricaine methane-
sulfonate, Sigma-Aldrich) for 15 min. Heparinized syringes were used to extract 5 µL of a
blood sample from each individual by cardiac puncture. Blood smears were prepared on
previously cleaned slides and allowed to air dry at room temperature for 24 h. The smears
were fixed by applying a 3:1 (v/v) acetic acid methanol solution for 1 min. Erythrocytes
were stained under the 5% Giemsa protocol, using eosin and methylene blue for 30 s, and
then they were dried at room temperature. Photomicrographs of erythrocytes were taken
with a camera (LEICA ICC50 E) adapted to an optical light microscope (LEICA; DM750).
Slides were examined following an L-shaped path, including the smear head, body, and
tail. Two observers carried out the erythrocyte counts, and each counted one thousand
non-overlapping erythrocytes with intact cell and nuclear membranes per slide. The order
in which the slides were analyzed was randomized, and both observers were blind with
respect to the frog’s treatment. Erythrocyte alterations were divided into the following
abnormalities: micronuclei, binucleated, blebbed membrane, notched nucleus, notched
membrane, drop-shaped, apoptotic, and necrotic. Analyses for erythrocyte abnormalities
were performed according to the protocols of Fenech and Alimba [25,26].

2.7. Melanomacrophages

After the individuals were euthanized with an overdose of MS-222, we removed the
complete liver from each individual in the control (n = 6) and atrazine-exposed (n = 6)
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groups. Subsequently, we fixed the liver in a Bouin–Duboscq solution for 24 h. Livers
were dehydrated with ascending alcohol concentrations (60–100%), fixed in xylol, and
embedded in paraffin (Paraplast. SIGMA-ALDRICH). Then, longitudinal cuts were made
with a microtome (Leica 2115) at a seven-micrometer thickness, and serial sections of
tissue were stained with hematoxylin and eosin (H&E). The stain was used for qualitative
(liver histology) and quantitative (area of the melanomacrophage centers and presence
of melanin) histological analysis. After staining, the hepatic tissue was dehydrated with
alcohols in ascending concentration (60–100%). The stained tissue samples were fixed with
cytoseal TM60 and coverslipped. First, we chose a complete tissue sample that was not
torn or folded. Photomicrographs were then taken under an optical light microscope (Leica;
DM750) with a camera adapted to LAS EZ 3.3.0 program. Subsequently, we measured
and determined the area occupied by melanomacrophage centers using the program
AxionVision Rel.4.8 [27]. We randomly selected 100 melanomacrophage centers from
the whole liver of each individual. The melanomacrophage centers were analyzed in
duplicate for the control and atrazine groups. In addition, we counted the number of
melanomacrophage centers with and without melanin in each group.

2.8. Histological Analysis of the Liver

Masson’s trichrome stain was used for the histological analysis of the liver in L. spectabilis.
Masson’s trichrome stain is one of the most commonly used to determine liver damage [28].
The livers of the control group (n = 6) and atrazine (n = 6) were stained. Then, photomicro-
graphs were taken under a light microscope (Leica; DM750) with a camera adapted to the
LAS EZ 3.3.0 program.

2.9. Statistical Analysis

All analyzes were performed using RStudio (version 1.4.1717). The erythrocyte ab-
normalities were classified as (1) membrane bleb, (2) apoptosis, and (3) necrosis. First,
1000 erythrocytes from each individual were counted [11,12]. The number of anomalies ob-
served was divided by 1000 and multiplied by 100, considering the percentage of anomalies
following [29]. To see if the data conformed to a normal distribution, we used a Shapiro–
Wilk test. Additionally, we looked at the homoscedasticity of the variances in the data.
Finally, to determine if the control and atrazine-exposed groups differed in their numbers
of abnormalities, the area occupied by melanomacrophage centers, or melanin-containing
melanomacrophages, a student’s t-test was used for each classification (”t.test” function).
The statistical significance threshold was p ≤ 0.05. Data are reported as mean ± standard
error unless otherwise stated.

