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Božidar Rašković
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Božidar Rašković 1,2,* and Panagiotis Berillis 3

1 Institute of Animal Science, Faculty of Agriculture, University of Belgrade, 11080 Belgrade, Serbia
2 Department of Microscopy, Institute of Biomedical Sciences Abel Salazar (ICBAS), University of Porto,

4050-313 Porto, Portugal
3 Department of Ichthyology and Aquatic Environment, School of Agricultural Sciences, University of Thessaly,

384 46 Volos, Greece; pveril@uth.gr
* Correspondence: raskovic@agrif.bg.ac.rs; Tel.: +381-11-441-32-89

1. Introduction

Histopathology is the study of changes in any tissue associated with a disease or disorder.
The word came from ancient Greek words: ίστóς (histos) = tissue, πάθoς (pathos) = disease,
and λoγία (logia) = word. It involves the examination of tissues and cells under a micro-
scope in order to identify the alterations to the normal structure of tissues (and perhaps their
etiology). Information obtained from the study of histopathological/histomorphological
lesions in aquatic animals can be a useful addition when determining the general state
of health of aquatic animals, especially if chronic stressors and/or pathogens are present.
Compared to mammals, postmortem autolysis progresses very rapidly in most aquatic
organisms. This fact makes histopathological examinations quite complex and demanding,
not only in a histotechnical sense. A prerequisite for a successful study is the baseline
knowledge of physiological processes and histological architecture of the studied species.

The aim of this Special Issue was to contribute to the current state of knowledge
on the histopathology of aquatic animals and to provide a collection of novel articles for
biologists/veterinarians/animal scientists/other experts. The topic is extremely broad, and
therefore, the published manuscripts are also diverse in terms of research areas, employed
methodology and investigated species. Eight original studies and two review articles are
part of this Special Issue and their short overview by two Guest Editors is given below.

2. Fish Nutrition

In fish nutrition trials, histopathology is frequently used to describe subtle alterations
in tissues and cells of the digestive system upon the addition of novel ingredients or the
replacement of fish meal in fish feed [1,2]. If the growth parameters of fish are not satis-
factory or are lagging compared to the control group of fish or available literature data,
the histological approach could provide researchers with possible answers for this phe-
nomenon. Often, new ingredients in fish feeds will not cause significant histopathological
alterations but will have an effect on the appearance of cells involved in the absorption
or transformation of molecules that originate from the feed, such as enterocytes in the
intestine or hepatocytes in the liver, respectively [3]. Their surface area or volume can be
determined using various histological techniques, and a decreased size of cells (or their
nuclei) is a marker for metabolic and physiological differences of organs in fish that are
fed alternative feeds [4]. However, some antinutritional factors in plant-based fish feed
have inflammatory effects on the distal intestine of fish, causing enteritis. This happens in
both carnivorous and omnivorous fish [5,6], although the intensity and extent of enteritis is
more pronounced in carnivorous fish species.

Rombenso et al. [7] studied the origin of enteritis in Atlantic salmon (Salmo salar) fed
soybean meal derived from specific soybean genotypes, which had reduced content of
lipoxygenases and oligosaccharides, as well as an altered glycinin profile. They concluded
that neither of these substances is a driver of distal intestine inflammation, as they did not
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influence the extent of enteritis in Atlantic salmon. Psofakis et al. [8] conducted a feeding
study of gilthead seabream (Sparus aurata) for 56 days with feeds in which fishmeal was
replaced by poultry by-product meal and hydrolyzed feather meal in various concentrations.
The nutritional trial showed that higher levels (>50%) of replacement caused severe liver
pathologies, such as cirrhosis and necrosis of pancreatic acini. On the other hand, there was
no intestine inflammation, but the histological structure of the intestine remained without
pathological features, which is a nice demonstration of why two (or possibly more) organs
should be included in histological studies. Both studies published in this Special Issue used
a semi-quantitative scoring system as a means to evaluate histopathological changes in the
intestines and livers of experimental fish.

3. Exposure Studies

Histopathology is one method of choice in exposure assays, as it could give mecha-
nistic insight into toxicological pathology [9]. Several guidance documents are published
by the Organisation for Economic Co-operation and Development (OECD) and the US
Environmental Protection Agency (EPA) for conducting standardized exposure assays on
aquatic animals. The guidelines cover a number of experimental species, different life
stages and exposure scenarios, thus giving the possibility of inter-laboratory comparison.
Depending on the choice of stressor in exposure assays, researchers will target different
organs and assess the change of its micro-architecture.

One group of authors published two manuscripts in this Special Issue from a single
experiment in which an amphibian, Xenopus laevis, was exposed to atrazine, a frequently
used herbicide (at least in the United States, since the European Union banned it) in
a dose-dependent approach. The effects of exposure are evaluated on the histology of
the heart and cerebellum [10] and liver and kidney [11]. Immunohistochemical markers
were used on the same types of tissue, and the authors opted for caspase-3 in the liver
and kidney and Inositol 1,4,5-trisphosphate in the heart and cerebellum. Both studies
showed significant adverse effects of the herbicide on the tissues, with a range of different
histopathological alterations most frequently observed in the liver and kidney of this frog.
Histomorphometrical methods were further employed in order to show changes on a
range of different cells and structures in the mentioned tissues. Gómez de Anda et al. [12]
exposed rainbow trout (Oncorhynchus mykiss) fingerlings to a bath containing several
species of Aeromonas spp. They found several histopathological alterations of nervous
tissues (nasal epithelium, telencephalon, and oblongata medulla), which were distinct to
the fish infected with A. lusitana and A. salmonicida and with the higher severity grades.
Fish infected with other bacterial species had middle-to-less severity and distribution of
histopathological alterations.

4. Environmental Studies

The state of freshwater or marine ecosystems worldwide is frequently monitored in
order to assess the general health of the aquatic animals inhabiting it. Usually, a battery
of biomarkers is employed during monitoring, with histopathology being one of them,
in order to obtain as much information as possible from the sampled fish [13]. A similar
approach is used for studies published in this Special Issue. Three published manuscripts
used histopathological methodology to investigate tissues of interest on various cyprinid
fish from ecosystems of the Balkan Peninsula. The case study of lipoma found in the liver of
the black barbel (Barbus balcanicus) in the Bregalnica River (North Macedonia) was described
by Rebok et al. [14]. This agglomerate of adipocytes was assessed microscopically after
being serially sectioned, while the authors also reconstructed a 3D image after applying
software. Tsakoumis et al. [15] studied the histopathology of gills in the endemic fish
species Alburnus vistonicus over one year in Vistonis Lake (Greece). The ecosystem of this
lake is, according to the authors, “peculiar”, in the sense that it is a mixture of freshwater
(originated from three rivers) and seawater (from the Aegean Sea). Therefore, salinity levels
fluctuate due to the seasonal activity of rivers, and the authors monitored the mentioned
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fish species using a battery of biomarkers, including histopathology, in order to establish a
correlation between salinity and alterations of fish gills. A similar use of histopathology
as a biomarker in the study of fish in a natural ecosystem is conducted in the Tamiš
river (Serbia) [16]. This river is burdened with the presence of metals that originate from
anthropogenic activity. The authors used a semi-quantitative scoring system to assess the
gills of the common bream (Abramis brama) in order to study the effects of water quality
during two seasons (autumn and spring aspect).

5. Review Manuscripts

The review papers are focused on two hot topics in environmental pollution: pesticides
and micro/nanoplastics. In both articles, histopathology is used as a marker of effects, and
it is one of the several biomarkers that were reviewed. Tresnakova et al. [17] presented
an overview of the effects of glyphosate and its major metabolite AMPA in different
formulations to various species of fish, amphibians and aquatic invertebrates. Endpoints
included: hematological parameters, blood biochemistry, gene expression, oxidative stress
biomarkers and antioxidant enzymes. Glyphosate is the most frequently used herbicide
worldwide, but recently, it sparked controversy in the EU [18]. Guerrera et al. [19] wrote
a comprehensive and detailed review paper of the effects of micro- and nanoplastics on
aquatic organisms, accounting for ten chapters in total. Special focus is given to the blood–
brain barrier in fish, neurotoxicity, adverse effects in fish gills, intestine, liver and gills, while
one chapter is dedicated to toxicity of micro- and nanoplastics to zebrafish (Danio rerio).

6. Conclusions

Histopathological techniques can provide a more analytical view of disease and its
effect on tissues and cells. Histopathology helps ichthyopathologists to reach a diagnosis
by examining a small piece of tissue from various organs. This Special Issue confirms
statements that the histopathological method does not have limitations in terms of labo-
ratory setup, choice of ecosystem, climate or aquatic species investigated. This method is
employed on very different species in terms of phylogeny, age, sex and physiology, with a
range of different tissues investigated and various research scopes, in both laboratories and
the field. The different evaluation techniques of sections were chosen depending on the
goals of the particular study. We hope that this collection of manuscripts will be useful to
readers and scientists working in the area of histology/histopathology of aquatic organisms
and that it will further increase interest in this scientific area.

Author Contributions: Conceptualization, B.R. and P.B.; methodology, B.R. and P.B.; investigation,
B.R.; writing—original draft preparation, B.R.; writing—review and editing, P.B. All authors have
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Featured Application: Current evidence indicates that micro- and nano-plastics can be absorbed

by aquatic organisms as well as mammals. The topic focuses on the important role of the biodis-

tribution of micro- and nano-plastics (MP/NPs) and the role of blood biomarkers in the teleosts

used as model organisms.

Abstract: Micro- and nano-plastic (MP/NP) pollution represents a threat not only to marine organ-
isms and ecosystems, but also a danger for humans. The effects of these small particles resulting from
the fragmentation of waste of various types have been well documented in mammals, although the
consequences of acute and chronic exposure are not fully known yet. In this review, we summarize
the recent results related to effects of MPs/NPs in different species of fish, both saltwater and fresh-
water, including zebrafish, used as model organisms for the evaluation of human health risk posed
by MNPs. The expectation is that discoveries made in the model will provide insight regarding the
risks of plastic particle toxicity to human health, with a focus on the effect of long-term exposure
at different levels of biological complexity in various tissues and organs, including the brain. The
current scientific evidence shows that plastic particle toxicity depends not only on factors such as
particle size, concentration, exposure time, shape, and polymer type, but also on co-factors, which
make the issue extremely complex. We describe and discuss the possible entry pathways of these
particles into the fish body, as well as their uptake mechanisms and bioaccumulation in different
organs and the role of blood response (hematochemical and hematological parameters) as biomarkers
of micro- and nano-plastic water pollution.

Keywords: micro-nano plastics; fish; organism model; histopathology; blood biomarkers

1. Introduction

Micro-nano plastic pollution is a global problem that has generated great interest
among scientists and attracted public attention because of the potential health risks asso-
ciated with exposure to MP/NPs through air [1], water [2,3], and food [4,5]. In the past
years, we have seen an increase in the number of scientific works regarding the topic
with the declared purpose of understanding the mechanisms underlying pathological
manifestations in various organs, through the study of toxicity on cells and tissues to ex-
trapolate risks to mammals [6,7]. This is a very complex topic due to the difficulty involved
in analyzing the effects of various types of plastic. In fact, plastic particles discharged
into the environment are often contaminated with different chemical pollutants [8,9] and
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other contaminants [10–13], including pathogens [14]. In this regard, in fact, some authors
argue that microplastics can act as a vector to convey pathogens from the environment to
organisms [15,16]. Therefore, adverse effects of microplastics and nano plastics may result
from a combination of intrinsic toxicity of plastics and ability to absorb, concentrate, and
release environmental pollutants into living organisms [17]. In addition, it has become well
documented that the different particles sizes exert effects through different physiological
pathways, in relation to quantity and quality in different species at different developmental
stage and in different tissues [18]. Micro plastics are small synthetic solid particles mostly
composed of blends of polymers and functional additives with different chemical composi-
tions, shapes, colors, sizes, and densities. The European Food Safety Authority (EFSA) [19]
defined “micro plastics” all plastic particles having a diameter < 5 mm. MPs including
nano plastics (NPs), which are particles with dimensions below 0.1 μm (1–100 nm) [20].
They are classified as primary and secondary based on their origin. Primary micro plastics
are any plastic particles that are directly released into the environment. These include
microfibers, fragments, microbeads, and plastic pellets. Secondary micro plastics, on the
contrary, originate from the degradation of larger-sized plastic products once exposed to the
marine environment with regular or irregular shape [21]. They are derived from abrasion,
mechanical wear as a wave action, photo oxidation and biological degradation of small
pieces of plastic [22,23]. MP/NPs, once released into the environment do not degrade and
therefore accumulate in aquatic organisms entering the food chain until they are ingested
by humans through food. MPs/NPs acute toxicity are correlated with plastic size [24],
concentration [25], and cellular/tissue uptake and accumulation [26]. In general, small
size, high dose, and the presence of toxic additives or pollutants in the micro/nano plastics
appear to induce cellular toxicity [27]. In fact, small sizes of the microplastics enhance their
translocation across the biological membranes with various effects on aquatic organisms
via endocytosis-like mechanisms resulting in internalization into cells and tissues with
potential adverse consequences on health [20]. In contrast, particles larger than 100 μm
do not have any effect [28,29]. In terrestrial vertebrates, the main entry route of microplas-
tics into the body, is the digestive pathway through food and water with pathological
changes consisting of gut barrier dysfunction, intestinal inflammation, and gut micro biota
dysbiosis [30–33]. In fishes, the absorption routes are various, beyond the digestive way,
absorption occurs through the gills and the skin. Therefore, scientists started to document
the effects of microplastics on fish [34] and the signs of toxicity observed in these animals
are, chain can be illustrated [35]. More specifically, the purpose of this review is not only to
investigate the uptake routes and accumulation of MPs in fish, including zebrafish, but
also to reveal the toxic effects of MPs in different organs (gut, liver, gills, and kidney),
including the brain, with implications on growth and food consumption. In addition, we
focused our attention on the central nervous system to study the neurotoxicity effects due
to the crossing of the blood-brain barrier as well as on the blood response to MP/NPs.
Microplastics cause anemia and alterations in hemato-biochemical parameters. Therefore,
representing important blood biomarkers of water pollution by micro- and nano-plastics.
Blood tests represent useful experimental tools to monitor the response of fish to the aquatic
load of micro and nanoplastics. We have reviewed 219 publications until 2021. Below,
we report the data collected for each organ, focusing on structural and molecular effects
caused by the exposure to micro and nano plastics.

2. Micro- and Nano-Plastics in Aquatic Ecosystems Can Be Taken-Up by Fish and
Reside in Their Brain

Since microplastics (MPs) and nanoplastics (NPs) ingestion by aquatic organisms is
reported by laboratory and field studies with a regard to commercial species too [36–38],
an unavoidable concern is whether MPs and NPs, one ingested by fish, can be absorbed by
the gastrointestinal (GI) tract and can pass into other body districts. However, this field of
knowledge just started to be investigated recently. A proof of the MPs and NPs movement
from intestine to other body compartments is represented by the evidence that, once these
plastics are ingested, they can be found in different organs, outside the GI tract [39]. Once
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the gastrointestinal barrier is bypassed, also the brain may be at risk of exposure when
micro and nanoplastics are able to pass the blood brain barrier (BBB). According to Ding’s
study on Oreochromis niloticus [40], MPs reach the fish brain along with blood circulation.
This agrees with Sökmen [41] and his team, hypothesizing that since nanoplastics can
pass into red blood cells, as shown by Geiser’s in vitro study [42], they can reach the brain
through the blood. Indeed, nanoplastic particles have been identified in the brain of fish
after waterborne [43] or food-mediated exposure [35], indicating that they are capable
of crossing a highly selective permeability barrier as the blood brain one [44]. Mattsson
et al. [35] demonstrated that, once ingested, 53 and 180 nm sized polystyrene plastics can
arrive into the brain of Crucian carp (Carassius carassius). Ding et al. [45] demonstrated that
0.3, 5, and even 70−90 μm polystyrene MPs could be accumulated in the brain, indicating
their tissue translocations within red tilapia (O. niloticus). In their reviews, Barboza [46]
and Campanale [47] agree that about 10 μm or smaller microplastics might penetrate
organs and cross the blood-brain barrier reaching the brain (Table 1). Furthermore, micro
and nanoplastics could reach the brain before the BBB is established and this could result
in an uptake of NPs by the brain at early stages of fish life. Indeed, Sökmen et al. [41]
demonstrated that 20 nm diameter polystyrene nanoplastics (PS-NPs) injected to yolk sac
can reach the brain and bioaccumulate there. Even when zebrafish (Danio rerio) embryos
are just exposed to NPs, these ones can accumulate in the yolk sac and migrate to brain [48].
However, Sökmen [41] and his team also hypothesized that the presence of PNPs in the
brain may be due to the alteration of the hemodynamic physiology induced by these
plastics. These and other pathways traveled by MPs and NPs to the brain add up: NPs
can reach the head of young zebrafish that have just undergone an in-water exposure [49]
and MPs can cross the gills, reach the fish head, and accumulate there [50]. Therefore, it is
necessary to investigate the effects micro and nanoplastics have on the brain.

Table 1. Micro and nanoplastics crossing the blood brain barrier in fish.

Specimens
Micro and

Nano-Plastics Type
Micro and

Nanoplastics Size
References

Data not referred to a
particular species

Data not referred to a
particular micro and

nano-plastics type
<10 μm [46,47]

Red tilapia
(Oreochromis niloticus) Polystyrene 0.1 μm [40]

Red tilapia
(Oreochromis niloticus) Polystyrene 0.3; 5 μm

70−90 μm [45]

See-through medaka
(Oryzias latipes) Polystyrene 39.4 nm [43]

Crucian carp
(Carassius carassius) Polystyrene 53 and 180 nm [35]

3. Neurotoxicity of Micro and Nano-Plastics in Fish

Nanoplastics are small hydrophobic particles that can reach the brain by crossing the
blood-brain barrier [35,43,51]. Nanoplastic particles have been identified in the brain of fish
after waterborne or food-mediated exposure, indicating that they are capable of crossing
the blood-brain barrier [44]. Then, in aquatic models, the brain is essential for evaluating
the toxic effect of nanoparticles (NPs) [52,53]. In fish at different stages of development,
NPs accumulate in the tissues, resulting in multiple negative effects including the nervous
system [54]. Ding et al. [45] suggest that the effects of NPs and MPs on the nervous system
depend not only on the size and time of exposure but also on indirect mechanisms such
as oxidative stress. In this regard, Barboza et al. [51] observed higher levels of LPO and
greater AChE activity in the brains of Dicentrachus labrax, Trachurus, and Scomber colias
exposed to plastics than in unexposed specimens of the same species, probably because
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higher concentrations of LPO induce the break of acetylcholine-containing vesicles result-
ing in increased neurotransmitter released in synaptic clefts and increased production of
acetylcholine as a compensation mechanism [51]. Wan et al. [55] showed that neurotoxicity
following polystyrene microplastics (PS-MPs) exposure in zebrafish larvae could be associ-
ated with some metabolic changes. Instead, Ding et al. [45] show, in adult specimens of
tilapia, a downregulation of the amino acids phenylalanine and tyrosine, associated with
neurological functions and consequently the polystyrene nanoplastics (PS-NPs) PS-MPs
exposure. According to Ding et al. [45], amino acids associated with neurological functions
could interact with nanoplastics and microplastics resulting in alteration of the metabolic
pathways of these amino acids and alterations in the formation of various neurotransmit-
ters. Furthermore, it has been observed in tilapia that PS between one and 100 micrometers
in size can induce more severe stress than 0.3 micrometers particles and this stress seems
to be mainly due to oxidative stress and damage caused by LPO, more severe in MPs than
NPs exposure. This could be explained by the fact that medium-sized MPs can move freely
between cells and induce mechanical injury and alterations in biochemical pathways such
as oxidative damage and inflammatory response [45]. Furthermore, NPPs can favor the
accumulation of reactive oxygen species (ROS) and cause negative effects at the cellular
level [43,56,57]. In adult specimens of medaka fish (Oryzias latipes) polystyrene nanoplastics
in both organs and blood have been found. Furthermore, after exposure for seven days at
10 mg/L, polystyrene nanoplastics crossed the blood brain barrier in this species and get to
the brain [43]. The central nervous system is particularly vulnerable to oxidative stress, in
fact it determines developmental and motility alterations and neurotoxicity [58,59]. The
results of Chen et al. [60,61], who evaluated specific biomarkers of oxidative stress, the
activity of catalase (CAT), glutathione, peroxidase activity (GPx), and the reduced form of
glutathione (GSH), confirm the role of oxidative stress in neurotoxicity [60,61]. Behavioral
anomalies in fish exposed to pollution by micro and nano plastics have been observed [62].
It has been observed that zebrafish exposed to plastic particles show uncontrolled move-
ments probably due to an improper activation of neurons, due to an altered expression
of important neurotransmitters such as acetylcholine, glutamate, and γ-aminobutyric
acid [63–67]. Such alterations can be considered indicators of neurotoxicity [68,69]. In fish,
exposure to microplastics triggers the activation of cellular oxidative stress processes with
consequent peroxidation of cell membranes [46,70]. The damage from lipid peroxidation in
the brain can cause the break of the vesicles membranes containing neurotransmitters with
consequent increase of the neurotransmitter concentration in the synaptic junctions [71,72].
The neurotoxic effects of microplastics were confirmed by measuring the increase in ac-
tivity of the enzyme acetylcholinesterase [46,73]. These results are severe because the
activity of cholinesterase (ChE) enzymes is essential for cholinergic neurotransmission in
neuromuscular junctions and in cholinergic brain synapses [51,74]. Acetylcholinesterase
(AChE) activity regulates brain function and is considered an important biomarker for
neurotoxicity, also in zebrafish [75,76]. A decrease in AchE activity [61,77], as well as
the inhibition of neurotransmitters dopamine, melatonin, aminobutyric acid, serotonin,
vasopressin, kisspeptin, and oxytocin [77], in zebrafish exposed to NPs was found [78].
Inhibition of acetylcholinesterase (AChE) enzymatic activities also in Medaka, O. latipes,
Pomatoschistus microps exposed to micro and nano plastics has been reported [10,54,79].
It has been also observed that, in zebrafish larvae, the inhibition of AChE activity inter-
feres with the functioning of the nervous system, causing growth retardation, paralysis,
and death [75,76]. Since EE2 (17α-ethinylestradiol) modulates the development of the
neuroendocrine system, it was considered a positive control in the evaluation of neurotoxi-
city [60,80,81]. In groups of larvae exposed to MPP or coexposed with MPP and EE2, the
activity of AChE decreased [60]. Moreover, polyethylene microplastics (1–5 μm) inhibited
AChE activity in P. microps [60,73]. The small particles can inhibit AChE activity causing
neurotoxicity with adverse effects in the cholinergic system. Therefore, the suppression of
locomotor capacity in zebrafish exposed to nanoparticles and nanoplastics can be explained
by the inhibition of acetylcholinesterase activity [60]. Downregulation of genes associated
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with neuronal functioning (glutamate receptors, potassium channels, synapsin), genes
implicated in neuron differentiation and axon genesis (neurod4, neuronal differentiation
4, Gene ID: 266958; lrnn2, leucine rich repeat neuronal 2, Gene ID: 558051) support the
neurotoxic effects of plastics in zebrafish [82] and plastics seem to influence the visual
system by upregulating the gene expression of zfrho (rhodopsin, Gene ID: 30295) [60,78].
In zebrafish, gfap (glial fibrillary acidic protein, Gene ID: 30646) and α1-tubulin (alpha-1
tubulin, Gene ID: 842782) genes are expressed in the central nervous system during the
early stages of development and are considered important biomarkers of neurotoxicity [83].
α1-tubulin is essential in the formation of microtubules, while gfap intervenes in the devel-
opment of astrocytes [84,85]. In zebrafish, the gfap gene and the corresponding protein are
highly conserved and exhibit functions similar to those of mammals [86]. Moreover, the up
regulation of gfap is an indicator of neurotoxicity, also observed in mammals [86,87]. The
use of gfap’s upregulation in neurotoxicity screenings is now accepted, and its use by the
US Environmental Protection Agency (EPA) has been recommended [88]. Instead, the up
regulation of gfap and α1-tubulin in the central nervous system promotes an increase in the
expression of zfrho and zfblue and this alteration may be a side effect of neurotoxicity [87].
Zebrafish larvae exposed to nanoplastics showed more severe hypoactivity phenomena
when co-exposed to NPPs E EE2 due to oxidative damage [60]. In treatments with MPP
and MPP + EE2, the up-regulation of sight-related genes such as opsin which is expelled
by photoreceptor cells of the retina [89] has been observed [60]. Upregulation of the opsin
gene cannot indicate alterations in movement [90].

In Clarias gariepinus the effects of PVC microparticles, considering a battery of biomark-
ers of oxidative stress (superoxide dismutase, catalase, glutathione peroxidase), neurotoxi-
city (acetylcholinesterase) and lipid peroxidation, have been evaluated [53]. It has been
shown that in the presence of PVC the activity of GPx, Sod, Cat, and AchE is inhibited
while the levels of LPO have increased, all progressively with time [53].

Specimens of red tilapia were exposed to polystyrene particles of three different sizes
(0.3, 5 and 70–90 μm) to evaluate their accumulation, oxidative stress, p450 enzyme activ-
ity, metabolic changes, and neurotoxicity. It was shown that only the 5 μm polystyrene
microplastics significantly inhibited the activity of acetyl cholinesterase in the brain. In this
species, in treatments with PS-N and MPs (0.3, 5 and 70–90 μm) a decrease in the activity of
the enzyme acetylcholinesterase in the brain has been observed [45], confirming previous
studies in the same species [40] and in P. microps [91], as well as in zebrafish larva [60]. It
has been shown that plastic materials are capable of conveying pollutants to the body’s
tissues [60,92]. Although some authors give little importance to this vector function [93–96],
it is known that the toxicity of plastics and their interaction with others pollutants can affect
the bioavailability and toxicity of these pollutants for the biota [92]. Plastics have shown the
ability to absorb various pollutants (IPA, PCB, HCH) [97]. Furthermore, all additives added
to plastics must be taken into consideration: plasticizers, flame retardants and antimicro-
bials whose toxicity can be altered by co-exposure with the transported toxicants [98,99].
In epoxy resins and polycarbonate plastics, the most used additive is bisphenol A (BPA).
This additive can be released from plastic materials into the aquatic environment and
can reach a concentration of 4 μg/L [98,100,101]. While for years it has been considered
a cause of obesity and disorders of the immune and endocrine systems [102,103], Saili
et al. [104] highlighted the negative effects of BPA on the brain. The accumulation of BPA
and NPPs in various zebrafish organs including the brain has been demonstrated [43,105].
Chen et al. [106] evaluated the different expression of genes and proteins as biomarkers
of neurotoxicity during the development of the zebrafish central nervous system. Chen
et al. [61] demonstrated that the co-exposure of NPPs and BPA not only leads to increased
accumulation of BPA in zebrafish organs, but is responsible for neurotoxic effects on the
central nervous and dopaminergic systems. Indeed, during co-exposure to NPPs and
BPA, not only the upregulation of myelin and tubulin basic protein genes in the central
nervous system and increased dopamine, but also upregulation of astrocyte-derived neu-
rotrophic factor (MANF) expression in the midbrain and significant inhibition of acetyl
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cholinesterase enzyme activity [61] were evident. The NPs have shown the ability to absorb
organic pollutants (IPA, PCB, DDT, PBDE, PFOA) and heavy metals (Ni, Cu, Zn, Pb) and
act as a vector for them, thus increasing their bioavailability [6,16,107,108]. They may also
contain additives such as bisphenol A (BPA) or phthalates [109,110], whose negative effects
on the biota are known [39,108,111]. In the work of Chen et al. [61], the effects of exposure
of NNPs and co-exposure of NNPs and EE2 were evaluated. It has been observed that
exposure to PS-NPs as well as the co-exposure of NNPs with EE2 inhibits the activity of
the acetylcholinesterase enzyme (AChE) with consequent reduction of locomotor activity,
and induces an increase in expression of the gfap and alpha tubulin genes related to the
central nervous system [60]. In the work of Lee et al. [112], zebrafish embryos were exposed
only to fluorescent NNPs and combined with Au ions, and an increase in deformity and
mortality rate was observed as well as the activation of the inflammatory response (increase
in the expression of IL6 and IL 1β). Furthermore, ROS levels have increased resulting in
mitochondrial damage [6,112]. Equally important are the negative effects of micro and
nanoplastics on fish development. In particular, the negative effects of micro and nanoplas-
tics during embryonic development and the protective function of the chorion in the early
stages of development have been evaluated [113,114]. The protective effect of chorion
against pollutants, in both de-chorionate embryos [60,115–117] and elsewhere [118], has
been observed [119]. Furthermore, absorption, bioaccumulation and toxicity in zebrafish
embryos and larvae have been described using 44 nm model nanoplastics [120].

4. Occurrence of Micro and Nano-Plastics in Fish Gills and Consequent Effects

The occurrence of microplastics in fish gills is reported in different studies on different fish
species. Studies reporting NPs and MPs detection in gills refer to animals naturally exposed
to these plastics [121–124] and exposed to microplastics in laboratory condition [43,69,125,126].
Like fish collected in fish farm and mariculture areas, those exposed to MPs in laboratory
conditions show a higher or, at most, a comparable accumulation of MPs in gills than in
gut [127,128]. Therefore the MPs accumulation in gills could be influenced by microplastics
shape [126], and the entity of accumulation in gills increases with increasing time of
exposure [40] and is related to MPs size [129]. It is intriguing to notice that, once taken
up, microplastics still exist in gill fishes after depuration for seven days [130]. However,
microplastics elimination time seems to be a specie-specific parameter as shown on larvae
by Zhang et al. [131]. The effects of microplastics on gills (Table 2) were tested with in vitro
and in vivo studies.

Table 2. Effects of micro and nano plastics on gills.

Specimens
Micro- and

Nano-Plastics Sizes
and Type

Concentration
Exposition

Time Effects References

Japanese medaka
(Oryzias latipes)

10–20 μm sized PES
and 50–60 μm sized

PP fiber

10,000 Microplastic
fiber/L 21 days

- increased mucus,
- denuding of epithelium on arches,
- fusion of primary lamellae.
- aneurysms in secondary lamellae
- epithelial lifting, swellings of inner

opercular membrane that altered
morphology of rostral most
gill lamellae

[132]

Goldfish
(Carassius auratus)

from 0.7 mm to 5.0
mm fiber, ranging

between 2.5–3.0 mm
and 4.9/5.0 mm,

respectively
fragments and pellets

0.03 g of fiber/
15 commercial food

pellets;
0.96%,

1.36%, 1.94% and
3.81% (g (food +

MPs)/g ww fish).

Six weeks - fragmentation of gills filaments [126]
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Table 2. Cont.

Specimens
Micro- and

Nano-Plastics Sizes
and Type

Concentration
Exposition

Time Effects References

Goldfish
(Carassius auratus)

0.100–1000 μm
sized PVC 0.1 or 0.5 mg/L 4 days

- undamaged gills
- limited or no effect to

antioxidant activity
- unaffected ion-regulation function

[133]

Goldfish larvae
(Carassius auratus)

70 nm and 5 μm
sized PS

10,
100 and 1000 μg/L

1, 3 and
7 days

- disordered cell arrangement [134]

European seabass
(Dicentrarchus labrax)

1–5 μm polymer
microspheres (an
average of 2 μm

diameter)

0.26 and 0.69 mg/L 96 h

- increased superoxide dismutase
(SOD) activity

- induction of CAT, GST and SOD,

increasing of LPO levels

[46]

Guppy
(Poecilia reticulata) 32−40 μm sized PS 100 and 1000 μg/L 28 days weakened Na+/K+-ATPase activity

in gills [135]

Marine medaka,
(Oryzias melastigma) 10 μm sized PS 20 and 200 mg/L 60 day

- production of ROS
- inhibition of SOD, CAT and

GST activities
- abscission in gill lamellas, loose

arrangement of gill filaments,
shortening and thickening of
gill lamellas

[127]

rainbow trout
(Oncorhynchus mykiss)

gill epithelial cells
220 nm sized
polystyrene 0.3 and 3 mM 48 h - cell viability decrease [136]

rainbow trout
(Oncorhynchus mykiss)

fingerlings and
wildtype
Zebrafish

(Danio rerio)

1 μm, 2 μm, 20 μm,
40 μm and 90 μm

sized PS
2 × 105 particles/L 2 h

- up or down regulation of some
genes related to immune response

- 0.2 μm MPs induced ifnγ gene
up-regulation in trout

- 1 μm MPs enhanced up-regulation
of three immune genes in zebrafish

[31]

Zebrafish
(Danio rerio)

~70 μm (mean) sized
PA, PE, PP, PVC 0.001–10.0 mg/L 10 days no histological damage [137]

Zebrafish
(Danio rerio) 20 days

- alterations of gill epithelium,
- adhesion and partial fusion of

secondary lamellae and mucous
hypersecretion, a higher density
of neutrophils

[138]

Common carp
larvae

(Cyprinus carpio)

90 μm; 50 μm and
25 μm sized HD-PE

and PS
100 and 1000 μg/L

Black rockfish
(Sebastes schlegelii)

14 days hypoxia respiratory in gill [139]
0.5 μm and 15 μm

polystyrene 190 μg/L

European seabass
(Dicentrarchus labrax)

3 and 5 days increase in GST and SOD activities [129]

3 μm; 3–1.2 μm and
1.2–0.45 μm sized

EMPs

0.33 mg/g of feed
(corresponding to
5 mg of EMPs/150

g of feed)

Table abbreviations: polystyrene (PS), polyester (PES), polypropylene (PP), polyamides (PA), polyethylene (PE), hidh density polyethylene
(HD-PE), polypropylene (PP), polyvinyl chloride (PVC), environmental microplastics (EMPs).

