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Simple Summary: The use of the herbicide glyphosate in agriculture exposes wildlife to this sub-
stance. In this review, data obtained using the lizard Podarcis siculus as an unconventional model
organism were collected and analyzed. This is to answer the question of whether occasional ex-
posure to glyphosate can endanger the reproductive health of terrestrial vertebrates, shifting the
balance of agricultural ecosystems, in which these animals play an important role by feeding on
phytopathogenic organisms. The results state that glyphosate affects the liver and gonads, inducing
many morphological and molecular alterations and acting as an endocrine disruptor. The data also
validate the common field lizard as a valuable model organism that can provide an assessment of
the toxic effect of environmental contaminants. By sharing physiological processes and reproductive
mechanisms with many other animals, both aquatic and terrestrial, the information gleaned from
the lizard can be transferred to other vertebrates and can serve as a starting point for the recovery of
endangered wildlife.

Abstract: Soil contaminants (herbicides, pesticides, and heavy metals) are among the main causes
of change in terrestrial ecosystems. These substances lead to a general loss of biodiversity, both of
flora and fauna and being able to biomagnify and pass through the food chain, they can endanger the
survival of terrestrial vertebrates at the top of this chain. This review analyzes the risks associated
with exposure to glyphosate, the active principle of many herbicide products, for the reproductive
health of the field lizard (Podarcis siculus) potentially exposed to the substance in its natural habitat;
therefore, introducing it as a possible model organism. Data demonstrate that glyphosate is toxic for
this animal, affecting the health of the reproductive organs, both in males and females, and of the
liver, the main detoxifying organ and closely involved in the female reproductive process. Sharing
structural and functional characteristics of these organs with many other vertebrates, the information
obtained with this reptile represents a wake-up call to consider when analyzing the cost/benefit
ratio of glyphosate-based substances. The data clearly demonstrate that the P. siculus lizard can be
considered a good target organism to study the reproductive risk assessment and hazards of exposure
to soil contaminants on wild terrestrial vertebrates.

Keywords: endocrine disruptors; herbicides; liver; reproduction; reptiles; soil contamination

1. Introduction

Modern agriculture, with the expansion of intensive agricultural practices aimed at
maximizing crop yields, provides for a wide use of pesticides and herbicides favored by the
affirmation of genetically modified organisms, i.e., resistant transgenic crops. Glyphosate
(N-(phosphonomethyl) glycine, Gly) and glyphosate-based herbicides (GBHs) are the
world’s leading post-emergent, organophosphate, systemic, broad-spectrum, and non-
selective herbicides for the control of both annual and perennial weeds [1]. As a systemic
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herbicide, Gly is readily translocated through the phloem to all parts of the plant, absorbed
from the leaf surface into the cells, where it is translocated into the meristems of grow-
ing plants [1–3]. The effects of Gly are visible within two to seven days, depending on
the type of weed; the primary mode of action is the blockade of the shikimate pathway,
a pathway linking primary and secondary metabolism. The target enzyme of glyphosate
is 5-enolpyruvylshikimate-3-phosphate synthase (EPSPS), one of seven enzymes that cat-
alyze a series of reactions, which begins with the reaction between shikimate-3-phosphate
(S3P) and phosphoenolpyruvate (PEP) and leads to the formation of the chorismate, a pre-
cursor of the biosynthesis of the aromatic amino acids phenylalanine, tryptophan, and
tyrosine [1–3]. By inhibiting the activity of EPSPS, Gly causes a deficiency in the production
of essential substances necessary for organisms that contain EPSPS to survive and propa-
gate [3]. This pathway is absent in animals, and this explains the wide use of glyphosate in
agriculture, which is considered safe for animals. However, the growing presence of Gly
in the environment has attracted the attention of the scientific community regarding its
actual safety against non-target organisms. In addition to the potential toxicity on animals,
demonstrated by the experimental administration of glyphosate to various invertebrates
and vertebrates [4–8], it should also be considered that herbicides can influence the environ-
mental quality and ecosystem functioning by reducing the diversity of species, modifying
community structure, food chains, energy flow patterns, nutrient recycling, as well as
reducing the resilience of ecosystems [4].