3. Results
3.1. Erythrocyte Morphology

In this experiment, we observed erythrocytes with the normal morphology and abnor-
malities in both the control and atrazine-exposed groups (Figure 1). The morphologically
normal erythrocytes were elliptical (Figure 1a; el), spherical (Figure 1b; sp), and biconvex
(Figure 1b; bx) in all cases. The least-frequent classes of erythrocyte abnormalities had
micronuclei (Figure 1c), were comma-shaped (Figure 1d; cs), had a notched membrane
(Figure 1e; nm), had a notched nucleus (Figure 1f; nn), had a binucleated cell (Figure 1g;
bi), and were drop-shaped (Figure 1h; d), according to some authors’ classifications [25,26]
with the control group’s normal morphology erythrocytes (Figure 1i). The most frequently
observed abnormalities in the atrazine-exposed group were: blebbed membrane (Figure 1j;
bm), apoptosis (Figure 1k; ap), and necrotic erythrocytes (Figure 1l; ne). Our results in-
dicate that atrazine induced higher frequencies of erythrocytes with blebbed membranes
(t = −2.44, df = 10, p = 0.03), apoptotic erythrocytes (t = −2.96, df = 10,162, p = 0.01), and
necrotic erythrocytes (t = −3.10, df = 10, p = 0.01) than the control group (Figure 2). In
addition, the only individual we detected with micronuclei belonged to the control group.
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Figure 1. Photomicrographs of erythrocyte abnormalities in male L. spectabilis. Erythrocytes with
normal morphologies (a,b) and abnormalities (c–l). Erythrocytes with normal elliptical (a), spherical,
or biconvex (b) shapes. Erythrocyte abnormalities: micronuclei (c), comma-shaped (d), notched
membrane (e), notched nucleus (f), binucleated (g), drop-shaped (h), blebbed membrane, apoptotic,
and necrotic (i). The herbicide atrazine induced erythrocytes to have a blebbed membrane (j) and
undergo more apoptosis (k) and necrosis (l) compared to normal erythrocytes in the control group
(i). Abbreviations: c: cytoplasm, m: membrane, n: nucleus, el; elliptical, sp: spherical, bx: biconvex,
d: droplet, bm: blebbed membrane, bi: binucleated, cs: comma-shaped, nm: notched membrane,
nn: notched nucleus, ap: apoptotic, ne: necrotic, ∗: released cytoplasm. Giemsa stain. Bar: 10 µm.

3.2. Melanomacrophages and Melanine

We found that the area occupied by melanomacrophage centers in the livers of L. spectabilis
males was larger in the atrazine-exposed group (t =−22.65, df = 10, p = 0.02) than in the control
group (Figure 3a). They also had more melanin-containing melanomacrophages (t = −2.85,
df = 10, p = 0.01) (Figure 3b).
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Figure 2. Cytotoxicity of the herbicide atrazine in the erythrocytes of L. spectabilis, expressed as
significant differences in the frequencies of erythrocyte abnormalities in the control group (left)
versus the atrazine-exposed group (right). The group exposed to the herbicide atrazine had higher
percentages of erythrocytes with membrane blebbing (upper panel), apoptotic erythrocytes (middle
panel), and necrotic erythrocytes (lower panel). Standard error bars are shown. Asterisks show
statistical differences.

3.3. Liver Histopathology

The histological description of the liver of the male L. spectabilis exposed to atrazine
included a larger area occupied by melanomacrophage centers (Figure 4b) compared to
the control group (Figure 4a). Hepatic lesions were only observed in the atrazine-exposed
group, and the most common lesion types were infiltration of immune cells (Figure 4c)
and lymphocytes (Figure 4d), hemorrhagic patches (Figure 4e), blood vessel congestion
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(Figure 4f), and liver tissue degeneration (Figure 4g). No recognizable changes were
observed in the hepatic tissues of control frogs (Figure 4h). Localized collagen accumulation
was also visible in the livers of individuals from the atrazine group (Figure 4i)—specifically,
collagen deposits between hepatocytes (Figure 4j). Regarding the hepatic triad (Figure 4k),
we located degeneration and sloughing of the biliary duct epithelium (Figure 4l), atrophy
of the hepatocytes (Figure 4m), collagen deposition in the subcapsular hematopoietic tissue
and disorganized parenchyma (Figure 4n), some reticular collagen fibers distributed among
the hepatic cords (Figure 4o), and erythrocyte infiltration in the livers of individuals from
the atrazine group (Figure 4p).

Figure 3. The area occupied and melanin presence of melanomacrophage centers. The area occupied
by melanomacrophage centers (mean ± SE) in the livers of male L. spectabilis was larger in the
atrazine-exposed group compared to the control group (a). The atrazine group also had significantly
higher numbers of melanomacrophage centers in livers with melanin (mean ± SE) compared to
the control group (b). An asterisk indicates a statistically significant difference compared to the
control group.