Bussolaro et al. [136] found that polystyrenes NPs decreased the viability of rainbow trout
gill epithelial cells in a concentration-dependent manner. On the other hand, Hu et al. [132]
conducted an in vivo study by exposing adult Japanese medaka (O. latipes) to polyester
(PES) and polypropylene (PP) MPs fibers. By means of scanning electron microscopy
(SEM), observations of gills increased mucus, denuding of epithelium on arches, and
fusion of primary lamellae were observed. Histologic sections revealed: aneurysms in
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secondary lamellae, epithelial lifting, swellings of the inner opercular membrane that
altered morphology of rostral gill lamellae. SEM and histochemical analyses showed
increased mucous cells. Similar results were obtained by Jabeen et al. [126]. They observed
that microplastics fibers, retained in gills, cause the filaments fragmentation. According to
the authors, this is probably due to the direct contact, and it is correlated to plastic particle
size and shape. On zebrafish gills, MPs effects are similar to those induced on Japanese
medaka, but Limonta and his team [138] revealed also a higher density of neutrophils
in gill tissue of MPs-exposed fish. Microplastics effects on gills also depend on their
exposure concentration. Barboza et al. [46] found that lipid oxidative damage in gills
occurs after exposure to the higher MPs concentration they tested, but not to the lower.
An oxidative stress status induced by microplastics was also detected on larvae gills after
dietary exposures [140]. According to Zitouni et al. [129], oxidative alterations were highly
correlated with MPs size range. Moreover, the authors emphasized that the toxicity of
smaller MPs was closely related to other different factors, including the target tissue,
exposure duration, and MPs chemical properties. Oxidative stress induced by MPs leads
to consequent gill structural damage and histological changes [127]: abscission in gill
lamellae, loose arrangement of gill filaments, shortening and thickening of gill lamellae.
As noticed for oxidative stress, also gene expression could be affected by MPs and NPs
exposure in different ways based on the plastic sizes. Lu et al. [31] found the smallest
MPs particles, used in their study, induced ifnγ gene up-regulation in Oncorhynchus mykiss,
S100a gene up-regulation in zebrafish gills and up-regulation of three immune genes
in zebrafish gills (ifnγ, il1β, and igm). So, the scientists speculated that immune gene
expression starts in gill epithelia and associated cells after small microplastics are taken
up by them. For Huang et al. [135], another effect of PSMPs exposure was a weakened
Na+/K+-ATPase activity in gills that could affect the osmotic balance of these organs.
Besides the above-mentioned damages on the gills, a changed oxygen consumption that
is an indicator of respiration stress, can occur. Therefore, bigger microplastics have a
greater impact than smaller ones, as Yin et al. [139] demonstrated. On the other hand,
Yang et al. [134] argue that nanoplastics are more dangerous for gills than microplastics.
According to these authors, NPs effects on histological damage have an entity that is
proportional to the exposure concentration. Interestingly, the authors found that, by
detecting gill at both microscopic and ultra-micro levels, no enrichment of MPs or NPs
was found within their tissues. Despite this, the gill tissues of larvae showed damage
phenomenon. Differently from what reported above, some authors found no damage or
alteration on gills after MPs and NPs exposure [133,137]. The inconsistencies in previous
studies may be due to the different experimental concentrations employed (Table 2). In
addition to MPs and NPs effects on gills, there are other issues. One of the concerns about
MPs and NPs is represented by the evidence that, once absorbed by the gill, they can be
internalized and spread in fish body [43,141]. Another growing concern is represented
by the effects of the co-exposure to microplastics with other contaminants. This is due to
the evidence that MPs and NPs, not only can increase the bioavailability and uptake of
contaminants but can also enhance their toxic effect on gills [46,61,142–144]. For example,
Karami and his team [145], demonstrated that low-density polyethylene (LDPE) fragments
can cause toxicity and modulate the adverse impacts of phenanthrene (Phe), by influencing
among other parameters, the degree of tissue changes (DTC) in the gills. In the gill
tissues, histological alterations were observed, e.g., some basal cell hyperplasia, sloughing,
necrosis in the connective tissue. By increasing the concentration of MPs, the following
phenomena were observed: epithelial lifting, hyperplasia, necrosis of the connective tissue,
extensive cell sloughing, desquamation and consequently blood vessel exposure and, in
some instances, total loss of the secondary lamellae. This corroborates the concentration-
dependent impact of MPs that other scientists [46,136] encountered too. Besides the
oxidative stress induction, microplastics associated with other substances can enhance the
expression of immune-related genes in gills as shown by Xu et al. [144] with phenanthrene
on zebrafish.
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5. Toxicity of Microplastics and Nanoplastics in Digestive Tract: Intestinal Retention
Time, Uptake and Elimination

The food-borne route is the major contamination by MP/NPs pathway, with the gut
being the target organ [146]. Plastic fragments, in the form of microfibers or microbeads,
may accumulate in digestive tract of fish via food and water [147,148]. The bioavailabil-
ity of MP/NPs and consequently the effects at different levels depend mainly on their
size, shape, concentration, and the presence of chemical pollutants [18,149]. The con-
taminants, species, developmental stage are considered as co-factors for plastic particle
toxicity (PPT) [18]. As evidenced by numerous studies carried out under experimental
conditions, the ingestion of microplastics can generate two different types of impacts on
marine organisms: physical injuries to the organs where accumulation occurs and chemi-
cal damage by transfer and accumulation of pollutants with an enhancement of toxicant
uptake or an increase in their bioavailability [17]. Conflicting results have been reported
in literature regarding the effects of MPs and NPs accumulation in the gut. It has been
demonstrated that the physical presence alone of MPs in the gut may be toxic due to
their intrinsic ability to induce intestinal blockages or tissue abrasions, which may cause
injury of the gut lining, morbidity, and mortality. Experiments carried out on Dicentrarchus
labrax fed with microplastics for 90 days showed physical damage in the intestinal tract,
both in specimens treated with contaminated plastics and in those treated with virgin
microplastics [46]. Grigorakis et al. [146] reported that MPs might scratch gut tissues.
While Jovanovic et al. [150] reported that MPs did not cause imminent harm in gilt-head
seabream after 45 days of exposure, other studies reported abrasions, ulcers, false satiation,
blockages in the digestive tract [151], dysbiosis in the gut [30,31], inflammation, bowel
wall thinning, villi and epithelial damage, and oxidative stress in the gut tissues [152–154].
Histopathological changes in intestine were observed in goldfish (Carassius auratus) larvae
by Yang et al. [134] using PS MP/NPs of size < 5 μm with negative repercussions on larval
growth and elevated oxidative stress markers. A reduction in weight and body length
was also observed in larvae of Cyprinus carpio treated with PVC MPs [140]. MPs were
found in gastrointestinal tract of wild fishes also, with higher lipid peroxidation levels
in the different organs, including the gut [46]. Oxidative stress and structural damages
by PS nanoparticles (10 μm at 2–200 μg/L) accumulation in intestine were observed in
adult Oryzias melastigma [127] as well as in O. latipes treated with PS MPs, 10 μm. In this
species, histopathological alterations with swollen enterocytes were observed [122]. In
the literature there are also different opinions about the crossing of the intestinal wall by
micro-nano plastics. Some authors claim that MPs in fish remain in the gastrointestinal
tract and expelled with the feces [146,155]. Other authors found instead MPNs in fish fillets
assuming rather that smallest plastic particles (<0.1 μm) can transfer from the intestinal
tract to the circulatory system and thus spread to the muscle as to all other organs and
tissues [145]. In this regard, severe toxicity usually arise from smaller plastic particles
with potential impacts on living organisms due to crossing biological barriers such as cell
walls or intestinal barrier [145]. MPs intake during 90 days to Sparus aurata induced an
increase in oxidative damage and a pro-inflammatory response in gut of S. aurata, and
were able to recover after the exposure to MPs was removed [156]. Ohkubo et al. [157]
have estimated the uptake and gut retention of microplastics in juvenile stage of Fundulus
heteroclitus and red seabream, Pagrus major [157]. Various factors affect MPs bioavailability
and level of risks at cellular and molecular level on aquatic organisms. Biomarkers for
antioxidant response (superoxide dismutase, catalase, glutathione peroxidase, reductase,
and glutathione S-transferase), neurotoxic impairment (acetylcholinesterase), lysosomal
activity alteration, and genotoxicity have been analyzed by Suman et al. [158]. Virgin
microplastics are not causing imminent harm to fish after dietary exposure in S. aurata [150]
and O. mykiss [28], and did not present evident tissue damage in Barbodes gonionotus ex-
posed to PVC fragments (0.2, 0.5 and 1.0 mg/L) for 96 h [159]. Little is known about their
uptake, translocation, and accumulation within fish organs [23]. MP/NPs showed that
oxidative stress and its responding pathways, including inflammatory responses, could
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play the role of key events [132]. Several different types of effects have been observed in
both freshwater [40,82,125,160] and saltwater species [127] in the larval and adult stage.
Polystyrene nanoparticles (PS NPs) were found accumulated in larvae or adult gut of
Medaka (O. melastigma) with increased mortality and decrease in average lengths and
weights [161]. Because of their microscopic size, micro- and nanoparticles could find in
phagocytosis or endocytosis the preferred route of absorption. The occurrence of microplas-
tics (<5 mm in diameter) and mesoplastics (5–20 mm in diameter) in the gastrointestinal
tract of some commercially pelagic, demersal and reef fishes collected from Southeast
coast of the Bay of Bengal was observed by Karuppasamy et al. [162]. According to the
custom of the Indian population to consume dry fish, the presence of microplastics in
the fish gut is, in this case, a potential serious human health concern, as they are directly
consumed. The transfer of microplastics of various types and sizes, through the intestine,
to the lymphatic system has also been demonstrated. Some researchers have observed that
the mechanism transporting MNPs through physiological barriers might be influenced by
para-physiological conditions of the animal. In this regard, an increase in MPs transport in
the colon of patients with inflammatory bowel disease related to an increase in intestinal
permeability was observed [17], whereas a reduction of NPs transport in diabetes condition
was seen [163]. NPs (100–1000 nm) stimulated the secretion of cytokines such as IL-6 and
IL-8 from monocytes and they act as stressors to the innate immune system of fish [164].
Larger particles at about 100 μm or above were proven to have no significant effect [28].
NPs can negatively affect fish at different stages of development, accumulating in tissues,
decreasing locomotor and foraging activities. However, mortality, malformation or effects
on hatching related to NPs have not been reported. High concentration of MPs/NPs are
usually highly cytotoxic. ROS production and pro-inflammatory responses are the most
frequently encountered. MPs/NPs toxicity is evaluated based on the response of gut lipid
peroxidation biomarkers, as an indication of the response to oxidative stress, inflammation,
epithelial barrier integrity and changes in gut microbiota [60,61]. Therefore, the key role of
exposure routes in the uptake, localization, and subsequent distribution of nanoparticles
was highlighted by Zhang et al. [131]. The ingestion and effects of MPs in fish are largely
dependent on their shape and size [126].

6. Toxicity of Microplastics and Nanoplastics in Digestive Tract of Zebrafish: An Emerging
Model to Study the Bioaccumulation and Toxicity of Environmental Contaminants

Zebrafish represents an ideal animal model to study microplastic and nanoplastic tox-
icity. Due to the transparency of the eggs, embryos and post-hatch larvae, the localization
of fluorescent-labelled MPs/NPs particles may be followed to determine the distribution,
uptake, trafficking, degradation, and translocation using confocal microscopy [78,165]. On
Medline from 2015 to 2021, using key words “microplastics” and “zebrafish”, we have
n.78 available results, concerning the effects of micro/nanoplastics in different organs
and tissues. Typing the keyword “gut” to get only 10 results. In general, the negative
effect of microplastics on zebrafish was related to the concentration and particle size. In-
testinal toxicity of different length of microplastic fibers (50 ± 26 μm and 200 ± 90 μm)
has been studied in both larvae and adults of zebrafish proving that longer microfibers
caused very serious intestinal damage compared to shorter microfibers causing a signif-
icant reduction in food intake [166]. Studies of metabolomics were also carried out to
unravel the underlying mechanisms of microplastics toxicity through the study of chemical
processes involving all the endogenous and exogenous metabolites of enteric cells that
cause oxidative stress and inflammation [166]. The impact of polystyrene (PS) NPs was
studied at the cellular, molecular, and systemic levels by Sendra and collegues [165]. It
has been demonstrated by the same authors that the absorption of PS NPs takes place
by endocytosis and phagocytosis respectively for 50-nm and 1-micron nanoparticles. Re-
gardless of the pathway of internalization, the particles will be degraded by lysosomes
resulting in alkalinization and increased of reactive oxygen species (ROS) that increase
their susceptibility to pathogens [165,167]. Oxidative damage and inflammation induced
by co-exposure to MPs and cadmium have been studied in zebrafish by Lu et al. [11,31]
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demonstrating that MPs enhanced the toxicity of heavy metals in fish tissues, including
the gut. Using zebrafish, the influence of different polymer types of MPs was evaluated to
understand the toxicology of microplastics (MPs) in combination with other organic pollu-
tants (biocidal compounds or polycyclic aromatic hydrocarbons) with accumulation and
consequent increasing serious toxic effects even further leading to oxidative stress and lipid
peroxidation also in the liver as well as enhanced neurotoxicity in the brain and metabolic
disorders [144,168]. Uptake and tissue accumulation of polystyrene microplastics (PS-MPs)
studies in zebrafish have been conducted. Both 5 μm and 20 μm diameter MPs were
found in the intestine after seven days of exposure, associated with inflammation, lipid
accumulation and alterations of metabolic profiles in fish liver [125]. Inflammation and
oxidative stress were observed in the zebrafish gut exposed to polystyrene MPs 5-μm beads
in size, at different concentration (50 μg/L and 500 μg/L), for 21 days, associated with
alterations in the gut microbiome and tissue metabolic profiles [154]. The shape-depended
effects cannot be underestimated. The recent scientific studies have shown that microplastic
fibers resulted in more severe intestinal toxicity than microplastic fragments and beads did.
Their accumulation caused mucosal damage and increased permeability, inflammation,
and metabolism disruption as well as gut microbiota dysbiosis and specific bacteria alter-
ations interfere with the immune system deteriorating host health [154,169]. PS particles
< 5 μm in size, polyamides, polyethylene, polypropylene, and polyvinyl chloride cause
intestinal damage of adult zebrafish gut [137] although the most serious effects were found
in the larval stage [111,125]. In this regard polyethylene (PE) particles 25 nm and 50 nm in
sizes were found in cells of the intestinal epithelium in embryos of 0, 24, and 72 hpf [141].
Changes in gut microbiota with disorders of the metabolome and microbiome, as well as
changes in the expression of genes correlated with epithelium integrity, were observed in
both larval [55] and adult zebrafish [154,165,170]. Upregulation of intestinal Cytochrome
P450 gene (cyp1a) was shown by Mak et al. [69] in adult zebrafish. In zebrafish, Limonta
et al. [138] reported transcriptomic and histological alterations on the mucosal epithelium
of zebrafish although it recognizes plastic particles as inedible materials but ingests them
when mixed with food or for accidental ingestion due to small particles (1–5 μm) [23].
Fluorescent MPs were observed in the villi, in the apical surface of the enterocytes, in
the lamina propria and very frequently inside the goblet cells. Microfragments and mi-
crofibres did not cross the intestinal barrier. Based on the histological analysis, significant
changes in the MPs-treated gut tissues were observed: epithelial and villi damage has been
described in zebrafish [154,171,172] as bowel wall thinning, cracking of villi, epithelial
damage with splitting of enterocytes and increased volume of mucus [30,137]. In contrast,
De Sales-Ribeiro et al. [23] argue that the ingestion of microplastics does not induce any
histopathological changes in zebrafish.

7. Translocation of Micro and Nanoplastics to Liver

MP/NPs cross the intestinal barrier, travels through the bloodstream to the organs
such as liver and kidney [125,173]. In the liver, oxidative stress determines enzymatic and
metabolic changes [125]. Histologically, in the liver, MPs particles were detected in the
cytoplasm of the hepatocytes ranged between 1416 and 1634 μm, with moderate lipid-
like vacuolar degeneration translated into an enlargement of the hepatocyte cytoplasm
due to the presence of one or several vacuoles that displaced the nuclei to the periphery.
Congestion, sinusoidal dilatation, glycogen-depletion [107] and cellular necrosis were also
found [107,126]. Signs of inflammation and lipid accumulation or lipid profile changes were
found in African catfish, C. gariepinus by Karami et al. [145]. MPs has been observed into the
livers of Engraulis encrasicolus, Sardina pilchardus and Clupea harengus after degradation of
the hepatic tissue and in the livers cryosections observed in polarized light microscopy [174].
The livers contained relatively large MPs that ranged from 124 μm to 438 μm. High levels
of bisphenol A and analogous compounds in numerous fish species of commercial interest
were found. The potential relationship between MPs and bisphenol contamination of
fish was investigated [175]. Higher concentrations of bisphenols were found in fish with
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microplastics while they were absent in liver samples of fish without microplastics. It has
been established that a large part of the quantities of microplastics ingested are translocated
to fish liver [176]. Different opinion about the size of the microplastics that would be able to
move into the intestine, from gut to circulatory system before further translocation to liver
bare present in literature. Some authors refer that 20 μm microplastics cannot translocate to
fish liver in contrast to microplastics less than 5 μm [125]. In zebrafish, 5 μm diameter MPs
accumulated in fish liver were found while 20 μm diameter MPs were not found in the
liver but only in the gills and intestines. Histopathological analysis showed inflammation
and lipid accumulation in zebrafish liver also. Alterations of metabolic profiles in fish liver
and alteration of lipid and energy metabolism were also found. However, the exact route
through which MPs reach the liver is still unknown.

8. Translocation of Micro and Nanoplastics to Kidney

As in other organs, micro and nanoplastics were found in fish kidney too [177].
They were found in kidney of 11 commercial fish species collected from the marine fish
market [178], but also in fish exposed to them in laboratory [43]. On the other hand,
Choi and his team [179] did not detect microplastics in kidney fish after exposure in their
laboratory. This inconsistency may be due to the different plastic sizes employed by
Kashiwada [43] and Choi’s teams [179]: respectively, 39.4 nm and 150–180 μm (Table 3).

Table 3. Micro and nanoplastics effect on kidney fish.

Specimens
Micro- and

Nano-Plastics Sizes
and Type

Concentration
Exposition

Time
Effects References

sheepshead
minnow

(Cyprinodon
variegatus) larvae

150–180 μm PE
microspheres 50 and 250 mg/L 4 days - No effects [179]

Japanese medaka
(Oryzias latipes) 10 μm PS 500, 1000 and

2000 μg/g 10 weeks

- glomerulopathy
- nephrogenesis
- glomerulomegaly

[180]

Japanese medaka
(Oryzias latipes)

10–20 μm sized PES
and 50–60 μm sized

PP fiber

10,000 Microplastic
fiber/L 21 days - No alteration [181]

Gilthead seabream
(Sparus aurata)

From 40 to 150 μm
PVC-MPs

100 mg/kg and
500 mg/kg 15 and 30 days

- alteration of
creatine kinase,
albumin and
globulin in serum

[182]

Zebrafish
(Danio rerio)

~70 μm (mean) sized
PA, PE, PP, PVC 0.001–10.0 mg/L 10 days

- No histological
damage [137]

Zebrafish Larvae
(Danio rerio)

Fluorescent PSNPs
(25 nm; 1.05 g cm−3)
internally dyed with

FirefliTM
Fluorescent Green

(468/508 nm)

0.2, 2, and 20 mg/L 120 hpf
- transcriptional

alterations of pck1 [115]

Table abbreviations. PVC-MPs: polyvinylchloride microparticles, polystyrene (PS), polyester (PES), polypropylene (PP), polyamides (PA),
polyethylene (PE), polypropylene (PP), polyvinyl chloride (PVC), polystyrene nanoplastic (PSNPs).

The literature reports that after MPs and NPs exposure, a damage in kidney can occur
and this can also involve the immunogenic part of this organ: the head kidney. For instance,
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Zhu et al. [183] found, through the histological analysis, alterations in kidney after MPs
exposure, like glomerulopathy and nephrogenesis. Glomerulopathy was showed as expan-
sion and congestion of glomerular capillaries, with severe cases with increased glomerular
size (i.e., glomerulomegaly) and expansion of Bowman’s space while nephrogenesis was
evident as tubular and/or glomerular generation or regeneration. The authors found that
glomerulopathy and nephrogenesis, in exposed fish, increases in severity with exposure
level. Kidney health status can be also evaluated by assessing creatinine and uric acid
that can be considered as an index of the glomerular filtration rate and as a biomarker
for kidney dysfunction. So, Hamed et al. [184], after 15 days exposure to MPs, detected
a significant increase of fish kidney function (creatinine and uric acid). MPs-dependent
kidney damage was also demonstrated by Espinosa et al. [182], testing creatine kinase,
albumin, and globulin in fish. These parameters were significantly increased in serum
from fish fed with PVC-MPs at 100 mg/kg for 15 days and 30 days. Alterations in plasma
globulin and albumin were also obtained on juvenile C. gariepinus by Karami et al. [145],
but with different kind and size of MPs, time of exposure, and administered doses (Table 3).
In accordance with the results of Brun et al. [115], another effect of NPs could be the
disruption of processes related to energy metabolism. The authors demonstrated that
NPs affect pck1 transcription in kidney by inducing alterations in glucose homeostasis.
According to Zhu et al. [183], head kidney is one of the most altered sites when fish kidney
is exposed to MPs and NPs and head-kidney leucocytes are affected too. Brandts et al. [185]
found that NPs altered the expression of target genes related to the immune function,
cellular stress, and stress-related hormone secretion in D. labrax head kidney. Among
these genes tnfα (tumour necrosis factor alpha-like, Gene ID: 100136034), tgfb (transforming
growth factor beta 1, Gene ID: 7040), hsp70 (heat shock protein 8, Gene ID: 115594641), mc2r
(melanocortin 2 receptor, Gene ID: 115567821), and gr (glutathione reductase, Gene ID:
115568704) were interested. With regard to head–kidney leucocytes, Espinosa et al. [186]
found that their phagocytosis and respiratory burst respectively decrease and increase
on gilthead seabream (S. aurata) and European sea bass (D. labrax) after polyvinylchlo-
ride (PVC) and polyethylene (PE) microplastics exposure. Moreover, according to the
authors, these microplastics induced nrf2 (nuclear factor erythroid 2-related factor 2-like,
Gene ID: 109102552) up-regulation in seabream HKLs. In addition, Espinosa et al. [182]
tested the expression of stress genes in head kidney. The gene expression of prdx5 (per-
oxiredoxin 5, Gene ID: 115593974) decreased already after 15 days of exposure while the
expression of prdx1 (peroxiredoxin 1, Gene ID: 115573364) and prdx3 (peroxiredoxin 3,
Gene ID: 115596707) increased after 30 days of PVC-MPs. As for other organs (i.g. gills),
micro and nanoplastics can exacerbate other compounds toxicity in kidney. For example,
Brandts et al. [185] found that NPs can amplify humic acid effects. The combination of this
compound and nanoplastics induces an alteration of target genes involved in stress-related
functions such as il10 (interleukin 10, Gene ID: 100136835), tgfb, mc2r, and gr gene expres-
sion in head kidney of D. labrax. Microplastics can affect paraquat effects too [187] and
influence blood biochemical parameters in common carp (C. carpio). For example, exposure
to microplastics was followed by an increase in creatine phosphokinase (CPK) activity
in blood that may signify among, other things, renal failure [188]. As reported for gills,
Lei et al. [137] found no histological damage to kidneys of zebrafish after microplastics
exposure. In the same way, Hu et al. [132] wrote that hematoxylin eoxin staining showed
no alterations in internal organs (among the others, kidney) of their samples of exposed
individuals to MPs. However, all the mentioned studies reported above employed different
species, MPs type and sizes, concentrations, and exposure times (see Table 3). This could
explain the different effects obtained by the different authors.

9. Impact of Micro and Nano Plastics Bioaccumulation on Blood Response in Fish

In recent years, the investigation of blood parameters in fish have become of con-
siderable importance and aroused enormous interest not only in aquaculture, but also
in the evaluation of fish as organisms sensitive to anthropogenic pollutant load. In fish,
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the hematological and hematochemical parameters represent important laboratory in-
dexes useful in the diagnosis of many diseases and therefore for the evaluation of the
state of health [189,190], physiological state of fish, food conditions, and quality of the
water in which they live. The values of blood parameters provide useful information in
various body processes and are of great importance in evaluating the harmful effects of
anthropogenic pollution on aquatic environments. Fish live in intimate contact with the
aquatic environment that significantly influences their blood homeostasis. In the past
few years, there has been a significant increase of the experimental studies conducted in
the hope of achieving a better understanding of the impact of micro- and nano-plastics
(MP/NPs) on diverse organisms including fish. The fish homeostasis is altered by the
exposure to polluting substances and materials of various kinds (including micro-nano
plastics), causing a series of protective mechanisms such as changes in blood parame-
ters [191,192]. Therefore, the hematological and hematochemical parameters are useful
bioindicators in evaluating the effect of different pollutants in fish [192]. In fish, the com-
plete blood count or CBC (complete blood count), is a laboratory test of the blood (fast,
inexpensive and practical) which contains all the information necessary for the evaluation
of hematopoiesis [193]. The parameters evaluated are the following: WBC (white blood
cells), RBC (red blood cells), Hb (hemoglobin), Hct (hematocrit), MCV (mean corpuscolar
volume), MCH (mean corpuscolar hemoglobin), MCHC (mean corpuscolar hemoglobin
concentration), and TC (thrombocytes). Currently, an improvement in the techniques of
haematological investigations in fish has been achieved. New methods of blood analysis
are now used routinely and applied in in the study of fish species. Two of these new
techniques are represented by the hematological determination by means of an automated
electronic system and by flow cytometry. The hematological determination in fish by
automated method uses an electronic blood cell counter with an impendence analysis
system. This apparatus was previously used for mammals and subsequently modified in
the software to carry out the hematological analysis also in fish. For this purpose, a suitable
fish lysing solution is used in the instrument. This method has been validated for various
fish species [189,194–197]. Flow cytometry is one of the most modern analysis techniques
for the detection and quantification of fish blood cells. It allows to identify, count, and char-
acterize individual cells in mixed populations with rapidity and high precision [190]. These
new diagnostic methods have brought great benefits to the veterinary medicine and to the
study of fish haematology. Previous studies on various fish species, have shown a marked
variation in haematological and hematochemical parameters due to exposure to various
pollutants [13,184,190,198,199]. Among the various polluting substances and materials,
MPs represent the most plentiful pollutants on Earth [200] due to their ubiquitous presence
within the aquatic environment [201]. In the last years, the studies conducted to monitor
the impact of MP/NPs on aquatic organisms have widely increased. A large variety of
effects in various fish species were reported [128,202]. Due to their small size, microplastics
and nanoplastics can be ingested (directly or through the food chain) by fish. Once inside
the body, the plastic particles mainly accumulate in the digestive tract and transferred to
the circulatory system or to adjacent tissues [36], and can persist in the organism for a
long time [203–205]. The harmful effects caused by microplastics are due to additives and
chemical substances used during their production or utilization of pollutants absorbed
from the environment [51,206,207]. MP/NPs induce physical and chemical toxic effects
in various organisms including fish. These effects have an impact on the blood response
of the exposed organism. In this regard, a study conducted by Hamed et al. [184] on Nile
Tilapia (O. niloticus) showed variations in hematological and hematochemical parameters
of this species after exposure to MPs. Regarding to the hematological profile, the obtained
results revealed a significant reduction in red blood cell (RBC), hemoglobin concentration
(Hb), hematocrit (Ht), mean corpuscular hemoglobin concentration (MCHC), thrombocytes
(PT), white blood cell (WBC), and percent of monocytes after exposure to MPs. Percent
of lymphocytes, eosinophils and neutrophils showed fluctuation after exposure to MPs.
On the contrary, mean corpuscular volume (MCV) and mean corpuscular hemoglobin
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(MCH) exhibited significant increase. These changes in hematological parameters represent
a defense mechanism as a response to MPs toxicity [208]. Similar results were previously
found by Mukherjee and Shiha [209] in a study on Indian freshwater major carp exposed
to cadmium. Moreover, the immune system may be influenced by toxic chemicals in
the micro and nano plastics [107]. The immune system of fish is a useful indicator of
negative response to environmental stressors [210]. Effects of MP/NPs on chemokines,
cytokines and phagocytes, and increased levels of globulins and immunoglobulins [145]
were demonstrated in a previous study by Jacob et al. [13]. Changes in hematochemical
parameters due to exposure to micro- and nano-plastics were detected in different species
of fish [73,182,184,187,211]. A significant increment of creatinine, uric acid, AST, ALT,
ALP, glucose, cholesterol, total protein, albumin, globulin, and A/G ratio was found in
Nile Tilapia O. niloticus [184] and common goby P. microps [73,211] after exposure to MPs.
Increased levels of ALT, AST, ALP, creatinine, glucose, also occur in common carp (C. carpio)
exposed to sublethal concentrations of micro-plastic [187]. Furthermore, it was shown
that nano-plastic intake in fish can alter the proportion of triglycerides/cholesterol of
blood [212]. Contrary to what was observed in Nile tilapia and common goby the exposure
to MPs causes a decrease of the cholesterol, high-density lipoprotein and triglyceride levels
in African catfish and common carp [145,187]. The increased albumin levels observed in
fish after MPs exposure indicate a liver or kidney demage [213] caused by the harmful
effects of micro-plastics [182]. All the variations of blood parameters that occur in fish
exposed to MP/NPs, represent an effective physiological response of the organism to toxic
effects of plastic particles. These blood changes are important biomarkers in toxicological
research, environmental monitoring, and prediction of fish health conditions. In the future,
it will be important to refine the diagnostic techniques of fish hematology in order to define
the potential blood biomarkers related to micro and nano plastics bioaccumulation.

10. Conclusions

This review provides crucial multidimensional characterization of NPs impacts on
human and animal health, suggesting the need for deeper investigations following longer
exposure times. The current scientific evidence shows the main factors determining the
toxicity of plastic particles, including particle size, concentration, exposure time, particle
condition, and shape.

Plastic particles smaller than 10 μm cause more toxic effects than larger plastic particles
with negative effects, such as decreased survival [214], decreased activity of a neurotrans-
mission biomarker, AChE [10,73,91,215], decreased energy storage of glycogen [79,107,216],
aberration of liver energy metabolism [145], effects on heart and lipid tissues [125,217],
effects on heart rate [48,118], increased feeding time [35,62,212], inflammation [125], ox-
idative damage [61], necrosis [61], effects on body length [60], intestinal bacterial compo-
sition [30], and texture of brain and muscle including impact on the water balance in the
brain [35,62,212]. Recently, MPs/NPs effects on fish started to be investigated through tran-
scriptomic approaches [138,166,218,219]. Nevertheless, further investigations are needed
to understand MPs and NPs effects on omics fish.
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28. Ašmonaitė, G.; Larsson, K.; Undeland, I.; Sturve, J.; Carney Almroth, B. Size Matters: Ingestion of Relatively Large Microplastics
Contaminated with Environmental Pollutants Posed Little Risk for Fish Health and Fillet Quality. Environ. Sci. Technol. 2018, 52,
14381–14391. [CrossRef]

20



Appl. Sci. 2021, 11, 5768

29. Jacob, H.; Gilson, A.; Lanctôt, C.; Besson, M.; Metian, M.; Lecchini, D. No Effect of Polystyrene Microplastics on Foraging Activity
and Survival in a Post-larvae Coral-Reef Fish, Acanthurus triostegus. Bull. Environ. Contam. Toxicol. 2019, 102, 457–461. [CrossRef]

30. Jin, Y.; Xia, J.; Pan, Z.; Yang, J.; Wang, W.; Fu, Z. Polystyrene microplastics induce microbiota dysbiosis and inflammation in the
gut of adult zebrafish. Environ. Pollut. 2018, 235, 322–329. [CrossRef]

31. Lu, C.; Kania, P.W.; Buchmann, K. Particle effects on fish gills: An immunogenetic approach for rainbow trout and zebrafish.
Aquaculture 2018, 484, 98–104. [CrossRef]

32. Li, Y.; Li, M.; Li, Z.; Yang, L.; Liu, X. Effects of particle size and solution chemistry on Triclosan sorption on polystyrene
microplastic. Chemosphere 2019, 231, 308–314. [CrossRef]

33. Luo, H.; Xiang, Y.; He, D.; Li, Y.; Zhao, Y.; Wang, S.; Pan, X. Leaching behavior of fluorescent additives from microplastics and the
toxicity of leachate to Chlorella vulgaris. Sci. Total Environ. 2019, 678, 1–9. [CrossRef]

34. Guzzetti, E.; Sureda, A.; Tejada, S.; Faggio, C. Microplastic in marine organism: Environmental and toxicological effects. Environ.
Toxicol. Pharmacol. 2018, 64, 164–171. [CrossRef] [PubMed]

35. Mattsson, K.; Johnson, E.V.; Malmendal, A.; Linse, S.; Hansson, L.-A.; Cedervall, T. Brain damage and behavioural disorders in
fish induced by plastic nanoparticles delivered through the food chain. Sci. Rep. 2017, 7, 1–7. [CrossRef]

36. Lusher, A.; Hollman, P.; Mendoza-Hill, J. Microplastics in Fisheries and Aquaculture: Status of Knowledge on Their Occurrence and
Implications for Aquatic Organisms and Food Safety; FAO: Rome, Italy, 2017.

37. Savoca, S.; Capillo, G.; Mancuso, M.; Faggio, C.; Panarello, G.; Crupi, R.; Bonsignore, M.; D’Urso, L.; Compagnini, G.; Neri, F.;
et al. Detection of artificial cellulose microfibers in Boops boops from the northern coasts of Sicily (Central Mediterranean). Sci.
Total Environ. 2019, 691, 455–465. [CrossRef]

38. Savoca, S.; Bottari, T.; Fazio, E.; Bonsignore, M.; Mancuso, M.; Luna, G.M.; Romeo, T.; D’Urso, L.; Capillo, G.; Panarello, G.; et al.
Plastics occurrence in juveniles of Engraulis encrasicolus and Sardina pilchardus in the Southern Tyrrhenian Sea. Sci. Total Environ.
2020, 718, 137457. [CrossRef] [PubMed]
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Abstract: A lipoma is a benign tumour of mature adipocytes which may appear in various species,
including marine and freshwater fish. It usually occurs in isolated locations, such as a superficial or
deep mass, mainly in the skin and seldom in other organs. In non-mammalian vertebrates, there is
no agreed minimal size for the mass to be considered a lipoma. This study histologically describes a
case proposed to be a microlipoma in the liver of Barbus balcanicus. The structure was an oval-shaped
mass of well-differentiated adipocytes, surrounded by hepatic parenchyma. The adipocyte cluster
did not contact with major vascular or biliary tracts, the liver capsule, or the hilum. The cell mass
reached a maximal linear length and width of ~0.5 mm and ~0.4 mm. A three-dimensional and
software-assisted reconstruction of the adipocytic mass showed that it had the shape of a flattened
prolate spheroid (~0.01 mm3). Given the histological criteria currently used in the literature, we
consider the mass as a lipoma, or, better, a microlipoma because it was tiny. We interpret this structure
as an early growing lipoma. This work is the second description of a liver lipoma in a fish to the best
of our knowledge.

Keywords: microlipoma; liver; Barbus balcanicus; 3D reconstruction

1. Introduction

Tumours of a neoplastic nature occur across vertebrates, and fish are no exception.
The neoplasms in cold-blooded species were early recognised as fundamentally similar in
structure and biologic behaviour to the matching tumours in warm-blooded animals [1].
The histological diagnostic criteria defined for benign/malignant neoplasms in mammals
stand as guidelines. A lipoma is defined as a benign and slow-growing mesenchymal
tumour consisting of well-differentiated mature white adipocytes, typically with minimal
connective tissue stroma within [1–3]. In humans, this neoplasm is the most common soft
tissue tumour, often subcutaneous in location, with an (under)estimated prevalence of
1% [2,3]. This neoplasm is rare and has only been diagnosed in a few fish species, typically
appearing as isolated cases. The tumour was either encapsulated [4–8] or nonencapsulated
and with the fat cells even merging with the surrounding tissue [9,10].

As it has been described for humans [11], and therefore suggesting phylogenetic
conservation, most of the diagnosed lipomas in marine and freshwater fish were localised
as dermal or hypodermal masses with visible skin protrusions [4–6,8–10,12–17], sometimes
invading the underlying musculature [18,19]. Diagnoses have been grounded on the
lesion’s histological features. Contrary to major advances in diagnosing human lipomas,
there is not one established histochemical, molecular or cytogenetic biomarker for any
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fish lipoma. In addition, there is no published data on the prevalence of lipomas in
fish populations.

Despite the fact that lipomas rarely appear in other locations in fish, they were detected
in the body cavity of yellow-eye mullet (Aldrichetta forsteri) [20], the mesentery of the
Senegal seabream (Diplodus bellottii) [21], the musculature around the vertebral column
of the southern bluefin tuna (Thunnus maccoyuii) [20] and northern bluefin tuna (Thunnus
thynnus) [7], the stomach of the Indian oil sardine (Sardinella longiceps) [22] and the spleen of
the largemouth bass (Micropterus salmoides) [23] and perch (Perca fluviatilis) [24]. Regarding
liver lipoma, as far as we know, it has been described once, and with very limited imagery,
in the marine coly (also known as the coalfish, saithe and Atlantic pollock) (Pollachius
virens) almost a century ago [25].

When diagnosing a liver lipoma in fish, it is relevant to have in mind that there are
species that naturally have non-hepatic cells inside the organ. Many fish have exocrine
pancreatic acini within the liver (around blood vessels spreading into the organ from the
hilum) [26]. Still, adipocytes are not seen intrahepatically, from the embryo (adipogenesis)
to the adult, even though visceral adipose tissue is often found extrahepatically, at the
hilum [26–29]. Therefore, accumulations of adipocytes inside the liver should be regarded
a priori as abnormal features.

This study describes and presumptively diagnoses a microscopic liver lipoma in the
black barbel (Barbus balcanicus) while creating the first 3D reconstruction of such nodule
from serial histological sections. This finding seems to be the first report in this fish
species and is discussed in the light of the literature, drawing attention to a rare and
overlooked lesion.

2. Materials and Methods

The case black barbel was collected by electro-fishing in the upper part of the River
Bregalnica, near the city of Berovo (22◦51′27.9′ ′ E, 41◦41′59.8′ ′ N), which does not receive
effluents from urban, industrial or agricultural origins. This low anthropogenic-impacted
area has been used as a reference location in ecotoxicological monitoring studies [30,31].
The animal with the unusual microanatomical feature was collected in summer. It was 1
out of 658 black barbels subjected to liver histopathology—with an intensive systematic
sampling strategy—after being randomly caught over one year in the River Bregalnica.

The fish in consideration was measured and weighed, examined for external visual
abnormalities and, after the necropsy, examined for internal abnormalities. Immediately
after the gross visual inspection, the liver was removed and weighed. The liver was then
sliced into a couple of slabs that were fixed in Bouin’s fixative for 48 h, dehydrated in
increasing concentrations of ethanol, cleared in xylene and embedded in paraffin wax
blocks. All the blocks obtained from this particular fish were exhaustively cut in serial
5 μm-thick sections and routinely stained with haematoxylin and eosin (H&E). One section
with the unusual feature was stained with periodic acid–Schiff (PAS) for carbohydrates.

All the serial sections containing the single intrahepatic agglomerate of adipocytes
were chosen for the software-supported 3D reconstruction. In every section, the area of in-
terest was photographed with a light microscope (BX50, Olympus, Tokyo, Japan) equipped
with a digital camera (Camedia C5050, Olympus, Tokyo, Japan). The photographs for
illustration were in TIFF format, and for reconstruction, they were high-resolution images
(JPEG, 2560 × 1920 pixels). The latter photos were sequentially imported to a dedicated
software (v3.0, BioVis3D, Montevideo, Uruguay), for building the baseline image stack that
would support the 3D reconstruction. The software was calibrated for the magnification of
the images. The final 3D reconstruction was subjected to digital rendering before being
exported as TIFF files.

3. Results

One agglomerate of well-differentiated unilocular adipose cells was noticed when
studying the serial histological sections from one black barbel’s liver. Taking into account
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that 658 captured fish were analysed—in the context of a biomonitoring study—the esti-
mated prevalence of the intrahepatic oddity in the Bregalnica black barbel population was
1.5‰.

The case fish was a two-year-old female with a body weight (BW) of 27.95 g, total
length (TL) of 135 mm and liver weight (LW) of 0.68 g. The condition factor of the fish
(K = 100 × BW/TL3) was 1.36, and the hepatosomatic index (HSI = 100 × LW/BW)
was 2.43.

During the necropsy, neither the external nor the internal examinations revealed gross
changes or deformities that could signal pathological conditions (Figure 1). In particular, the
liver had a normal appearance, with the typical reddish-brown colour and no gross lesions.
However, the microscopic examination of the liver revealed the presence of one “island”
made of distinctively empty-looking cells (Figure 2A). The cell mass was encircled by
normal liver parenchyma. When sectioned, in the microscopic slides, the cell agglomerate
was oval-shaped. It did not protrude the surface of the liver because it was buried deep in
the organ, and it was tiny, reaching a maximum diameter of ~0.5 mm.

 

Figure 1. View of the necropsy procedure on the black barbel from the River Bregalnica. Gross lesions
were not found on the body surface or in internal organs and cavities.

 
Figure 2. Representative histological sections (A–C) across the intrahepatic adipose cell agglomerate.
There is a well-marked frontier between the adipocytes (*) and the liver parenchyma (LP). The
flattened nuclei of the adipocytes are perceivable at the cell peripheries (dashed arrows). At specific
locations around the adipose cell agglomerate, lymphocytic-like infiltrates are noted (block arrows)
in the close vicinity of venules (V).

The nodular lesion was perfectly circumscribed and consisted of well-differentiated
and large adipocytes. Their individual size varied little from one another. They contained
an unambiguous single roundish empty space that filled most of the unilocular fat cell’s
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cytoplasm. Indeed, it should be stressed that during the preparation of the tissue for
histology, which includes dehydration in ethanol and clearing in xylene, free lipids are
expected to dissolve. Therefore, the cytoplasmic location where the major lipid droplet
stayed, in vivo, appeared empty in histological sections. The cytoplasm was negative
for PAS, excluding the idea that carbohydrates could have caused the empty space. The
nucleus was squeezed towards the cell’s periphery. The intercellular limits were prominent.
At times, an interstitial connective tissue matrix could be seen. Lipoblasts and mitotic
figures were not observed. The internal vasculature was made of a few erratic thin-
walled capillaries.

In specific smaller profiles of the adipose cell agglomerate, and at its margins, there
were scattered groups of small roundish cells, with a morphology compatible with a
leucocytic (mainly lymphocytic) infiltrate (Figure 2B,C). When the agglomerate profile was
evidently smaller, we noted a relatively more extended infiltrate in the vicinity of a venule
(Figure 2C). We saw no microparasites of any sort at the margin or inside the agglomerate.

The agglomerate of adipocytes was peripherally associated with scant small venules
(Figure 2C), but not any major blood vessels or intrahepatic pancreatic tissue, and it was
situated far from the liver hilum. Thus, the agglomerate was not a pocket made of an
extension of the extrahepatic (peritoneal) fat. It was perfectly well demarked from the
normal hepatic parenchyma but not encapsulated by a distinct connective tissue band.
The surrounding hepatocytic elements caused no prominent peripheral compression of
the agglomerate.

When looking at the 3D reconstructed agglomerate of adipose cells, we concluded
that it was not lobulated, and that it approximately formed a flattened oblate spheroid,
which looked like a sphere that was markedly squashed from top to bottom (Figure 3).
The shorter “a” and longer “b” equatorial (horizontal) axes attained 375 μm and 520 μm,
respectively, while the polar (vertical) “c” axis reached 65 μm. Applying the geometric
formula for the volume (V) of a perfect oblate spheroid (V = (4/3) × π × a/2 × b/2 × c/2),
the fat cell cluster had a V of approximately 6.7 × 106 μm3 (~0.01 mm3).