The detection of glyphosate in human urine has demonstrated the absorption of
this herbicide through the food chain, thus initiating a large number of studies aimed
at verifying the effective lack of toxicity of glyphosate for humans and, more generally,
for non-target organisms [5,6]. Experiments carried out on mammals such as mice and
rats, together with data obtained on farmers occupationally exposed to Gly, have shown
the risks associated with the use of glyphosate, as well as damage to various organs and
systems [5–10]. Genotoxicity, neurotoxicity, reproductive toxicity in males and females, as
well as teratogenicity, have also been demonstrated in these experimental models [5–10].

At the same time, a plethora of studies are investigating the effects of glyphosate on
accidentally or occasionally exposed animals. In particular, research is focused on aquatic
ecosystems where significant amounts of glyphosate enter by leaching, surface runoff, spray
drifts, agricultural returns, and groundwater intrusions [11]. It should also be considered
that glyphosate is soluble in water, where it shows a slower rate of degradation than
in soil [4,12,13]. Obviously, freshwater ecosystems are the most exposed among aquatic
ecosystems and studies have focused particularly on the animals occupying these ecological
niches. Indeed, environmental measurements of Gly have demonstrated the presence of
the active ingredient or of its metabolite AMPA in surface freshwater worldwide [4,12–15].
Among aquatic vertebrates, the toxic effects of Gly and GHBs have been extensively
investigated in fish and amphibians [4,12–15]. Behavioral, morphological, and molecular
changes have been associated with Gly exposure throughout the fish life cycle, from the
embryonic to adult stage [15]; similar effects have also been detected in amphibians [14,16].

It is a fact that the use of pesticides in agriculture poses a risk to terrestrial biota [17,18].
However, studies have mainly focused on invertebrates such as earthworms and in-
sects [17–19]; studies on terrestrial vertebrates have primarily concerned the effects of
pesticides, especially following the ingestion of contaminated water and/or food [20,21]. In
particular, many investigations have verified the effects of Gly on experimentally exposed
laboratory mammals [22,23]. Considering wild terrestrial vertebrates, birds have generally
been chosen as sentinels of environmental pollution, and many studies have investigated
the effects of pesticides on adult tissues and embryos following the maternal transfer of
pollutants into eggs [24–26]. However, birds are not models of choice for ecosystem studies
due to their migratory characteristics, and for this reason, researchers focus their attention
on other animals. Thus, reptiles, not generally considered for toxicological studies, are
becoming good unconventional animal models. Many current studies are investigating
the consequences of pesticides and herbicides on terrestrial vertebrates using reptiles as
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model organisms [26–33]. The use of reptiles in toxicological studies, on the one hand,
avoids experimentation on mammals, reducing ethical issues; on the other hand, it allows
us to evaluate the effective risk that environmental contamination poses to these animals,
opening up the possibility of drawing up specific protection plans for reptiles. The first data
were collected on turtles and crocodiles [34,35], while studies carried out on squamates,
such as snakes and lizards, are becoming more common [26–33,36]. The latter are abun-
dantly widespread in agricultural areas, and their diet is essentially based on insects [37];
consequently, they can be exposed to contaminants by ingestion and inhalation.

The present study summarizes data describing the toxic effects of glyphosate on the
Italian lizard Podarcis siculus. In this review, we first describe the normal tissue conditions
observed in untreated control animals and then illustrate the changes observed after
Gly exposure. P. siculus, also known as field lizard or wall lizard, lives in agricultural
environments, as well as in rural and anthropized environments such as city parks and
gardens [27,28], so it can easily be exposed to Gly. Therefore, it was of particular interest
to verify the effect of the active principle at the basis of numerous herbicides used both
in agriculture and in the care of city green areas, on the male and female reproductive
system and on the liver, the main detoxifying organ also involved in the reproductive
processes of oviparous vertebrates. P. siculus is a seasonal breeder. The breeding season
begins in late spring and ends in summer [38]. The females lay groups of 6/8 eggs in 2/3
ovulatory waves in nests on the ground or in holes. In these animals, the yolk-rich cleidoic
eggs are not a fully closed system; in fact, during embryo development, they absorb water
from the soil through their semi-permeable shell [39,40]. After approximately 60 days,
the eggs hatch into young lizards capable of feeding. In P. siculus, the ovary is clustered,
with the follicles resembling a bunch of grapes, similar to those of other reptiles and birds.
As in all oviparous vertebrates, in the P. siculus female, the liver plays an essential role
in reproduction, producing, under estrogenic stimulation, the phospho-lipo-glycoprotein
vitellogenin (VTG), the main constituent of the yolk [41]. The testis consists of seminiferous
tubules and is morphologically and functionally similar to that of all other amniotes,
including mammals. In spring, the testis becomes functionally active, concurrent with
follicular growth and vitellogenesis in females, leading to the production of a huge amount
of mature spermatozoa [32,42].