Figure 4. Cytological preparations showing liver tissue in male L. spectabilis frogs exposed to the
herbicide atrazine and controls. The melanomacrophage (mm) area was smaller in the control group
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(a) than the atrazine-exposed group (b). In the atrazine group, there were liver lesions, including:
(c) infiltration of immune cells (circle), (d) infiltration of lymphocytes (lf) in the liver tissue, (e) patches
of hemorrhage (hg), (f) congestion of blood vessels (cb), (g) degeneration of liver tissue (arrowhead),
(i) liver tissue with collagen (∗) deposition, and (j) collagen (cg) deposition between hepatocytes
(compare to (h) liver tissue without collagen in the control group). In the hepatic triad (k), portal
vein (vp), bile duct (black arrow), and hepatic artery (white arrow), there were (l) degeneration and
sloughing of epithelium in the biliary duct (black arrows), (m) atrophy of hepatocytes (arrowhead),
(n) deposition of collagen in the subcapsular hematopoietic tissue (hs) and disorganized parenchyma
(p), (o) reticular collagen fibers distributed between the hepatic cords (arrow), and (p) erythrocyte
infiltration (er). (a–g) H& E stain; (h–p) Masson’s trichrome. Scale bars represent 10 and 20 µm.

4. Discussion

Our results indicate that atrazine induced a cytotoxic effect in the erythrocytes of
male L. spectabilis. We found that the herbicide atrazine Gesaprim® is cytotoxic, since
it induces increases in membrane blebbing, apoptosis, and necrosis of erythrocytes of
L. spectabilis. The increase in the number of blebbed erythrocytes could result from the
alterations in the spectrin (α and β), actin, and ankyrin proteins that maintain the structure
of the membrane [30]. Consequently, an increase in membrane-blebbed erythrocytes may
be associated with the onset of apoptosis [31]. In addition, our results determined that
atrazine Gesaprim® caused blebbing in the erythrocytes of L. spectabilis. The apoptosis
of the erythrocytes could be due to the following alterations: a decrease in ATP [32], the
activation of caspases [33], alteration of phosphatidylserine [34,35], increased calcium,
and the formation of reactive oxygen species (ROS) [36,37]. Studies on exposed fish to
xenobiotics have found that caspase 3 can be considered a universal indicator of erythrocyte
apoptosis [35,36]. Similarly, fishes exposed to fipronil have elevated expression of caspase
3 in blood tissue [33]. Apoptosis of erythrocytes may also result from oxidative stress that
indirectly damages the deoxyribonucleic acid (DNA) and causes cell death [38,39]. It has
been determined that atrazine increases ROS in fish [40]. Thus, it is possible that atrazine
generates ROS, causes DNA damage, modulates the P53 gene, and provokes apoptosis in
frogs [41]. In fact, the formation of apoptotic bodies would rapidly induce the death of
erythrocytes, as occurs in Rana esculenta [35]. In addition, oxygen transport can be reduced
in L. spectabilis because erythrocytes form vacuoles and unevenly distribute hemoglobin due
to an alteration in oxidative phosphorylation [42]. Atrazine has determined increased DNA
damage in erythrocytes and decreased hemoglobin in fishes [43]. In addition, apoptosis
can increase ion and water influx, causing cells to swell and rupture [31].

We found other abnormalities in the erythrocytes of L. spectabilis in both groups. The
abnormalities could have been due to alterations in the calcium-ionophore and extracellular
calcium, which induce changes in the biconvex and ellipsoid shape of the erythrocyte
membrane [35]. The formation of binucleated cells could result from blocking cytokinesis
or cell fusion [44]. Notched nuclei may be due to aneuploidy, as in micronuclei formation [2].
This work mainly found the formation of ”notches in the membrane of erythrocytes of
L. spectabilis”. It has been determined that an alteration of the erythrocytes’ metabolism
and ATP causes membrane fragmentation and the consequent formation of notches or
vesicles [33]. Therefore, our results suggest necrosis of the erythrocytes.