 

Figure 3. Three-dimensional (3D) reconstructions (A,C) of the intrahepatic adipose cell agglomerate,
side by side with two “bi-dimensional” aspects (B,D). The last images have digital overlays (in
orange) partially superimposed on the histological picture to explain how each histological image
contributes to building the serial stack. The microlipoma flattened oval shape became evident when
viewing the 3D reconstruction at different angles.
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4. Discussion

This study histologically described and 3D reconstructed an intrahepatic collection of
white adipocytes in a black barbel. Besides the structural evidence for such identification,
the negativity for PAS staining indirectly supported that the major cytoplasm content
in vivo should have been lipids; using paraffin, direct lipid staining was impossible. The
oval-shaped and well-demarcated focus of unilocular fat cells was deeply nested into the
liver. The histological characteristics of the adipocytic focus, including the absence of
lipoblasts, increased mitosis, scarcity of vasculature and association with lymphocytes,
nicely matched detailed lipoma descriptions [32]. Objectively, the focus fulfilled the basic
structural definition of a lipoma [1] and therefore was presumptively diagnosed as such.

The good circumscription of the cell agglomerate favours a priori this diagnosis over
another possibility: ectopic adipocytes. The presence of ectopic fat and ectopic adipocytes
in unexpected locations is usually reported in human and experimental animal pathology
in strict association with caloric intake (high-fat diets) exceeding expenditure, obesity,
insulin resistance and type 2 diabetes mellitus [33,34]. Still, despite the fact the liver
may accumulate ectopic fat (within steatotic hepatocytes), it is not among the organs
where ectopic adipocytes typically appear under triggering conditions [35,36]. In the
case revealed here, it is virtually impossible that just one wild barbel would have been
consistently subjected to a high-fat diet, which, even so, would have sparked steatosis
(not observed here) well in advance of ectopic adipocyte differentiation and proliferation.
Therefore, the structural and circumstantial evidence favours the lipoma diagnosis over a
pocket of ectopic adipocytes.

Anyway, it could be questioned if such a small focus of fat cells can be diagnosed as a
lipoma in barbels. However, the literature does not specify a minimal size for an abnormal
agglomerate of fat cells to be deemed as a lipoma. In humans, the size of (clinically
detected) lipomas varies between 2 and 10 cm in diameter [36]. Yet, such benign neoplasms
are very slow progressing. Therefore, the macroscopic tumours derive from earlier and
much smaller (micro)lipomas, as illustrated well in intramucosal lipomas [37].

According to the predominant histological morphology, the World Health Organi-
zation classification of tumours of soft tissue considers the following lipoma types: con-
ventional lipoma (the most common by far), fibrolipoma, angiolipoma, lipomatosis of
nerve and lipoblastoma [38]. Since the liver lipoma in the studied black barbel consisted
predominantly of mature adipocytes, without an excess of fibrous tissue or of substantial
vascular involvement, it should be classified as a conventional lipoma.

Lipomas are rarely reported in fish, and, as far as we know, it seems that a lipoma
has only been reported once in the liver [25]. Unlike the present findings in the black
barbel, where the lipoma was noted only after histological examination, the liver lipoma
found in the marine coly was visually apparent and noticed in the lower lobe of the liver,
having a smooth surface and greenish colour [25]. Additionally, this liver lipoma was
found in a seven-year-old specimen. Lipomas are generally noticed in older individuals.
Their incidence increases with age in domestic animals [39] and in humans [40]. Contrarily,
in the current case, the lipoma was noticed in a two-year-old female, an adult but not
a particularly old fish. It is common to find specimens of B. balcanicus aged over two
years [41,42], and, in general, barbels can live for more than 20 years [43].

The cause(s) of lipoma development in animals is (are) far from clear, but several
theories were advanced, mostly from studies in humans. Some authors proposed genetic
causes while favouring trauma as the aetiology [44], along with a diversity of risk factors,
such as obesity, ethanol abuse, glucose intolerance and liver disease [40]. In farmed fish,
dysmetabolic syndrome was suggested as the starting point for lipoma formation [19]. A
link with lipid metabolism was reinforced when lipomas (also mentioned as lipoma-like fat
tissue accumulations) were induced in a zebrafish model of obesity overexpressing the Akt1
“insulin signalling hub” gene [45]. In channel catfish (Ictalurus punctatus), subcutaneous
lipoma was considered to be related to direct exposure to the carcinogenic and mutagenic N-
Methyl-N’-Nitro-N-Nitrosoguanidine [14]. In the largemouth bass (Micropterus salmoides), a
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spleen lipoma was found in one specimen from a zone polluted by a range of contamination
sources, but no toxicological aetiology was considered [23].

This microlipoma in a black barbel from a clean location was the only benign lesion
found in all studied fish [31]. Facing the condition’s rarity, a definitive causal explanation
would be too speculative because the causes could reasonably range from purely genetic to
toxicopathic. Although the latter aetiology is unlikely, it cannot be discarded in view of
the sampling location, i.e., when knowing that liver lipomatous lesions resembling human
hepatic lipomas evolved in rats from carcinogenic assays [46].

As with other lipomas, those in the human liver have no clear aetiology and are very
rare [47]. A correlative study supported that, at least in humans, lipomas have a signifi-
cantly greater association with steatosis when compared to non-lipomatous lesions [48]. In
this black barbel single case, it is reiterated that no such association of lesions existed.

The use of 3D technology, including histopathologic reconstruction, to study lesions is
a rapidly evolving practice in pathology, recognised as “useful in diagnostic, prognostic,
and therapeutic decision-making for the medical and biomedical professions” [49]. Here, a
3D reconstruction of the microlipoma was created for the first time from serial histological
sections, exposing a prolate spheroid that can only result from non-homogenous growth. If
the fat cells expanded homogeneously in 3D, the focus would be spherical. Therefore, the
3D rebuild not only allowed insights on such kinetics but was also essential in confirming
the lack of lobulation and in realistically knowing the mass’s shape and size (volume).

In the end, what is the significance of a liver lipoma for a single fish or a fish popula-
tion? Given its evident rarity, an impact on populations can be excluded. Regarding the
individual, it can be deduced that the health impact will depend on the lipoma volume. In
the black barbel, given the small size of the lipoma, it is inferred that it was in an early stage
of development and growth. The mass minimally disturbed the nearby parenchyma, and
therefore it unlikely altered the liver function. However, it may be theorised that severe
morphofunctional impacts could appear if the lipoma expands over the years, finally
leading to individual health effects. Notably, one grown liver lipoma in otherwise healthy
human beings sparked abdominal pain, nausea and dyspepsia [50,51].

Irrespective of its cause and significance, the microlipoma described here seems to be
the second report of a hepatic lipoma in any fish species and the first in a barbel species.
The proposed diagnosis and detailed description of the finding in the black barbel can grab
the attention of researchers conducting liver histopathology in fish and consequently raise
awareness for this very likely underdiagnosed and underreported situation.
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Featured Application: Poultry by-product meal and hydrolyzed feather meal can successfully

replace fishmeal at low dietary levels in feeds for farmed gilthead seabream and thus enhance

the environmental and economic sustainability of its production.

Abstract: The effects on liver and intestinal histomorphology and on intestinal microbiota in gilthead
seabream (Sparus aurata) fed diets that contained poultry by-product meal (PBM) and hydrolyzed
feather meal (HFM) as fishmeal replacements were studied. Fish fed on a series of isonitrogenous and
isoenergetic diets, where fishmeal protein of the control diet (FM diet) was replaced by either PBM
or by HFM at 25%, 50% and 100% without amino acid supplementation (PBM25, PBM50, PBM100,
HFM25, HFM50 and HFM100 diets) or supplemented with lysine and methionine (PBM25+, PBM50+,
HFM25+ and HFM50+ diets). The use of PBM and HFM at 25% fishmeal replacement generated
a similar hepatic histomorphology to FM-fed fish, indicating that both land animal proteins are
highly digestible at low FM replacement levels. However, 50% and 100% FM replacement levels
by either PBM or HFM resulted in pronounced hepatic alterations in fish with the latter causing
more severe degradation of the liver. Dietary amino acid supplementation delivered an improved
tissue histology signifying their importance at high FM replacement levels. Intestinal microbiota was
dominated by Proteobacteria (58.8%) and Actinobacteria (32.4%) in all dietary groups, but no specific
pattern was observed among them at any taxonomic level. This finding was probably driven by the
high inter-individual variability observed.

Keywords: nutrition; aquaculture; fishmeal replacement; land animal proteins; histology; intestinal
microbiota; Sparus aurata

1. Introduction

Gilthead seabream (Sparus aurata) is one of the most important carnivorous farmed fish
species in European aquaculture with an annual production of approximately 186,000 mt [1].
As aquaculture is becoming the major fish-food production sector [2] there is a search for
suitable protein sources in aquafeeds that are alternatives to fishmeal to enhance its en-
vironmental and economic sustainability. Fishmeal was, and in many cases remains the
primary protein source for the nutrition of farmed fish. However, it has become nec-
essary to use low fishmeal diets because the global availability of fishmeal is stagnant,
especially for those sourced from the wild, and its price has increased [3]. Land animal
proteins, such as hydrolyzed feather meal (HFM) and poultry by-product meal (PBM) are
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currently incorporated in European aquafeeds. After their re-approval in 2013, proved to
be valuable feedstuffs for dietary fishmeal replacement in the diet of most fish species [4–6],
including gilthead seabream [7,8]. Although the poultry sector is responsible for a sub-
stantial proportion of greenhouse gases emissions [9], these feedstuffs provide a valuable
mean of animal by-products utilization and upgrade the ecological efficiency of the whole
poultry production process [10]. Thus, the use of land animal proteins could enhance
aquaculture’s sustainability and eco-efficiency, as these have a more favorable carbon
footprint and a higher environmental efficiency when compared with fishmeal and plant
alternatives [11,12].

Dietary protein manipulations, however, are known to affect the functionality of the
digestive system [13,14]. A functional digestive system is a prerequisite for the optimal
growth of fish with the liver being the main organ of nutrient deposition and metabolism
and the intestine being the primary site of nutrient digestion and absorption. Therefore,
studying any possible effects and alterations in the histomorphology of these tissues is
fundamental for the evaluation of the use of land animal proteins as fishmeal substitutes.
Most studies have focused on the effects of plant proteins as fish meal replacements [15]
with high substitution levels resulting in marked changes in hepatic and intestinal tissues,
such a reduced number of goblet cells, lipid accumulation in hepatocytes, shorter and
thinner mucosal folds and villi, steatosis, submucosal layer hypertrophy and impaired
structural integrity of the gut [13,15–17]. These alterations are mainly due to the presence
of various anti-nutritional factors [18] which in turn cause pathophysiological changes in
the gastrointestinal tract and reduce nutrient digestibility.

On the other hand, very little is known about the effects of land animal proteins as
fishmeal replacements on the liver and intestinal histology. Findings from the limited
studies that have been reported up to date have revealed that high inclusion levels of land
animal proteins may induce hepatic steatosis and increase hepatic lipid vacuolization in
Lateolabrax japonicus [19], in hybrid grouper [20,21] and in Lates calcarifer [22]. In addition,
negative effects on the intestinal histology have also been reported with the fishmeal
replacement by land animal proteins [22,23].

Gut microbes are essential for host nutrition and immunity [24] and changes in
their community composition are related to stress and dysbiosis. Fish gut microbes are
linked to the diet since different microbiota persist under different nutritional conditions
along with the different enzymes produced (proteases, lipases, esterases, cellulases) that
contribute to better food digestion by the host [25,26]. It has been shown that the use of
alternative protein sources can alter the gut microbiome of the host having a beneficial
impact on growth and immunity by triggering lactic acid bacteria (LAB) and cytokines
respectively [27].

The present study addressed the effects of poultry by-product meal and hydrolyzed
feather meal on liver and intestinal histomorphology and on the intestinal microbiota of
gilthead seabream (Sparus aurata).

2. Materials and Methods

All experimental procedures were conducted according to the guidelines of the EU
Directive 2010/63/EU regarding the protection of animals used for scientific purposes.
The experiments were performed at the registered experimental facility (EL-43BIO/exp-01)
of the Laboratory of Aquaculture, Department of Ichthyology and Aquatic Environment,
University of Thessaly by FELASA accredited scientists (functions A–D).

2.1. Feeding Trials and Experimental Diets

Two feeding trials were conducted in which the growth data were not the object
of the present study and are described in detail elsewhere [7,8]. Briefly, gilthead sea
bream (S. aurata) juveniles were raised in glass tanks (125 L) with recirculating seawater of
standard water quality (21.0 ± 1.0 ◦C, pH at 8.0 ± 0.4, salinity at 33 ± 0.5 g/L, dissolved
oxygen at >6.5 mg/L, total ammonia nitrogen at <0.1 mg/L). In feeding trial I, juveniles
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with an initial mean weight of 2.5 ± 0.2 g were raised in quadruplicate groups (25 fish/tank,
4 tanks/dietary group). For 100 days they were fed to satiation with one of the five
isonitrogenous (50%) and isoenergetic (21 KJ/Kg) experimental diets [7,8], where the FM
protein of the control diet (FM diet) was replaced by either poultry by-product meal (PBM)
at 50% (PBM50 diet) and 100% (PBM100 diet) or by hydrolyzed feather meal (HFM) at 50%
(HFM50 diet) and 100% (HFM100 diet). In feeding trial II, juveniles with an initial mean
weight of 2.9 ± 0.3 g were raised in triplicate groups (25 fish/tank, 3 tanks/dietary group).
For 110 days they were fed to satiation with one of the seven isonitrogenous (50%) and
isoenergetic (21 KJ/Kg) experimental diets [7,8]. These diets used the same FM control
diet as before, but the FM protein was now replaced by PBM and HFM at lower levels:
25% without amino acid supplementation (PBM25 and HFM25 diets), 25% supplemented
with lysine and methionine ((PBM25+ and HFM25+ diets), and 50% supplemented with
lysine and methionine (PBM50+ and HFM50+ diets). At the end of each feeding trial, fish
were weighed individually and euthanized with an overdose of tricaine methanesulfonate
(MS 222, 300+ mg/L) according to the Directive 2010/63/EU and FELASA guidelines.

2.2. Histological Analysis and Measurements

For the feeding trial I, two fish per tank were randomly sampled (eight fish per dietary
group). The liver of each fish was removed quickly and weighed for the determination of
hepatosomatic index. Liver and midgut samples were collected from each fish, fixated into
10% formalin in filtered seawater for 24 h at 4 ◦C and then were immediately dehydrated
in graded series of ethanol, immersed in xylol, and embedded in paraffin wax. Intesti-
nal samples from the HFM100 group were not taken because the fish intestine was too
thin. A part of the liver of fish was also collected for the determination of its fat content
by exhaustive Soxhlet extraction using petroleum ether on a Soxtherm Multistat/SX PC
(Sox-416 Macro, Gerhard, Germany). Liver and intestine sections of 4–7 μm were taken
and stained with hematoxylin and eosin. All sections were examined under a microscope
(Bresser Science TRM 301, Bresser GmbH, Rhede, Germany) and any histological abnormal-
ities were recorded. A digital camera (Bresser MikroCam 5.0 MP, Bresser GmbH, Rhede,
Germany) adjusted to the microscope was used for acquiring histological section images.
For feeding trial II, 2 fish per tank were randomly sampled (six fish per dietary group). The
same procedures as in the feeding trial I were followed for histological examination.

A semi-quantitative grading system was used in order to quantify the histopatho-
logical alterations of the examined tissues [28]. Severity grading used the following
system: Grade 0 (not remarkable), Grade 1 (minimal), Grade 2 (mild), Grade 3 (moderate),
Grade 4 (severe).

2.3. Microbiota Analysis-DNA Extraction, Bioinformatics and Data Analysis

In the present study, the effect of PBM and HFM on the intestinal microbiota of juvenile
S. aurata was investigated at the 50% FM replacement level that negatively affected the
fish growth performance see [7,8]. Thus, for the microbiota analysis fish from PBM50
and HFM50 groups of the feeding trial I were used. Two fish per tank (eight fish per
dietary group) were randomly sampled and dissected using sterile lancets and forceps.
The midgut was transferred in sterile particle-free (<0.2 mL) sea water (SPFSW). The gut’s
contents were extruded by mechanical force with forceps, as we targeted the resident gut
microorganisms and not the ones associated with the ingested food. DNA extraction and
454 tag-pyrosequencing were performed as shown at Nikouli et al. [29].

Processing of the resulting sequences, i.e., trimming and quality control, was per-
formed with the MOTHUR software (v 1.35.0 open access, University of Michigan, MI,
USA) [30]. Only sequences with ≥250 bp and no ambiguous or no homopolymers ≥8 bp
were considered for further analysis. These sequences were aligned and classified using the
SILVA SSU database (release 119) [31]. All sequences were binned into Operational Taxo-
nomic Units (OTUs) and were clustered (average neighbor algorithm) at 97% sequence sim-
ilarity. Coverage values were calculated with MOTHUR (v 1.35.0). The batch of sequences
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from this study has been submitted in NCBI Short Read Archive under accession number
SRS1839183. The heatmaps of the dominant OTUs and orders were implemented by the
pheatmap function in the pheatmap package in R version 3.0.2). For the prediction of abun-
dant metabolic pathways the Piphillin algorithm [http://secondgenome.com/Piphillin
(accessed on 1 October 2020)] was used with support of KEGG database [32].

2.4. Statistical Analysis

For the microbiota analysis, canonical correspondence analysis (CCA) was performed
using the R package vegan [33]. Similarly, the significance of morphological parameters and
diversity indices for the ordination of the samples was calculated using the function envfit
of the same package. Differentially abundant categories (taxa or subsystems) between
samples were identified with DESeq package version 1.14.0 [34] using the binomial test
and false discovery rate (p < 0.05). For liver fat data, percentages were subjected to one-way
analysis of variance (ANOVA) followed by Tukey’s post-hoc test to rank the groups using
SPSS 18.0 (SPSS, Chicago, IL, USA).

3. Results

3.1. Liver Histology

In fish fed the control FM diets only minimal alterations (grade 1) were detected in
their hepatic tissues (Table 1, Figures 1A and 2A). In general, the liver had normal structure
with central hepatocytes’ nuclei and a small amount of lipid droplets in their hepatocytes
cytoplasm. In some of the hepatocytes the nuclei were not central but pressed against the
periphery of the cells. In the cytoplasm of the exocrine pancreas’ pyramidal cells many
large eosinophilic zymogen granules were observed. Fish fed the diets with low inclusion
levels of PBM (PBM25 and PBM25+ diets) showed a similar histomorphology to that of the
control FM group (Figure 1B,C) and only two fish of the PBM25+ group showed large lipid
droplets around pancreatic islets (Figure 1D). Fish fed the diets with a higher inclusion
level of PBM, had mild (PBM50 fish, grade 2, Figure 1E) to moderate (PBM100 fish, grade 3,
Figure 1F) alterations. The latter group had also increased signs of degeneration (Figure 1F).
In some of the hepatocytes, the nuclei were not central but pressed against the periphery of
the cells (Figure 1E). Within the hepatocytes, medium size lipid droplets were observed, but
no steatosis or liver hemorrhage signs were detected to any fish. The liver histomorphology
of fish fed the PBM50+ diet that was supplemented with lysine and methionine was slightly
better than that of PBM50 fish.

Table 1. Severity score (0–4) for the observed histopathological alterations and liver fat (% of dry weight) in S. aurata fed the
experimental diets.

FM PBM25 PBM25+ PBM50 PBM50+ PBM100 HFM25 HFM25+ HFM50 HFM50+ HFM100

Severity score

Liver 1 1 1 2 2 3 1 1 3 2 4
Intestine 0 0 0 0 0 0 0 0 0 0 0

Liver
fat (%) 38.0 36.2 40.6 42.0 43.2 42.5 35.7 36.9 42.7 40.8 7.8

As far as the effect of dietary hydrolyzed feather meal is concerned, fish fed with
high inclusion levels of HFM showed moderate (grade 3, HFM50 fish) to severe (grade 4,
HFM100 fish) alterations in their liver tissue (Figure 2C,D). These fish showed enlarged
lipid droplets, signs of pancreatic islets necrosis and hemorrhage, which were more intense
in the HFM100 fish. Moreover, the latter fish showed signs of liver cirrhosis (Figure 2D)
with the regenerative nodules of hepatocytes to be surrounded by fibrous connective tissue.
The supplementation of lysine and methionine at the HFM50+ diet resulted in less hepatic
alterations (grade 2) and a normal hepatic structure compared to the HFM50 fish, but still
large lipid droplets and more hepatocytes with no central nuclei were detected in these
fish (Figure 2F). However, the replacement of fishmeal by HFM at lower levels (HFM25,
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HFM25+) resulted in a normal liver histomorphology that was similar to that of the control
FM group (Figure 2B,E).

 

Figure 1. Liver histopathological examination of S. aurata fed on PBM diets. (A) fish fed
FM diet—normal liver structure; (B) fish fed PBM25 diet—normal liver structure; (C) fish fed
PBM25+ diet—normal liver structure; (D) fish fed PBM25+ diet—large lipid droplets (*) around pan-
creatic islets in some fish; (E) fish fed PBM50 diet—medium size lipid droplets with some nuclei
pressed against the periphery of the cells; (F) fish fed PBM100 diet—liver degeneration.

3.2. Intestinal Histology

All the experimental groups of fish of both feeding trials revealed a normal intestinal
histology and none of them showed any signs of inflammation (Figures 3 and 4). Entero-
cytes were distinct, while goblet cells and apical epithelial vacuoles were normally present
(Figure 3A). In addition, abundant eosinophils cells were normally observed within the
submucosa layer of all fish (Figure 3B).

3.3. Intestinal Microbiota

The gut bacterial diversity of fish was studied using 454-pyrosequencing. From the
24 samples analyzed in total only eight provided a satisfactory number of sequences (>100)
combined with coverage >90% (Table 2). Taxonomic and potential species habitat origin
was further studied, as well as similarities between the bacterial community composition
(BCC) of the different dietary groups. A total of 125 Operational Taxonomic Units (Figure
5A) were identified from all 454 datasets, containing 5876 rRNA sequences in total (Table
2). Coverage was above 95% for all samples, while diversity was low (Shannon < 3) in all
samples with the lowest values (<2) being observed in the FM-fed fish (Table 2).
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Figure 2. Liver histopathological examination of S. aurata fed on HFM diets. (A) fish fed FM
diet—normal liver structure; (B) fish fed HFM25 diet—normal liver structure; (C) fish fed HFM100
diet—hemorrhage signs (*) and large lipid droplets (arrows); (D) fish fed HFM100 diet—signs of liver
cirrhosis; (E) fish fed HFM25+ diet—normal liver structure; (F) fish fed HFM50+ diet—hepatocytes
with no central nuclei were detected.

Table 2. Sequencing results, diversity indices and coverage values of fish fed the FM, PBM50 and
HFM50 diets.

FMa FMb HFMa HFMb HFMc HFMd PBMa PBMb

Richness 14 14 48 29 14 28 15 16
Sequences 2283 132 2206 325 196 181 234 319
Shannon 1.32 1.71 2.27 2.97 2.05 2.87 2.10 2.23

Cumulative
abundance

>1%
99.21 96.21 92.84 97.54 97.45 97.24 98.72 98.12

Coverage 1.00 0.95 0.99 0.99 0.97 0.97 0.99 0.99
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Figure 3. Midgut histopathological examination of S. aurata fed on PBM diets. (A) fish fed FM
diet—normal gut structure with goblet cells (*) present; (B) fish fed PBM50 diet—eosinophil cells (ar-
row) accumulation within the muscularis layer. Abundant eosinophils cells were normally observed
within the submucosa layer (arrowhead); (C) fish fed PBM25 diet—normal structure; (D) fish fed
PBM100 diet—normal structure with goblet cells (*) present.

 

Figure 4. Midgut histopathological examination of S. aurata fed on HFM diets. (A) fish fed FM diet;
(B) fish fed HFM50 diet; (C) fish fed HFM25 diet; (D) fish fed HFM50+ diet. In all images, the gut
structure appeared normal with goblet cells (*) present.
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(A) (B) 

Figure 5. (A) Venn diagram showing shared and unique OTUs between the dietary groups (FM,
PBM50 and HFM50); (B) Morisita similarities between fish fed the FM, PBM50 and HFM50 diets.

Morisita similarities between samples were very low (<50%) showing no specific
pattern according to the different diet fed (Figure 5B). Canonical correspondence analysis
also exhibited no pattern among fish of either the same or of a different dietary group
but revealed the importance of body weight for the ordination of the samples (p < 0.05)
(Figure 6). At the phylum level, all samples were characterized by Proteobacteria and
Actinobacteria, which were the most abundant in almost all fish, as well as by Bacteroidetes
and Firmicutes (Figure 7A). At the OTU level, a total number of 64 OTUs were detected
in relative abundances >1% in at least one fish. Overall, these OTUs accounted for more
than 97% of the total diversity in all samples (Table 2). Similarly, OTUs with relative
abundance >10% clearly representing persistent members of BCC reached cumulative
abundances >50% in all samples (Figure 7B) and represented different species of Alpha-,
Beta-, Gamma-proteobacteria, Actinobacteria, Flavobacteria, Bacilli and Clostridia (Figure 7B).
In total, 6 OTUs were shared amongst all dietary groups (Figure 5) and belonged to the
genera Staphylococcus, Pseudomonas, Delftia, Cutibacterium and Hydrogenophaga (Figure 7B).
Most of them (5) belonged to the abundant species that dominated (>10%) at least in
one sample (Figure 7B). The cumulative abundances of this ‘core’ microbiome that was
identified from habitat ranged from 6.1% (HFMa) to 99.2% (FMa) (Figure 7B). The lowest
values for core microbiome relative abundances were observed in the HFM fish with an
average of 20.15% contrary to 63.34% and 43.81% in the FM and PBM fish, respectively.
This was attributed to the unique abundant species that were detected in the HFM fish,
belonging to different Actinobacteria, such as Propiomicromonospora and to other species,
such as Roseomonas and Sphingomonas.

Differences in predicted functional pathways based on the bacterial abundance did not
exhibit any significant grouping of the samples based on the different diet fed. However,
some pathways were found to be significantly different (p < 0.05) among the different di-
etary groups (Figure 8). Overall, pathways for renin-angiotensin system, retinol metabolism
and cAMP signaling were decreased in fish fed the FM diet compared to those fed either
the HFM or the PBM diet. This suggests gut dysbiosis in the two latter groups and possi-
bly an effort to use alternative carbon sources. Steroid degradation pathways showed a
statistically significant increase in the HFM fed fish, indicating that microbial communities
were using alternative carbon sources.

44



Appl. Sci. 2021, 11, 8806

 

Figure 6. Canonical correspondence analysis for fish fed the FM, PBM50 and HFM50 diets. Only
factors with significant values (p < 0.05) are presented.

(A) (B) 

Figure 7. (A) Relative abundances of different bacterial phyla in fish fed the FM, PBM50 and HFM50 diets; (B) Relative
abundances of abundant (>10%; left axis) and shared (between treatments) OTUs (right y-axis) in fish fed the FM, PBM50
and HFM50 diets.
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Figure 8. Significantly different (p < 0.05) predicted functional pathways of the bacterial relative
abundances between fish fed the FM, PBM50 and HFM50 diets.

4. Discussion

Non-ruminant processed animal proteins, such as hydrolyzed feather meal (HFM) and
poultry by-product meal (PBM) have been used successfully to replace fishmeal protein in
the diets of several farmed fish and crustacean species [5–8,35–39]. However, knowledge
of their effects on the histology of digestive organs, the intestinal microbiota and digestive
physiology is extremely limited. Histology is a valuable tool that is used to describe tissue
alterations and to detect any possible pathological signs in fish that may be caused by
dietary protein modifications. In addition, intestinal microbiota profiling may assess fish
intestinal function, health and nutrition [40,41].

4.1. Liver Histology

In the present study, the inclusion of poultry by-product meal or hydrolyzed feather
meal caused no to severe alterations in the hepatic tissue of S. aurata and these alterations
were dependent on the level of fishmeal protein replacement. Neither PBM nor HFM altered
the liver histomorphology of seabream when these animal proteins replaced fishmeal at
25%. However, at higher replacement levels more lipid droplets and increased hepatic
vacuolization were observed, and these changes were more pronounced in fish fed HFM
diets. In general, high inclusion levels of PBM caused mild to moderate hepatic alterations
compared to the high inclusion levels of HFM that caused severe alterations, particularly in
the case of total fishmeal replacement. Although there were no signs of steatosis, which may
be caused by the increased lipid vacuolization, the total FM replacement by HFM, contrary
to PBM, led to haemorrhage, pancreatic islet necrosis and cirrhosis in a substantial number
of fish that were examined. The dietary supplementation of PBM and HFM with essential
amino acids, such as lysine and methionine, seemed to improve the digestive physiology.
Fish fed these diets showed fewer hepatic alterations and abnormalities compared to fish
fed diets of a similar replacement level but without amino acid supplementation.

The present findings contradict with those reported by Sabbagh et al. [42] in which the
100% replacement of FM by PBM did not cause any liver alteration in S. aurata. Although
in both studies the total FM replacement by PBM did not lead to any clear signs of steatosis,
the mild increase in lipid vacuolization with the increase of PBM dietary inclusion observed
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in the current study may indicate a lower lipid digestibility of the PBM fat. This indication
is supported by the fact that fish fed diets with high inclusion levels of PBM had increased
fat in their livers (Table 1), although this cannot be clearly said for the HFM fed fish. It
has been suggested that that a hepatic lipid accumulation may occur because the excessive
dietary intake of lipids that surpasses the physiological capability of the liver to β-oxidize
them, thus leading to larger lipid droplets and subsequent steatosis [43]. However, in
our study the dietary lipid intake of PBM and HFM fed fish was lower than that of FM
fed fish see [7,8], which indicates that dietary lipids, specifically of PBM and HFM lipids,
inducehepatic lipid accumulation in S. aurata.

Increased lipid droplets and hepatic vacuolization with signs of inflammation have
also been reported in Lates calcarifer [22,44] and in Tinca tinca [45] when the FM in the
fish fed diets were completely replaced with PBM. Moreover, Zhou et al. [21] reported
an induced steatosis in the hepatocytes of hybrid grouper even when fish were fed diets
with 50–70% FM replacement levels by PBM. On the other hand, the total replacement of
FM by PBM did not cause any increased vacuolization or alterations in the hepatocytes
of Salmo salar [14] and of Oreochromis niloticus [46]. The effects of dietary HFM as a sole
FM replacement on fish liver histomorphology are not well studied. Hartviksen et al. [14]
stated that a diet with total FM replacement by HFM did not reveal signs of steatosis
in Salmo salar with hepatocytes having even a lower fat accumulation than to those fed
on FM. Studies using HFM in a blend with other animal proteins, including PBM, for
FM replacement have reported that high substitution levels induce hepatic lipidosis and
steatosis in Lateolabrax japonicus [19] and in hybrid grouper [20].

4.2. Intestinal Histology

The inclusion of poultry by-product meal or hydrolyzed feather meal did not cause
any intestinal histological alterations in seabream compared to fish fed the FM-based diet.
All fish showed distinct enterocytes with abundant eosinophils cells, with goblet cells and
apical epithelial vacuoles being present along the entire intestine of fish. Goblet cells assist
fish health and nutrition as the mucus secreted by them acts as a protection medium to
the epithelium, while also lubricates undigested materials for onward progression into the
rectum [47,48]. Moreover, apical epithelial vacuoles consist integral structural components
of the intestine that are responsible for nutrient absorption [49]. Although the present
findings do not provide a sufficient evidence for the absorption of PBM and HFM, it can be
claimed that these land animal proteins did not result in signs of malnutrition or inflamma-
tion, such as enteritis. This applies for all tested FM replacement levels, except for total
replacement by HFM which was not feasible to examine. Similarly, an unaffected intestinal
histology was reported in Atlantic salmon fed on high levels of PBM [50] and in Nile tilapia
fed on high levels of HFM [51] replacing dietary FM. Hartviksen et al. [14] working with At-
lantic salmon reported no severe signs of enteritis and unaffected numbers of eosinophilic
granular cells in fish fed either with PBM or HFM replacing dietary fishmeal at a level close
to 50%. However, the authors reported that PBM led to a decreased submucosa width,
while HFM led to a decreased presence of goblet cells and an increased presence of apical
epithelial vacuoles in the intestine. Moreover, Chaklader et al. [22] reported a dysregulated
intestinal morphology with smaller microvilli of shorter diameter in juvenile barramundi
fed on PBM totally replacing dietary fishmeal. Furthermore, Yu et al. [23] working with
Pengze crucian carp reported shortened microvillus and enterocytes and thinner muscular
thickness when HFM replaced more than 30% of dietary fishmeal protein.

4.3. Intestinal Microbiota

Regarding the dietary effects on the intestinal microbiota, it can be argued that no
clear effects were detected from the use of HFM or PBM. The gut Bacterial Community
Composition (BCC) of S. aurata fed either FM, PBM or HFM was characterized by groups
that are commonly found in the fish gut microbiome. The core genera Pseudomonas,
Cutibacterium, Staphylococcus and Delftia have been previously reported as core microbiome
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of S. aurata farmed in several geographical sites [29,52], suggesting that certain bacterial
genera are capable of colonizing the seabream gut independently of the diet and location.
Similar findings have been reported for Salmo salar [41] with authors stating that the role
of fish-hosts in selecting or promoting core microbes is unclear. Actinobacteria species
were dominant and unique in the HFM fed fish and their dominance could be related to
their antimicrobial functions (i.e., antibiotics) that protect the host [53,54]. Additionally,
the prevalence of terpenoid biosynthesis genes that were prevalent in the HFM fed fish
is mostly detected in Actinobacteria [55] and was in accordance with the taxonomic BCC
(Figure 7A,B). The Sphingomonas species in the gut have been found to be negatively
correlated with weight gain [56] which also agrees with our CCA data (Figure 6).

The predicted pathways that were enriched in the HFM and PBM fed fish compared
to FM fed fish were mostly related to functions that imply gut dysbiosis. For instance,
increased renin-angiotensin system (RAS) genes have been related to RAS system activation
which implies malnutrition [57,58]. Gut dysbiosis that promotes RAS activation is mostly
related to decreased abundances of fermenting bacteria, which was the case in the HFM
and PBM groups of fish. Similarly, bacterial retinol metabolism predicted genes indicate a
potential need for vitamin A production that enhances mucosal immunity. Thus, bacteria
able to participate in retinol metabolism also assist in avoiding pathogen invasion [59].

Knowledge of the effects of fishmeal replacement by land animal proteins on the
intestinal microbiota is extremely limited. In the present study, as stated above, there was
no specific pattern in the bacterial communities among fish fed either fishmeal or the tested
land animal proteins. Gajardo et al. [41], working with Salmo salar, reported a significant
effect of the dietary PBM on the distal intestine digesta and mucosa. This study found
significantly higher and lower abundances of specific genera in fish fed PBM than in fish
fed on a FM-based diet. Hartviksen et al. [14], also working with Salmo salar, reported
that the use of HFM and PBM as fishmeal replacements increased the total allochthonous
and total autochthonous bacteria in the distal intestine, but the total autochthonous bac-
teria in the proximal intestine remained unaffected. The authors also reported that the
supplementation of HFM caused significant increases in specific genera (Corynebacteriaceae,
Lactobacillaceae, Streptococcaceae, Pseudomonadaceae, Xanthomonadaceae) and decreases in an-
other (Vibrionaceae). Furthermore, PBM caused increases in Corynebacteriaceae and decreases
in b-Proteobacteria, Bacilli-like, Peptostreptococcaceae and Vibrionaceae. Certainly, a better un-
derstanding of the functional roles of the intestinal microbiota communities of fish and to
what extent these are affected by the use of land animal proteins is needed.

5. Conclusions

In conclusion, fishmeal replacement by either poultry by-product meal or hydrolyzed
feather meal did not cause any intestinal histological alterations. Thus, these results indi-
cate normal digestion and absorption in the midgut of S. aurata even when their dietary
fishmeal protein is completely replaced. Neither land animal proteins altered the liver histo-
morphology of gilthead seabream when fishmeal was replaced at 25%. However, at higher
replacement levels increased lipid droplets and hepatic vacuolization were observed to be
more pronounced in fish fed HFM diets. Moreover, the dietary supplementation of PBM
and HFM with essential lysine and methionine seemed to improve the digestive physiology,
as fish fed these diets showed fewer hepatic alterations and abnormalities compared to
diets of a similar replacement level but without amino acid supplementation. The dominant
phyla in the intestinal microbiota were Proteobacteria (58.8%) and Actinobacteria (32.4%), but
no specific pattern was observed among the different dietary fish groups at any taxonomic
level. This finding was probably driven by the high inter-individual variability observed.
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Abstract: Glyphosate (N-(phosphonomethyl)glycine) was developed in the early 1970s and at present
is used as a herbicide to kill broadleaf weeds and grass. The widely occurring degradation product
aminomethylphosphonic acid (AMPA) is a result of glyphosate and amino-polyphosphonate degra-
dation. The massive use of the parent compound leads to the ubiquity of AMPA in the environment,
and particularly in water. Considering this, it can be assumed that glyphosate and its major metabo-
lites could pose a potential risk to aquatic organisms. This review summarizes current knowledge
about residual glyphosate and its major metabolite AMPA in the aquatic environment, including its
status and toxic effects in aquatic organisms, mainly fish. Based on the above, we identify major gaps
in the current knowledge and some directions for future research knowledge about the effects of
worldwide use of herbicide glyphosate and its major metabolite AMPA. The toxic effect of glyphosate
and its major metabolite AMPA has mainly influenced growth, early development, oxidative stress
biomarkers, antioxidant enzymes, haematological, and biochemical plasma indices and also caused
histopathological changes in aquatic organisms.

Keywords: toxicity; effect; fish; invertebrate; mussels

1. Introduction

Over the last few years, the importance of knowledge about pesticide’s persistence,
mobility, and ecotoxicity has increased. Using pesticides and other agrochemicals is the
most cost-effective way to maintain economic viability in the increasing human popula-
tion [1,2]. On the other hand, the intensive application and repeated use of pesticides in
fields in order to increase the crop yield lead to long-term risk for humans, fauna, flora,
and the whole ecosystem (soil, air, and water) [1–3]. The extensive use of pesticides is
not only a problem in agricultural areas but also in urban settings where pesticides are
applied for horticultural purposes. Therefore, it is challenging to control the source of
diffuse chemical pollution and its consequences [4]. In particular, the presence of pesticides
and their metabolites occurring in residual concentratiosn in drinking, ground, and surface
waters poses a global problem [1,3].