The data collected allow for greater awareness of the risks run by these small animals,
which play a key role in the agricultural ecosystem, feeding on many plant-pathogenic
insects and being themselves prey to birds and little mammals. In addition, information
obtained from the studies performed on this animal may increase knowledge on the toxicity
of Gly in other vertebrates, including mammals.

2. Morphological and Functional Organization of P. siculus Gonads

The squamate lizard P. siculus is a seasonal breeder and, as such, displays different
organizations of the gonads during different times of the year. The ovaries are characterized
by a clustered structure, with perifollicular cells located in two germinal beds; follicles have
a complex epithelium that is functional for oocyte maturation and growth [43]. The primary
follicles are surrounded by a monolayer of small stem cells, each of which rapidly divides
into two cells, one that maintains a stem function and remains close to the outer connective
theca and another that contacts the oocyte, forming an intercellular bridge [44]. Later, the
follicular cells greatly increase in size and change shape, becoming pyriform cells. Pyriform
cells are nurse cells that degenerate by apoptosis before the onset of vitellogenesis [45].
At this stage, small stem cells form the steroidogenic epithelium of vitellogenic follicles.
In P. siculus, reproduction occurs with two or three ovulatory waves in spring/summer,
followed by a summer rest period and an autumn recrudescence, in which ovarian functions
are partially resumed but soon arrested by the onset of winter stasis [46].

The reproductive cycle of males can be divided into six different phases, during
which the testes are characterized by seminiferous tubules whose cellular composition
varies: summer stasis (July–August), early (September) and mid-autumn recovery (October–
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November), winter stasis (December–February), spring recovery (March–April), and the
breeding season (May–June) [32,42]. As in females, maximum reproductive activity occurs
in spring/summer, followed by a summer rest period and an autumn resumption [47].
Stases are periods of refractory or blocked testicular activity, while resumptions are periods
of sperm production. In detail, during summer stasis, the seminiferous tubules are com-
posed of Sertoli cells, and the only germ cells are the spermatogonia; then, in early and
mid-autumn recovery, when renewal of spermatogenesis occurs, the tubules are composed
of spermatogonia, spermatocytes I (early autumn), spermatocytes II, spermatids, and few
nonfunctional spermatozoa (mid-autumn). The morphological characteristics of the testis
at mid-autumn recovery remain more or less the same in winter and early spring. During
the breeding season, the tubules consist of germ cells in all stages of differentiation with
numerous spermatozoa, ready to be ejaculated [42,47].

3. Morphological and Functional Organization of P. siculus Liver

The liver of P. siculus is a large, bilobated, dark red organ located anterior to the
stomach. As in all other vertebrates, it plays a key role in the metabolism of lipids, glucose,
and amino acids [48,49]. The liver takes part in the production and storage of glycogen,
which serves as an energy reserve to be used in various situations, such as sexual activity
during the reproductive period and metabolic changes at different periods of the year.
The liver is the initial processing site for materials absorbed from intestinal capillaries
and transported through tributaries of the hepatic portal vein; it also metabolizes drugs
and detoxifies chemicals, making them less harmful to the body by removing them from
circulation [49]. In lizards, as in all oviparous vertebrates, the liver shows a wide sexual
dimorphism, which highlights the different needs between the sexes for reproduction. It
is the main site of production of major oocyte constituents, such as the glycol-phospho-
lipo-protein vitellogenin and eggshell proteins [41,50]. The liver of P. siculus shows the
typical hepatic architecture consisting of cords of hepatocytes radiating from the central
vein towards the periphery; the hepatic sinusoids occupy the spaces between the cords;
hepatocytes show a round, well-defined nucleus containing a single nucleolus and dense,
marginally vacuolated cytoplasm [51]. The sinusoids are capillaries lined by endothelial
cells and macrophages, which in the liver are called Kupffer cells. Finally, aggregates of
pigment-containing cells called melano-macrophages (MMs) can be observed in the hepatic
parenchyma, which have various functions, such as melanin synthesis, phagocytosis, and
free radical neutralization [52].