Finally, an alteration in erythrocytes’ morphology can affect individuals’ health. For
example, an increase in apoptotic and necrotic erythrocytes can lead to degenerative dis-
eases, inflammatory processes, hypoxemia, or hypercapnia [45]. In addition, the cytotoxic
stress caused by exposure to atrazine can alter blood tissue due to severe erythrocyte
damage [36,38,39]. However, we consider it essential to carry out more trials that analyze
the effects of atrazine on the immune system and oxidative stress. Similarly, it is also
necessary to investigate herbicides’ effects on the proteins involved in cell-cycles phases,
such as caspases or P53. Studies performed on Xenopus laevis tadpoles determined sig-
nificantly more active caspase-3 and apoptosis in the kidneys [9]. Atrazine induces more
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active caspase-3 immunopositive cells in liver tissue, suggesting higher apoptosis rates [19].
Therefore, atrazine could be involved in signaling pathways and induction of apoptosis
in cells through the modulation of caspase 3. Unfortunately, information regarding the
cell-cycle phases and proteins altered by the atrazine in frogs is unknown. Therefore, early
detection of erythrocytes with membrane blisters can be essential to preventing apoptotic
or necrotic states in amphibian cells [46].

The Gesaprim® formulation, which contains atrazine, has been determined to be
genotoxic, but atrazine is not [3]. In this investigation, the individuals were not exposed to
atrazine alone but to a commercial formulation (including other substances). Therefore, we
do not rule out the possibility that the additive substances in the commercial formulation
may also be responsible for some effects. Unlike most authors [11,12,47], in the present
study, we did not report an increase in the micronuclear formation due to herbicide atrazine
Gesaprim® [11,13]. Previous toxicity studies in amphibians have focused on the lethal
effects of the herbicide atrazine in the short term in tadpoles. In Dendropsophus minutus
exposed to a concentration of 18 mg/L of the atrazine herbicide Atanor 50 SC® (50%
atrazine) for 96 h, it induces a higher frequency of micronuclei [11]. In Rhinella Schneider
exposed to SIPTRAN 500 SC® (6 and 19 mg/L), it was determined that the atrazine-based
agrochemical increased the frequencies of micronuclei and other nuclear abnormalities
in erythrocytes, in addition to liver damage after a period of 48 or 96 h of exposure [12].
In Dendropsophus minutus exposed to up to 40 mg/L of the herbicide Atanor 50 SC®,
the frequency of micronuclei is increased, determining that atrazine is mutagenic and
genotoxic [11]. However, in the present analysis, we did not find any genotoxicity of
Gesaprim® atrazine in L. spectabilis. Unlike these works, we used a different commercial
formulation and a much lower concentration. Therefore, the genotoxicity found in these
works could have been due to the higher concentrations of some comercial formulations
containing atrazine. The only micronuclei we detected were in the erythrocytes of an
individual not exposed to atrazine Gesaprim®. In that case, the formation of micronuclei
could have been due to malfunctioning of the mitotic spindle and the presence of acentric
chromosome fragments during cell division or mitosis [48]. However, the organisms
respond differently to xenobiotics [46], the active ingredients of the formulations [10,11],
doses [10,39], and bioaccumulation [49]. This alteration may explain why some species of
frogs are highly susceptible to atrazine, yet others are not.

On the other hand, the erythrocyte cytotoxicity and liver tissue degeneration found
in L. spectabilis may also be related to a larger area of melanomacrophages centers, as
has also been determined in previous studies [50,51]. It has been shown that cytotox-
icity in erythrocytes increases the recruitment of macrophages, as these cells function
as metabolic dumping grounds [50]. These results are consistent with previous stud-
ies that found erythrocyte abnormalities and liver damage in Rana castebianus [52] and
Leptodactylus latinasus [53] exposed to other herbicides.

The presence of melanomacrophages indicates detoxification of exogenous and en-
dogenous substances [54]. Furthermore, the melanomacrophages synthesize and degrade
melanin [18,55]. Our results demonstrated an increase in the number of melanin-bearing
melanomacrophage centers in the livers of L. spectabilis. Various works have determined
that some pollutants increase melanin synthesis in frogs [56], toads [57], and fish [58]
exposed to pesticides. The results of these works show that atrazine suppresses nitric ox-
ide [59], and melanomacrophages release nitric oxide [60]. In this sense, an increase in the
number of melanomacrophage centers with melanin could neutralize free radicals and toxic
agents in the liver [58]. In addition, the increase in melanin-containing melanomacrophages
could be a protective mechanism for liver pigment cells in frogs exposed to atrazine, as
occurs with other herbicides [17,56]. In Leptodactylus latinasus exposed to glyphosate, an
increase in the melanin area in melanomacrophages, modification of melanomacrophage
pigmentation, and erythrocyte nuclear abnormalities were determined. It is suggested that
this may interfere with hepatic metabolism [61]. In another study, atrazine was found to
have an immunomodulatory effect by altering the melanomacrophage area of the spleen in
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Oreochromis niloticus [59]. Therefore, melanomacrophages can be used as biomarkers for
toxicological evaluation. Then, the changes observed in melanomacrophages centers can
be considered biomarkers of environmental stress [62].