Before World War II, natural and organic pesticides were used. However, after the war,
it was necessary to increase crop production to prevent starvation and malnutrition, which
was an opportunity for industrial companies to produce new synthetic agrochemicals and
disseminate worldwide use of them [5]. A considerable amount of pesticide-based chem-
icals with different uses and modes of action have been successfully brought to market
thanks to the fact that the chemical structures, the way, or period of modes of action had
the desired effect on the target organisms (according to the United States Environmen-
tal Protection Agency 40% herbicides, following insecticides and fungicides) [6]. Later
after World War II, in 1970, John Franz discovered the glyphosate-based herbicide effect
working in Monsanto (USA). The herbicide was registered in 1974 under the trade name
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“Roundup”. [7,8]. Due to initial toxicity tests, which showed relatively low risks to nontar-
get organisms, including mammals, the exposure limits of glyphosate were set relatively
high worldwide. In a short time, use of this popular herbicide increased dramatically due
to genetically modified crops (soybean, canola, alfalfa, maize, cotton, and corn) which
proved to be glyphosate-tolerant. This high frequency of use in agronomy and urban
areas caused the general public to perceive this herbicide as having low toxicity and not
being very mobile in the environment [9–11]. However, ecotoxicology and epidemiology
studies published in the last decade indicate the need for further intensive glyphosate
toxicity testing. [11]. Furthermore, the World Health Organization’s International Agency
for Research on Cancer concluded recently that glyphosate is “probably carcinogenic to
humans” [12–14].

Generally, the mobility and concentration of glyphosate and aminomethylphosphonic
acid (AMPA) are mainly influenced by their bioavailability, bioaccumulation, persistence,
ecotoxicity, and transfer into the aquatic environment (Figure 1) [1,8,11].

 

Figure 1. Distribution and transport of glyphosate and its major metabolite AMPA into the aquatic environment.

Directly after spraying herbicide in agriculture or in urban areas, glyphosate is ab-
sorbed by crops or weeds and penetrates the soil simultaneously. The glyphosate degrada-
tion pathway in bacterial strains is the cleavage of the C-N bond and conversion to AMPA,
which is either further decomposed or excreted into the environment [15,16]. AMPA is
a primary product of the degradation process of glyphosate and the following nontoxic
products are sarcosine and glycine. Unlike AMPA, which is 3–6-fold times more toxic and
persistent than glyphosate [17], sarcosine is barely detected in the natural environment [18],
except under experimental conditions in a laboratory [16]. On the one hand, the soil has
functioned as storage; on the other hand, these contaminants leach below the root zone into
groundwater. Glyphosate is also transported by runoff into surface water and consequently
accumulated in sediment where glyphosate can be highly mobile [10,17]. The residual
concentrations of glyphosate and AMPA in waters contaminate aquatic organisms via the
food web (Figure 1) [11,15].
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Indeed, pesticides have the ability to dissolve themselves to some extent in the en-
vironment. However, there is also the potential risk of residues from the biodegradation
process [4,19]. As a result of the extensive use of pesticides, residual concentrations of
pesticides and their metabolites are commonly found ubiquitously through different en-
vironmental constituents ranging from 1 ng/L to 1 mg/L or higher concentrations [3,4].
There is also a potential risk of banned pesticides. They were excluded because of their long-
term persistence and toxicity in the ecosystem. For example, organochlorine insecticides
were still detectable in water after 20 years [20] and Acetochlor ESA, the major metabolite
of prohibited Acetochlor in the European Union in 2012 no. 1372/2011 [21], was found
in the waters of the Czech Republic in recent years [22,23]. Although these pesticides are
usually detected only in low concentrations in the environment, they may be present as
complex mixtures. The metabolites may be as toxic as their parental compound or even
moreso. Therefore, the presence of these substances is of great concern to ecotoxicologists,
e.g., [24–26].

Due to repeated application of pesticides, the physical and chemical changes in
water properties rise considerably, which is reflected in the modification of the cellular
and biochemical biology of aquatic communities, leading to significant changes in their
tissues, physiology, and behaviour [27,28]. Therefore, it may affect the daily or seasonal
rhythm of aquatic organisms and also their reproduction ability. The environmental
stress from xenobiotics may cause loss of habitats and consequently loss of freshwater
biodiversity [29,30], which implies that the use of pesticides, despite their advantage
in controlling pests, diseases, fungi, etc., has adversely impacted their ubiquity in the
environment, e.g., [16,17,31,32].

As far as is known, several studies and reports about the occurrence and toxic effects
of different types of pesticides are available in the literature; nevertheless, their global
extent and spatial extent of exposure remain largely unknown [2,33]. Considering this
information, we decided to write a review to summarise the toxic effects of the often used
herbicide glyphosate and its metabolite AMPA on aquatic organisms.

2. Glyphosate (N-(phosphonomethyl)glycine)

Glyphosate (GLY) belongs to the phosphonoamino acid class of pesticides. Glyphosate
is an acid that can be associated with different counter cations to form salts [15]. This her-
bicide is a crop desiccant, broad-spectrum, nonselective, postemergency herbicide that
affects all annual and multiannual plants and aquatic weed control in ponds, lakes, canals,
etc. [34,35].

Unlike GLY, whose small molecule consists of a linear chain with weak bonds,
the molecules of other herbicides are usually arranged in aromatic circular structures.
This difference reduces the persistence of glyphosate in the environment [36]. For higher
water solubility, GLY is formulated as potassium salts or isopropylamine salts and a surfac-
tant, poly-oxyethylene amine (POEA), is added to enhance the efficacy of the herbicide.
Another formulation, Rodeo, contains the isopropylamine salt (IPA) of GLY without the
surfactant and is primarily used for controlling aquatic weeds [35,37] or Roundup Transorb,
which contains a mix of 15% POEA and additional surfactants [38]. Roundup includes 48%
of active agent IPA [34] or potassium salts in the range 167–480 g L−1. The exact amount
depends on the type of area where the Roundup is applied [39].

2.1. Environmental Fate

Although a strong bond to the soil amount of GLY leaching up or runoff into sur-
face or ground water is low [40], the aerial applications of glyphosate spray drifts from
the ground and may enter into aquatic ecosystems (Figure 1) [41]. Height application
rates, rainfall, and a flow route that does not include transportation of GLY through the
soil from watersheds pose the highest risk to offsite transport of GLY [9]. For example,
the United States Environmental Protection Agency [15] reports predicted GLY concen-
tration from direct applications into a standard pond in 103.8–221.5 μg/L for daily peak,
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101.8–217.5 μg/L for 21-day average, and 98.4–210 μg/L for 60-day average. In water
bodies, the glyphosate-based herbicide is usually detectable as glyphosate acid equivalent
at the range level from 0.01 mg/L to 0.7 mg/L and has the worst impact on surface waters
with the value of 1.7 mg/L [42–44]. Coupe et al. [9] reported concentration of GLY for
Mississippi, Iowa, and France ranged from 0.03 to 73 μg/L, 0.02 to1.6 μg/L, and 1.9 to
4.7 μg/L, approximately.

This herbicide is unique for its ability to transform itself to the major metabolite AMPA
due to microbial degradation [16,40], and its physiochemical properties: water solubility
11.6 g/L at 25 ◦C, low lipophilicity LogP <−3.2 at 20 ◦C, dissociation constant of 2.3 at
25 ◦C [40]. Under aerobic conditions, the halflife of GLY ranges from 1.8 to 109 days in
soil and 14–518 days in water-sediment systems; however, in anaerobic water-sediment
systems it ranges from 199 to 208 days [15]. Nevertheless, according to the published data
the halflife of GLY ranges from 7 to 14 days [40].

GLY contamination has emerged as a pressing issue their high-water solubility and
extensive usage in the environment (especially in shallow water systems). Therefore,
the exposure of nontarget aquatic organisms to these herbicides is a concern of ecotoxicolo-
gists [16,37]. Many objects of ecotoxicologists studies are the toxicity of GLY to different
species of fauna and flora and as the final food chain link human. For example, the recent
review by Matozzo [45] summarizes only the impact on marine invertebrates but compares
glyphosate and its commercial formulations. On the other hand, we report published data
about adverse effects of GLY on more aquatic species as a summarisation of harmful impact
on aquatic biota.

2.2. Acute Toxicity

It has been already mentioned that the initial testing of GLY did not fully demonstrate
its toxic effects, and therefore the amount for use was not strictly regulated. U.S. The EPA
divided the toxicity of GLY into slight toxicity with concentrations ranging from 10 to
100 mg/L and almost nontoxicity with concentration higher than 100 mg/L to fish species
with acute LC50 values from >10 to >1000 mg/L [15]. Lethal concentrations are various
for 24, 48, and 96 h ranging from 0.295 to 645 mg/L for fish species (Table 1); from 6.5 to
115 mg/L for amphibian’s species (Table 2); and from 35 to 461.54 mg/L for invertebrate
species (Table 3).

Table 1. Acute toxicity values (LC50) of glyphosate and its commercial products on fish.

Species Formulation
Exposure
(Hours)

Concentration
(mg/L)

References

Rainbow trout
(Oncorhynchus mykiss)

GLY 96 140 [41]

Roundup 1 96 52–55 [46]

Common carp
(Cyprinus carpio)

GLY
48 645

[47]96 620

Roundup 1 96 22.19 [48]

GLY
48 602.61

[49]96 520.77

Blackhead minnow
(Pimephales promelas) GLY

96 97
[41]

Channel catfish
(Ictalurus punctatus) 96 130

Bluegills
(Lepomis macrochirus) GLY

24 150
[41]96 140

Guppy
(Poecilia reticulata) GLY 96 69.83 [50]
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Table 1. Cont.

Species Formulation
Exposure
(Hours)

Concentration
(mg/L)

References

Rhamdia quelen GLY 96 7.30 [51]

North African catfish (Clarias
gariepinus) GLY 96 0.295 [52]

Zebrafish
(Danio rerio) Atnor 48 2 96 76.50 [53]

Ten spotted live-bearer
(Cnesterodon decemmaculatus) Glyfoglex 3 96 41.40 [54]

1 Roundup (active substance glyphosate, 41%), 2 Atnor 48 (active substance glyphosate, 48%), 3 Glyfoglex (active
substance glyphosate, 48%).

Table 2. Acute toxicity values (LC50) of glyphosate and its commercial products on amphibians.

Species Formulation
Exposure
(Hours)

Concentration
(mg/L)

References

Boana pardalis
GLY

96 106
[55]

Physalaemus cuvieri 96 115

Green frog
(Lithobates clamitans)

Roundup 1

24 6.6

[56]

96 6.5

Northern leopard frog
(Lithobates pipiens)

24 11.9
96 9.2

Wood frog
(Lithobates sylvaticus)

24 18.1
96 16.5

Dwarf American toad
(Anaxyrus americanus)

24 13.5
96 <12.9

Rhinella arenarum Roundup
Ultra-Max 2 48

2.42
[57]

77.52
1 Roundup (active substance glyphosate, 41%), 2 Roundup Ultra-Max (active substance glyphosate, 36%).

Table 3. Acute toxicity values (LC50) of glyphosate and its commercial products on invertebrate species.

Species Formulation
Exposure
(Hours)

Concentration
(mg/L)

References

Midge larvae
(Chironomus plumosus) GLY 48 55 [41]

Ceriodaphnia dubia
Roundup 1 48 147

[37]
Acartia tonsa 48 35

Chinese mitten crab
(Eriocheir sinensis) GLY

24 461.54
[58]96 97.89

1 Roundup (active substance glyphosate, 41%).

2.3. Toxic Effects
2.3.1. Fish

In recent years, GLY toxicity has been studied on various kinds of aquatic organisms.
The exposure to GLY may cause several changes in fish (Table 4), such as haematologic
and biochemical processes in tissues [38], genotoxicity [53,59], histopathological damage,
immunotoxicity [50,60], or cardiotoxicity [61].
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Table 4. Toxic effects of glyphosate and its commercial products on fish.

Species Concentration Exposure Effects References

Common carp
(Cyprinus carpio)

2.5, 5, 10
mg/L
(GLY)

96 h
↑ ALP in liver, heart, GOT in liver and kidney, GPT in
kidney;Subepithelial edema and epithelial hyperplasia

in gills, focal fibrosis in liver
[47]

3.5, 7, 14 mg/L
(Roundup 1) 16 days

↑ MCV, MCH;
↓ AChE in muscle, brain and liver, Hb, HCT, RBC,

WBC, AST, ALT, LDH
[48]

52.08, 104.15 mg/L
(GLY)

7 days

Vacuolization of the renal parenchyma and
intumescence of the renal tubule in kidney,

immunotoxicity
[49]

↑ AST, ALT, MDA, PC;
↓ GSH, inhibition of NA+/K+ -ATPase, SOD, CAT, GPx,

GR, T-AOC, induce inflammatory response in gills
[60]

European eel
(Anguilla Anguilla)

58, 116 μg/L
(Roundup 1) 1, 3 days

↑ TBARS, LPO, GDI, ENA [42]

↑ GDI, damaged nucleoids, EndoIII [59]

Curimbata
(Prochilodus lineatus)

10 mg/L
(Roundup 1)

24 h ↑ GSH, GST, LPO;
↓ SOD, GPx, inhibition of AChE in muscle [38]

96 h ↑ GST, LPO;inhibition of AChE in muscle in brain and
muscle

Spotted snakehead
(Channa punctatus)

32.54 mg/L
(Roundup 1)

1, 7, 14, 21, 28,
35 days

↑ TBARS, DNA damage, LPO, ROS;
↓ CAT, SOD, GR in gill and blood [62]

Ten spotted live-bearer
(Cnesterodon decemmaculatus)

1, 1.75, 35 mg/L
(GLY) 96 h ↓ AChE [63]

Megaleporinus obtusidens

3, 6, 10, 20 mg/L
(Roundup 1) 96 h

↑ hepatic GL, GLU, NH3 in liver and muscle, PCV, Hb,
RBC, WBC, P;

↓ AChE in brain, LACT, P in liver, muscle GL, GLU
[64]

5 mg/L
(Roundup 1) 90 days ↑ LACT in liver and muscle, P in liver;

↓ AChE, GL in liver, P in muscle, PCV, Hb, RBC, WBC [65]

Rhamdia quelen

0.2, 0.4
mg/L

(Roundup 1)
96 h

↑ hepatic GL, LACT in liver and muscle, P in liver and
muscle, NH3 in liver and muscle, TBARS in muscle;
↓ muscle GL, GLU in liver and muscle, AChE in brain

[66]

0.730 mg/L
(GLY)

24, 96 h,
10 days

↑ immature circulating cells;
↓ RBC, THR, WBC, phagocytic activity, agglutination

activity, lysozyme activity
[67]

Rhamdia quelen 18, 36, 72 μg/L
(Roundup 1) 7 days ↑ TP in liver, ↑ GL in muscle;

↓ TP, GL, TL in gills, liver, and kidney [68]

Goldfish
(Carassius auratus)

2.5–20 mg/L
(Roundup 1) 2 months

↑ CAT in liver and kidney;
↓ GR in kidney, liver, and brain, G6PDH in kidney, liver

and brain, SOD in kidney, liver and brain
[69]

0.22, 0.44,
0.88 mmol/L

(GLY)
96 h

Behaviour abnormalities (observed depression, erratic
swimming, partial loss of equilibrium), liver tissue

damage (cellular swelling, inflammatory cell
infiltration, hydropic degeneration, loose cytoplasm,

↑ brown particles), kidney tissue damage (edema in the
epithelial cells of renal tubules, ↑ cell volume, loose

cytoplasm, slight staining), changes in plasma (↑ CK,
UN, ↓ LDH)

[70]

0.2 mmol/L
(Nongteshi 2) 90 days

Hyaline cast in kidney,
↑ CRE, BUN, ALT, AST, LDH, MDA,

↑ 3-hydroxybutyrate, LACT, alanine, acetamide,
glutamate, glycine, histidine, inosine, GLU;↓ SOD,

GSH-Px, GR, lysine, NAA, citrate, choline,
phosphocholine, myo-inosine, nicotinamide,

[71]

North African catfish
(Clarias gariepinus)

0, 19, 42, 94, 207,
455mg/L

(GLY)
96 h

Cellular infiltration in gills; fatty degeneration,
fat vacuolation, diffuse hepatic necrosis, infiltration of
leukocytes in liver; hematopoietic necrosis, pyknotic
nuclei in kidney; mononuclear infiltration, neuronal
degeneration, spongiosis in brain; respiratory stress,

erratic swimming

[52]
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Table 4. Cont.

Species Concentration Exposure Effects References

Hybrid fish jundiara
(Leiarius marmoratus ×

Psedoplatystoma reticulatum)

1.357 mg/L
(Roundup 1) 6, 24, 48,96 h

↑ LACT in liver, P level in liver, ALT, AST, CHOL,
TAG in plasma;

↓ GL in liver and muscle, plasma GLU, Hb, PCV,
RBC, WBC

[28]

Zebrafish
(Danio rerio)

50 μg/mL
(GLY) 24 h ↓ gene expression in eye, fore, and midbrain

delineated brain ventricles and cephalic regions [72]

32.5, 65, 130 μg/L
(Transorb 3) 48 h

↓ integrity of plasma membrane of hepatocytes,
viability of cells, mitochondrial activity in the cell,

lysosomal integrity, inhibition in ABC
transporter activity

[73]

10, 50, 100, 200,
400 μg/L

(GLY)
48 h ↓ heartbeat, NO generation, downregulation of

Cacana1C and ryr2a genes, upregulation of hspb11 [61]

Climbing bass
(Anabas testudineus) 17.20 mg/L

(Excel Mera 71 4)
30 days ↑ AChE, LPO, CAT;

↓ TP, GST [74]
Heteropneustes fossilis
1 Roundup (active substance glyphosate, 41%), 2 Nongteshi (active substance glyphosate, 30%), 3 Transorb (active substance glyphosate,
48%), 4 Excel Mera 71 (active substance glyphosate, 71%).

There are just a few data about the chronic effects of glyphosate on nontarget or-
ganisms. For example, Le Du-Carrée [75] have studied chronic exposure to glyphosate
with a concentration of 1 μg/L on rainbow trout for 10 months. No significant changes in
reproduction, metabolism, nor even oxidative response were observed. However, some oc-
casional impacts on immune response have occurred. Other chronic effects have been
studied with different concentrations of glyphosate (0.2, 0.8, 4 and 16 mg/L) in Oreochromis
niloticus for 80 days [76]. It was found that glyphosate exposure reduces antioxidative
ability, disturbs liver metabolism, promote inflammation, and suppresses immunity.

2.3.2. Invertebrate Species

The exposure to GLY may cause several changes in invertebrate species (Table 5),
such as biochemical processes in tissues, development, or behaviour; changes in haemolymph [77],
changes in the reproduction system, and 50% inhibition of cholinesterase activity [78] in
mussels.

Table 5. Toxic effects of glyphosate and its commercial products on invertebrate species.

Species Concentration Exposure Effects References

Mediterranean mussel
(Mytilus galloprovincialis)

100 μg/L
(GLY)

7 days ↑ THC, haemocyte proliferation;
↓ Haemocyte diameter, AChE in gills

[77]14 days ↑ AChE in gills, CAT in digestive gland;
↓ CAT in gills

21 days
↑ CAT in gills;

↓ THC, haemocyte diameter, haemocyte volume, HL,
AChE in gills

10, 100, 1000
μg/L
(GLY)

7, 14, 21 days
↑ cell volume of haemocyte, haemolymph pH;

↓ HL, haemolymph acid phosphatase activity; AChE in
gills; SOD in digestive gland, THC,

[79]

Limnoperna
fortunei

1, 3, 6 mg/L
(GLY) 26 days ↑ TBARS, GST, ALP;

↓ CES, SOD [80]

10, 20, 40 mg/L
(GLY) 3 weeks ↓ presence of large mussel by 40%, presence empty

shell by 25% [81]

Pacific oyster
(Crassostrea gigas)

0.1, 1, 100 μg/L
(Roundup Expres 1) 35 days ↑ GST;

↓ growth; LPO, MDA [82]

California blackworm
(Lumbriculus variegatus) 0.05–5 mg/L(GLY) 4 days ↑ SOD;

↓ GST, membrane bound GST [83]
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Table 5. Cont.

Species Concentration Exposure Effects References

Chinese mitten crab
(Eriocheir sinensis)

4.4, 9.8, 44,
98 mg/L(GLY) 96 h ↑ % DNA in tail, SOD, POD, β-GD;↓ THC,

granulocytes, phagocytic activity, ACP, AKP [58]

American bullfrog
(Lithobates catesbeianus)

1 mg/L
(Roundup 2) 48 h

↑ swimming activity, CPM; SOD, CAT and LPO in liver;
LPO in muscle;

↓ SOD, CAT in muscle, TtHR
[84]

Rhinella arenarum

1.85, 3.75, 7.5, 15, 30,
60, 120, 240 mg/L

(Roundup
Ultra-Max 3)

48 h ↓ AChE, BChE, CbE, GST [57]

Northern leopard frog
(Rana pipiens)

0.6, 1.8 mg/L
(Roundup 2) 166 days

↑ TRβ mRNA;
Late metamorphic climax, developmental delay,

abnormal gonads, necrosis of the tail tip, fin damage,
abnormal growth on the tail tip, blistering on the tail fin

[56]

Snail(Biomphalaria
alexandrina)

3.15 mg/L
(Roundup 2) 6 weeks

↑ mortality, stopped egg lying, abnormal laid eggs,
↑ GLU, LACT, FAC;

↓ egg hatchability, GL, TP, pyruvate, nucleic acids levels
[85]

10 mg/L
(Roundup 2) 7 days ↑ in vitro phagocytic activity, DNA damage in

haemocytes [86]

1 Roundup Expres (active substance glyphosate, 15%), 2 Roundup (active substance glyphosate, 41%), 3 Roundup Ultra-Max (active
substance glyphosate, 36%).

3. AMPA (Aminomethylphosphonic Acid)

AMPA belongs to the aminomethylenephosphonates chemical group. It is the pri-
mary metabolite of the GLY degradation process (Figure 1) with a significant measured
concentration in the environment. Additional sources of AMPA originate from organic
phosphonates used in water treatment [87], from the degradation of phosphonic acids
used in Europe in detergent and industrial boilers, and cooling (EDTMA, DTMP, ATMP,
and HDTMP) [15,87]. Due to phosphonate and amine functional groups, AMPA will form
metal complexes with Ca2+, Mg2+, Mn2+, and Zn2+. AMPA is adsorbed firmly to soil [88].

3.1. Environmental Fate

AMPA has a lower water solubility and longer soil halflife than glyphosate. The pres-
ence of AMPA in freshwater, sediment, and suspended particulate is commonly mea-
sured in significant quantities [10,89], and even more frequently (67.5%) than glyphosate
(17.5%) [15,90,91]. The Water Framework Directive [92] provides a procedure to set Envi-
ronmental Quality Standards for AMPA at level 450 mg/L. Coupe et al. [9] reported con-
centrations of AMPA in freshwater environments for Mississippi and Iowa were 2.6 μg/L
and 0.02–5.7 μg/L. In France, AMPA was detected with the highest concentration at a level
of 44 μg/L.

A concentration of AMPA in soil was found from 299 to 2256 μg kg−1 by Aparicio
et al. [93]. This study pointed out the difficulty of establishing specific conditions for the
presence of AMPA in soils. It depends on complex and multifactorial processes, including
agronomic conditions, local agrometeorological conditions, mineralogy, and soil conditions.
Moreover, AMPA was detected in soil with no exposure time to glyphosate. It could be
caused by surface runoff. This movement of soil particles can end up in surface water,
and next, the substance can be desorbed, biodegraded, and accumulated in the bottom
sediment.

AMPA, like glyphosate, also degrades in water and soil but significantly slower. Be-
cause its adsorption to particulates is possibly stronger, its penetrability of cell membranes
is lower. The concentration of AMPA in the sediment can fluctuate depending on its
degradation rate relative to GLY (Figure 1) [93].
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3.2. Acute Toxicity

AMPA toxicity has been already studied in recent years on various kinds of organisms.
Although de Brito Rodrigues et al. [53] observed no acute toxic effect of AMPA on fish
species, other studies showed acute toxicity values ranging from 27 to 452 mg/L (Table 6).

Table 6. Toxicity values of AMPA for aquatic organisms.

Species Value
Concentration

(mg/L)
References

Fish

Guppy
(Poecilia reticulata) 96hLC50

180 for male
[50]

164.32 for female

Invertebrate

Pacific oyster
(Crassostrea gigas)

36hEC10 38.55

[94]

36hEC20 42.68

36hEC50 50.78

24hEC10 27.08

24hEC20 39.80

24hEC50 76.90

48hEC10
>1005

Daphnia magna 48hEC20

48hEC50

Algae

Pseudokirchneriella
subcapitata

72hEC10 85.05

[94]72hEC20
>100

72hEC50

Desmodesmus subspicatus

72hIC50 117.8 [95]

72hEC50
89.8 1

[96]
452 2

1 biomass test, 2 algal growth inhibition tests.

3.3. Toxic Effects

Although AMPA has been studied less than glyphosate, Reddy et al. [97] pointed
to affecting chlorophyll biosynthesis which leads to plant growth reduction. That means
that AMPA can also be translocated to diverse plant tissue. AMPA is also known as a
phytotoxin, which can amplify the indirect effects of glyphosate on physiological processes.
On the other hand, due to its chemical similarity, AMPA can compete with glycine in
biological sites and pathways, affecting chlorophyll biosynthesis and therefore the pho-
tosynthetic process as well [98]. Plants treated with AMPA showed a decreased glycine,
serine, and glutamate [99]. According to published data, AMPA seems to be highly toxic
on aquatic organisms (Table 7).
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Table 7. Toxic effects of AMPA on aquatic organisms.

Species Concentration Exposure Effects References

European eel
(Anguilla Anguilla) 11.8, 23.6 μg/L 1, 3 days ↑ GDI, FPG, EndoIII [100]

Zebrafish
(Danio rerio)

1.7, 5, 10, 23, 50,
100 mg/L 24, 48, 72, 96 h Genotoxicity with LOEC 1.7 mg/L, induce

primary DNA lesions, [53]

Guppy
(Poecilia reticulata) 82 mg/L 96 h

Proliferation of the interlamellar epithelium,
fusion of secondary lamellae in gill, steatosis,

pyknotic nuclei in liver, degeneration of
hepatocytes

[50]

Mediterranean mussel
(Mytilus galloprovincialis) 100 μg/L 7 days

↑ haemocyte diameter, haemocyte volume,
haemocyte proliferation,

LDH in haemolymph, HL;
↓ THC, AChE in gills

[77]

Mediterranean mussel
(Mytilus galloprovincialis)

100 μg/L

14 days

↑ THC, haemocyte diameter, haemocyte volume,
haemocyte proliferation, AChE in gills, CAT in

digestive gland;
↓ HL

21 days
↑ haemocyte volume, LDH in haemolymph;

↓ THC, haemocyte proliferation, HL,
AChE in gills

1, 10, 100 μg/L

7 days ↓ THC

[101]
14 days

↑ THC, haemocyte diameter and volume,
lysosome activity, acid phosphatase;

↓ haemocyte proliferation, SOD in gill and
digestive gland

21 days
↑ haemocyte proliferation, lysosome activity,

acid phosphatase, LDH;
↓ THC, haemocyte diameter and volume

Bufo spinosus 0.07, 0.32,
3.57 μg/L 16 days ↓ embryonic survival, development delay, short

tail length [102]

4. Conclusions

There is a large amount of information about the benefits, environmental fate, effects,
and risks of using glyphosate throughout the scientific literature. Nevertheless, evaluating
chronic exposures of nontarget aquatic organisms is missing. The results of the studies that
have been summarized in this review indicate that GLY, as an individual compound or as a
component of commercial products used in agriculture, and its main metabolite AMPA may
have adverse effects on freshwater and marine organisms at different levels of biological
organization. GLY mainly caused oxidative stress, and affected antioxidant enzymes, blood
parameters, and caused several histopathologic changes in the gills, liver, and kidneys,
and not least genotoxicity, immunotoxicity, and cardiotoxicity in fish and oxidative stress,
antioxidant enzymes, and haemocyte parameters in mussels. In comparison to AMPA, there
are many gaps in the scientific literature regarding the knowledge of its toxicity on aquatic
organisms. AMPA may cause genotoxicity and immunotoxicity in fish, adverse changes in
haemolymph parameters, effects on mussels’ antioxidant enzymes, and developmental
delay and survival of tadpoles.

There are also concerns about potential bioconcentration effects and breeding in
organisms of these compounds. Considering the increasing consumption of herbicides and
their repeated application worldwide, the European Commission implemented a regulation
(EU 2017/2324 [103] that GLY can be used as an active substance until 15 December
2022 on the condition that national authorities have to authorize each product. Therefore,
we assume that the presence of GLY and AMPA in the aquatic environment requires a
stricter control and further studies of the potentially toxic effects of these substances on
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nontarget organisms. As the lethal concentrations indicate glyphosate, its commercial
products, and AMPA at very high levels impact long-term exposure at real environmental
concentrations, more detailed information about the ecotoxicity needs to be evaluated.
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Abbreviations

ABC transporter activity: adenosine triphosphate-binding cassette transporters consti-
tute; AChE: acetylcholinesterase; ACP: acid phosphatase; AKP/ALP: alkaline phosphatase;;
ALT: alanine aminotransferase; AMPA: aminomethylphosphonic acid; AST: aspartate
aminotransferase; ATMP: amino tris(methylenephospohonate); β-GD: β- glucuronidase;
BChE: butyrylcholinesterase; BCF: bioaccumulation factor; BUN: blood urea nitrogen;
C-N bond: carbon–nitrogen bond; Ca2+: calcium ion; Cacanal1C: L-type calcium chanel;
CAT: catalase; CbE: carboxylesterase, CES: carboxylesterases; ChOL: cholesterol; CK: cre-
atinine; CPM: cardiac pumping capacity; CRE: creatine; DNA: deoxyribonucleic acid;
DTPMP: diethylenetriamine penta(methylenephosphonate); EC10: equivalent to the No
observed effect concentration; EC20: equivalent to the Low observed effect concentration;
EC50: effective concentration that affects 50% of the population; EDTMA: ethylenediamine
tetra(methylenephosphonate); ENA: erytrocytic nuclear abnormalities; EndoIII: endonucle-
ase III; FAC: free amino acid levels; FPG: formamidopyrimidine DNA glycosylase; G6PDH:
glucose-6-phosphate dehydrogenase; GDI: total DNA damage; GL: glycogen; GLU: glu-
cose; GLY: glyphosate; GOT: glutamic–oxaloacetic transaminases; GPx: glutathione peroxi-
dase; GPT: glutamic–pyruvic transaminases; GR: glutathione reductase; GSH: glutathione;
GSH-Px: glutathione peroxidase; GST: glutation-S-transferase; Hb: hemoglobin; HCT:
hematocrit; HDTMP: hexamethylenediamine tetra(methylenephosphonate); HL: haemo-
cyte lysate; hspb11: heat shock protein; IC: inhibition concentration; IPA: isopropylamine
salt; LACT: lactate; LC: lethal concentration; LDH: lactate dehydrogenase; LPO: lipid
peroxidation; Na+/K+-ATPase: sodium–potassium adenosine triphosphatase; NOEC: no
observed effect concentration; MCH: mean cell hemoglobin; MCV: mean cell volume;
MDA: methanedicarboxylic aldehyde; Mg2+: magnesium ion; mg ae/L: miligrams active
ingredient per liter; Mn2+: manganese ion; NAA: N-Acetyl aspartate; NH3: ammonia; NO:
nitric oxide; P: protein; PC: protein carbonyl; PCV: hematocrit; POD: peroxidase; RBC:
erythrocytes; ROS: reactive oxygen species; ryr2a: Ryanodine receptor; SOD: superoxide
dismutase; T-AOC: total antioxidant activity; TAG: triacylglycerides; TBARS: thiobarbituric
acid reactive substances; THC: total hemocyte count; THR: thrombocytes; TL: Total lipids;
TP: total protein; TRβ mRNA: TRβ mRNA: Thyroid hormone receptor beta of messenger
ribonucleic acid; TtHR: time to half relaxation; UN: urine nitrogen; U.S. EPA: United States
Environmental Protection Agency; WBC: leukocytes; Zn+: zinc ion.
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Abstract: The genus Aeromonas is a group of bacteria that is widely distributed in water bodies
and belongs to the normal intestinal microbiota of aquatic and terrestrial animals. In the present
work, rainbow trout fingerlings were experimentally infected by an immersion bath with different
Aeromonas species. Subsequently, the behavior of the infected groups was observed and recorded.
Infected fingerlings were evaluated by histopathology. The highest percentages of hyperpigmenta-
tion (18.88%) and inappetence (47.7%) were observed in fish infected with A. salmonicida, while
abnormal swimming (83.33%) was recorded in fish infected with A. bestiarum. In histopatho-
logical findings, the highest percentages were observed in the olfactory epithelium (50.0%) for
A. lusitana and A. salmonicida (41.1%)-infected fish. While, in the nervous system, the cerebral
hemispheres (31.1%) in A. media-infected fish and the oblongata medulla (40.0%) in the A. bestiarum-
infected fish presented the highest percentages. Meanwhile, A. salmonicida and A. bestiarum have
the highest pathogenicity and virulence based on the histopathological findings in the olfactory
epithelium and nervous system. Due to the proximity of the olfactory epithelium with the nervous
tissue, it is possible that the infection generated by the Aeromonas species and the histopathological
findings in the nervous tissue are reflected in different behavioral changes that suggest differences in
the pathogenicity and virulence of the bacteria.

Keywords: Aeromonas spp.; rainbow trout; histopathology; bacteria; infection

1. Introduction

The genus Aeromonas is a group of bacteria of importance to aquaculture, which is
frequently isolated in aquatic environments [1,2]. They can act as important pathogens
in poikilotherm species because they are widely distributed in water bodies [3], and
they are part of the normal gut microbiota of aquatic and terrestrial animals [4]. They
have zoonotic potential, high pathogenic potential, and the ability to adapt to different
environments [5]. Currently, 36 genetically identified Aeromonas species are known and
isolated from aquatic environments [6]. This genus is divided into two groups: an immobile
group, with A. salmonicida being the main species, and a mobile group that contains the rest
of the Aeromonas species [5]. A. bestiarum, A. caviae, A. hydrophila, A. piscicola, A. salmonicida,
and A. veronii are reported to be the species that are mostly isolated from pathological
conditions in salmonids [7]. Aeromonas infection in different species of fish can occur at
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different ages of those fish that are susceptible to the disease, the presentation of stress in
the fish is an important factor for the development of the disease, however the participation
of external factors such as changes in water temperature, large amounts of excreta in ponds,
overcrowding, and others can favor the presentation of the disease [3,5].

The pathology associated with the infection of A. Salmonicida, A. hydrophila, A. bes-
tiarum, and A. veronii in rainbow trout includes septic processes, the colonization of liver
tissue and mortality [8], fish can develop exophthalmos, ocular ulceration, anorexia, the
clinical signs included dermis lesion (ulcers, erosion, hemorrhage, darkened skin, loss of
scales, furunculosis, and others), abdominal distension, fin rot, and in some cases, premax-
illa bone exposition can be observed [1,8–10]. Infected young fish modify their behavior,
including jumping out of the pond, the darkening of the skin, abnormal swimming, low
swimming, lethargy and inappetence [1,5,11]. Sometimes, bloody discharge from the nos-
trils and death occurs [12]. In the fish into the nasal cavity, the olfactory organ or olfactory
rosette, or just rosette is a chemosensory system, which are composed by pseudostratified
epithelium with sensory (olfactory sensory neurons) and mucosal areas (goblet cells), on
the lamina propria of the rosette are localized the terminal axons [13,14].

However, studies focused on nasal infection in Aeromonas have not been investi-
gated. Bartkova et al. [15] carried out an infection in rainbow trout intraperitoneally with
A. salmonicida and through real-time monitoring by bioluminescence, it was established
that the colonization sites, were dorsal and pectoral fins; gills, stomach, intestine, anus;
as well as the oral, nasal and eye cavity, these sites being the first to be exposed to the
aquatic environment, as well as the skin. Currently, the immunization of fish against
Aeromonas is carried out by intraperitoneal injection or by immersion bath [6]. Recently, the
nasal route of Yersinia ruckeri was demonstrated as an entry point for bacteria to establish,
infect and spread through the nervous system, which in turn causes erratic swimming
and exophthalmia [16]. This suggests that pathogenic and virulent bacteria can cause
nervous problems that affect behavior. On the other hand, the use of the nasal route as a
vaccination route was investigated as an alternative for the immunization in teleost fish, on
the case of rainbow trout, it was used as a biological model for the challenge with infectious
hematopoietic necrosis virus [13].

The aim of the present research was to identify the presence of histopathological
lesions observed in the rosette and nervous tissue, to identify a relation between the nasal
tissue and nervous tissue with fish behavior, in rainbow trout fingerlings, experimentally
infected with different Aeromonas species.

2. Materials and Methods

2.1. Ethics Statement

This experimental infection was approved by the Bioethics Commission and Animal
Welfare Committee (Comisión de Bioética y Bienestar animal, CBBA) of the Facultad de
Medicina Veterinaria y Zootecnia (FMVZ), Universidad Autónoma del Estado de México
(UAEMex) 012-2012. A total of 1200 rainbow trout were obtained from a trout farm (El
Zarco, Ocoyoacac, Mexico), previously reported by Zepeda-Velázquez and colleagues [8].

2.2. Animals and Husbandry

For the acclimation period, 1200 fish (3–5 cm and 2–3 g of weight) were maintained in
100-L (L) containers, as previously reported by Zepeda-Velázquez and colleagues [8]. A
total of 120 fish, 30 for the control group and 90 for the three replicas of each experimental
infection, were randomly distributed in a 6 L glass aquarium equipped with aeration (air
pump ELITE 799), air stones positioned at opposite front ends of the aquarium and fresh
water without chlorine. An immersion bath with 10 different Aeromonas species was per-
formed at a bacterial concentration of 1.5 × 108 colony-forming units (CFU)/milliliter (mL)
for 1 h in a 6 L glass aquarium with aeration; all groups were immersed independently [8].
For the maintenance and propagation of bacterial isolates, Farto and their colleagues’
methodology was used [17]. After the immersion bath, rainbow trout fingerlings were
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put in a new 6 L glass aquarium with the same characteristics as mentioned above, and
all glass aquarium were isolated by a plastic separation, to observe independent behavior
between fishes in glass aquarium. The maintenance of the glass aquarium included 40%
water replacement, feeding, and elimination of biological sediment, including feces and
food rest. Fish were observed daily, and moribund fish and those with clinical signs were
euthanized by an overdose of tricaine methane sulfonate (MS222; Finquel) [12].