4. Treatments Used in Studies on the Effects of Glyphosate on P. siculus

Data on the effects of Gly in P. siculus tissues were obtained by exposing these animals
to pure technical-grade Gly, as described in our previous works [53–56]. Briefly, sexually
mature specimens were captured in uncontaminated wooded areas of the Campania region
(Italy) and exposed orally to two different concentrations of the active ingredient (0.05 and
0.5 µg/kg body weight) three times a week for 3 weeks. The animals were fed with
uncontaminated insect larvae and water ad libitum; glyphosate was administered by
pipetting 50 µL of an aqueous solution containing dissolved glyphosate directly into the
animal’s mouth; control animals similarly received only water.

For each Gly concentration, 10 females and 10 males were treated; similarly, 10 females
and 10 males constituted the control group. Both concentrations are considered rather
low because they are far lower than the concentrations of the herbicide generally used in
agriculture [57]. In these experiments, it was preferred to use low but repeated doses of
Gly, thus mimicking the possible accumulation that these animals can suffer by feeding on
contaminated food and water, even from a single spraying of the herbicide. After the treat-
ments, animals were killed by decapitation after deep anesthesia (ketamine hydrochloride,
325 g/kg body weight); liver and gonads slices were removed and used fresh after fixation
in Bouin’s and freezing for subsequent investigations, which led to the results described
in [53–56] and summarized below.
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5. Effects of Glyphosate in P. siculus Females

In P. siculus females, a significant impact of Gly on ovarian function and structure
was demonstrated, with a dose-dependent effect (Figure 1). In general, this herbicide
induced germ cell recruitment and altered follicular anatomy by anticipating apoptotic
regression of pyriform cells. In addition, it induced thecal fibrosis and affected the organi-
zation of the oocyte cytoplasm and zona pellucida (Figure 1). At the molecular level, Gly
stimulated estrogen receptor synthesis through a sophisticated mechanism of endocrine
interference [55].
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Figure 1. Picrosiurs red staining of P. siculus ovary treated with different concentrations of Gly.
(A) Control section. (B) Section of animals orally exposed to a low dose of Gly (0.05 µg/kg body
weight). (C) Section of animals orally exposed to a high dose of Gly (0.5 µg/kg body weight). The
single arrow indicates the point where fibrosis occurs; collagen overdeposition (red color) was shown
in the theca area of the follicle. The same sections observed with polarised light (images on the right)
show the specific red spots representing fibrotic collagen deposition. The scale bars correspond to
20 µm.
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In detail, through histological investigations, we demonstrated that the ovary of
control animals contained a greater number of oocytes than the ovary of Gly-treated
animals; the latter had a higher percentage of diplotene oocytes and previtellogenic follicles,
thus indicating an acceleration of the oogenesis process. In addition to promoting the
progression of oocyte differentiation, Gly also altered the general structure of the oocytes
and the follicles; in treated animals the follicles were characterized by a modified epithelium
that anticipated the apoptosis of the pyriform cells, as well as by altered interactions
between the follicular cells themselves, by a disorganized oocyte cytoplasm and by a wavy
vitelline envelope [55]. In parallel with the anticipation of pyriform cells apoptosis, Gly
appeared to induce early activation of small cell proliferation; in fact, these cells were found
to be positive for cell proliferation marker (PCNA) and were found to be arranged in many
layers in the epithelium of the primary follicles. The empty spaces recorded between the
pyriform cells were attributed by the authors to the action of Gly on E-cadherin, a cell
junction protein very abundant in pyriform cells, which, after the treatments, changed its
localization from the cell periphery to the inner cytoplasm [51]. The changes in the follicular
epithelium were accompanied by alterations in the theca cells, where Gly-induced collagen
hypersecretion was observed using Picrosirus red staining specific for the localization of
this protein (Figure 1). We hypothesize that the excess of type III collagen observed in
the perifollicular area of Gly-treated ovaries led to ovarian fibrosis, which, in turn, could
hinder the ovulation process as well as the normal vascularization of the follicles due
to mechanical encumbrance [55]. The structural disorganization of the ovarian follicles
results in a consequent functional alteration induced by glyphosate. In fact, among the
effects recorded, the alteration of the regular glucosidic composition that surrounds the
follicular cells and characterizes the vitelline envelope was highlighted. In particular, in
the latter, glyphosate caused in a dose-dependent manner the disappearance of fucose, a
fundamental sugar involved in the fertilization process, since it is the molecule recognized
by the spermatozoa when it reaches the ovulated oocyte [55]. The morphofunctional
interference observed on the ovary seems to be determined by the endocrine-disrupting
activity exerted by glyphosate, probably through the direct action of this herbicide on
estrogen receptors (ERs). In fact, an increase in the level of both α and β ERs was found in
the ovary of Gly-treated animals compared to controls; a larger increase was detected for
ER β [55].