We also found a larger area occupied by melanomacrophages upon atrazine Gesaprim®
exposure, which could have been due to the activation of a defense mechanism to eliminate
atrazine, as has already been reported in fish [54,58]. Organisms may undergo hemato-
logical changes to cope with pollutant stress [36,40] after an inflammatory process [63]. In
this sense, liver damage caused by atrazine could increase susceptibility to diseases, as
occurs in fish living in polluted environments [64], because melanomacrophages act as a
defensive system and trap antigens for lymphoid cells in fish and frogs [57]. Consistently
with this idea, we observed infiltration of lymphocytes in the liver parenchyma in the
present study. These results coincide with the analyses reported on fish [63] and frogs [57]
exposed to insecticides, and they may be due to atrazine’s ability to induce an immune
response. In addition, lymphocyte infiltration is related to inflammation, edema, fibrosis,
and liver degeneration [63].

Necrosis is related to the loss of cytoplasm and nuclei [41]. Hepatocyte and parenchy-
mal necrosis caused by atrazine Gesaprim® could have been due to the alteration of liver
enzymes, such as alanine aminotransferase, as observed in fish exposed to atrazine [65].
It has been determined that the alteration of this enzyme causes hepatocyte necrosis [66].
Therefore, the damage in the liver parenchyma is indicative of the deterioration of cellu-
lar activity due to the alterations in enzymes due to atrazine toxicity [65]. Other studies
determine that herbicides alter some of the proteins in the cytoplasm of hepatocytes and
cause cell destruction or necrosis [41,67]. Therefore, atrazine Gesaprim® could also modify
the expression of some proteins, causing damage to liver cells [41]. Furthermore, atrazine
could increase ROS [40] and cause necrosis, as occurs in frogs and fishes [35,41]. However,
comparing the agents that induce ROS formation is relevant to determining if oxidative
stress is the leading cause of damage. An alteration in calcium homeostasis and the for-
mation of ROS can cause the death of hepatocytes exposed to Cu [68]. Therefore, atrazine
Gesaprim® could stimulate higher production of ROS, since oxygen radicals are the main
toxic effect that alters cell viability [68]. Hepatocytes can also eliminate or excrete toxic
metabolites to avoid possible irreversible damage caused by atrazine [65]. Regarding
hepatocyte hypertrophy, inflammation and enlargement of hepatocytes have been found to
cause cell atrophy [69]. However, hepatocyte degeneration could cause an alteration in lipid
metabolism; this is supported by findings that fish exposed to aldicarb have been found
to have massive hepatocyte degeneration, excess fat, and hypertrophied hepatocytes [69].
Thus, hypertrophy can also be attributed to a cellular response to stress caused by atrazine.
We propose, as future work, to analyze effect biomarkers to evaluate the chemical exposure
of amphibians. The analysis of liver biomarkers related to biochemical and histopathologi-
cal alterations—for example, of aspartate transaminase, alanine transaminase, γ-glutamyl
transferase, alkaline phosphatase, catalase, glutathione reductase, glutathione peroxidase,
total protein, serum albumin, total bilirubin, and creatinine [70].