2.3. Behavioral Observations and Clinical Signs

The evaluated behaviors are listed in Table 1. The experimental period lasted a total
of 14 days [8]. For the first 5 h post-infection (pi) and all 14 days, all fish were observed for
10–15 min [18], and the number of fish that present behavioral modification were counted
and register before maintenance. Moribund fish and those with severe clinical signs were
immediately euthanized [8].

Table 1. Aeromonas species and histopathological lesions observed in nasal epithelium or rosette, telencephalon, and
oblongata medulla changes (%), observed in rainbow trout fingerlings infected with Aeromonas spp.

Behavior or Clinical Sign Definition Reference(s)

Loss of appetite Fish refuse to eat and/or lose interest in food (anorexia) [12,17,19–21]

Abnormal swimming (Erratic swimming) Loss of consistency, regularity and/or uniformity in
movement; fish swimming in different directions [17,22]

Hyperpigmentation and/or darkened skin Fingerlings show an excess of melanin pigmentation in
the skin, giving them a darker color [1,9,12,23]

2.4. Histopathological Studies

Fish were fixed in 10% (volume/volume) neutral buffered formalin (pH 7.4), embed-
ded in paraffin, and stained with hematoxylin and eosin [8,10].

2.5. Statistical Analysis

Data were analyzed with SPSS software (version 21, IBM Inc. Chicago, IL, USA).
Differences in the percentages of behaviors, clinical signs and histopathological lesions in
the rosette, telencephalon and medulla oblongata were analyzed using a Chi-square test
(significance at p < 0.05) [18]. Differences between isolates of each behavior and clinical
sign were determined using Tukey’s multiple comparison tests, with a significance level of
p < 0.05 [24].

Two independent correspondence analyses (CA) were implemented with the aim
of establishing whether histopathological lesions and behavioral changes depend on
Aeromonas species through a graphical display of their relationship. The CA were carried
out in the package FactoMineR version 2.3 [25], of the statistical program R version 4.0.2.
(R core team, 2016) [26] and its graphical representation was through a biplot drawn in the
FactoExtra package [27]. The biplot approximates the distribution of a multivariate sample
in a generally two-dimensional reduced-dimension space, where angles and proximity
among variables provide a measure of association.

3. Results

3.1. Behaviors and Clinical Signs

The experimental infection process was separated from the 5-hour feed period for all
groups. Fish infected with A. salmonicida, A. veronii, A. bestiarum, A. hydrophila, A. caviae
and A. sobria showed at least one change in the evaluated behaviors or clinical sign. The
presentation of darkening of the skin in fish infected with A. salmonicida (18.8%), A. veronii
(15.5%) and, A. hydrophila (11.1%) was observed with statistical differences; meanwhile
fingerlings infected with A. allosaccharophila, A. bestiarum, A. caviae, A. lusitana, A. media,
A. popoffii, A. sobria, and the control group, did not present color changes (p > 0.05) (Table 1)
(Figure 1a).
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Figure 1. Rainbow trout fingerlings experimental infected by immersion with different Aeromonas species. (a) Fingerlings
control group. Bar = 1 cm.; (b) Fingerlings present different darkening skin grades (asterisk), infected with A. salmonicida.
Bar = 1 cm.; (c) nasal epithelium, moderate edematous and severe hemorrhagic rhinitis (plus sign) on fingerlings infected
with A. lusitana; (d) nasal epithelium, suppurative rhinitis in fingerlings infected with A. salmonicida, neutrophil (greater-than
sing) and macrophage (hyphen-minus) infiltration were observed; (e) nasal epithelium with bacterial shapes on the surface
(circle), in fingerlings infected with A. salmonicida; and, (f) oblongata medulla, slight focal myelitis (asterisk) in fingerlings
infected with A. hydrophila.
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The lack of appetite or inappetence in fingerlings infected with A. salmonicida (47.7%),
A. hydrophila and A. sobria (46.6%), A. caviae (38.8%) and, A. bestiarum (32.2%), was observed
with a statistical difference (p > 0.05) for A. allosaccharophila, A. lusitana, A. media, A. popoffii,
A. veronii, and the control group, who showed no changes in their feeding behavior or
feeding regulation. Finally, fingerlings infected with A. bestiarum (83.3%), A. hydrophila
(74.4%), A. sobria (67.7%), A. salmonicida (66.6%) and, A. caviae showed erratic behavior
changes, a loss of consistency and a loss of swimming uniformity. No significant statistical
differences (p > 0.05) were noted for the A. allosaccharophila, A. lusitana, A. media, A. popoffii
and A. veronii groups or the control group (Table 2).

Table 2. Percentages of clinical signs or behavioral changes, present in fingerlings experimentally infected with different
Aeromonas species.

Aeromonas Species N

% of Fish with Clinical Sign or Behavioral Changes 1

Darkened
Skin/Hyperpigmentation

Lack of
Appetite/Inappetence

Abnormal Swimming

A. allosaccharophila 90 0 1.11 25.55
A. bestiarum 90 6.66 32.22 83.33

A. caviae 90 0 38.88 60
A. hydrophila 90 11.11 46.66 74.44

A. lusitana 90 0 1.11 34.44
A. media 90 1.11 16.66 25.55

A. popoffii 90 0 3.33 31.11
A. salmonicida 90 18.88 47.7 66.66

A. sobria 90 1.11 46.66 67.77
A. veronii 90 15.55 28.88 38.88

Control group 90 0 0 8.88
1 Groups in italics within the same column are significantly different (p < 0.05).

3.2. Histopathological Lesions in Nasal and Nervous Tissue

In the nasal epithelium, a significant number of fingerlings infected with A. lusitana
(50%) and A. salmonicida (41.1%) showed different histopathological lesions. Congestion
with different distribution patterns and high severity grades, focal hemorrhagic epithelium
(Figure 1b), moderate multifocal epithelium and hyperplasia of the nasal epithelium and
goblet cells, as well as a leukocyte infiltrate of mononuclear and polymorphonuclear cells,
were observed (Figure 1c). On the other hand, the histopathological finds of A. media
(35.5%), A. allosaccharophila (30%), A. caviae (28.8%), A. hydrophila (27.7%), A. bestiarum
(26.6%), A. sobria (20%), A. veronii (11.1%), and A. popoffii (7.7%), present middle-to-less
severity and distribution; edema, congestion, goblet cell hyperplasia and, leucocyte infiltra-
tion in different grades and, different distributions in the nasal epithelium were observed,
with no significant histopathological lesions (p > 0.05). Histopathological lesions in con-
trol group were not observed (Table 3). Basophilic aggregates or bacterial aggregations
were observed in all fishes experimentally infected with the different Aeromonas species.
Basophilic aggregates or bacterial aggregations in the control group was not observed.

The main histopathological lesion in the telencephalon consisted of severe multifocal
congestion for fish infected with A. media (31.1%), and a moderate degree for the groups
infected by A. salmonicida (25.5%), and A. caviae (22.2%). The congestion was observed
in focal and multifocal presentation, and also hemorrhagic lesions were present on focal
and bifocal distribution, in moderate-to-slight presentation in A. bestiarum (21.1%), A. hy-
drophila and A. lusitana (18.8%). No significant histopathological changes were observed in
A. veronii (10%), A. sobria (7.7%), A. allosaccharophila, and A. popoffii (3.3%), and control
groups (Table 3).
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Table 3. Aeromonas species and histopathological lesions observed in nasal epithelium or rosette,
telencephalon, and oblongata medulla changes (%), observed in rainbow trout fingerlings infected
with different Aeromonas species.

Aeromonas
Species N

% of Fish with Histopathological Lesions 1

Rosette Telencephalon Oblongata Medulla

A.
allosaccharophila 90 30 3.3 1.1

A. bestiarum 90 26.6 21.1 40
A. caviae 90 28.8 22.2 16.6

A. hydrophila 90 27.7 18.8 22.2
A. lusitana 90 50 18.8 22.2
A. media 90 35.5 31.1 22.2

A. popoffii 90 7.7 3.3 4.4
A. salmonicida 90 41.1 25.5 15.5

A. sobria 90 20 7.7 12.2
A. veronii 90 11.1 10 17.7

Control group 90 0 0 0
1 Groups in italics within the same column are significantly different (p < 0.05).

On the other hand, the histopathological findings in the oblongata medulla were focal
and multifocal congestion, and moderate-to-severe degrees of infection with A. bestiarum
(40%). No significant histopathological lesions (p > 0.05) were observed for the groups
infected with the species A. hydrophila, A. lusitana, and A. media, A. veronii, A. caviae, A.
salmonicida, A. sobria, A. popoffii, and A. allosaccharophila (Table 3). The fingerling group
infected with A. salmonicida presented a mild degree and focal congestion with perivascular
mononuclear infiltrate were identified in one fingerling (Figure 1d), but basophilic aggre-
gates were not observed. The percentages of bacterial isolation were obtained from the
region in cerebellum and medulla oblongata. Fingerlings were infected with A. bestiarum
(0.90%), A. veronii and A. media (0.80%), A. lusitana and A. popoffii (0.60%), A. salmonicida
(0.30%), A. hydrophila (0.10%), but were not statistically representative; bacterial isola-
tion of A. allosaccharophila, A. caviae, A. sobria and the control group were not obtained
(data not shown).

3.3. Correspondence Analysis

To identify the associations between the Aeromonas species and histopathological
lesions and behavioral changes two correspondence analysis (CA) were implemented.
CA is an exploratory analysis that reduces the complexity of the initial database while
retaining most information and providing the graphical output’s relationships, favoring
their interpretation. Table 4 depicts the results of X2 analysis, which reveals a strong
dependency (p < 0.001) between Aeromonas species with histopathological lesions and
behavioral changes.

Table 4. Results of X2 analysis of histopathological lesions and behavioral changes observed in
rainbow trout fingerlings infected with several Aeromonas species.

Item Histopathological Lesions Behavioral Changes

X2 (observed value) 68.20 123.64
X2 (critical value) 31.41 31.41

DF 20 20
p-value 0.0001 0.0001

α 0.05 0.05

To the histopathological lesions CA, the first and second dimensions account for 79.94
and 20.05 percent of inertia, respectively; both dimensions represent for 100 % of cumulative
inertia, indicating that the totality of variability was explained by the information contained
within the first two axis (Table 2). The CA focused on behavioral changes associates with
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Aeromonas species reveals that the two dimensions provides an adequate description of
data. The first dimension accounts for 71.17 % and, for the second dimension, 28.82 % of
inertia, together accounting for 100 % of the variability of analyzed data (Table 5).

Table 5. Dimension inertia of correspondence analysis of histopathological lesions and behavioral
changes observed in rainbow trout fingerlings infected with several Aeromonas species.

Item Histopathological Lesions

Eigen value 0.079 0.020
Inertia (%) 79.94 20.05

Cumulative (%) 79.94 100.00

Item Behavioral changes

Dimension 1 Dimension 2
Eigen value 0.095 0.038
Inertia (%) 71.17 28.82

Cumulative (%) 71.17 100.00

Figure 2a shows CA maps of histological lesions and the quality of representation
in the row and columns of the first dimension. The most of Aeromonas species are well
represented, with the exception of A. popoffii, A. sobria, and A. hydrophila. With respect
to the site of lesions, the telencephalon category showed a low quality of representation;
therefore, the first dimension explains most of the deviation from the expected values of
categories oblongata medulla and nasal epithelium. This means that the variability of first
component can be explained by differences between oblongata medulla and nasal epithe-
lium. According to the level of contribution of column categories of CA map of behavioral
changes, the first dimension can be explained by a negative correlation among A. veronii and
A. salmonicida (allocated in negative pole) with A. lusitana and A. popoffii (allocated in posi-
tive pole). On other hand, A. hydrophila and A. bestiarum showed a poor representation, had
a lower contribution, and was allocated near to the centroid. The contribution of row to the
definition of the first dimension is shown in Figure 2b. The category hyperpigmentation
shows the highest contribution to define the first dimension. However, inertia of databases
can be better explained by the opposition of hyperpigmentation and inappetence of the
second dimension. Finally, swimming abnormal behavior showed the lowest contribution,
little representation on the AC map, and was close to centroid.

The higher proportion of inertia explained by the first two dimensions in both CAs
allows the proper interpretation of biplots shown in the Figure 2a and b. In the biplot
of histopathological lesion CA, we see that A. popoffii and A. hydrophila are close to the
origin point (Figure 3a). Therefore, we can conclude that these Aeromonas species cannot
be different based on data from our study. Oblongata medulla and telencephalon are
away from the origin; hence, these are good discriminators between Aeromonas species.
A. bestiarum and A. veronii species are close to oblongata medulla lesions and the angle
formed for these categories is very small, which means that they are associated. According
to the CA biplot, lesions on telencephalon are associated with A. media and A. caviae
species. Based on the angle formed by olfactory epithelium and A. allosaccharophila, we can
conclude that they are closely associated. Lower strength of association is depicted between
olfactory epithelium lesions and control and A. lusitana species. A. salmonicida and A. sobria
species did not show a particular site of lesions based on analyzed data. And finally,
the Figure 3b showed the biplot of CA focused on behavioral changes, which displays
that changes of behavior are clearly separated. Hyperpigmentation and inappetence are
located far to the centroid and can be a good discriminator between Aeromonas species.
This means that most Aeromonas species can be grouped according to the type of affection
on behavior. A. veronii and A. salmonicida are located on the left-hand side of the graph
and according to their angles are strongly associated with hyperpigmentation changes.
Abnormal swimming is located on the right-side of biplot and their manifestation in
infected animals is considerably associated with A. lusitana, A. allosaccharophila, and A.
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popoffii species. Inappetence changes showed an adequate representation to be far to
the centroid; however, the exhibiting of these changes was not associated with a specific
Aeromonas species, with a slight relationship with A. media, A. caviae, and A. sobria species.

Figure 2. Correspondence analysis map. (a) Histopathological lesions and quality of representation to row and columns
of dimen-sion 1; (b) behavioral changes and quality of representation to row and columns of dimension 1. The row and
column categories are color coded according with the contribution to dimension 1.
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Figure 3. Bioplot analysis map. (a) Histopathological tissue localization and the histopathological lesions produce by
different Aeromonas species in rainbow trout fingerlings of representation to row and columns of dimension 1; (b) behavioral
changes observed in fingerlings experimentally infected with different Aeromonas species and quality of representation to
row and columns of dimension 1.

4. Discussion

The genus Aeromonas is a group of bacteria that are widely distributed in different
ecosystems, such as different types of food, animals (dogs, cats, horses, fish, mollusks,
among others), infections in humans (gastritis, skin infections, bacteremia/septicemia
processes, among others) and aquatic [6]. It is well known that the development of disease,
and the clinical manifestations in a living organism, depend mainly on the susceptibility
and immunity of the host, the virulence of the pathogenic agent and the environmental
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conditions, which result in an alteration of the homeostasis of the host and, therefore, the
state of disease [22].

The nasal route of fish, also known as the rosette, is composed of pseudostratified
epithelium, which contains mucous portions, sensory and vascular tissue; and it´s one of
the entry routes that different pathogens can use to infect and colonize the host and that
has the ability to establish an innate immune response [13].

In the experimental infection of fingerlings with different Aeromonas species, the
presence of histological lesions in the rosette were observed, mainly of the vascular type,
identifying hemorrhages with different degrees of severity and distribution, as well as
goblet cell hyperplasia in different degrees of severity and polymorphonuclear leucocyte
infiltrates. This acute inflammatory response was observed in fish infected with the species
of A. lusitana, A. allosaccharophila, A. popoffii, and A. sobria, these species being the ones that
caused severe histological lesions. On the other hand, the fish infected with A. bestiarum, A.
caviae, A. hydrophila, A. media, and A. salmonicida, the lesions were slight; the control group
did not present histopathological lesions.

Salinas et al., [14] observed that the administration of a nasal vaccine against infectious
hematopoietic necrosis and enteric red mouth disease, inducing histological changes in
nasal tissue, identifying infiltrates of leukocytes in different severity degrees and the
presence of vascular changes, related to the inflammatory process, without the presentation
of hemorrhages.

The histological findings present in this work were consistent with Lapatra et al. [13],
who carried out the nasal infection of the infectious hematopoietic necrosis and enteric
red mouth disease, infecting each nostril separately, to implement a vaccination strategy,
goblet cell hyperplasia, leukocyte infiltrate and vascular changes were observed in the
nasal tissue, which consisted in the formation of new tissue.

It was reported that the bacterium needs a second site of infection, the presentation of
meningitis and encephalitis in salmonid species infected with Renibacterium salmoninarum is
localized to sites with greater blood supply, including the heart, reticuloendothelial organ,
and encephalon, as observed in asymptomatic fish [28]. The presentation of hemorrhages
and the inflammatory response in the rosette, against the experimental infection by immer-
sion with different Aeromonas species, demonstrated that it i not only the vascular change
derived from the inflammatory response, but also of the capacity of each Aeromonas species
to possess its own pathogenicity and virulence capacity.

The olfactory system of all vertebrates is made up of sensory neurons; in fish, the
rosette is attached to the olfactory bulb by terminal axons, which project from the olfactory
tract to different parts of the brain [29]. In the present work, the olfactory bulb was not
analyzed histologically due to the size of the trout fingerlings. Ye et al. [30] identified that
the olfactory bulb has an important role in the detection of pathogens, as well as in the
regulation of the immune response in addition to identifying the genes that are responsible
for the secretion of inter-leucine (IL) 1β and IL-8, present during the inflammation process.
Song et al. [31] identified that part of the inflammatory response due to A. hydrophila
infection in the intestine is closely related to the expression of IL8 and IL1β levels. This
suggests that infection with Aeromonas species can infect the nasal route, and the nasal route
has an important role in the early stages of infection and triggers the immune response,
however more studies are needed to accept this hypothesis.

The production of vaccines in the aquaculture industry is focused on the stimulation
of humoral immunity, by stimulating the mucosal immune response present in the mucosal
tissue distributed in the body, while the intranasal application of vaccines in fish has gener-
ated, step by step, a fertile field as an alternative route of immunization in aquaculture [14].
In the case of Aeromonas spp., active and inactive vaccines were administered by immersion
bath or intraperitoneally [32]. Therefore, due to the clinical importance of some Aeromonas
species, they could be candidates for use in the generation of bacterins. As in the case
of infectious hematopoietic necrosis and enteric red mouth disease [13]; however, more
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studies are needed to support this hypothesis, so this work will serve as a basis for future
studies.

The presence of sensory neurons in the rosette, and their connection between the
olfactory bulb and the brain, suggest they can induce alterations in feeding behavior,
reproductive behavior and alarm reactions [29]. The histopathological findings in telen-
cephalon consisted of moderate multifocal congestion for fish infected with A. media, and
a moderate-to-severe degree for the groups infected by A. salmonicida, A. bestiarum, A.
caviae, A. hydrophila, and A. lusitana, which presented moderate focal congestion; and, in
the oblongata medulla were focal and multifocal congestion, and moderate to severe de-
grees of infection with A. bestiarum and A. veronii. No significant histopathological lesions
(p > 0.05) were observed for the groups infected with the species A. allosaccharophila, A.
caviae, A. hydrophila, A. lusitana, A. media, A. popoffii, A. sobria, and the control group.

The telencephalon in teleost participates in appetite regulation factors and the regula-
tion of hormone inducing genes, such as corticotrophin releasing hormone 1a, which causes
an anorectic effect; and adrenergic receptors, which participate in sex-specific swimming
behavior [30]. On the other hand, the medulla oblongata participates in progressive hearing
loss, in balance disorders and in the feeding role of fish [33]. Strom et al. [16] demonstrated
that experimental infection with Yersinia ruckeri O1 biotype 2 causes lesions in the nasal
epithelium and nervous system of fish infected via an immersion bath; this shows that
bacterial pathogenesis begins with direct contact of the pathogen and the nasal epithelium
close to the nervous system, causing problems in coordination and abnormal behavior. In
the control group, the presence of congestion in the nasal epithelium was observed in two
small fingerlings, because the hierarchy behavior of trout at feeding or the social status in
the aquarium cause injuries in some subordinated rainbow trout; this induces stress by the
biogenesis of cortisol [34].

The color change in teleost can be caused by multiple factors, stress being one of the
main ones; continuous stress favors an increase in the secretion of the hormone cortisol,
adrenocorticotropic hormone and alpha melanophore-stimulating hormone (Msh), which
increases the number of chromophores and favors the presentation of skin darkening
in stressed fish [35]. In the present study, hyperpigmentation or darkened skin was
observed in fish infected with the species of A. salmonicida (18.8%) (Figure 1a), A. veronii
(15.5%), and A. hydrophila (11.1%). In a study carried out by Aydin and Ciltas [19], the
experimental infection of A. hydrophila in rainbow trout, which presented darkening skin,
anorexia, abnormal movements, as well as other authors, who observed similar signology
(Table 1). However, in the case of A. salmonicida, hyperpigmentation or darkened skin is not
frequently reported as a clinical sign. In the case of A. veronii, it was reported that dying
fish have pale dermis [36].

Other factors that induce skin color change in fish include biotic and abiotic external
factors as nutrition, social interactions, luminosity, and UV incidence; individual genetic
factors, cellular responses, nervous and hormonal responses [35]. Darkening or pale skin
of fish infected with different species of Aeromonas, should not be considered as clinical
signs of the disease.

In clinical case reports of fish infected with Aeromonas spp., it was reported that fish
may present anorexia and abnormal swimming, sometimes described as swimming near
the water surface [37]. Wang et al. [1] reported that fish naturally infected with A. veronii
showed changes in their way of swimming, described as slow movements of diseased
fish. The results of this work, reported that fingerlings infected with A. bestiarum, A. caviae,
A. hydrophila, A. salmonicida, and A. sobria, are the species that cause erratic swimming
(Tables 1 and 2). Histological findings and behavioral changes were identified in fish
infected by A. salmonicida and A. bestiarum, the most pathogenic and virulent species.
Although the presence of basophilic aggregates was not observed in nervous tissue,
the bacterial isolation of the species A. bestiarum, A. veronii, A. media, A. lusitana, A.
popoffii, A. salmonicida, and A. hydrophila was obtained (data not shown). This agrees
with Bartkova et al., [15] who reported the isolation of the kidney, spleen and brain from
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fish infected by immersion, and the distribution of A. salmonicida in dorsal, pectoral, and
caudal area; anal fin, anal opening, gills, oral and nasal mucosa; and in eyes, without the
presence of basophilic aggregates in the tissue.

The absence of bacterial structures in the histological sections of nerve tissue suggests
the participation of virulence factors present in the Aeromonas genus, among them: the
production of lipopolysaccharides (LPS), which favor the differences in virulence between
the different species and the nonspecific inflammatory response due to the differences
between the O-antigen LPS; the S layer that is related to the pathogenicity functions, the
hemolysis that cause the formation of pores in the target cell; and proteases that also favor
bacterial pathogenicity and the promotion of bacterial invasion, through direct damage
due to the activation of proteolytic toxins [6].

5. Conclusions

Based on the identification of histopathological lesions of rainbow trout fingerlings
infected with different Aeromonas species, it was observed that the species with the greatest
capacity to cause the presentation of suppurative rhinitis are A. allosaccharophila, A. lusitana,
A. popoffii and, A. sobria. While the species of A. bestiarum, A. veronii, and A. hydrophila,
possess the ability to generate vascular changes in telencephalon; and the species of A.
media, A. caviae, and A. salmonicida, cause vascular changes in medulla oblongata, in both
cases, these nervous tissues are linked to the behavioral changes and clinical signs identified
in experimentally infected fish. This suggests the pathogenic and virulent ability of the
bacteria to establish itself in the nasal epithelium and affect the nervous system.
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Abstract: Soybean meal has been largely investigated and commercially used in fish nutrition.
However, its inclusion levels have been carefully considered due to the presence of antinutritional
factors, which depending on a series of factors might induce gut inflammation damaging the mucosal
integrity and causing enteritis. Several strategies including genetic engineering have been applied
attempting to reduce or eliminate some of the antinutritional factors. Accordingly, we assessed
the intestinal health of juvenile Atlantic salmon fed high levels of speciality soybean genotypes
with reduced-to-no content amounts of lipoxygenases, altered glycinin profile and reduced levels of
oligosaccharides. No major signs of enteritis, only indication of enteritis progression, was noticed in
the soybean meal-based diets illustrated by mild changes in distal intestine morphology. Whereas
fish, fed fishmeal control feeds, displayed normal distal intestine integrity. Speciality soybean types
did not improve intestinal health of juvenile Atlantic salmon suggesting these antinutrients are
not drivers of the intestinal inflammatory process in this species. No additional benefits in terms
of production performance or blood biochemistry were noticed in the speciality soybean types
compared to the traditional soybean.

Keywords: antinutritional factors; soybean; gut health

1. Introduction

Soybean meal (SBM) has been largely investigated and commercially used in fish
nutrition. Although SBM offers several advantages to the aquafeed industry including
worldwide availability, competitive pricing, consistent nutritional quality, and an accept-
able amino acid profile it also displays some constraints, mainly associated with antin-
utritional factors [1,2]. There is a long list of antinutritional factors including saponins,
lectins, phytic acid, oligosaccharides, isoflavones, and allergens, among others [1]. These
antinutrients are known to impair feed intake, palatability, growth performance, diges-
tive enzymes and in some instances induce gut inflammation damaging the mucosal
integrity and causing enteritis [1,3–8]. The degree of physiological impairments induced
by dietary SBM is linked to the SBM inclusion level, blends of raw materials, duration of
feeding SBM-based feeds, and the species sensitivity to antinutritional factors [3–6,9,10].
Intestinal damage induced by SBM has been reported mostly in distal intestine and liver
tissues across several fish species including Atlantic salmon Salmo salar [3,4,9,10], Totoaba
Totoaba macdonaldi [5,6], Seriola spp Seriola lalandi, Seriola dorsalis [7,11–13], common Carp
Cyprinus carpio [14,15], and Largemouth Bass Micropterus salmoides [8]. Distal intestine
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histology shows changes in the length of the mucosal fold, reduction in the number of
supranuclear vacuoles of the enterocytes and thickness of the lamina propria, among other
pathohistological modifications [3,5,6,10,12,16,17].

Among the fish species, salmon appears to be one of the most sensitive to the antinu-
tritional factors presented in SBM developing a condition known as soybean meal-induced
enteropathy, which exhibits similar changes as those described above [3,4,9,17]. Some salmon
species such as pink salmon Oncorhynchus gorbuscha appears to be more resistant to antin-
utritional factors present in dietary SBM than chinook O. tshawytscha and Atlantic salmon
S. salar [18]. In the early 2000’s, Buttle et al. [19], suggested the binding mechanism of soy-
bean agglutinin (lectin) to Atlantic salmon intestinal epithelium as a primary contributor to
pathological changes in this tissue. Saponins are other top candidates of key antinutritional
factors present in soybean meal. A dose-response study reported increasing inflammatory
process in Atlantic salmon distal intestine with greater dietary soybean saponins [20].

Several strategies have been applied attempting to reduce or eliminate some of the
antinutritional factors in SBM including extrusion, fermentation, pre-processing techniques,
and genetic engineering. For example, extrusion with shorter barrel retention times and
higher temperatures improved utilization of SBM-rich diets (52% SBM) in salmonids [21].
Another commercial strategy is to increase the protein fraction of SBM through concen-
tration (SPC) or isolation (SPI). A relatively small effort has been done in the genetic
space focusing on selecting non-GM SBM for specific genotypes in aquafeeds. Recently,
the removal of trypsin inhibitor, lectin and allergen P34/Gly m Bd 30 k from a soybean
cultivar failed to alleviate inflammatory processes in Atlantic salmon [9]. Collectively,
these studies suggest the challenge in identifying specific antinutritional factors present in
soybean responsible for enteritis induction and highlight the complexity of interactions
with compounds present in other plant ingredients largely used in aquafeed formulations.
As a result, the salmon aquafeed industry has adopted ingredient inclusion limits and
more processed soy protein products such as soy protein concentrate and isolate. How-
ever, from a cost-effective perspective, finding approaches to minimize or eliminate the
soybean-induced enteritis in fish nutrition is worthwhile.

As part of the Australian Soybean improvement program, CSIRO has developed
speciality SBM genotypes with reduced-to-no content amounts of lipoxygenases [22],
altered glycinin profile [23], and reduced levels of oligosaccharides for human consumption.
Accordingly, we assessed the intestinal health of juvenile Atlantic salmon fed high levels of
these speciality SBM genotypes.

2. Materials and Methods

2.1. Formulations and Feed Manufacture

Dietary treatments are presented in Table 1. A fish meal-based diet (45%) was used
as a control treatment, whereas the experimental diets contained 29% of fishmeal and
30% of SBM from three distinct genotypes of similar genetic background and matched
as closely as possible for protein content: standard soybean meal (STD SBM); a soybean
genotype homozygous for the gy4 allele conditioning null 11sA4 and 11sA5 globulins
of Glycinin, homozygous for the l × 1, l × 2 and l × 3 alleles conditioning absence of
seed lipoxygenases and homozygous for the rs2 allele conditioning near absence of seed
raffinose and stachyose (TLP SBM); and a soybean genotype homozygous for the gy4 allele
conditioning null 11sA4 and 11sA5 globulins of Glycinin (11sA4 null SBM).

All macro ingredients were milled to <750 μm, and well mixed with the remaining
dry ingredients, and then extruded through a Baker-Perkins MPV24 twin-screw extruder.
Each feed was manufactured using a 1.5 mm Ø die (~2.5 mm Ø pellets) using standard
CSIRO Extrusion protocols (Table 2). The pellets were dried at 60 ◦C for 12 h, after which
they were vacuum infused with their specific allocation of oil. All feeds were kept in frozen
storage (−20 ◦C) throughout the feeding trial. All uneaten feed was removed from the
collection tank of all treatments 1 h following feeding, and the collected waste feed was
then dried to allow calculation of apparent feed intake and feed conversion ratio.
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Table 1. Dietary formulation and proximate composition.

Ingredients g kg−1 FM
Control

STD
SBM

TLP
SBM

11sA4 Null
SBM

Fishmeal a 450.0 290.0 290.0 290.0
Wheat flour 223.0 110.0 93.0 106.0
Wheat gluten 120.0 89.0 106.0 93.0
Blood meal a 60.0 60.0 60.0 60.0
Fish oil a 70.0 70.0 70.0 70.0
Poultry oil a 70.0 70.0 70.0 70.0
Stay-C 35% b 1.0 1.0 1.0 1.0
Vitamin mineral premix c 6.0 6.0 6.0 6.0
Standard soybean meal (STD SBM) d 0.0 300.0 0.0 0.0
Soybean meal triple lipoxygenase plus (TLP
SBM) d 0.0 0.0 300.0 0.0

Soybean meal 11sA4 null (11sA4 null SBM) d 0.0 0.0 0.0 300.0
Methionine e 0.0 3.0 3.0 3.0
Taurine f 0.0 1.0 1.0 1.0

Proximate composition (g kg−1)

Dry matter 959 960 954 954
Protein 506 492 494 505
Lipid 166 171 179 170
Ash 68 63 62 62
Gross energy (kJ g−1) 23.7 24.2 24.3 24.3

Amino acid (g kg−1)

ASP 39 43 45 43
SER 20 22 23 21
GLU 88 87 93 89
GLY 26 24 26 23
HIS 16 15 15 15
ARG 22 25 25 26
THR 19 19 20 19
ALA 25 24 24 24
PRO 29 28 29 28
CYS 5 5 5 5
TYR 14 19 20 19
VAL 23 23 24 23
MET 11 11 11 10
LYS 26 28 28 28
ILE 17 18 19 18
LEU 38 38 39 38
PHE 22 23 25 23
TAU 3 3 3 3

a Ridley, Aquafeeds, Queensland, Australia. b DSM, Heerlen, Netherlands. c Rabar Pty Ltd., Queensland,
Australia. d CSIRO, Australia. e Redox, Queensland, Australia. f Bulk Nutrients, Tasmania, Australia.

Table 2. Dietary extrusion parameters.

Parameter FM Control STD SBM
TLP
SBM

11sA4 Null SBM

RPM 220 220 220 220
Feed (g min−1) 72 62 59 53
H2O (g min−1) 16 22 20 20

Torque (%) 8 6 6 6
SME (kJ kg−1) 99 69 73 80
Zone 1 (Cone) 120 120 120 120

Zone 2 95 95 95 95
Zone 3 85 85 85 85

Zone 4 (Inlet) 70 70 70 70
Die Diameter (mm) 1.5 1.5 1.5 1.5

RPM = revolutions per minute. SME = specific mechanical energy.
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2.2. Experimental System and Feeding Trial

Sixteen tanks with 300 L at Bribie Island Research Centre (BIRC, Queensland, Aus-
tralia) were used in this experiment with ~3 L/min flow of continuously aerated, recirculat-
ing freshwater at 15 ◦C ± 0.16 (mean ± SEM). Photoperiod was set at 12L:12D. Twenty-five
salmon of 37.3 g ± 0.42 (mean ± SD) were randomly allocated to each tank. Fish were fed
to apparent satiation twice daily for 56 days. This research was approved by the CSIRO
Queensland Animal Ethics Committee—AEC Number: 2018-44.

2.3. Analytical Methods

Chemical analyses were carried out to confirm proximate composition of dietary
treatments, and main ingredients (Tables 1 and 3) [24]. Samples were dried at 105 ◦C for
12 h to determine gravimetrically dry matter and followed by ashing at 550 ◦C for 12 h.
Total nitrogen was measured by combustion (CHNS auto-analyzer, Leco Corp., St. Joseph,
MI, USA) and crude protein was calculated by nitrogen conversion (%N × 6.25). Total
lipid was gravimetrically determined via Folch extraction [25]. Finally, gross energy was
measured via an adiabatic bomb calorimeter (Parr 6200, Par Instrument Company, Moline,
IL, USA).

Table 3. Key ingredients proximate and amino acid composition (g kg−1).

Fishmeal STD SBM
TLP
SBM

11sA4 null SBM

Proximate composition (g kg−1)

Dry matter 911 949 918 926
Protein 719 495 521 462
Lipid 117 119 116 118
Ash 126 54 52 58

Amino acid (g kg−1)

ASP 67.7 46.0 48.5 48.7
SER 29.8 19.6 20.8 21.6
GLU 97.4 69.5 73.4 69.1
GLY 45.2 16.0 16.3 16.7
HIS 16.2 9.1 10.2 9.3

ARG 39.7 24.6 26.0 25.0
THR 30.8 14.3 15.2 16.3
ALA 40.7 16.3 17.5 17.6
PRO 31.6 19.3 20.5 19.7
CYS 6.5 5.5 5.2 5.3
TYR 24.4 11.7 13.9 13.2
VAL 34.4 16.7 17.5 16.7
MET 22.8 2.8 3.0 3.1
LYS 58.9 21.1 23.7 23.4
ILE 29.0 15.8 16.7 17.5
LEU 52.6 27.6 30.4 29.8
PHE 30.1 18.2 18.8 20.4
TAU 7.8 ND ND ND

ND = not detected.

Total amino acid (TAA) quantification was performed by mass detection following
high performance reverse-phase liquid chromatography with pre-column derivatization
with 6-aminoquinolyl-N-hydroxysuccinimidyl (AQC). Analyses were undertaken on a
Shimadzu Nexera X2 series UHPLC (Shimadzu Corporation, Kyoto, Japan), coupled with
a Shimadzu 8030 Mass Spectrometer using a modification of the Waters AccQ-tag system
(Waters Corporation, Milford, MA). Bovine serum albumin (BSA) (ICN), milk powder
(NIST SRM 1549a) and a well characterized aquafeed were used as reference materials.
Samples or reference materials were hydrolyzed using phenolic 6N HCl at 112 ◦C according
to the protocol for complex feed samples outlined by Waters Corp. (1996).
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2.4. Production Parameters

The following production parameters were calculated for the 28 and 56 days of the
feeding trial; feed conversion ratio (FCR), hepatosomatic index (HSI), and condition factor
(K). No differences in production performance parameters were observed among the
dietary treatments throughout the feeding trial.

FCR =
FI

WG
(1)

HSI =
WLiver

WFish
∗ 100 (2)

K = 100 ∗ WFish

LFork
3 (3)

where FCR = feed conversion ratio, FI = apparent feed intake (g), WG = weight gain (g),
HSI = hepatosomatic index, WLiver = wet weight of liver (g), WFish = fish whole weight (g),
K = condition factor, LFork = fish fork length (mm)

2.5. Histology

Upon completion of the feeding trial, three fish per tank were randomly selected and
euthanized via AQIS overdose (~70 ppm). The distal intestine, i.e., last 2 cm section of the
intestine, of each fish was sampled and stored in Davidson’s solution for 24 h, and then
transferred to 70% ethanol until further analysis. For each fish sample, the distal intestine
was divided into three sections and gradually dehydrated in ethanol, clarified in benzene
and embedded in paraffin. As a result, a complete intestinal annular ring from each fish
(nine per treatment) was cut into three sections (n = 36) and mounted onto individual glass
slides for histological assessment.

Transversal sections of 3 μm were cut using a rotary microtome (Leica RM2245),
stained with hematoxylin and eosin (H&E). The slides were blind examined after ran-
domization, using the Zeiss Axiocam light microscope. The pictures were taken using the
camera function on the Zeiss Axiocam microscope and then processed and analyzed using
Zeiss Zen Light (Version 3.1) image analysis software.

To assess the degree of intestinal damage, a semiquantitative scoring system was used.
In this scoring system, three parameters were quantified independently based on [10]:
(1) the appearance and length of mucosal folds (MF); (2) the degree of widening of the
lamina propria (LP); (3) the abundance of goblet cells (GC). For each of these parameters a
score was given on a scale of 1 to 5. An increasing score value represents a greater degree
of intestinal damage.

2.6. Statistical Analysis

All data were analyzed for normality and equality by Levene’s tests, respectively, and
then subjected to one-way ANOVA (analysis of variance, NCSS 12.0). When significant
effects were identified, the post-hoc Tukey’s HSD pairwise comparison test was used to
determine difference among means with a significance level of 0.05.

3. Results

Juvenile Atlantic salmon fed the fishmeal control dietary treatment displayed normal
distal intestine integrity (Figure 1A). There were no major signs of enteritis, only an indica-
tion of enteritis progression was noticed in the SBM-based diets illustrated by mild changes
in distal intestine morphology, including reduced number and length of mucosal folds, en-
largement of the apical zone of mucosal folds, thickening of lamina propria, and changes in
abundance of goblet cells (Figure 1B–D). The removal of lipoxygenases, 11sA4 and A5 glob-
ulins of glycinin, and oligosaccharides from SBM failed to prevent morphological changes
linked to the inflammatory process. Histology scoring demonstrated statistically higher
scores of goblet cells and lamina propria in the SBM treatments than the fishmeal control
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(Table 4). Scoring of mucosal folds was higher in the speciality SBM groups compared to
the control group.

Blood biochemistry was largely unaffected by the dietary treatments. Out of the
sixteen parameters analyzed, only albumin and protein were statistically higher in TLP
SBM than STD SBM (Table 5).