Interestingly, overexpression of ER α and β was also observed in the liver of Gly-
treated animals [53,56]. Considering that the liver controls oocyte growth in oviparous
vertebrates by producing vitellogenin (VTG) under estrogen signaling [58], it is clear that
any impairment in this signaling can have deleterious effects on oogenesis [59]. Along with
changes in estrogen receptor expression and synthesis, other Gly-induced structural and
functional injuries similar to that found in the ovary have also been described in the liver;
these damages were detected in the livers of both males and females [53,56].

Table 1 lists the main Gly-induced effects observed in lizard ovarian follicles.

Table 1. Glyphosate effects recorded on P. siculus organs.

Liver Ovarian follicles Testis

Collagen deposition and
fibrosis

Collagen deposition and
fibrosis

Collagen deposition and
fibrosis

Increase in glycogen, melanin,
and lipofuscin granules

Changes in carbohydrate
content and distribution
Loss of cellular adhesion Loss of cellular junctions

Oxidative stress
Disorganization of theca,

granulosa and zona pellucida
Impairment of

spermatogenesis
Proliferation of small stem

cells and apoptosis of
pyriform cells

Endocrine disruption Endocrine disruption Endocrine disruption
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Histological analysis showed massive deposition of type IV collagen, leading to the
formation of large areas of fibrosis and fibrotic nodules (Figure 2); the mechanical barrier
created by the collagen fiber deposits also compressed the vessels, thus altering blood
fluid dynamics and inducing the observed hypertrophy of blood vessels, as shown in
Figure 2. The stress condition induced by the herbicide on the liver was also manifested by
the appearance of lipofuscin granules and melanomacrophages, the decrease of glycogen
storage in the hepatocytes, as well as the overexpression of both enzymatic and non-
enzymatic molecules involved in oxidative stress, such as superoxide dismutase 1 (Cu/Zn
SOD, known as SOD1), glutathione peroxidase 1 (GPx1), metallothionein (MT), and tumor
suppressor protein 53 (p53) [53,56].
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Figure 2. Picrosiurs red staining of P. siculus liver treated with different concentrations of Gly.
(A) Control section. (B) Section of animals orally exposed to a low dose of Gly (0.05 µg/kg bw).
(C) Section of animals orally exposed to a high dose of Gly (0.5 µg/kg bw). Single arrow points
where fibrosis occurs; collagen overdeposition between lobules appears red stained. Double arrow
indicates fibrotic nodules. Asterisk indicates a melanin granule. The same sections observed with
polarized light (images on the right) show the specific red spots that represent the deposition of
fibrotic collagen. Scale bars correspond to 20 µm.
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Table 1 also lists the main Gly-induced effects observed in both male and female
lizard livers.