We hypothesize that atrazine could affect the obstruction and reduction of blood flow
in L. spectabilis, as occurs in fish exposed to 4-nonylphenol [71]. In other words, atrazine-
induced hepatotoxicity causes lesions that could be related to blood flow [69]. In fact, biliary
epithelial hyperplasia may be associated with fibrosis, inflammation, and proliferation
or may be the result of atrazine. In fish, bile-duct-epithelium hyperplasia is caused by
exposure to environmental contaminants [63,72]. Accordingly, this damage can obstruct
circulation and block blood flow [72]. In the present study, we observed congestion of
the blood vessels, which corresponds to findings in other aquatic organisms [63]. Liver
analysis determines that the congestion of blood vessels could also cause hepatocyte
degeneration and necrosis [67,73]. In addition, we found the formation of hemorrhagic
patches, degeneration, and necrosis in the liver. Our results coincide with the reports of
frogs exposed to environmental contaminants [64].
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In particular, we found collagen deposits in the liver parenchyma, so we also assume
that this could cause fibrosis in L. spectabilis exposed to atrazine Gesaprim®. Atrazine is
suggested to interfere with liver function, causing various lesions [65]. For example, fibrosis
has been determined around the bile ducts up to the parenchyma. It is assumed that this
fibrosis could affect the pumping of blood that has to pass through the sinusoids toward
the central vein in fish exposed to contaminants [74]. In the same way, collagen-filled
deposits have been identified between hepatocytes and fibers with slight perisinusoidal
fibrosis in frogs exposed to insecticides [75]. Other results determine that the reticular fibers
are responsible for supporting the parenchyma and are juxtaposed with hepatocytes [76].
Therefore, the alteration of the reticular fibers found could affect the organization of the
parenchyma and the connection of the hepatocytes in L. spectabilis, since extensions to
hepatocytes not separated by collagen is essential for emergency regeneration. An increase
in collagen could also negatively affect the regeneration of liver tissue [67].

The changes observed in the histology of the liver can lead to other pathologies or even
the death of individuals due to metabolic and hematological alterations in amphibians [53].
Such histological changes in the liver and erythrocyte cytotoxicity in individuals exposed
to atrazine Gesaprim® may contribute to amphibian population declines. As such, it is
essential to consider the physicochemical characteristics of herbicides to know their effects
on wild species, especially under natural conditions [57]. The use of atrazine must be
regulated in Mexico. It is essential to carry out monitoring in water bodies since most of
the studies have been carried out in the soil. The mean degradation time of atrazine in
Andosol soil varies from 10 to 17 days, whereas in Vertisol, it is up to 35 days [77]. It has
been determined that the concentrations of atrazine and its metabolite (desethylatrazine) in
water samples exceed the limit for human water consumption of 2 µg/L [78]. In surface
waters of agricultural areas, concentrations of up to 15.01 µg/L have been determined [22].
L. spectabilis can be considered a suitable species for analyzing herbicides such as atrazine
because there are no studies in Mexico regarding the effects of atrazine on amphibians. In
this sense, L. spectabilis can be used as a reference for the environmental contamination of
Mexico’s aquatic systems. We have determined that atrazine causes histological damage
to the liver. However, more research is needed to determine its effects on other organs
and how it interferes with liver or blood-function markers. We suggest conducting more
toxicological, genotoxic, and hepatotoxic studies in species that are naturally exposed to
atrazine. When herbicides are used intensively in the habitat, they can affect liver functions
and blood tissue in frogs, making them more vulnerable to attack by diseases and predators,
which can contribute to their decline [20].

5. Conclusions

It is essential to quantify the risks of contamination by atrazine in amphibians from
an ecological point of view. Unfortunately, few ecotoxicological studies have been carried
out on species native to Mexico. Atrazine-exposed individuals had larger areas and higher
melanin presence in melanomacrophage centers and alterations in the histological features
of the liver. In addition, we determined an increase in the number of blebbed membrane,
apoptotic, and necrotic erythrocytes. Our results may contribute to carrying out more hema-
tological and hepatotoxic studies that facilitate understanding the contamination of aquatic
systems and its effects on amphibians that inhabit central Mexico. Investigations carried
out in the laboratory on the effect of atrazine using natural environmental concentrations
and mimicking aquatic systems may help to understand the causes of amphibian decline,
mainly because the atrazine concentration in aquatic systems and its effect on amphibians
are still entirely unknown in Mexico. Finally, the increased area of melanomacrophage cen-
ters, the increase in the number of melanin-containing melanomacrophage centers, damage
to liver histology, and cytotoxic damage to erythrocytes can be considered bioindicators
of environmental stress caused by atrazine Gesaprim®. We suggest analyzing proteins
involved in the cell cycle to determine the mechanisms of apoptosis and necrosis in ery-
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throcytes. In addition, we propose evaluating liver biomarkers that allow the analysis of
liver damage.
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