Figure 1. Light microscopic images illustrating morphological changes in the distal intestine associated with inflammatory
process in Atlantic salmon fed different soybean meal types for 56 days ((A)—control fishmeal, (B)—STD SBM—standard
soybean meal, (C)—TLP SBM – triple null soybean meal absent of seed lipoxygenases and homozygous for the rs2 allele
conditioning and near absent of seed raffinose and stachyose, and (D)—11sA4 null SBM—soybean meal conditioning null
11sA4 and 11sA5 globulins of Glycinin).

Survival was high across the dietary treatments (97–100%; Table 6). No differences
in production performance parameters, including CV, final weight, FCR, K, and HSI were
noticed between the fishmeal control group and the SBM-based groups at day 28 and day
of feeding trial.
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Table 4. Semiquantitative scoring system (mean ± SD) of three parameters based on [10]: (1) the
appearance and length of mucosal folds (MF); (2) the degree of widening of the lamina propria (LP);
(3) the abundance of goblet cells (GC). For each of these parameters a score was given on a scale of 1
to 5. An increasing score value represents a greater degree of intestinal damage.

Scoring
FM

Control
STD
SBM

TLP
SBM

11sA4 Null
SBM

p-Value

Goblet cells 1.9 ± 0.3 b 3.2 ± 0.4 a 3.4 ± 0.5 a 3.7 ± 0.5 a <0.001
Lamina
propria 1.8 ± 0.4 b 3.2 ± 0.4 a 3.5 ± 0.5 a 3.6 ± 0.5 a <0.001

Mucosal fold 1.9 ± 0.5 b 2.7 ± 0.7 ab 2.9 ± 0.6 a 3.3 ± 0.7 a 0.001

Table 5. Sixteen blood chemistry parameters of juvenile Atlantic salmon fed a fishmeal control diet
(FM control) and different soybean meal types-based diets (STD SBM—standard soybean meal, C—
TLP SBM—triple null soybean meal absent of seed lipoxygenases and homozygous for the rs2 allele
conditioning and near absent of seed raffinose and stachyose, and D—11sA4 null SBM—soybean
meal conditioning null 11sA4 and 11sA5 globulins of Glycinin) for 56 days.

Blood Chemistry Parameters
FM

Control
STD
SBM

TLP
SBM

11sA4 Null
SBM

p-Value

Albumin (g L−1) 20.3 ± 0.6 ab 20.0 ± 1.0 b 22.3 ± 1.1 a 20.7 ± 0.6 ab 0.044
Alkaline phosphatase (U L−1) 21.3 ± 6.1 18.7 ± 4.7 24.3 ± 2.1 15.7 ± 5.7 0.242

Anion gap (mmol L−1) 59.3 ± 3.5 56.0 1.0 53.0 ± 2.6 58.0 ± 8.7 0.463
AST (U L−1) 301.3 ± 53.6 301.7 ± 28.7 359.5 ± 2.1 315.7 ± 31.5 0.361

Bicarbonate (mmol L−1) 6.3 ± 0.6 5.3 ± 1.1 5.7 ± 0.6 6.7 ± 2.1 0.577
Chloride (mmol L−1) 123.3 ± 8.7 120.3 ± 1.5 125.3 ± 5.1 120.0 ± 1.0 0.561

Cholesterol (mmol L−1) 13.2 ± 2.9 9.8 ± 1.1 12.4 ± 0.9 11.9 ± 1.4 0.236
Creatine kinase (U L−1) 7286 ±1425 7992 ± 1198 7446 ± 1719 8089 ± 1674 0.890

Globulin (g L−1) 18.7 ± 2.1 18.7 ± 1.1 21.0 ± 1.0 20.3 ± 0.6 0.142
Glucose (mmol L−1) 5.2 ± 0.8 4.2 ± 0.3 4.2 ± 0.2 4.0 ± 0.4 0.055

Phosphate (mmol L−1) 3.1 ± 0.3 2.7 ± 0.3 2.6 ± 0.3 2.5 ± 0.3 0.103
Potassium (μm mmol−1) 4.2 ± 0.6 4.1 ±0.6 4.1 ± 0.5 4.0 ± 0.4 0.963

Protein (g L−1) 39.0 ± 2.6 ab 38.7 ± 1.5 b 43.3 ± 1.5 a 41.0 ± 1.0 ab 0.042
Ratio 1.1 ± 0.1 1.1 ± 0.1 1.0 ± 0.1 1.0 ± 0.0 0.344

Sodium (mmol L−1) 184.7 ± 11.6 177.7 ± 0.6 179.7 ± 3.0 180.3 ± 5.1 0.683
Triglyceride (mmol L−1) 2.9 ± 0.4 3.5 ± 0.5 3.1 ± 0.8 3.5 ± 0.3 0.377

Table 6. Production performance at 28 and 56 days of juvenile Atlantic salmon fed a fishmeal
control diet (FM control) and different soybean meal types-based diets (STD SBM—standard soybean
meal, C—TLP SBM—triple null soybean meal absent of seed lipoxygenases and homozygous for
the rs2 allele conditioning and near absent of seed raffinose and stachyose, and D—11sA4 null
SBM—soybean meal conditioning null 11sA4 and 11sA5 globulins of Glycinin).

Production
Performance

FM
Control

STD
SBM

TLP
SBM

11sA4 Null SBM

0 day

Initial weight (g) 37.3 ± 0.0 37.4 ± 0.0 37.3 ± 0.1 37.3 ± 0.0
Initial CV (%) 12.1 ± 0.5 15.7 ± 3.4 11.1 ± 0.8 11.5 ± 0.5

28 days

Survival (%) 99 ± 0.0 97 ± 0.0 99 ± 0.0 100
CV (%) 12.3 ± 1.3 13.0 ± 0.5 12.1 ± 0.7 13.1 ± 0.9

Mid weight (g) 49.6 ± 0.6 52.1 ± 0.7 49.8 ± 0.7 51.4 ± 0.6
FCR 1.0 ± 0.0 1.0 ± 0.0 1.1 ± 0.1 1.0 ± 0.0

K 1.3 ± 0.07 1.4 ± 0.09 1.5 ± 0.09 1.4 ± 0.01
HSI 1.8 ± 0.16 1.7 ± 0.17 1.6 ± 0.19 1.9 ± 0.40

56 days

Survival (%) 98.5 ± 1.5 97.0 ± 1.5 98.5 ± 1.5 100
CV (%) 15.2 ± 1.5 15.5 ± 0.8 14.6 ± 1.0 15.2 ± 0.7

Final weight (g) 59.4 ± 1.5 66.1 ± 1.2 65.1 ± 2.1 64.4 ± 0.7
FCR 1.0 ± 0.0 0.9 ± 0.0 1.0 ± 0.0 0.9 ± 0.0

K 1.5 ± 0.17 1.4 ± 0.02 1.4 ± 0.04 1.3 ± 0.03
HSI 1.6 ± 0.19 1.4 ± 0.11 1.4 ± 0.07 1.6 ± 0.25

* CV = coefficient of variance. FCR = feed conversion ratio. K = condition factor. HSI = hepatosomatic index.
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4. Discussion

Soybean meal-induced enteritis was not observed in juvenile Atlantic salmon, despite
the high dietary SBM inclusion level of 30%. Nevertheless, intestinal health impairment
was characterized by mild changes in distal intestine morphology (i.e., changes in length,
shape, and number of mucosal folds, changes in thickness of lamina propria and changes in
number of goblet cells), indicating enteritis progression. Speciality soybean types lacking
11sA4 and A5 globulins of Glycinin, lipoxygenases and oligosaccharides did not further
reduce the intestinal inflammatory process compared to STD SBM, although inflamma-
tion was mild overall. Similarly, a recent thorough study removing three proteinaceous
antinutrients, namely trypsin inhibitor, lectin and the allergen P34/Gly m Bd 30 k, from
soybean meal did not mitigate enteritis in Atlantic salmon [9]. The authors suggested
extrusion technology inactivated these compounds during feed manufacturing. Although
soybean agglutinin, a type of lectin, has been reported to bind to Atlantic salmon intestinal
epithelium contributing to pathological changes in gut health, the study did not describe
the feed manufacturing procedure [19]. It is unlikely that extrusion technology inacti-
vated the compounds investigated in the present study due to their chemical compositions
and exposure to lower mechanical energy during extrusion conditions compared to those
reported by [9] (specific mechanical energy69–80 vs. 1872–3060 kJ/kg, respectively).

Soybean-induced enteritis in Atlantic salmon has been widely reported. However,
the main drivers of enteritis and their positive and negative interactions with other com-
pounds present in feed formulations remain unclear. A summary of seventeen studies
around soybean-induced enteritis in Atlantic salmon is provided in Tables 7–9. Due to the
complexity of the matter, there is a wide breadth of experimental designs with different
stocking densities, fish size, duration, water temperature, salinity, feeding ration and ex-
perimental systems. For example, most literature is focused on smaller fish ranging from
41–442 g and some on larger fish 500–927 g. Similarly, soybean type and pre-processing
and dietary composition varies throughout the literature. Soybeans are from different parts
of the globe and are under several pre-processing conditions such as dehulled, toasted,
defatted, and solvent-extracted, included at various levels 8–34% in feeds containing crude
protein of 35–47%, total lipids 23–31%, and gross energy 15–24 MJ/kg. Regardless of this
variation in the experimental design, most histology analyses are focused on the distal
intestine describing morphological changes of standardized parameters including mucosal
folds, supranuclear vacuoles, lamina propria, eosinophilic granulocytes, sub-epithelial
mucosa, and connective tissue, and continue to be one of the most reliable tools to detect
this histopathological condition. Other parameters such as reduced feed intake and growth
commonly used as indicators of enteritis are not as reliable with contradicting findings
throughout the literature. Most studies highlight the inflammatory process in the intestine
of Atlantic salmon fed soybean-based feeds leading to enteritis; however, there are excep-
tions where only minor to mild intestinal damage were reported, including the present
findings. Collectively, these studies illustrate the challenge and high complexity in tackling
this issue in fish nutrition. Understandably, the aquafeed industry does not prioritize this
research topic and adopt a more conservative approach of using moderate inclusion levels
of plant ingredients avoiding any potential intestinal health impairments caused by antinu-
tritional factors. It is likely extremely difficult to identify the key antinutritional factors in
the major plant ingredients and their interactions with compounds from other components
of the formulations having the effect. Interestingly, the intestinal health research of fish fed
soybean-based feeds has gone beyond the traditional highly carnivorous species reaching
a wide range of species from different feed, salinity and water temperature preferences,
including for example common carp [14,15], grass carp [26], kingfish [7,12], totoaba [5,6],
and largemouth bass [8].
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This is not the first study where animal growth was not impaired by dietary SBM
displaying equivalent performance as the fishmeal SBM-free feeds. As Krogdahl et al. [27]
has demonstrated, no detrimental growth effects in feeding 20% SBM to juvenile Atlantic
salmon are present; however, more aggressive inclusion levels of 40% reduced growth are
evident as compared to the fishmeal control feeds. Indeed, this pattern has been described
with other fish species, including California yellowtail Seriola dorsalis [7]. Removal of
certain antinutritional factors from SBM also did not affect Atlantic salmon growth response
compared to the standard SBM [9]. Conservative inclusion levels of standard SBM at the
expense of fishmeal appears to be suitable as long as no intestinal health impairment
is noticed.

High levels of dietary SBM resulted in mild intestinal inflammation indicating enteritis
progression. Speciality soybean types lacking lipoxygenases, altered glycinin profile and
oligosaccharides did not improve intestinal health of juvenile Atlantic salmon suggesting
these antinutrients are not drivers of the intestinal inflammatory process in this species. No
additional benefits in terms of production performance or blood biochemistry were noticed
in the speciality soybean types compared to the traditional soybean. The present findings
contribute to and summarize the growing literature in the antinutrient space, providing
more insights to future research.
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Histopathology as a Biomarker for

Discriminating Seasonal Variations in

Water Quality. Appl. Sci. 2021, 11,

9504. https://doi.org/10.3390/

app11209504

Academic Editors: Panagiotis Berillis

and Božidar Rašković
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Featured Application: The study highlights the utility of using histopathological alterations in

gills of an indigenous fish species (common bream) in differentiating seasonal variations in water

quality. The methodology displayed in this study can be used to obtain more compelling and

comprehensive environmental monitoring programs.

Abstract: Histopathological alterations in various fish organs have a pronounced value in aquatic
toxicology and are widely used in environmental monitoring. The aim of this study was to evaluate
whether histopathological alterations in fish gills can discriminate seasonal variations in environ-
mental conditions within the same aquatic ecosystem, and if so, which alterations contributed the
most to seasonal differentiation. Microscopic examination of common bream Abramis brama gills
displayed various alterations in gill structure, including epithelial hypertrophy, hyperplasia, mucous
and chloride cell alterations, epithelial lifting, necrosis, hyperemia and aneurism. These alterations
were subsequently quantified by a semi-quantitative analysis in order to detect differences in the
intensity of the mentioned alterations. Epithelial hypertrophy, hyperplasia, epithelial lifting and
necrosis varied significantly between seasons with only necrosis being significantly higher in the first
season. Discriminant canonical analysis displayed that epithelial hyperplasia, mucous cell alterations,
epithelial lifting and necrosis contributed the most to discrimination between seasons. Overall, this
study demonstrates that histopathological biomarkers in fish gills can be used in discriminating
seasonal variations in water quality within the same aquatic ecosystem.

Keywords: environmental monitoring; histopathological biomarkers; histopathological alterations;
fish gills

1. Introduction

Increased anthropogenic activity in terms of rising industrial, mining and agricultural
activity over the last few decades has caused increased water pollution. The most common
methods for monitoring water quality in aquatic ecosystems are measurements of pollutant
concentrations in water and sediment [1]. Since these methods are not cost-efficient and
they do not provide information on biological reactions of aquatic organisms, a vast array of
biomarkers has been developed in order to qualitatively and quantitatively assess biological
reactions of aquatic organisms to water pollution [2].

Histopathological alterations in various fish organs have a pronounced value in
aquatic toxicology [3] and are widely used in the monitoring of aquatic pollution [4–6].
Among them, gills are particularly useful in environmental monitoring given that they
have a large surface area, thin epithelium, are in direct contact with water and are generally
considered to be among most affected organs by waterborne compounds [7,8]. So far,
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many studies have assessed gill structural changes in response to waterborne pollutants
and environmental pollution, and have recognized them as valuable biomarkers of water
pollution [3,5,9–11].

Histopathological alterations are determined as reliable biomarkers in differentiating
levels of pollution between different aquatic ecosystems [4,5,12,13]. However, there are
very few studies which account for seasonal differences in gill reactions and which analyze
the differences in gill reaction to seasonal variations in water quality. The aim of the present
study was to evaluate whether histopathological alterations in bream gills can discriminate
seasonal variations in water quality within the same aquatic ecosystem. The present study
was a part of a much larger monitoring study conducted on the Tamiš River; therefore,
it did not aim to make a strong correlation between specific water quality parameters or
specific pollutants and gill alterations, but rather to assess whether gill histopathological
analysis can be utilized for the monitoring of seasonal differences in water quality. As
a study organism we used freshwater bream, Abramis brama, an indigenous freshwater
fish species which is commonly found in the Danube River basin [14]. Key features that
make this species a good bioindicator are its bottom-dwelling nature, as it is exposed
to pollution from both water and sediment during feeding on benthic animals [14], as
well as its stationary nature, as it exhibits high site fidelity [15,16], and thus alterations
observed would most likely be a depiction of local environmental conditions. Therefore,
an additional aim was to evaluate if freshwater bream could be a good study organism
for pollution monitoring. In achieving the mentioned aims, we can further expand our
knowledge on biological responses of aquatic organisms to variations in environmental
conditions and can apply this knowledge to environmental monitoring.

2. Materials and Methods

2.1. Sampling Site and Water Quality Data

The Tamiš River is located in the eastern part of the Vojvodina province, Republic of
Serbia. It is the longest river in the Banat region and its basin covers a total of 10,352 km2

(Figure 1). Anthropogenic activity has had a significant impact on the hydrologic regime
and water as well as sediment quality of the Tamiš River [17]. The main sources of pollution
are irrigation channels which are not maintained properly, fish and livestock farms, sewage
effluents and effluents from the mineral industry of the city of Sečanj. Water quality data
were obtained from the Hydrological Yearbook of Republic of Serbia [18] and through
personal communication with Republic Hydrometeorological Service of Serbia (RHSS) for
2010. We used water quality parameters for the Jaša Tomić water sampling site (located
around 10 km upstream from the Sečanj fish sampling site and around 15 km upstream
from the Banatski Despotovac fish sampling site; Figure 1).

2.2. Sample Collection and Processing

A total of 33 freshwater bream, Abramis brama, individuals (total length: 31.4 ± 0.7 cm;
weight: 333.8 ± 24.7 g) were caught along the Tamiš River at the Banatski Despotovac
(45◦16′58.6′′ N, 20◦37′51.7′′ E) and Sečanj (45◦21′28.6′′ N, 20◦46′22.2′′ E) sites (Figure 1).
They were caught during October (hereafter: season 1) and April of the next year (hereafter:
season 2) with gill nets of various mesh sizes and standard electrofishing devices. Fish
were sacrificed with a quick blow to the head and the mid-part of the second gill arch from
the left side of each individual was sampled and fixed in 10% formalin. Samples were later
decalcified, dehydrated in graded ethanol series, cleared in xylene and embedded into
paraffin blocks [19]. Five-micron-thick sections were cut, and three sections were placed
on glass slides and stained with the standard hematoxylin and eosin (H&E) staining tech-
nique. Sections were examined by a Primostar light microscope (Carl Zeiss, Heidenheim,
Germany) and photographed by an AxioCam MRc 5 digital camera (Carl Zeiss).
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2.3. Histopathological Analysis

Ten randomly selected gill filaments per individual were first subjected to qualita-
tive evaluation and thereafter to semi-quantitative analysis. Semi-quantitative analysis
included calculation of alteration indices for the most pronounced alterations. The eight
most pronounced alterations chosen for this analysis were epithelial hypertrophy, epithe-
lial hyperplasia, mucous cell alterations (including both hypertrophy and hyperplasia),
chloride cell alterations (also including both hypertrophy and hyperplasia), epithelial
lifting, necrosis, hyperemia and aneurism. Alteration indices were calculated according to
Bernath et al. [20]. Briefly, the importance factor for each alteration presents the pathologi-
cal relevance (how the alteration affects the organ function) of the given alteration, and
it ranges from 1 (minimal importance—the alteration is reversible when exposure to the
irritant stops) to 3 (marked importance—the alteration is irreversible). To each alteration a
score value ranging from 0 to 6 was assigned. Namely, a score value was assigned for each
of the 10 filaments analyzed based on the extent of that particular alteration—0 meaning
that the change was not detected; 6 indicating that the alteration was present throughout
the whole filament. Thereafter, a score value for an individual fish was calculated as a
mean of score values assigned to the 10 filaments. An alteration index (AI) was calculated
by multiplying the importance factor and score value for the given alteration according
to the formula AI = IF × SV, where IF is the importance factor (0–3) and SV is the score
value (0–6). Additionally, reaction patter indices (IRP) were calculated by summing all
alteration indices for the given pattern according to the formula IRP = ∑

RP
AI, where AI are

alteration indices of alterations belonging to that particular reaction pattern. A gill index
was calculated by summing all eight alteration indices (IG = ∑

G
AI).

Figure 1. Map of the Vojvodina province (Republic of Serbia) and Tamiš River. a—Jaša Tomić water
quality sampling station; 1—Sečanj sampling site; and 2—Banatski Despotovac sampling site. Cited
and modified from Lujić et al. [10] with permission from the publisher.

2.4. Statistical Analysis

All measurements were expressed as mean ± S.E. Normality of variance was checked
using the Shapiro–Wilks normality test. One-way analysis of variance (ANOVA), followed
by Tukey’s HSD post hoc test was used to determine whether differences in alteration
indices between sites and seasons were significant (p < 0.05). Discriminant canonical
analysis (DCA) was conducted to determine the contribution of each histopathological
alteration to seasonal differentiation. Given that the water quality was assessed only at
the Jaša Tomić water quality sampling site, and not at every fish sampling site separately,
both the B. Despotovac and Sečanj sites from season 2, alongside the Sečanj site from
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season 1, were submitted as grouping factors in order to test the possible influence of
sites on variation in histological alterations. All statistical analyses were conducted in
STATISTICA v12.0 software (Statsoft Inc., Tulsa, OK, USA).

3. Results and Discussion

3.1. Water Quality

Water quality analysis displayed certain differences in several parameters between
seasons (Table 1). Seasonal differences were mainly encompassed by levels of electrocon-
ductivity, ammonia, chlorides, Cu, Fe and Pb. According to WHO guidelines [21], only the
levels of Fe from the Tamiš River were above the guideline limit in both seasons, while
Pb values were just below the limit during season one. On the other hand, according
to maximum admissible values proposed by Svobodova et al. [22], levels of Fe, Cu and
chlorine from the Tamiš River were elevated in both seasons and could potentially cause
tissue damage in cyprinid fish. Chemical analysis of water can provide valuable data for
interpretation of observed histopathological alterations by pointing out possible pollutants
which could induce observed alterations [10].

Table 1. Water quality parameters for the Jaša Tomić site in different seasons [18].

Parameter Season 1 Season 2 WHO [21]

Water temperature (◦C) 8.2 14.8 -
Water transparency (mm) 150 - -
Suspended matters (mg/L) 39 35 -
Dissolved oxygen (mL/L) 10.4 9.5 -
Alkalinity (mmol/L) 1.7 1.6 -
pH 7.6 7.5 -
Electroconductivity (μS/cm) 235 579 -
Ammonia (mg/L) 0.2 0.05 No guidelines
Nitrates (mg/L) 0.77 0.56 -
Nitrites (mg/L) 0.01 0.013 -
Orthophosphates (mg/L) 0.028 0.032 -
Chlorides (mg/L) 12 7.3 No guidelines
Sulphates (mg/L) 23 25 -
Fe (mg/L) 1.24 1.78 1
Mn (mg/L) 0.07 0.05 0.5
Zn (mg/L) 0.04 0.04 5
Cu (mg/L) 0.02 0.007 2
Total Cr (mg/L) 0.002 0.002 0.05
Pb (mg/L) 0.009 <0.001 0.01
Cd (μg/L) 0.2 0.2 3
Hg (μg/L) 0.1 <0.1 1
Ni (mg/L) 0.006 0.004 0.02
As (mg/L) 0.001 <0.001 0.01

3.2. Histopathological Observations

Microscopic examination of bream gills demonstrated alterations in the gill structure
(Figure 2). Epithelial hyperplasia (Figure 2A), hypertrophy (Figure 2B), epithelial lifting
(Figure 2C) and necrosis (Figure 2D) were the most pronounced alterations detected in the
present study. In some instances, hemorrhage (Figure 2A) or lymphocyte infiltration indica-
tive of mild inflammation were also observed (Figure 2B). These alterations are commonly
observed in histopathological studies. Mallatt [8] has hypothesized that epithelial hyper-
trophy and necrosis are more frequently the result of heavy metal exposure, which could
be correlated with the higher Fe and Cu concentrations observed in the water of the Tamiš
River. However, ascribing the cause of certain gill histopathological alterations to specific
environmental conditions or pollutants is not possible, as gills mostly react in a generalized
way; therefore, many different factors can cause the same structural alterations [8,23,24].
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Furthermore, even though parasitic examination was not in the scope of the study, a very
small number of Trichodina sp. were found in a few fish from both seasons.

 

Figure 2. Histopathological alterations observed in gills of Abramis brama during the two investigated
seasons in the Tamiš River. (A) Hyperplasia of epithelium leading to fusions of lamellae (star) and
the focal rupture of secondary lamellae leading to hemorrhage (arrow). (B) Epithelial hypertrophy
(arrows) as well as leukocyte infiltration indicative of inflammation. (C) Epithelial lifting (arrows).
(D) Rupture of the primary and secondary epithelium and necrosis (arrows). H&E. Scale bars:
A = 50 μm; B, C and D = 20 μm.

Structural alterations mainly arise from two principal reasons: either as a defense
mechanism, or as a result of direct damage cause by environmental factors/xenobiotics.
Epithelial hyperplasia, hypertrophy and lifting are considered to be defense mechanisms
of gills as the former decreases the respiratory surface, while the latter two increase the
diffusion distance, thus hindering xenobiotic uptake [7,8]. These alterations are reversible,
meaning that the gill tissue is expected to recover once exposure to irritants ends [20]. On
the other hand, alterations such as necrosis, aneurism or hemorrhage are considered to be
a result of xenobiotic action, and are generally considered to be irreversible. Furthermore,
many parasites can also induce histopathological alterations such as hyperplasia, telangiec-
tasia, inflammation or even necrosis [25,26]. Therefore, conducting parasitic investigations
prior to histopathological investigation is imperative for successfully delineating possible
effects of the environment vs. the effects of parasites. Additionally, special attention needs
to be given to possible artifacts and misdiagnosis, as certain alterations, such as epithelial
lifting, can be the result of handling artifacts and can therefore be misinterpreted as a
lesion [27].

3.3. Seasonal Variation in Histopathological Alterations

Epithelial hypertrophy, hyperplasia, lifting and necrosis varied significantly between
seasons (Table 2). Necrosis was significantly higher in season one, while other three
alterations were higher in season two. Gill indices and reaction pattern indices on the other
hand did not display seasonal variability (Figure 3A). Discriminant canonical analysis
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provided two canonical functions to explain differentiation between seasons (Table 3).
Differentiation between seasons was mainly contributed by epithelial hyperplasia, mucous
cell alterations, epithelial lifting and necrosis. The first canonical function explained
most of the variance (75.6%) and was contributed by epithelial hyperplasia, mucous cell
alterations, epithelial lifting and necrosis, while the second canonical function accounted
for only 24.4% of variance and was mostly associated with epithelial hypertrophy. An
obvious separation of samples from season one was observed along the first canonical
function (p < 0.01) (Figure 3B), while there was no significant separation of centroids along
the second canonical function (p = 0.19). Considering no alterations showed significant
differences between B. Despotovac and Sečanj (season 2) sites and there was a slight, but
not significant separation of these two sites along the second canonical function, it can be
concluded that the influence of sites on variation in gill alterations was relatively negligible.

Table 2. Histopathological alterations and alteration indices for gills of fish sampled in the Tamiš River in different seasons.

Alteration (Pathological Relevance)
Season (Site) All Effects ANOVA

Season 1 Season 2 F d.f. p

Sečanj (N = 5) B. Despotovac (N = 8) Sečanj (N = 20)

Epithelial hypertrophy (1) 1.28 ± 0.20 a 1.52 ± 0.20 a,b 2.30 ± 0.20 b 5.08 2 0.01
Epithelial hyperplasia (2) 0.48 ± 0.23 a 3.40 ± 0.64 b 3.01 ± 0.35 b 6.54 2 <0.01
Mucous cell alterations (2) 2.00 ± 1.56 a 1.34 ± 0.65 a 1.05 ± 0.33 a 0.48 2 0.62
Chloride cell alterations (2) 0.00 ± 0.00 a 0.05 ± 0.05 a 0.03 ± 0.02 a 0.37 2 0.70

Epithelial lifting (1) 0.92 ± 0.21 a 2.02 ± 0.54 a,b 2.65 ± 0.31 b 3.47 2 0.04
Necrosis (3) 3.84 ± 1.05 a 0.09 ± 0.09 b 1.47 ± 0.61 a,b 3.99 2 0.03

Hyperemia (1) 1.88 ± 0.38 a 1.57 ± 0.31 a 2.40 ± 0.31 a 1.41 2 0.26
Aneurism (1) 0.00 ± 0.00 a 0.17 ± 0.09 a 0.11 ± 0.03 a 1.51 2 0.24

Importance factors are indicated in parenthesis. Within rows, for a given parameter, different letters in the superscript indicate significant
statistical difference (i.e., the presence of the same letter in two columns within the same row indicates no significant differences, while
different letters in two columns within the same row indicate a significant difference of p < 0.05).

Figure 3. Semi-quantitative and statistical analyses of gill alterations in fish sampled in the Tamiš River. (A) Gill indices and
reaction pattern (progressive, regressive and circulatory) indices for gills sampled in different seasons. (B) Scatterplot of
canonical scores for histopathological alterations of fish captured in different seasons. Arrows indicate centroids.

Epithelial lifting, hyperplasia and necrosis were alterations that displayed the most
significant seasonal variation in several studies [6,11,28]. When analyzing seasonal varia-
tion in common bream, Kostić et al. [6] and Kostić-Vuković et al. [11] also did not report any
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significant differences in gill or reaction pattern indices, while Barišić et al. [28], analyzing
Vardar chub, and Santos et al. [23], analyzing barbell Luciobarbus bocagei and Douro nase
Pseudochondrostoma duriense, observed seasonal differences in progressive, regressive and
circulatory reaction patterns. This can point to the differences in species sensitivity to
the changing environment. It is important to note that dominant alterations observed in
season 1 were irreversible, while dominant alterations observed in season 2 were mostly
reversible, indicating defensive mechanisms of the tissue, especially since Fe values were
higher in season 2.

Table 3. Discriminant canonical analysis (DCA) for gill histopathological alterations in fish captured
in Tamiš River during different seasons.

Alterations Canonical Function 1 Canonical Function 2

Epithelial hypertrophy −0.086 0.861
Epithelial hyperplasia −0.861 −0.427
Mucous cell alterations 0.568 −0.154
Chloride cell alterations −0.021 −0.184

Epithelial lifting −0.557 0.262
Necrosis 0.547 0.349

Hyperemia −0.017 0.255
Aneurism −0.026 −0.023

Eigenvalue 1.407 0.455
Cum. prop. 0.756 1.000
Canonical R 0.765 0.559

Wilks’ lambda 0.256 0.687
d.f. 16 7
p 0.007 0.192

Importance factors are indicated in parenthesis. Within rows, for a given parameter,
different letters in the superscript indicate significant statistical difference (i.e., the presence
of the same letter in two columns within the same row indicates no significant differences,
while different letters in two columns within the same row indicate a significant difference
of p < 0.05).

The time of sampling during season 1 was in October, when fish are preparing for
the winter hibernation (they usually swim to the riverbed and retain a lower level of
metabolism until spring). However, in season 2 (April), fish gills displayed different
alterations, among them epithelial lifting and hyperplasia, which are considered to be
defensive mechanisms. We postulate that alterations with high pathological importance
had occurred before the winter hibernation, with fish having been exposed to pollutants
during the whole year, but that they recovered during winter hibernation and after it (in
spring when fish are very active, and during spawning season) they are ready to better
cope with waterborne pollutants and react in a defensive manner. A similar pattern of
more severe gill alterations occurring during autumn compared to the spring was observed
in another study on common bream [11], but also in roach [24] and Vardar chub [28].
Moreover, studies regarding metal accumulation in fish tissues corroborate this claim,
since fish accumulate most of the metals during summer and the least amounts during
winter and spring [11,29–31]. These differences in accumulation rate are most likely due
to temperature differences, since in summer fish have a higher metabolic rate, hence
accumulating most of the metals. Since accumulation levels are low during winter due to
their low metabolic rate, this enables the tissue to recover, and at spring they are in a better
position to handle pollution pressure.

Many studies report that different pollutants may cause similar gill alterations, sug-
gesting that gills react non-specifically and that gill alterations present a reflection of a
generalized stress response [8,23,24]. However, the use of quantitative or semi-quantitative
analysis has great advantage over simple qualitative/descriptive analysis as it can quantify
the intensity of the given alterations, and therefore be more informative. Quantification
can enable comparison of alteration intensity between localities and/or seasons, and there-
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fore indirectly indicate differences in water quality. This indirect assessment of water
quality/pollution is very important as not all xenobiotics (such as heavy metals, PAHs,
cyanotoxins, estrogen modulators and other) can be quantified during monitoring studies.
Therefore, having biomarkers which can effectively discriminate between water qual-
ity/pollution between different sites or between seasons on the same site is imperative.
Additionally, in this study we have focused on the histopathology of the gills; however,
future studies should also include other biomarkers, such as oxidative stress, immunologi-
cal, biotransformation or reproductive parameters for a more holistic approach. Special
attention should be given to parasitic investigations prior to conducting histopathological
analysis as many parasites can also induce histopathological alterations, but also to good
laboratory and sampling practices as some common histopathological alterations could be
the result of artefacts, and therefore can be misdiagnosed.

4. Conclusions

The present study demonstrates that histopathological biomarkers of bream gill alter-
ations can be used in discriminating seasonal variations in water quality within the same
aquatic ecosystem and its effects on organisms that live in it. These results contribute to the
knowledge of biological responses to variations in environmental conditions and implicate
the importance of histopathological biomarkers in environmental monitoring. On the other
hand, it is proved that bream could be used in further environmental pollution studies.
Given the value of these biomarkers, we further suggest that they should be included as
standard methods in environmental monitoring, alongside chemical and physical analysis.
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fish related parameters to assess the status of water bodies. Slov. Vet. Res. 2015, 52, 5–13.
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u jugoslovenskom delu toka reke Tamiš. [Indicators and causes of decrease in water quality in the Yugoslavian part of the river
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Abstract: Despite several reports on the endocrine-disrupting ability of atrazine in amphibian models,
few studies have investigated atrazine toxicity in the heart and cerebellum. This study investigated
the effect of atrazine on the unique Ca2+ channel-dependent receptor (Inositol 1,4,5-trisphosphate;
IP3R) in the heart and the cerebellum of adult male Xenopus laevis and documented the associated
histomorphology changes implicated in cardiac and cerebellar function. Sixty adult male African
clawed frogs (Xenopus laevis) were exposed to atrazine (0 μg/L (control), 0.01 μg/L, 200 μg/L,
and 500 μg/L) for 90 days. Thereafter, heart and cerebellar sections were processed with routine
histological stains (heart) or Cresyl violet (brain), and IP3R histochemical localization was carried out
on both organs. The histomorphology measurements revealed a significant decrease in the mean
percentage area fraction of atrial (0.01 μg/L and 200 μg/L) and ventricular myocytes (200 μg/L)
with an increased area fraction of interstitial space, while a significant decrease in Purkinje cells
was observed in all atrazine groups (p < 0.008, 0.001, and 0.0001). Cardiac IP3R was successfully
localized, and its mean expression was significantly increased (atrium) or decreased (cerebellum) in
all atrazine-exposed groups, suggesting that atrazine may adversely impair cerebellar plasticity and
optimal functioning of the heart due to possible disturbances of calcium release, and may also induce
several associated cardiac and neural pathophysiologies in all atrazine concentrations, especially at
500 μg/L.

Keywords: atrazine; Purkinje; cerebellum; myocytes; toxicology; IP3Rs

1. Introduction

Atrazine is designed specifically to impair the physiology of weeds [1]; however, the
physical and chemical properties of atrazine, such as its half-life, slow degradation [2],
and solubility in different mediums, contribute to its persistence in the environment and,
consequently, its contamination of ground, surface, and drinking water [3–5]. This suggests
a constant presence of atrazine and its degradation products in the environment and,
therefore, in drinking water and aquatic and terrestrial environments [3], with inevitable
pathological consequences.

The effects of atrazine exposure have been widely reported such as impaired devel-
opment in fish [6] and perturbed immunology and growth in Xenopus laevis [7,8]. How-
ever, most information on atrazine-induced effects in adult animal models have focused
mostly on its endocrine-disrupting abilities, particularly in Xenopus laevis gonadal mor-
phology [9–11]. Furthermore, atrazine and its metabolites can bio-accumulate in aquatic
microbiota with adverse aquatic ecosystem implications [12] and can induce several organ
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toxicities in non-target organisms. In organs such as the cerebellum, mostly physiological
and biochemical effects of atrazine have been reported relative to perturbations of cere-
bellar pathophysiology and cerebral oxidative stress in quails and rats [13–15], as well as
behavioral and neurotransmitter deficits in mice [16]. However, complementary reports
on structural toxicity (histopathology) is lacking in the cerebellum, while atrazine cardiac
toxicity in frogs has only been previously reported by us [17]. Furthermore, atrazine is
widely known for its ability to disrupt estrogen and androgen receptors [18], but little is
known about atrazine-induced effects on the histopathology of voltage-gated receptors
(IP3Rs) in the heart (peripheral) and cerebellum (central) and the differential effects in both
organs relative to their crucial functions.

The frog heart and brain contain an abundance of excitable cells with voltage-gated
channels on their membranes. Sodium, potassium, and calcium are physiologically im-
portant ions, and their homeostatic concentrations in human serum levels and frog heart
tissue are vital for normal neuronal and cardiac function [19,20]. In cardiomyocytes, each
calcium ion released is accompanied by sodium transportation via sodium–potassium
pumps [21,22]. Additionally, calcium release is directly required for the initiation of cardiac
excitation–contraction coupling and the activation of neuronal dendritic development,
neuronal survival, and synaptic plasticity [23,24]. Furthermore, cardiac cells and cerebellar
neurons depend on IP3Rs for modulating calcium levels in response to external stim-
uli [25,26]. Physiologically, myocytes and neurons are dependent on the efflux of calcium
into the cytosol for excitation–contraction coupling and modulation of synaptic transmis-
sion, respectively, particularly cerebellar Purkinje cells, where IP3Rs are predominantly
expressed [27]. Pathologically, the IP3Rs levels and genes in the heart and cerebellum have
been associated with hypertrophy and spinocerebellar ataxia, respectively [28,29]. How-
ever, histopathological evidence of atrazine IP3R toxicity in the Xenopus frog cerebellum
and heart is lacking.

Hence, this study is directed at investigating the possible adverse impact of atrazine
on the IP3Rs and its expression in the heart (peripherally located) and cerebellum (centrally
located) of the adult Xenopus frog at different concentrations of environmentally relevant
levels of 0.01 μg/L, 200 μg/L [7,30], and 500 μg/L, which has been reported in ambient
surface water of sugarcane growing areas [31]. Since IP3Rs play critical roles in cardiac
and cerebellar functions in frog species, the possible toxicity of atrazine on IP3Rs and its
expression in the heart and cerebellum of adult Xenopus frogs will provide invaluable
additional information on the atrazine pathophysiology of these organs.

2. Materials and Methods

2.1. Animal Husbandry

Forty-eight (48) male African Xenopus laevis between 9 and 10 months of age were
purchased from local breeders (Knysner, Cape Town, South Africa) and used in the study.
Six frogs per group were housed in metal cisterns (225 × 24 × 21 cm) containing 60 L of
water at the University of Witwatersrand and allowed to acclimate to their environment for
2 weeks with a 12 h light and 12 h dark cycle before the experiment began. A variable room
heating system was used to maintain the water temperature at 22 ± 2 ◦C and the water was
recycled (100%) thrice weekly to achieve an adequate hygienic environment. The animals
were permitted unlimited access to nutritious commercial fish pellets (Koi food; Daro
Pet Products, Johannesburg, South Africa), which were augmented with beef liver pieces
weekly. Ethical approval for this work was obtained from Gauteng Province Nature Con-
servation (CPF6 0115 (2015) and CPF6 0120, 2016) and the University of the Witwatersrand
Animals Ethics Research Committee (2014/32/D), and the experiment was conducted in
line with the approved standard procedures.