6. Effects of Glyphosate in P. siculus Males

As mentioned above, the same lesions recorded in glyphosate-induced females, such
as fibrosis, nodule formation, and altered estrogen receptor expression, were also described
in the liver of P. siculus males [53,56]. The estrogen-like action of Gly already at a low dose
was confirmed by the expression of VTG in the male liver, which is a clear sign of estrogenic
contamination [60,61]. Furthermore, significant changes in ERs mRNA levels were also
observed in the testis in a dose-dependent manner [54]. Of the two receptors, Gly mainly
affects the ERβ expression. By real-time PCR analysis, we demonstrated that ERβ mRNA
transcripts are more abundant than those determined for ERα in the same samples and in
unexposed control males [54]. This finding was supported by immunocytochemical inves-
tigations, which showed a higher presence and wider distribution of ERs in Gly-treated
testis compared to the control, with a dominant effect of Erβ [54]. These analyses also
showed that Gly treatment did not affect the distribution of aromatase, a key enzyme in
the conversion of testosterone into 17-β estradiol, essential for the regular course of sper-
matogenesis [62,63]. From these data, we conclude that Gly acts as an endocrine disruptor
by targeting ERs, influencing their expression and synthesis [59]. The imbalance of the
estrogen receptor system could underlie the structural changes found in the seminiferous
tubules of treated animals, again with a dose-dependent effect. In fact, a reduction in the
lumen of the seminiferous tubules and in the amount of spermatozoa and the alteration of
the seminiferous epithelium are evident (Figure 3). In particular, we observed extensive
detachment of germ cells from each other and from Sertoli cells; germ cells detached from
the tubule wall tended to form aggregated structures.
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(A) Control section. (B) Section of animals orally exposed to a low dose of Gly (0.05 µg/kg bw).
(C) Section of animals orally exposed to a high dose of Gly (0.5 µg/kg bw). Arrow indicates red-
stained collagen deposition between seminiferous tubules. The same sections observed with polarized
light (images on the right) show the specific red spots that represent the deposition of fibrotic collagen.
Scale bars correspond to 20 µm.

We also demonstrated that the alteration of the cohesion between the cells is deter-
mined by the reduction in the treated testis of a protein responsible for cell junctions,
i.e., Connexin 43, a protein particularly abundant in testis, whose expression is regulated
by the activation of estrogen receptors [64]. Finally, in the interstitial area between the
seminiferous tubules, a highly dose-dependent, Gly-induced deposition of type IV collagen
was recorded, as reported in Figure 3. This deposition led to the formation of testicular
fibrosis, as observed in the liver, regardless of sex, and in the ovary [53–56].

Fibrosis of the interstitial area could, in turn, cause the reduction in spermatozoa, as
the presence of collagen could considerably limit the activity of Leydig cells located in this
area, whose main function is to produce testosterone, a hormone essential for the control of
spermatogenesis [42,65]. Table 1 lists the main Gly-induced effects observed in lizard testis.

7. Conclusions

The results collected from our previous studies on the non-conventional model organ-
ism P. siculus and described in this review allow us to state that Gly seriously endangers
the reproductive fitness of this lizard, causing morphological and molecular alterations in
the gonads, capable of making these organs dysfunctional, probably leading to sterility
over time. As illustrated in the diagram in Figure 4, the toxic effects of Gly are similar
in the female and male gonad and in the liver, investigated as a detoxifying organ and
involved in the female in the important process of vitellogenesis, without which there is no
yolk formation, and consequently, there is no nutrient supply for the development of the
embryo. The main alterations concern a general condition of cellular stress, alteration of the
cell cycle, cellular differentiation and communication, changes in the carbohydrate content,
and fibrosis of the connective tissues. Last but not least, Gly proves to be an endocrine
disruptor, able to alter the expression of estrogen receptors in the analyzed tissues and to
stimulate the estrogen-dependent expression of VTG in the male liver.

Most of these Gly-induced effects do not appear to be cell-specific, suggesting that
similar effects may also be found in other cell types. This could pose an additional health
hazard to animals exposed to this compound. Although some damages are dose-dependent,
the cellular alterations also occur at the lowest concentration tested and for periods of
exposure that are not particularly prolonged. This suggests that even accidental exposure
to glyphosate can induce damage whose effects, in terms of the general and reproductive
health of the organism, are difficult to quantify. One of the most important aspects that
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emerged from these data concerns the validation of the common field lizard P. siculus as a
valuable model organism capable of providing an accurate assessment of the toxic effect of
environmental contaminants [66].
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Being an oviparous vertebrate that shares physiological processes and reproductive
mechanisms with many other animals, both aquatic and terrestrial, the information gath-
ered on this lizard can be transferred to other vertebrates and can serve as a starting point
for the recovery of wildlife animals in steep decline or endangered, and therefore more
difficult to study. Over the years, the lizard has adapted to multiple environmental changes,
as demonstrated by its ability to live in highly anthropic environments and to occupy new
geographical regions [67]. In this regard, further studies could clarify whether, even in the
case of glyphosate, this animal is able to mitigate and overcome this severe stress condition,
still managing to reproduce and, therefore, to survive.
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