2.2. Treatment

The treatment procedure has previously been reported elsewhere [17]. Atrazine pow-
der (99.5%; Accu Standard Incorporated, New Haven, CT, USA) was used to prepare
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30 mg/L of standard solution in distilled water and then diluted to make 60 L of atrazine
according to the varying experimental concentrations in four different 200 L metal cis-
terns/aquariums. The animals (male frogs of post-anuran metamorphosis age) were then
exposed to 0 (control), 0. 01 μg/L, 200 μg/L, and 500 μg/L of atrazine solution for 90 days.
Since the Xenopus frog has a semi-permeable skin, the exposure of Xenopus laevis frogs
to atrazine (90 days) in tanks accurately simulates environmental exposure to atrazine
in ponds and ground water. The atrazine exposure treatments were duplicated between
July–September 2015 and February–April 2016.

To guarantee a consistent atrazine exposure level throughout the experiment, a
solid phase micro-extraction (SPME) coupled to gas chromatography-mass spectrome-
try (GC-MS, GC 6890, MS 5975, Agilent Technologies, CA, USA) was utilized in the weekly
measurement of atrazine levels in the reservoirs. Therefore, 50 mL of water was collected
(before and after each water recycle) from each reservoir and passed through a 200 mg
Bond Elut Plexa (Chemetrix, Johannesburg) solid-phase extraction cartridge. The results
indicated an absence of atrazine in the control, but in the treated groups, the atrazine
concentrations (% of atrazine above or below the desired concentration) were within the
range of ±6% in the 0.01 μg/L group, ±3.1% in the 200 μg/L group, and ±1.6% in the
500 μg/L group, showing insignificant changes in atrazine levels in the respective treatment
reservoirs.

At the end of the treatment period, the animals were sacrificed after deep anesthesia
(0.2 benzocaine) in bell jar. Whole brains and hearts were harvested from the animals and
fixed in 4% paraformaldehyde. Whole fixed hearts were randomly selected, processed,
and embedded in paraffin; thereafter, longitudinal 5 μm sections were cut onto silane-
coated slides. The brains were processed overnight in 30% sucrose, mounted onto a frozen
cryostat with optimum cutting compound (OCT), and then coronal sections were made at
50 microns into 0. 1 M phosphate buffer (PB) at pH 7.4 in 24-well plates. Starting from the
caudal part of the optic lobe and cranial to the choroid plexus and fourth ventricle, five
brain sections were collected per animal per group.

2.3. Routine Histological Saining of Cardiac and Cerebellar Sections

Brain sections were mounted on gelatin-coated slides and then placed in defatting
solution (50% chloroform and 50% alcohol) overnight. Thereafter, the sections were stained
with Cresyl violet for the analysis of cerebellar cytoarchitecture. The heart sections were
routinely stained using the H&E protocol.

2.4. IP3R Immunohistochemistry

Cardiac sections were processed using the immunohistochemistry protocol for paraffin
sections. Antigen retrieval was performed in citrate buffer (pH 6), washed in phosphate-
buffered saline (PBS), blocked in 1% hydrogen peroxide (in methanol), and rinsed in
phosphate-buffered saline (PBS). Normal goat serum (5% in PBS) was used for incubation at
room temperature, after which sections were incubated at 4 ◦C in primary antibody (rabbit
polyclonal antibody raised against rat IP3R; Abcam, Invitrogen, CA, USA, AB5804), diluted
at a ratio of 1:500 overnight. Sections were further rinsed and incubated in secondary
antibody (goat anti-rabbit antibody IgGs) at room temperature, diluted at a ratio of 1:1000,
rinsed and incubated in ABC, and then rinsed again and incubated in DAB working
solution. The sections were further counterstained in hematoxylin, and then dehydrated,
cleared, and cover slipped. A similar protocol was adopted to immunolocalize IP3R in brain
sections using free floating immunohistochemistry for brain sections [25] with incubation
of primary antibody at 4 ◦C for 48 h with 0.1 M phosphate buffer as a diluent for all
solutions. The immunolocalized sections were viewed with a light microscope. Negative
control sections were incubated with PBS instead of the primary antibody.
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2.5. Quantitative Analysis

High-resolution microscopic images (×40 and ×100) of H&E- and Cresyl violet-
stained cardiac and cerebellar sections, in addition to IP3R immunolabeled cardiac and
cerebellar sections, were digitally captured using a Leica ICC50 HD video camera linked to
a Leica DM 500 microscope (Leica Biosystems, Pacheco, CA, USA). A total of 20 camera
fields were analyzed per group. In each photomicrograph of H&E-stained sections, the
total percentage area fraction (Af) occupied by myocytes (Afm) and interstitial spaces (Afi)
was determined using the grid method and the cell counter plugin of ImageJ. Afm and Afi
were calculated using the following equation:

Afm or Afi = (App × ∑p)/(A slide) × 100 (1)

where App = area per point, ∑p = sum of points, and A slide = set scale area.
Counts (density) of granule and Purkinje cells in the Cresyl violet-stained sections

and counts of IP3R expression in the cardiac and cerebellum immunolabeled sections
were carried out using the cell counter plugin of ImageJ. Furthermore, myocytes were
semiquantitatively scored for thin or wavy fibers; accordingly, 0 was assigned for no
observations of thin or wavy fibers, 1 for small areas of wavy fibers, 2 for multiple areas of
wavy fibers, and 3 for large areas of wavy fibers.

2.6. Statistical Analysis

The cardiac histomorphology, cerebellar cell density, and total number of cells that
expressed IP3R in the heart and cerebellum were recorded as the mean ± SEM. IBM SPSS
version 27 was used for analyzing the data and Microsoft Excel was used for plotting
graphs. The data were tested for normality using the Shapiro–Wilks’s test, and parametric
data were analyzed by one-way ANOVA tests, while a post-hoc Bonferroni’s test was
conducted to determine the difference between the groups. Results with p < 0.05 were
regarded as significant.

3. Results

3.1. Gross Morphology of the Hearts and Weight of the Brains

The morphological examinations of adult frog hearts showed a normal heart shape and
configuration, a normal size of the cardiac muscle, and a firm lumen for the control group.
The heart lumen in the 200 μg/L group was enlarged (largest among the treated groups),
followed by the 0.01 μg/L group, and both groups presented serrated fibers extending from
the thin ventricular wall compared to the control (Figure 1). The hearts in the 500 μg/L
group appeared slightly larger than those of the 0.01 μg/L, but with an apparent smaller
lumen and thicker ventricle wall compared to the control. The weight of the hearts has been
previously reported [17] to be significantly increased in the 200 μg/L group compared to
the control and other atrazine exposed groups (Figure 1B). The brain weight was reduced
in all concentrations of atrazine exposure, with the lowest decrease in the 0.01 μg/L group.
However, no significant difference was observed between groups (Figure 1C).

3.2. Cardiac Myocyte Histomorphology

A significant increase in the area fraction of the interstitial space and a reduction in
the area fraction of myocytes were observed in the atrium of the 0.01 μg/L and 200 μg/L
groups compared to the control, while the area fraction of myocytes significantly increased
in the 500 μg/L group compared to the 0.01 μg/L group. Furthermore, the semiquantitative
waviness of the myocytes in the atrium was significantly increased in all atrazine-exposed
groups compared to the control, as well as in the 0.01 μg/L group compared to the 200 μg/L
group (Figure 2A–F).

The area of the ventricular myocytes significantly reduced (p = 0.0001) in the 200 μg/L
group compared to the control and the other groups, while the area of the interstitial space in
the ventricle significantly (p = 0.0001, 0.034, and 0.0001 respectively) increased. The semiquan-
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titative scoring of ventricle myocytes revealed a significant (p = 0.029 and 0.0001, respectively)
increase in waviness in all the atrazine exposed groups compare to the control and also with
increased waviness in 200 μg/L group compared to 0.01 μg/L group (Figure 3A–F).

Figure 1. Photographs of the dose-dependent effect of atrazine on the gross morphology of adult frog hearts, and mean
weights of the heart and brain of the treatment groups compared to the control. (A) Apparently enlarged hearts in all
atrazine groups and enlarged lumen in the 0.01 μg/L and 200 μg/L groups. (B) “#” significant increase in heart weight in
the 200 μg/L group compared to the other groups [25]. (C) No significant difference in brain weight.
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Figure 2. Photomicrograph of myocytes in the atrium of adult frogs, showing the effects of atrazine in the exposure groups.
(A) Control, (B) 0.01 μg/L group, (C) 200 μg/L group, and (D) 500 μg/L group, ×1000. Scale bar = 15 μm. (E) “a” and “b”
are significantly decreased compared to the control, while “c” is significantly increased compared to “a” but similar to the
control in the area of AM (p = 0.0001). (F) “a” and “b” are significantly increased compared to the control, while “c” is not
significantly different from the control in the area of AIS (p = 0.003 and 0.014, respectively; Bonferroni post-hoc test). (G) “a,”
“b,” and “c” are significantly increased compared to the control (p = 0.0001 and 0.023, respectively), as is “b” compared to
“c” (p = 0.004; Dunn’s pairwise test, adjusted using Bonferroni correction) in the semiquantitative scoring of atrial waviness.
AIS: % area fraction of atrial interstitial space; AM: % area fraction of atrial myocyte.
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Figure 3. Photomicrograph of myocytes in the ventricle of adult frogs, showing the effects of atrazine in the exposure
groups. (A) Control, (B) 0.01 μg/L group, (C) 200 μg/L group, and (D) 500 μg/L group, ×1000. Scale bar = 15 μm. (E) “b”
is significantly reduced compared to “a,” “c,” and the control, while “c” is significantly increased compared to “a” but
similar to control in the area of VM (p = 0.0001). (F) “b” is significantly increased compared to “a,” “c,” and the control in the
area of VIS (p = 0.0001, 0.034, and 0.0001 respectively; Dunn’s pairwise test, adjusted using Bonferroni correction). (G) “a,”
“b,” and “c” are significantly increased compared to the control (p = 0.029 and 0.0001, respectively) and in “b” compared to
“a” (p = 0.017, Bonferroni post-hoc test) in the semiquantitative scoring of atrial waviness.
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3.3. Expression of IP3Rs in Cardiac Tissue

In the ventricles and atrium, IP3Rs were clearly expressed mostly in the perinuclear
membrane of the cardiac myocytes of all groups (Figures 4 and 5), but no expression was
observed in the negative controls (primary antibody omitted; image not included).

Figure 4. Photomicrograph of IP3R expression in the atrium of adult frogs, showing the effects of atrazine in the different
groups. (A) Control, (B) 0.01 μg L−1 group, (C) 200 μg L−1 group, and (D) 500 μg L−1 group, ×1000. Scale bar = 15 μm.
(E) Significant difference between the groups (Kruskal–Wallis, p = 0.001). “a,” is significantly increased compared to the
control (p = 0.03, 0.005, and 0.0001; Dunn’s pairwise test, adjusted using Bonferroni correction), ×1000. Scale bar = 15 μm.
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Figure 5. Photomicrograph of IP3R expression in the cardiac ventricle adult frogs, showing the effects of atrazine in the
different groups. (A) Control, (B) 0.01 μg L−1 group, (C) 200 μg L−1 group, and (D) 500 μg L−1 group, ×1000. Scale
bar = 15 μm. (E) No significant differences between the groups (one-way ANOVA, p = 0.16), ×1000. Scale bar = 15 μm.
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The mean number of atrial myocytes expressing IP3R was statistically different be-
tween the treated and control groups (Kruskal–Wallis test, p < 0.0001). Furthermore, a
post-hoc Duncan pairwise test showed significant (p = 0.03, 0.005, and 0.0001, respectively)
increases in IP3R expression in each of the atrazine-exposed groups compared to the control
(Figure 4A–E). However, atrial IP3Rs expression were non-significantly (p > 0.05) reduced
in the 500 μg/L group relative to the 200 μg/L group (Figure 4A–E). On the contrary, IP3Rs
expression in ventricular myocyte non-significantly increased with increase in atrazine
concentration (Figure 5A–E).

3.4. Histology of the Cerebellar Cortex

In the control group, pale staining of pear-shaped Purkinje neurons with euchromatin
nuclei was observed in a densely packed cluster in the Purkinje layer (Figure 6A). The
Purkinje layer gradually became slightly enlarged and less clustered in the 0.01 μg/L and
200 μg/L groups (Figure 6B,C). The Purkinje cell layer was reduced to a scattered scanty
row of small (and a few enlarged) cells in the 500 μg/L-treated group (Figure 6D).

3.5. Quantification of Granule and Purkinje Cell Density

The mean density of Purkinje cells decreased in all atrazine-treated groups, but this
decrease was significant in the 0.01 μg/L and 500 μg/L groups (Bonferroni’s post-hoc test,
p = 0.0001 and 0.01, respectively) (Figure 6E). However, the mean density of the granule
cells in the cerebellum did not differ significantly across the treatment groups (Figure 6F).

3.6. Expression of IP3R in the Cerebellar Cortex

The expression of IP3Rs in the cerebellum was observed in the Purkinje cell layer
(Figure 7A–D,F). A decrease in the number of expressed IP3Rs was observed with an
increase in atrazine concentration (inverse relationship). A significant difference in the
mean cell count of expressed IP3Rs was observed between the control and treated groups
(one-way ANOVA test, p < 0.00). Meanwhile, the Bonferroni post-hoc test showed signifi-
cant decreases in the number of cells that expressed IP3Rs in the treated groups (0.01 μg/L,
p = 0.008; 200 μg/L, p = 0.001; 500 μg/L, p = 0.0001) compared to the control (Figure 7E).
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Figure 6. Photomicrographs of the cerebellar cortex of adult frogs, showing the effects of atrazine in the different groups.
(A) Control group, with densely packed very wide layer of Purkinje cells (circles: Purkinje cells), reaching the molecular
layer and small granule cells (square). (B) 0.01 μg/L group, with a narrow layer of enlarged Purkinje cells (circle). Granular
cells appear slightly larger and clustered (square). (C) 200 μg/L group, with a slightly enlarged row of diffuse Purkinje cells
(circles). (D) 500 μg/L, with diffuse and scanty Purkinje cells and larger clustered cells in the granular layer (square). Cresyl
violet stain, ×63. Scale bar A–D = 100 μm. (E) “c” is significantly decreased compared to the control and “b,” but not “a.”
Bonferroni post-hoc test, p = 0.0001 and 0.01, respectively. (F) No significant difference in density of granular neurons was
observed between the groups. (G) Rectangle indicates the region of the cerebellar cortex from which photomicrographs
were taken and quantification of densities were made, ×400. Scale bar = 100 μm.
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Figure 7. Photomicrographs showing atrazine-induced changes in the expression of IP3R expression in the cerebellar
cortex of adult frogs. (A) Control, with numerous Purkinje cells expressing IP3Rs. (B) 0.01 μg/L group, showing several
slightly enlarged cells expressing IP3Rs. (C) 200 μg/L, showing fewer cells in clusters expressing IP3Rs. (D) 500 μg/L,
showing a diffused and diminished number of cells expressing IP3Rs, ×63. Scale bar = 100 μm. (E) Significant reduction
in the mean cell count of expressed IP3Rs between the control and treated groups (one-way ANOVA test, p < 0.0001).
Significant reduction in “a” relative to the control (Bonferroni post-hoc test, p < 0.008, 0.001, and 0.0001 respectively).
(F) Rectangle indicates the region of the cerebella cortex with predominantly large Purkinje neurons that express IP3Rs, and
photomicrographs and quantifications were taken from this region, ×400. Scale bar = 100 μm.
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4. Discussion

The gross morphological examination of frog hearts revealed perturbations in size and
conformation, as well as structural configuration associated with chemical and pathological
injury. The increased ventricular size in all atrazine-exposed groups, with the greatest
increase in the 200 μg/L atrazine group, suggests cardiac ventricular hypertrophy and
corelates with the previously reported significant increase in heart weight and size at this
atrazine concentration [17]. The cerebellar cortex is morphologically integrated into the
hind brain in frogs, and the gross examination showed normal brain morphology, but
independent cerebellar examination was not possible.

The histomorphology observations of significant increases in the interstitial space area
fraction complement the reduction in the myocytes’ area fraction in the 0.01 μg/L (atrium
only) and 200 μg/L (atrium and ventricle) groups compared to the control. Additionally, the
significantly increased area fraction of myocytes in the 500 μg/L compared to the 0.01 μg/L
(atrium) and 200 μg/L (ventricle) groups suggests dose-dependent effects. Meanwhile, the
significant increase in thin and wavy myofibers in the atrazine-exposed groups compared to
the control points to adverse effects of atrazine on the size of myocytes, which may interfere
with their cellular integrity, especially with connective tissue infiltration, as previously
reported [17]. These histomorphology results further agree with previously reported
dilated cardiomyopathy [32] in the atrium and ventricle of the 200 μg/L group, hallmarked
by reduced atrial and ventricular myocytes. However, hypertrophic cardiomyopathy
is suspected in the slightly hypertrophied ventricular myocyte area fraction [33] of the
500 μg/L group.

While it was not possible to carry out quantitative analysis of cardiac Purkinje cells
within the sub-endocardium, the results of the cerebellar Purkinje cell quantitative analysis
indicate a significant reduction in the cerebellar Purkinje cell numbers in the 0.01 μg/L
and 500 μg/L groups and an insignificant reduction in the 200 μg/L group compared to
the control, which suggests differential effects of atrazine and possible disturbances of the
electrophysiological function in the cerebellum. Furthermore, the reduction in Purkinje
cell numbers may corroborate a previously reported reduced Purkinje cell inhibition on
granule cells, with loss of Purkinje cells (reduction in number) in older mice [34,35] and a
non-significant increase in the density of granular cells. These perturbations in neuronal
density may affect cerebellar interconnections, consequently leading to disturbances of the
neurotransmission function in the cerebellum, which may be associated with the locomotor
mode of the life of adult Xenopus laveis frogs [36].

The regulation of neuronal synaptic plasticity and cardiac contraction and relaxation
are achieved by an increase in cytosolic calcium [29,37]. In the brain, the influx of calcium
triggers neurotransmission, signaling complexes in postsynaptic dendrites and their spines
to induce long-term potentiation of cerebellar neurons [38]. As a pivotal coordinating
center receiving input from several cortices and integrating them into a single response, the
cerebellum is dependent on IP3Rs for the release of calcium from intracellular storage [39].
Therefore, the significant decrease in cerebellar cortex IP3Rs due to atrazine exposure
may imply disturbances of the functional integrity of IP3Rs and possibly consequences
of calcium influx. This is consistent with previous reports on atrazine neural effects,
such as atrazine disruption of cerebellar electrophysiology in a rodent in-vivo study [14],
modulation of vestibular discharge in semi-circular canals [40], and alterations in Purkinje
neuron IP3Rs, which have been associated with spinocerebellar ataxia [28] and other brain
pathologies [41] in human and rodent models.

Furthermore, cardiac ryanodine receptors (RYRs) and IP3Rs are the two main families
of calcium channels important for modulating calcium release for cardiac excitation contrac-
tion coupling (ECC) in atrial and ventricular cardiomyocytes in response to extracellular
stimuli [29,42]. Though RYR expression is significantly higher than IP3Rs in mammalian
models, the presence of RYRs in the ventricle of frog hearts has not been established [42],
suggesting that ECC in the ventricle of frog hearts is entirely dependent on the modulation
of ventricular IP3Rs, which has not been micromorphologically reported until now. In this
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study, IP3Rs were successfully localized in the atrium and ventricles of frog hearts, and
the results showed a significant increase in atrial IP3Rs and a non-significant increase in
ventricular IP3Rs following atrazine treatment, which may be related to the differences in
function of atrial and ventricular myocytes [43,44]. Additionally, elevated IP3R expression
is reputably observed in cardiac ventricular hypertrophy, heart failure, atrial fibrillation,
and dilated cardiomyopathy [45,46], which mirrors our histomorphometry observations.
These elevated cardiac IP3R levels are also suggested to compensate for waning RYRs in
human heart diseases [45,47].

The observed micromorphological changes in the heart and cerebellum following
atrazine treatment and IP3R perturbations in both organs (peripheral and central toxicity)
indicates atrazine’s potential to disrupt cardiac and cerebellar excitability with attendant
dysfunctions. These histopathological observations together suggest impaired motor agility,
mild ventricular cardiomyopathy, and progressed atrial arrythmias, all of which severely
impair the ability of Xenopus to thrive in its environment. The results further emphasize that
caution should be applied to atrazine use and application and regulatory guidelines should
be enforced, as significant organ toxicities are evident at the environmentally relevant
concentration (0.01 μg/L), which may have grave consequences in aquatic animal life
conservation, the ecosystem, and general environmental health.
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Abstract: Herein we investigated the cellular responses of the endemic fish species Alburnus vistonicus
Freyhof & Kottelat, 2007, under the variation of several physico-chemical parameters including
temperature (◦C), salinity (psu), dissolved oxygen (mg/L), pH and conductivity (μS/cm), which
were measured in situ. Monthly fish samplings (October 2014–September 2015) were conducted in
Vistonis Lake in northern Greece, a peculiar ecosystem with brackish waters in its southern part and
high salinity fluctuations in its northern part. Fish gills and liver responses to the changes of the
physico-chemical parameters were tested biochemically and histologically. Heat shock protein levels
appeared to be correlated with salinity fluctuations, indicating the adaptation of A. vistonicus to the
particular environment. The latter is also enhanced by increased Na+-K+ ATPase levels, in response
to salinity increase during summer. The highest mitogen activated protein kinases phosphorylation
levels were observed along with the maximum mean salinity values. A variety of histological lesions
were also detected in the majority of the gill samples, without however securing salinity as the
sole stress factor. A. vistonicus cellular stress responses are versatile and shifting according to the
examined tissue, biomarker and season, in order for this species to adapt to its shifting habitat.

Keywords: Vistonis Lake; physico-chemical parameters; gills; liver; HSPs; MARKs; Na+-K+ AT-
Pase; histology

1. Introduction

The ecological stability of inland and transitional waters is more vulnerable to ex-
ogenous pressures (e.g., climate change) compared to marine ecosystems, as the physico-
chemical characteristics of freshwater environments can be highly variable by season and
by water body [1]. Moreover, these aquatic ecosystems, and especially lakes, are subject
to constant anthropogenic pressures, with the impact of degradation of their ecological
value [2]. The majority of published reports focus on individual parameters as a single
stress factor [1,3,4]. However, in order to assess the risk of extinction and to secure popula-
tions of endemic inland fish species, it has been proposed to study the combined effect of
stressors (e.g., increase in temperature and pH change) on the regulation of gene expression
and enzymatic activity [1,5].
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Fluctuations of the physico-chemical parameters may affect freshwater organisms on
several levels of biological organization [6]. The fish responses towards environmental
stressors are widely assessed in gills and liver due to the great sensitivity of these tissues
in external stimuli [7]. Cellular Stress Response (CSR) represents a highly evolutionarily
conserved physiological mechanism for handling cellular stress, due to changes in the
environment. The response to the stress factor will determine the adaptation or not of the
organism to the change [8]. CSR fundamental components might include the induction
of macromolecules for protection and repair, as well as apoptosis, especially if cellular
tolerance limits are exceeded. For instance, Heat shock proteins (HSPs) are widely used as
a measure of cellular stress in fish [9,10], for a number abiotic factors [11], such as changes
in salinity [12], pH and CO2 [13], as well as environmental pollutants such as heavy
metals [14], industrial waste [15] and pesticides [16]. Moreover, members of the Mitogen
Activated Protein Kinases (MAPKs) superfamily are also related to various stressors, such
as thermal stress, salinity fluctuations, as well as chemical agents [17–22]. It should be
noted that the study of Na+-K+ ATPase is of utmost importance in experiments with salinity
as the main stress factor [23], since this protein is mostly located in osmoregulation tissues,
such as fish gills [24–26].

The freshwater fish species Alburnus vistonicus Freyhof & Kottelat, 2007 commonly
known as Vistonis shemaja, is found in the basins of Vistonis Lake, and in the basins of
Ismaris Lake and Filiouris River [27,28]. The species is classified as “critically endangered”
(CR) (www.iucnredlist.org, accessed on 1 January 2008) and it is protected by national and
international law. Specifically, it is included in the Annex II of the Directive 92/43/EEC on
the conservation of natural habitats and of wild fauna and flora and it is also included in
the Red Book of Threatened Species of Greece [29] and in the Berne Convention. There-
fore, its conservation is of significant importance. Aspects of species biology and ecology,
such as growth and reproductive biology, were studied recently [28,30,31]. Although the
lacustrine environment is known to constantly change and affect inhabiting fish species
ecology [32–35], the effect of Vistonis Lake’s continuously changing physico-chemical pa-
rameters on the biochemical and physiological responses of A. vistonicus remains unknown.

2. Materials and Methods

2.1. Study Area

Vistonis Lake (Figure 1) is a natural, hypereutrophic, shallow lake in northern Greece
and is considered as a peculiar ecosystem. The lake’s northern part contains low salinity
water, due to the freshwater inflows from the Kosynthos, Kompsatos and Travos Rivers.
Meanwhile, its southern part receives seawater inflows from the North Aegean Sea, via a
narrow artificial channel, the Porto Lagos Lagoon [36]. The distinctive hydrology of the
system results in brackish waters in its southern part, while in the northern part the salinity
levels are fluctuating, following the seasonal variations of the freshwater inflows from
the rivers. This phenomenon is even more pronounced during the dry period, when the
freshwater inflows from the rivers are minimized, resulting in increased salinity levels,
even in the northern part of the lake [28,30,36].
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Figure 1. Map of the study area (Vistonis Lake, Northern Greece) (A) and sampling stations indicated
with black dots (B) (Reprinted with permission from ref. [30]. Copyright 2108, Copyright Owners
Assoc. Professors Dimitra Bobori and Efthimia Antonopoulou and Dr. Emmanouil Tsakoumis).

2.2. Sample Collection—Ethical Approval

Fish samplings were performed on a monthly basis throughout a full calendar year
(October 2014–September 2015). In January 2015, due to flooding events in the study area,
the access to Vistonis Lake was not feasible and therefore no samples are available from
this month. Fish samplings were performed in the northern part of the lake, where water
exhibits lower salinity levels, using Nordic-type benthic multi-mesh gill-nets following the
requirements set by EU [37,38] in accordance with the EU (Directive 63/2010) legislation
for the protection of animals used for scientific purposes. All necessary permissions were
provided by the Management Body of the Delta Nestos and Lakes Vistonida—Ismarida.
During each sampling, five individuals were collected and were all used for both histopatho-
logical and biochemical analysis (45 individuals in total). On the sampling days, fish were
removed from the water and were immediately anesthetized by immersion in water with
an overdose of concentrated solution of buffered ethyl 3-aminobenzoate methanesulfonate
(MS-222). Five minutes after cessation of respiration, fish were removed from water and
were euthanized, according to the protocols of the Canadian Council of Animal Care
(Euthanasia of finfish) and the American Veterinary Medical Association, aiming to min-
imize fish psychophysical stress. Dead fish were placed on ice and from each sampled
individual, one pair of gills was immediately fixed in 10% buffered formalin and stored for
histopathological analysis. For the biochemical analysis, and immediately after dissection,
the other pair of gills and liver tissue were dissected and retained in dry ice, until their
transfer to the laboratory, where the samples were stored at −80 ◦C until further analysis.
Fish gills are, besides their respiratory function, one of the most important osmoregulatory
organs, playing a critical role in ionic regulation [39]. The responses of fish gills under
the variation of the physico-chemical parameters can be tested either histologically or on

125



Appl. Sci. 2021, 11, 11021

biochemical level [40–42]. Moreover, the liver is also considered as an early stress indicator
compared to other fish tissues, as shown by several researchers [21,43–45].

Parallel to fish sampling, water physico-chemical parameters such as temperature
(◦C), salinity (psu), dissolved oxygen (DO) (mg/L), pH and conductivity (μS/cm) were also
recorded at eight stations in the lake using a portable multi sensor (AquaRead, AP-2000)
(Figure 1). Recording of the physico-chemical parameters was performed at each sampling
station, both at the surface and above the lake’s bottom (n = 16 records per sampling).

2.3. Analytical Procedures
2.3.1. SDS-PAGE and Immunoblot Analysis

Frozen gill and liver samples were homogenized in 3 mL/g of cold lysis buffer
[20 mM β-glycerophosphate, 50 mM NaF, 2 mM EDTA, 20 mM Hepes, 0.2 mM Na3VO4,
10 mM benzamidine, pH 7, 200 mM leupeptin, 10 mM transepoxy succinyl-L-leucylamido-
(4 guanidino) butane, 5 mM dithiothreitol, 300 mM phenyl methyl sulfonyl fluoride (PMSF),
50 μg/mL pepstatin, 1% v/v Triton X-100], and extracted on ice for 30 min. The samples
were then centrifuged (10,000× g, 10 min, 4 ◦C) and the supernatants were collected and
boiled with 0.33 volumes of SDS/PAGE sample buffer (330 mM Tris-HCl, 13% v/v glyc-
erol, 133 mM DTT, 10% w/v SDS, 0.2% w/v bromophenol blue). Protein concentrations
were determined using the BioRad protein assay (BioRad, Hercules, CA, USA). Thereafter,
equivalent amounts of proteins (50 μg) were separated either on 10% and 0.275% (w/v)
acrylamide and bisacrylamide slab gels and transferred electrophoretically onto nitrocel-
lulose membranes (0.45 μm, Schleicher and Schuell, Keene, NH, USA). All nitrocellulose
membranes were dyed with Ponceau stain in order to assure a good quality of transfer and
equal protein loading. Non-specific binding sites on the membranes were blocked by 5%
(w/v) non-fat milk in TBST [20 mM Tris-HCl, pH 7.5, 137 mM NaCl, 0.1% (v/v) Tween 20],
during a 30–45 min incubation at room temperature. Subsequently, the membranes were
further incubated overnight with primary antibodies, including polyclonal rabbit anti-
HSP70 (Cat. No. 4872, Cell Signaling, Beverly, MA, USA), polyclonal rabbit anti-HSP90
(Cat. No. 4874, Cell Signaling, Beverly, MA, USA), polyclonal rabbit anti-Na, K-ATPase
(Cat. No. 3010, Cell Signaling, Beverly, MA, USA), polyclonal rabbit anti-p38MAP kinase
(Cat. No. 9212, Cell Signaling, Beverly, MA, USA), monoclonal rabbit anti-HSP60 (Cat.
No. 12165, Cell Signaling, Beverly, MA, USA), monoclonal rabbit anti-phospho-p38 MAPK
(Cat. No. 4511, Cell Signaling, Beverly, MA, USA) and monoclonal rabbit anti-phospho-
p44/42 MAPK (Cat. No. 4370, Cell Signaling, Beverly, MA, USA) and monoclonal rabbit
anti-p44/42 MAPK (Cat. No. 4695, Cell Signaling, Beverly, MA, USA). The next day and
after washing in TBST (3 time periods for 5 min each), the blots were incubated with
horseradish peroxidase-linked secondary antibodies and washed again in TBST (3 time
periods for 5 min each). The bands were then detected, using enhanced chemiluminescence
(Chemicon, MA, USA) and were exposed to Fuji Medical X-ray films. Films were quantified
by laser-scanning densitometry (GelPro Analyzer Software, Media Cybernetics/Image
Studio Lite Software Ver 5.2).

2.3.2. Histopathological Analysis

Samples were fixed in 10% buffered formalin and dehydrated in graded series of
ethanol and then immersion in xylol, and embedding in paraffin wax followed. Thin
sections of 5–7 mm were mounted, deparaffinized, rehydrated, stained with Hematoxylin-
Eosin, mounted with Cristal/Mount and examined for alterations with a microscope
(Bresser Science TRM 301) under total magnification of 100× and 400×. A digital camera
adjusted to the microscope (Bresser MikroCam 5.0 MP) was used for acquiring histopatho-
logical photomicrographs.

2.4. Statistical Analysis

Data are expressed as mean ± standard deviation (SD) of n = 5 biological samples.
Significant differences (p < 0.05) between the monthly expression levels of the proteins

126



Appl. Sci. 2021, 11, 11021

analyzed were conducted by one-way analysis of variance (ANOVA), using SPSS version 27
(SPSS, Inc., Chicago, IL, USA). Further elaboration of the potential physiological and
environmental codependency was assessed by Principal Component Analysis (PCA), using
the FactoMineR package in R [46]. Graphs were prepared using GraphPad Prism 9 (San
Diego, CA, USA).

3. Results

3.1. Water Parameters

The variation of the levels of the water parameters recorded in Vistonis Lake through-
out the sampling period are shown in Figure 2. Temperature levels exhibited seasonal
fluctuation, with the lowest value (4.7 ◦C) recorded in February and the highest (29.5 ◦C)
in July (Figure 2A). The lowest salinity values (0.044 psu) were recorded in March and the
highest (9.77 psu) in September (Figure 2B). Dissolved oxygen (DO) values also showed
seasonal variation, with the lowest concentration (7.4 mg/L) observed in August and the
highest (13.96 mg/L) in February (Figure 2C). The pH levels were quite stable throughout
the sampling period (Figure 2D). The variation of conductivity followed a similar pattern
to that of salinity, since during the colder months low levels were recorded, in contrast to
the warmer months, when the levels were higher (Figure 2E).

Figure 2. Mean values (±SD) of (A) temperature (◦C), (B) salinity (psu), (C) dissolved oxygen (DO, mg/L), (D) pH and
(E) conductivity (μS/cm) in Vistonis Lake (Northern Greece), during the sampling period (October 2014–September 2015).
No sampling was conducted in January 2015.

3.2. Gills Histopathology

Several histological lesions were found in the gill samples by the histopathological
examination (Figure 3). Specifically, epithelium detachment at the secondary lamella
(edema) (Figure 3B), hyperplasia of the primary lamella (Figure 3B,C), aneurysms in the
secondary lamella (Figure 3D), hyperplasia of the edge of the secondary lamella, hypoplasia
of the secondary lamella and hyperplasia of the secondary lamella (Figure 3C) were the
histological lesions detected in the gills of the species (Table 1).
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Figure 3. Histological lesions detected in the gills of the freshwater fish species Alburnus vistonicus in Vistonis Lake
(Northern Greece), during the period October 2014–September 2015. (A) November sampling. Normal gills architecture.
(B) April sampling. Hyperplasia of the primary lamella (arrow) and epithelium detachment (edema) of the secondary
lamella (arrowhead). (C) April sampling. Hyperplasia of the primary lamella (arrowhead). Arrow shows a secondary
lamella. (D) June sampling. Aneurysm of the secondary lamella (arrows).

Table 1. Presence (+) and absence (−) of histological lesions detected in gill samples of the freshwater fish species Alburnus
vistonicus in Vistonis Lake (Northern Greece), during the period October 2014–September 2015 (no samples were obtained
in January 2015 due to unfavorable weather conditions).

Histological Lesion OCT NOV DEC FEB MAR APR JUN JUL AUG SEP

Epithelium detachment (edema) at the secondary lamella +(3) - +(4) +(2) +(3) +(3) +(2) - +(2) +(4)

Hyperplasia of the primary lamella +(3) - +(3) +(2) +(4) +(2) +(2) +(1) +(1) +(3)

Hyperemia (aneurysm) of the secondary lamella +(2) - - - - +(2) +(1) +(1) - -

Hyperplasia of the edge of the secondary lamella - - - - - - - - - -

Hypoplasia (small size) of the secondary lamella - - - - - - - +(1) - -

Hyperplasia of the secondary lamella - - - +(2) +(3) - - +(1) - -

The number of fish in which lesions are observed is mentioned in parentheses.

3.3. HSPs

HSPs expression levels in the gills and liver of A. vistonicus are shown in Figure 4. In
the gills, HSP70 levels exhibited their lowest in July and their highest in August, when
they were also significantly higher compared to all the rest samplings (Figure 4A). In the
liver, HSP70 lowest expression levels were observed in June and the highest in December,
when they were also significantly higher compared to the rest of the samplings, with the
exception of those in February (Figure 4A).
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Figure 4. (A) HSP70, (B) HSP90 and (C) HSP60 levels (mean ± SD) in the gills and liver (n = 5) of Alburnus vistonicus in
Vistonis lake (Northern Greece), during the sampling period (October 2014–September 2015). Samplings were performed
on a monthly basis. Representative blots are presented. Significant differences (p < 0.05) are presented as: lower case
letters—between sampling months and *—between gills and liver. No sampling was conducted in January 2015.

HSP90 levels in the gills exhibited seasonality, with their minimum in October and
maximum in February. The expression levels in February were significantly higher com-
pared to those in the rest of the months (Figure 4B). In the liver, HSP90 minimum expression
levels were observed in August, while the maximum in December. HSP90 levels exhibited
seasonality, with higher values during the winter and autumn months and lower during
the summer ones (Figure 4B).

HSP60 minimum expression levels in the gills were found in July and their maxi-
mum in August, when they were also significantly higher compared to the rest months
(Figure 4C). In the liver, HSP60 levels exhibited their lowest in July. Protein expression
levels were significantly lower in April, June, July and November compared to those in Oc-
tober, December, February, August and September. Moreover, HSP60 levels in September
were significantly higher compared to those from the rest months, with the exception of
August (Figure 4C).

3.4. Na+-K+ ATPase

Na+-K+ ATPase was examined only in gills as shown in Figure 5. The lowest levels
were observed in September and the maximum in August, which was also significantly
higher compared to those from the rest months (Figure 5).
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Figure 5. Na+-K+ ATPase levels (mean ± SD) in the gills (n = 5) of Alburnus vistonicus in Vistonis
lake (Northern Greece), during the sampling period (October 2014–September 2015). Samplings were
performed on a monthly basis. Representative blot is presented. Significant differences (p < 0.05)
between sampling months are presented as lower case letters. No sampling was conducted in
January 2015.

3.5. MAPKs

Phospho p38 MAPK/p38 MAPK ratio exhibited its highest levels, for both tissues
(gills and liver) in September, which were significantly higher compared to those of the rest
months (Figure 6A). In the gills, significantly lower ratio levels were observed in August
compared to the other sampling months, while the ratio levels were also significantly
different in the samples from April, June and August to those from all the rest sampling
months (Figure 6A). In the liver, significantly lower ratio levels were observed in November
compared to the rest sampling months, while those in February were also significantly
higher than those from October, November, December, April and August (Figure 6A).

Phospho p44/42 MAPK/p44/42 MAPK ratio in the gills exhibited its minimum levels
in August and maximum in December. Phosphorylation ratio levels in December were also
significantly higher compared to those from the rest months. Phosphorylation ratio levels
showed seasonality, with those in the dry season months (April–August) being significantly
lower than those from the wet season months (October–February) (Figure 6B). In the liver,
phosphorylation ratio levels exhibited mild fluctuations throughout the sampling period,
with the exception of August and September, when the minimum and maximum ratio
levels were found, respectively (Figure 6B).
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Figure 6. Phosphorylation ratio levels (mean ± SD) of (A) p38 MAPK (phospho p38 MAPK/p38 MAPK) and (B) p44/42
MAPK (phospho p44/42 MAPK/p44/42 MAPK) in the gills and liver (n = 5) of Alburnus vistonicus in Vistonis lake (Northern
Greece), during the sampling period (October 2014–September 2015). Samplings were performed on a monthly basis.
Representative blots are presented. Significant differences (p < 0.05) are presented as: lower case letters—between sampling
months and *—between gills and liver. No sampling was conducted in January 2015.

3.6. Multivariate Analysis

PCA applied on the bioindicators of cellular stress responses and the average values of
the water physico-chemical parameters measured in Vistonis Lake extract two significant
components (PC1 and PC2) that explained 61.32% of the total variance (35.21% for PC1
and 26.11% for PC2). HSP70 in the gills and HSP90 in the liver and gills were positively
correlated to PC1 axis while salinity and conductivity were negatively related (Figure 7
and inserted table). Accordingly, HSP60 in the liver, phospho p38 MAPK/p38 MAPK and
phospho p44/42 MAPK/p44/42 MAPK in both tissues and dissolved oxygen (DO) were
negatively related to PC2 axis, while Na+-K+ ATPase and temperature had positioned on
the positive part of the axis (Figure 7 and inserted table).
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Figure 7. Principal Component Analysis biplot of the CSR biomarkers (G = gills, L = liver) measured in Alburnus vistonicus
(n = 45, 5 fish per month) and mean values of the physico-chemical parameters measured in Vistonis Lake (northern Greece)
during the sampling period (October 2014–September 2015). In the inserted table the factor loadings of each parameter on
the two principal components (PC1 and PC2) are presented.

4. Discussion

The present study aimed to provide some insights into the physiological responses
of the endemic freshwater fish species A. vistonicus in Vistonis Lake, in relation to the
continuous fluctuation of the abiotic parameters in the lake.

Temperature values exhibited seasonal fluctuations, a phenomenon that is generally
observed in aquatic freshwater ecosystems [47–49]. As expected from previous studies
and due to the hydrology of the lake [50], salinity values followed a seasonal pattern,
with low values recorded during the cold months December–February and higher during
the hot months June–August. The periodic inflow of seawater in coastal lakes, such as
Vistonis Lake, is a common, but alarming phenomenon, since even small increases in
salinity might cause serious defects in the biodiversity of the habitats and threaten the
survival of the species [51]. DO and pH values did not show any strong fluctuations and
were ranging among the permitted limits for cyprinids [52]. pH values were constantly
higher than 7, reflecting the alkaline character of the natural freshwater systems in Greece,
and conductivity values were high, especially during the dry period, due to the seawater
inflows in the lake [53].

The peculiar hydrology of Vistonis Lake system, leading often to salinization, espe-
cially during the dry season, has resulted in species population decline, threatening thus its
survival [28]. Species with restricted distribution, such as A. vistonicus, may be especially
prone to extinction than others with wider distribution range [54]. Therefore, the impor-
tance for acute implementation of management plans for the protection and preservation
of the species has already been recommended [28,30]. Our results show that biomarkers of
cellular stress responses could also be included in future management plans of the species,
for achieving a better and more complete assessment of the biology of the species.
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4.1. HSPs’ Induction

HSP60 and HSP70 expression levels, both in the gills and in the liver, were maintained
at high levels throughout the year. During colder and warmer months, when salinity
and temperature showed minimum and maximum values, respectively, both HSP60 and
HSP70 in the gills exhibited their highest levels. This was also depicted in the two di-
mensional plot of the results of PC analysis (Figure 7). Generally, HSP members in both
gill and liver samples were positioned on the positive part of PC1, where the samples
of the cold months are placed, having a negative correlation to salinity and conductiv-
ity. It has been demonstrated that several molecular chaperones are upregulated in fish
gills when exposed to stress provoked by salinity variations [18,55,56]. Specifically, in
black sea bream Mylio macrocephalus (Basilewsky, 1855), HSPs (HSP70, HSP90 and HSP60)
were induced after acclimation to both plasma-hyperosmotic and plasma-hyposmotic
salinity [57]. According to Protas et al. [58], low conductivity appears to elicit responses in
fish similar to heat stress response [59–61]. In fact, the above claim has been confirmed by
Rohner et al. [62], who showed that low water conductivity values were accompanied by
increased HSP90 expression in the fish species Astyanax mexicanus (De Filippi, 1853). These
indications are very similar to the ones obtained in the present work, since increased levels
of HSP members in the gills were mostly negatively correlated to conductivity, as shown
by the PCA. We cannot support with certainty whether salinity is the single stress factor, as
PCA has shown that, in gill samples, HSP levels are positively related to temperature, since
they are positioned on the positive part of the PC2 axis. However, the opposite stands for
HSP measured in liver samples that were placed on the negative part of PC2. (Figure 7).
Because cold and heat stress destabilizes the hydrophobic interactions of polypeptide
chains, leading to non-functional proteins, HSPs provide protection against protein struc-
tural changes [63–66]. Similar results of Heat Shock Response (HSR) as a means of fish
acclimatization to cold [67–70] as well as to increasing ambient temperatures were reported
by Feidantsis et al. [71], who investigated seasonality effects in the gilthead sea bream
Sparus aurata (Linnaeus, 1758). Regarding HSP90, its expression levels exhibited seasonality
in both gills and liver. Specifically, in the liver, its levels were consistently high during the
colder and low in the warmer months. It has been argued that HSP induction in fish has a
protective role against a number of environmental stressors [72,73]. However, according to
Iwama et al. [8], HSPs increased levels in fish may be more of a stress indication rather than
a measure of its degree. Differences observed between gills and liver HSR can be attributed
to the well-known tissue specificity observed in fish species (e.g., [13,71]).

4.2. MAPKs Phosphorylation

MAPKs involvement in HSP induction has been shown in various tissues of S. aurata [22,71].
In some published reports, MAPKs activation by various stressors has been suggested [17–19,74,75].
However, data on the seasonal pattern of their activation in fish are very limited (e.g., [71]).
According to Kültz and Avila [18], MAPKs phosphorylation is related to the process of
osmoregulation of large fish, especially in gill cells. The above observation seems to depict
part of the results of the present study, since in September, along with the maximum mean
salinity values, the highest MAPKs phosphorylation levels were observed. Specifically,
p38 MAPK higher activation levels were observed, both for gills and liver in the same
period. The latter coincides well with increased water conductivity levels and increased
p38 MAPK phosphorylation in the gills in December and February. However, literature
concerning the relation between MAPK pathway and water conductivity is extremely
limited. In contrast, p44/42 MAPK, both in the liver and the gills, exhibit their higher
phosphorylation levels in September, and are probably more a result of high summer
temperatures and less of high salinity levels. Seasonal activation of the MAPK members
was also observed in several examined tissues of S. aurata after exposure to increased
environmental and laboratory temperature, as a response to heat stress [13,22,71]. However,
on the PCA biplot a different pattern is evident. MAPKs measured in both liver and gill
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samples were placed close to September samples when salinity values were the highest,
having negative correlation with temperature.

4.3. Gills’ Physiology

A. vistonicus belongs to the Cyprinidae family [76]. Cyprinids show lack of secondary
lamellae in the gills [77,78] under normoxic water (DO > 3 mg/L) and temperatures below
20 ◦C. This strange structure makes them strikingly different from most other fish species.
The specific gill structure (known as “hyperplasia of the primary lamella”) was more or less
observed at all sampling months, except November (Table 1). The DO values during the
sampling period were above 8 ml/L. So, the observed “hyperplasia of the primary lamella”
may be a normal A. vistonicus gill structure and not a gill lesion. During the sample period
the salinity of the lake was very high (>3.5 psu) for 5 months (October, November, July,
August and September) and the pH was over 8.5 (except March). These conditions could
be described as “stress conditions” for the fish and could explain the observed histological
lesions to the gills.

According to Tine et al. [12], HSP70 high expression levels are accompanied by in-
creased levels of Na+-K+ ATPase in fish, as a response to hyper-osmotic stress. Similarly,
Herrera et al. [79] have also observed that Na+-K+ ATPase in the gills of Senegalese sole
Solea senegalensis (Kaup, 1858) has been only increased when fish were transferred from
seawater to 55 g/kg salinity, and not from seawater to low 5 g/kg salinity. These data
indicate that active ion transport is only significantly increased when the proper mecha-
nisms are already in place i.e., when ionic and osmotic gradients are not reversed. In fact,
this observation could be a possible explanation for the survival of fish in habitats with
extreme salinity values. In the case of Vistonis Lake, the results presented herein, exhibited
a similar pattern regarding HSP70 expression levels and Na+-K+ ATPase in the gills, since
both exhibited their maximum levels during increasing ambient water temperature, when
mean salinity values increased (also confirmed by PCA analysis). This observation could
be an indication of the adaptability of the fish to the particular lake ecosystem, with Na+-K+

ATPase responding to the increase in salinity, balancing the ion gradient between plasma
and the extracellular environment with active Cl− excretion [23,80,81].

5. Conclusions

In conclusion, it seems that A. vistonicus can still cope with the constantly changing
environment of Vistonis Lake. The latter is concluded by the fact that A. vistonicus CSR is
versatile and varies according to the examined tissue, biomarker and season, in order for
this species to adapt to its shifting habitat. Therefore, HSPs’ induction, Na+-K+ ATPase ac-
tivity and MAPKs activation seem to consist of a successful adaptive mechanism (Figure 8).
However, additional studies on the species’ physiological responses, including additional
biomarkers, would contribute both to safer conclusions and to further understanding of
the species’ physiology. At the same time, the estimation of the range, as well as the
lower and upper limits, of each environmental parameter, where critically endangered
A. vistonicus exhibits its optimal physiological capacity (e.g., Oxygen- and capacity-limited
thermal tolerance hypothesis according to Pörtner et al. [82]) is of great importance. How-
ever, further research of the potential correlation between the changing physico-chemical
parameters and the synergistic response of different proteins, along with expansion of
histological studies, will contribute to understanding the physiology of the endangered
species A. vistonicus.
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Figure 8. Summarized model of cellular stress responses of the freshwater fish species Alburnus
vistonicus in Vistonis Lake (Northern Greece) under the seasonal variation of the physico-chemical parameters.
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Abstract: Atrazine (ATZ) is an herbicide commonly detected in groundwater. Several studies have
focused on its immunological and endocrine effects on adult Xenopus laevis species. However, we in-
vestigated the impact of atrazine on the renal and hepatic biochemistry and histomorphology in
adult male frogs. Forty adult male frogs were allocated to four treatment groups (control, one ATZ
(0.01 μg/L), two ATZ (200 μg/L) and three ATZ (500 μg/L), 10 animals per group, for 90 days.
Alanine aminotransferase (ALT) and creatinine levels increased significantly (p < 0.05) in the 200 and
500 μg/L groups but malondialdehyde only in the 500 μg/L group (p < 0.05). Histopathological
observations of derangement, hypertrophy, vascular congestion and dilation, infiltration of inflam-
matory cells incursion, apoptosis and hepatocytes cell death were observed with atrazine exposure,
mostly in the 500 μg/L group. Additionally, histochemical labelling of caspase-3 in the sinusoidal
endothelium was observed in all the treated groups, indicating vascular compromise. Evaluation of
renal histopathology revealed degradation and atrophy of the glomerulus, vacuolization, thick loop
of Henle tubule epithelial cells devolution and dilation of the tubular lumen. Furthermore, expression
of caspase-3 indicates glomerular and tubular apoptosis in atrazine-exposed animals. These findings
infer that environmentally relevant atrazine doses (low or high) could induce hepatotoxicity and
nephrotoxicity in adult male Xenopus laevis frogs and potentially related aquatic organisms.

Keywords: atrazine; hepatorenal; pathology; toxicosis; biomarkers; adult Xenopus laevis

1. Introduction

Atrazine (ATZ) as (2-chloro-4-ethylamino-6-isopropylamino-s-triazine) is a broad-
spectrum herbicide used extensively for agricultural production and for farming activities
around the world for the control of selective pre- and post-emergence weeds [1,2]. Atrazine
studies have been focused on evaluating environmental and ecological toxicity because of
the detection of environmentally relevant (0.1 μg/L), lethal and/or sub-lethal concentra-
tions detected as chemical contaminants of rivers, streams and wells, which are common
habitats for aquatic organisms and water sources for humans [3,4], and might constitute a
public health problem.

Frogs, toads and the anuran group of amphibians are hugely responsive to ecological
pollutants because of their semi-permeable skin and are thus suitable as bio-indicators for
detecting the toxic effects of herbicides [5,6]. Over the last few decades, a global increase
in endangered amphibian species has been reported [7], such as the Xenopus laevis, due to
exposure to agrochemicals. The African clawed frog comes from the genus Xenopus,
and they have a significant role in maintaining the water and terrestrial ecosystem where
they can be both prey and predators, metamorphosing from an herbivorous tadpole to a
carnivorous adult [8,9]. Although the Xenopus laevis has a lifespan of 15 years, there are
some concerns as their population is threatened by water pollution.

Appl. Sci. 2021, 11, 11776. https://doi.org/10.3390/app112411776 https://www.mdpi.com/journal/applsci
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The reported adverse effects of ATZ in anuran populations inhabiting agricultural sites
and non-agricultural sites (with water bodies linked to herbicide use areas) include, amongst
others, disruption of reproductive potential [10,11], histopathology changes [12–14], changes
in oxidative stress parameters [15–17] and disruption of endocrine physiology [18,19].
However, the mechanisms of toxicity of atrazine and its attendant histopathology in
metabolic organs such as the kidneys and liver are not yet fully understood.

Atrazine is widely believed to alter the production of adenosine triphosphate (ATP),
thereby adjusting mitochondrial structure and impairing antioxidant defensive systems by
causing oxidative damage in aquatic organisms through the formation of reactive oxidative
species (ROS) [17,20]. This ROS-mediated damage is often indicated by biomarkers such
as the levels of malondialdehyde (MDA) and lipid peroxidation levels (LPO) [21,22].
Additionally, LPO is known as a key step that modulates toxicities of a wide range of
herbicides [15]. Furthermore, mitochondrial and oxidative damage culminates in necrosis
and apoptosis by the release of pro-apoptotic proteins such as caspase-3 [23,24].

Atrazine-induced liver and kidney oxidative damage [15,17,25] and caspase-3 im-
munolocalization have been reported in other vertebrates and Xenopus laevis tadpoles,
respectively, but reports on atrazine toxicities relative to hepato-renal surrogate markers
such as AST, ALKp, ALT, blood urea nitrogen (BUN), creatinine (CREA) and the associated
caspase-3 immuno-expression in the liver and kidney of post-metamorphic African clawed
frogs (Xenopus laevis) are lacking. It is anticipated that atrazine-induced oxidative stress
and caspase-3 toxicity observed in tadpoles and adult rats may be present in adult frogs.
However, reports of atrazine-induced effects on hepatorenal biomarkers in juvenile and
adult rats are inconclusive [25–27]. These conflicting reports between effects observed in
tadpoles and rats indicate the differential effects of atrazine effects in both species (frogs
and rats). Therefore, this study was designed against this backdrop to clearly delineate
the hepatorenal histopathological impairment incurred by these environmentally sensitive
adult frogs during atrazine use.

2. Materials and Methods

2.1. Chemical and Reagents

Atrazine obtained from Accu Standard Inc. (New Haven, CT, USA), 1, 1, 3, 3-tetraethoxypropane
(TEP) and HPLC solvents (Sigma-Aldrich, Johannesburg, South Africa), KOH, KH2 PO4,
perchloric acid (HClO4) and HPLC-grade water (Darmstadt, Germany) were used in this
study. Kits for hepatic and renal function tests, alanine amino transferase (ALT), alkaline
phosphate (ALKp) and aspartate amino transferase (AST) and renal creatinine (CREA)
and blood urea nitrogen (BUN), were purchased from IDEXX Laboratories (Parktown,
South Africa).

2.2. Preparation of Treatment Solutions for Selected Atrazine Concentrations

Twenty milligrams of 98.9% pure atrazine was used in preparing a standard stock
solution of 4000 μg/L in dechlorinated tap water (pH 7.3). This stock was further diluted
accordingly to obtain the concentrations: 0.01 μg/L, 200 μg/L and 500 μg/L of atrazine.
Atrazine doses were chosen on earlier anuran reproductive toxicity study [28]. Thus,
while 0.01 μg/L ATZ concentration resulted in disruptions of the endocrine system in
frogs [29,30], 200 μg/L seemingly mimicked the effects reported in 0.01 μg/L ATZ con-
centration exposure [31], and 450 μg/L of ATZ and higher concentrations have also been
used [28] as well. Though the highest dose of 500 μg/L or ppb of ATZ concentration used
in the present study represents a midpoint between high and low dose points reported
in literature for one to two weeks of exposure, this dose (500 μg/L or ppb) seems high
enough to induce toxicity, if indeed ATZ is toxic, especially for sub-chronic exposure.

2.3. Animals and Housing

Forty (40) healthy, post-anuran metamorphosis male Xenopus laevis frogs used for
this study were procured from African Xenopus Facility farm, Knysner, (Western Cape,
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South Africa). The animals were randomly divided into four groups in four stainless steel
tanks (225 cm × 24 cm × 12.5 cm) with water at the University of the Witwatersrand
Animal Research Facility (UARF). They were allowed to acclimatize in tanks at UARF for
30 days prior to treatment, maintained a 12:12 h light/dark cycle, a room temperature of
22 ± 2 ◦C, oxygen saturation exceeding 70% and pH 6.5, according to methods of [32,33].
All experimental animal treatments were performed according to the ethical principles for
animal research approved by the University Animal Research Ethics Committee (certificate
number 2014/14/D) and Gauteng Nature Conservation (certificate 0115 and 0120).

2.4. Experimental Design and Procedure

The stainless-steel test aquaria were each filled with 60 L of water, according to
the dose concentrations of ATZ and control group without ATZ. The frogs (40) were
distributed at a density of 10 frogs per tank. The first tank contained zero ATZ concentration
and the animals served as control, while the second, third and fourth tanks contained
0.01 μg/L, 200 μg/L and 500 μg/L ATZ concentrations, respectively, and housed the
treated animals during the 3 months of sub-chronic exposure. Food, Kori TM Frog Brittle
pellets (from Daro Pet Products, Johannesburg, South Africa) was provided ad libitum.
Tank water was consistently aerated while recycling of the tank water occurred two times
a week, to ensure a sterile environment throughout the length of the exposure/treatment.
To regularly determine the atrazine concentration in each tank, once a week, 50 mL of
water obtained from each tank was injected into a 200 mg Bond Elut Plexa solid phase
extraction cartridge linked to gas chromatography–mass spectrometry (GC-MS, GC 6890,
MS 5975, Agilent Technologies, CA, USA). Control tanks recorded zero atrazine, while
treated groups maintained atrazine concentrations within the required levels in each tank
as previously reported [32–34]. Thereafter, 0.02% benzocaine inhalation in a glass jar was
used to anaesthetize the animals and blood was collected (through cardiac puncture) into
specimen plain tubes and stored at room temperature and subsequently in the freezer
(−80 ◦C) after clotting, pending laboratory analysis.

2.5. Lipid Peroxidation (LPO) Evaluation

The levels of oxidized lipids in vitro were marked by malondialdehyde (MDA) and
were assessed with sensitive high-performance liquid chromatography (HPLC) in line with
the method reported by Karatas et al. [35]. Samples were briefly analyzed with Bischoff
HPLC device attached to a UV detector, collimated at 254 nm, and the analytical Prontosil
column, Bischoff Chromatography (Leonberg, Germany) (12.5 cm × 4.0 mm, 5 μm particle
size), was utilized for detection and measurement of MDA level. Sample injection volume
was 50 μL, and flow rate was kept constant at 1 mL/min, while acetonitrile distilled water
(50:50, v/v) was used for the mobile phase composition. MDA peaks were recorded relative
to its retention time and established by spiking with added exogenous standard. MDA
serum concentrations were calculated with the standard curve, prepared from 1, 1, 3,
3-tetraethoxypropane (TEP) and expressed as μg/mL.

2.6. Measurement of Serum Biochemical Markers

Appropriate kits were used to determine the levels of liver ALT, AST and ALKp,
as well as urea and creatinine biomarkers of renal function, as set out by the manufacturers’
procedures. Blood samples were centrifuged at 4000× g at 4 ◦C for 10 min, and obtained
serum was subjected to spectrophotometric measurement of liver enzymes, ALT and AST,
by the method of Reitman et al. [36]. Alkaline phosphatase (ALKp) was determined using
an enzymatic colorimetric method as previously reported [37], while creatinine (CREA)
and blood urea nitrogen (BUN) biomarkers were, respectively, determined according to
methods previously described [38,39].
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2.7. Samples Preparation for Histological Analysis

Liver and kidney fixed-tissue samples routinely processed overnight using automated
tissue processor (Shandon Citadel 1000) were embedded in paraffin wax. Tissue blocks
sectioned at 5 μm thickness using 2035 Biocut microtome (Leica, Germany) and sections
stained with Mayer’s haematoxylin and eosin and Van Gieson’s stain were cover-slipped
and analyzed for histo-morphological and connective tissue changes analysis, respectively.

2.8. Morphometry

Histological images were captured with a Leica ICC50 HD camera mounted to a light
microscope (Leica DM500) linked to the Leica application suite (LAS EZ, version 3.0.0,
Heerbrugg, Switzerland) imaging software through HP (intel) Xeon computer. Hepatocyte
diameters were measured using the Fiji image analysis software [40] line width tool.
Measurements of 20 hepatocytes per animal at ×100 magnification were restricted to
only those with a visible nucleus and continuous outer lining. Only hepatocytes with
visible nucleus and complete peripheral outline were measured at 100× magnification.
Furthermore, the Fiji’s image threshold plugin was used in measuring the percentage area
of melanomacrophage at 10× magnification.

In the kidney, twenty photomicrographs per animal were used to measure corpus-
cle perimeter and epithelial cell height of both proximal convoluted and thick loop of
Henle tubules, at 40× magnification. Tubules with a distinct lumen only were measured
using Fiji’s imaging software freehand tool. Connective tissue area fraction was mea-
sured by superimposing a grid (area per point = 500 pixels2) in a single camera field
(2048 × 1536 pixels2) photomicrograph at 40× magnification and using the multi-point
tool of Fiji image analysis software to count the number points that were stained for colla-
gen. Eight randomly selected sections per group were analyzed and average counts were
used for comparative analysis between groups.

2.9. Immunohistochemical Labelling of Caspase-3

Liver and kidney sections picked up on silane-coated slides were dewaxed, rehydrated
and washed in 1 M phosphate buffer solution (PBS; pH 7.4) for 5 min. Thereafter, sections
were incubated in 3% hydrogen peroxide in methanol for 30 min, washed three times in
PBS and then incubated for one hour in 5% normal goat serum. After which, the sections
were incubated overnight at 4 ◦C with anti-caspase-3 primary antibody (1:100 dilution,
Ab 4059, Abcam). Tissue sections were washed three times in PBS and then (30 min room
temperature) incubated with biotinylated goat anti-rabbit secondary antibody (1:1000 dilu-
tion, Vectastain, Vector Laboratories, Burlingame, CA, USA). Sections were washed three
times in PBS followed by incubation in avidin–biotin complex (Vectastain ABC kit, Vector
Laboratories, Burlingame, CA, USA) for 30 min. Sections were washed three times in PBS
and then incubated with diaminobenzidine 3, 3′ tetrachloride (DAB) working solution for
5 min. Tissue sections were rinsed in running tap water, counterstained in haematoxylin,
hydrated in alcohol, cleared in xylene and finally cover-slipped with Entellan new (Merck).
The specificity of the anti-caspase-3 antibody was determined using tonsil tissue as the
positive control. The negative control included omission of the primary antibody and
substituting with PBS.

2.10. Statistical Analyses

Statistical analysis was carried out using Statistica TM (StatSoft) and Graph Pad prism
software for Windows (version 7.0). All data were expressed as mean ± standard deviation
(SD). One-way ANOVA was carried out, followed by post hoc Tukey’s multiple comparison
tests for statistical comparisons among the groups. The data obtained were presented in
graphs with Microsoft Excel and Graph Pad prism software for Windows, respectively.
Statistical significance was set at p < 0.05.
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3. Results

3.1. Serum Levels of Liver, Kidneys Biomarkers and Lipid Peroxidation

In the 200 μg/L and 500 μg/L ATZ-treated groups, serum levels of ALT (p < 0.0 and
p < 0.01, respectively) and creatinine (p < 0.03 and p < 0.002, respectively) were significantly
increased in comparison to the control group (Figure 1A,D), with no significant difference
(p > 0.05) in creatinine levels between the 200 μg/L and 500 μg/L treated groups. However,
the levels of AST (Figure 1B), ALKp (Figure 1C) and BUN (Figure 1E) increased non-
significantly (p > 0.05) in all the treated groups relative to the control group. The serum
levels of MBA in the 500 μg/L ATZ-treated group significantly increased relative to the
control group (Figure 1F).

Figure 1. Effects of atrazine on serum levels of MDA, liver and kidney biomarkers in adult male
Xenopus laevis frogs. (A) Serum ALT levels: * increased significantly in comparison to control p < 0.05;
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** increased significantly compared to control p < 0.01. (B) Serum AST levels had no significant
change between the control and treated groups. (C) Serum ALKP levels had no significant change
between the control and treated groups. (D) Serum creatinine levels: * increased significantly
(p < 0.05) compared to control; ** significantly increased (p < 0.01) compared to control. (E) Serum
BUN levels had no significant change between control and treated groups. (F) Serum MDA levels:
** significantly increased (p < 0.01) relative to control. Data represented as mean ± SD (n = 10). ALT:
alanine aminotransferase; AST: aspartate aminotransferase; ALKp: alkaline phosphatase.

3.2. Histopathology
3.2.1. Liver Histopathology

The liver parenchyma revealed a normal microanatomy in the control group with
radiating anastomosing cords of hepatocyte (arising from the central veins (Cv) (Figure 2A))
having one or two pale basophilic rounded nuclei and scanty cytoplasm (Figure 2I, red
arrow). Between hepatic cords, narrow irregular hepatic sinusoids containing nucleated
red blood cells were observed (Figure 2I, black arrow). At the portal triad, branches of
the hepatic artery, hepatic portal vein and bile duct lined by simple cuboidal epithelium
(Figure 2A, circled) and some melanomacrophages were observed (Figure 2A, red arrow).

Figure 2. Cont.
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Figure 2. Photomicrographs of liver histopathology of frogs exposed to atrazine. (A) Control group
with normal histology, central vein (Cv), portal triad (circle) and melanomacrophages (red arrow).
(B) 0.01 μg/L group with clogged central vein (Cv). (C) 200 μg/L group with dilated sinusoids
(black arrow). (D) 500 μg/L group with clogged central vein (Cv), sinusoidal congestion (insert)
and portal inflammation (red arrow). (E) 0.01 μg/L group with portal inflammation (red arrow).
(F) 200 μg/L group with portal inflammation (red arrow). (G) 500 μg/L group with parenchymal
(circle) and central vein (Cv) necrosis. (H) 500 μg/L group with abundance of inflammatory cells.
(I) Control group with normal hepatocyte histology (red arrow) alternating cords and sinusoid
arrangement (insert) with nucleated red blood cells (black arrow). (J) 0.01 μg/L group with absence
of normal hepatic cord arrangement (insert) and vacuolated hepatocytes (black arrow). (K) 200 μg/L
group with highest observed hypertrophy with some vacuolation (black arrow). (L) 500 μg/L
group with absence of hepatic cord arrangement and highly vacuolated hepatocytes (black arrows).
(M) hepatocyte width with significantly increased * in comparison to control (p = 0.003). Values
expressed as mean ± SD (n = 10). H&E stain. Scale bar in A to H = 240 μm (10× magnification).
Scale bar in I to L = 38 μm (40× magnification).

In the atrazine-exposed groups, the 200 μg/L atrazine-exposed group revealed a
dilated sinusoid (Figure 2C, black arrows), while in the 500 μg/L sinusoidal congestion
with blood numerous haematopoietic cells were present (Figure 2D, insert), and infiltrating
inflammatory cells were observed obscuring the liver tissues (Figure 2H). Parenchyma
necrotic areas were observed in the 500 μg/L group (Figure 2C, circled), and portal in-
flammation was observed in all atrazine-exposed groups (Figure 2D–F). Hepatocyte cord
disarrangement was observed in the 0.01 μg/L (Figure 2J) and 500 μg/L (Figure 2L) groups.
Hepatocyte vacuolation was also observed in the 0.01 μg/L, 200 μg/L and 500 μg/L
atrazine (Figure 2J–L, black arrows). Additionally, ATZ exposure of 200 μg/L and 500 μg/L
significantly increased hepatocyte width (p < 0.0003) compared to the control (Figure 2).

Collagen tissue was increased in all the atrazine-treated groups periportally (Figure 3B–D:
red arrows) and sinusoids (Figure 3F–H: red arrows) but not significantly increased relative
to the control group (Figure 3I,J; p > 0.050). There was no collagen deposition observed
within the hepatic lobules.
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Figure 3. Photomicrographs of connective tissue profile in atrazine-exposed groups. (A) Normal connective tissue profile in
control group. In (B–D), 0.01 μg/L, 200 μg/L and 500 μg/L groups, respectively, peri-portal fibrosis (red arrow). (E) Control
group with normal connective tissue content and absence of peri-sinusoidal fibrosis. In (F–H), 0.01 μg/L, 200 μg/L and
500 μg/L groups, correspondingly, peri-sinusoidal fibrosis (red arrow). Van Gieson’s stain, scale bar in A to D = 38 μm
(40× magnification), scale bar in E to H = 38 μm (40× magnification). (I,J) No significant changes in liver connective tissue
area and connective tissue area fraction.
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3.2.2. Kidney Histopathology

The control group showed normal kidney histology, revealing normal proximal
tubules (Figure 4A, black arrow), thick loop of Henle (Th) and distal tubules lined by
simple short columnar and simple cuboidal epithelial cells, respectively (Figure 4A, red
arrowhead). Collecting tubules with stratified cuboidal epithelial cells (white arrow) were
observed. Hematopoietic cells were observed in the inter-tubular space with several red
nucleated blood corpuscles (Figure 4A, red arrow). Vacuolized epithelial cells were noted
within the tubules of the 0.01 μg/L group (Figure 4B, black arrow). In the 0.01 μg/L
and 200 μg/L atrazine-exposed animals, tubular degeneration and loss of the epithelial
cell–cell border of the thick loop of Henle were observed (Figure 4B,C, arrowhead). In the
500 μg/L group, the integrity of the thick loop of Henle tubule brush border was disrupted
(Figure 4D, arrowhead).

Figure 4. Representative photomicrographs of histopathologic findings in frog kidneys following
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sub-chronic atrazine exposure. (A) Control with normal histology of proximal (black arrow), distal
(red arrowhead), thick loop of Henle (Th) and collecting tubules (white arrow) and inter-tubular space
with nucleated red blood cell (red arrow). (B) 0.01 μg/L group with degeneration of thick loop of
Henle tubule (Th) and vacuolated tubules (black arrowhead). (C) 200 μg/L group with epithelial cell–
cell boarder loss (black arrowhead) in thick loop of Henle, eosinophilic deposits (asterisk) inside the
lumen of thick loop of Henle tubules (Th). (D) 500 μg/L group with loss of epithelial cell apical brush
boarder (black arrowhead) and eosinophilic deposits (asterisk) in the proximal tubules. (E) Control
with normal histology glomerulus (insert) and tubules (arrowhead). (F,G) 0.01 μg/L and 200 μg/L
groups with glomeruli atrophy and necrosis (arrowhead) and peritubular hemorrhaging (H). (H) In
500 μg/L, mild glomerular atrophy (arrowhead) and dilated tubules (black arrow). (I–K) Corpuscle
perimeter with proximal tubule epithelium height and thick loop of Henle epithelial height, respec-
tively. * significantly decreased compared to control (p < 0.05; p < 0.03; p < 0.01, correspondingly).
TLOH: thick loop of Henle. H&E stain, scale bar in A to D = 38 μm (40× magnification). Scale bar in
E to G = 240 μm (10× magnification). Values are mean ± SD (n = 10).

The cortex of the control group showed normal renal corpuscles (Figure 4E, insert),
but degeneration of the renal corpuscles, glomerular atrophy (Figure 4F–H, black arrow-
head), dilation of tubular lumen in the 500 μg/L group (Figure 4H, black arrow) and
vacuolized epithelial cells were noted within the tubule of the 200 μg/L group (Figure 4B,
black arrow). Furthermore, there was shrinking of some tubules with eosinophilic material
infiltration (Figure 4C,D, asterisk) and mild peritubular hemorrhaging (H) in the 0.01 μg/L
and 200 μg/L groups (Figure 4F,G). The corpuscle perimeter and TLOH epithelial height
were significantly reduced in the 500 μg/L group, while the proximal epithelium height
and TLOH were significantly reduced in the 200 μg/L groups (Figure 4I–K). The 500 μg/L
group significantly decreased in corpuscle perimeter compared to the control (Figure 4I,
p < 0.03). The epithelium height of proximal tubules in the 200 μg/L group and thick
loop of the Henle tubules in the 200 μg/L and 500 μg/L groups significantly decreased
(Figure 4J,K, p < 0.03 and p < 0.01, correspondingly) relative to the control group.

3.2.3. Liver and Kidney Caspase-3 Immunohistochemistry

The expression of caspase-3 was predominantly in the epithelial and immune cells of
the liver and not in the cytoplasm of hepatocytes. Controls showed no positive immuno-
reaction (Figures 5A and 6A). In the liver, caspase-3 expression was observed in Kupffer
cells within the peri-sinusoidal space surrounding the hepatocytes (Figure 5B–D; red
arrow) and in monocytes within the sinusoids (Figure 5B,D; black arrow) and sinusoidal
endothelial cells (Figure 5B–D; blue arrowhead). Caspase expression was also observed
in the bile duct epithelial cells of the 0.01 μg/L and 500 μg/L groups (Figure 5E,F, blue
arrowhead). The number of melanomacrophages (MMCs) significantly decreased in the
0.01 μg/L and 500 μg/L groups (p < 0.0001) and in the 200 μg/L group (p < 0.03) compared
with the control group (Figure 5G). In the kidney, caspase-3 expression was not observed
in the control group (Figure 6A) but in the epithelial cells of cortical proximal tubules
(Figure 6B,C,E; black arrow), distal tubule (Figure 6B,C,E; red arrow) and collecting tubules
(Figure 6B,C,E white arrow) in all the atrazine-exposed groups instead. However, weak
expression in the glomeruli was observed in the 0.01 μg/L group (Figure 6B,G). In the
200 μg/L (Figure 6D) and 500 μg/L (Figure 6E) groups, intensely expressed caspase-3
was observed in the podocytes (black arrowhead), simple squamous epithelial cells (white
arrowhead) of the parietal layer and within the macula densa cells (circle) of the glomeruli.
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Figure 5. Expression of caspase-3 photomicrographs in Xenopus laevis liver cells with sub-chronic exposure to atrazine.
(A) Liver tissue section showing melanomacrophages (white arrowhead) and lack of positive caspase-3 expression.
(B) 0.01 μg/L, (C) 200 μg/L and (D) 500 μg/L) caspase-3 expression in monocytes in sinusoids (black arrow), Kupf-
fer cells in the peri-sinusoidal space (red arrow) and flattened squamous endothelial cells lining sinusoids (blue arrowhead).
(E,F) Caspase-3 expression in epithelial cells of bile ducts of the 0.01 μg/L and 500 μg/L groups, respectively. (G) The
population percentage of melanomacrophages (MMC) in liver sections, * significantly decreased (p < 0.05) in comparison
to control group; *** significantly decreased (p < 0.001) in comparison to the control group. Scale bar in A to F = 38 μm
(40× magnification). Data presented as mean ± SD (n = 10).
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Figure 6. Photomicrographs of the expression of caspase-3 in frog kidneys following chronic exposure to atrazine. (A) Con-
trol with absence of caspase-3 expression. (B) 0.01 μg/L, (C) 200 μg/L and (E) 500 μg/L caspase-3 expression in epithelial
cells of proximal tubules (black arrow), distal tubules (red arrow) and collecting tubules (white arrow). (D) 200 μg/L and
(E) 500 μg/L caspase-3 expression in the glomeruli, macula densa cells (circle), podocytes (black arrowhead) and epithelial
cells within the parietal layer (white arrowhead). (F) Control with low power absence of immuno-positive caspase-3
expression. (G) 0.01 μg/L, (H) 200 μg/L and (I) 500 μg/L caspase-3 expression in the cortex and medulla. Scale bar in A to
E = 38 μm (40× magnification). Scale bar in F to I = 240 μm (10× magnification). C: cortex; M: medulla; G: glomerulus.
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4. Discussion

The results have revealed the hepato-renal cytotoxicity of sub-chronic exposure to
the pesticide atrazine in adult Xenopus frogs. Interestingly, the various doses of atrazine
used showed variable significant levels of toxicity in the liver and kidneys, suggesting that,
though this pesticide may be useful to increased agricultural productivity, caution must be
applied in its application.

The significantly elevated serum MDA (500 μg/L exposed group) corroborates previ-
ous reports of elevated MDA in the liver, gills and muscles of bullfrog tadpoles [41] and
in rats [25,42] exposed to atrazine. Correspondingly, the presence of hepatic cell injury
with consequent functional implications is predicated on the significant increases in serum
levels of ALT in the 200 μg/L and 500 μg/L exposure groups, as ALT levels function in the
maintenance of cell membrane integrity [25,43]. However, the mildly reduced MDA level
following 200 μg/L sub-chronic exposure suggests homeostatic adjustment adaptation in
this group, as well as minimal adverse effects resulting from the non-significantly increased
serum levels of AST and ALKp in all the treated groups, signifying the variable atrazine
effects. This study utilized the sensitive high-performance liquid chromatography method,
ensuring the accuracy of the measurements. The serum levels of ALT, AST and ALKp
are markers of cell membrane integrity [26,43]. These results suggest hepatotoxicity and
therefore disturbances of liver function following ATZ exposure.

Additionally, the assessment of renal function is based on the serum levels of urea and
creatinine as biomarkers above or below the normal physiological level. Therefore, the non-
significantly increased urea levels in all exposure groups and the significantly elevated
creatinine levels in the 200 μg/L and 500 μ/L treated groups relative to the control group
suggest renal glomeruli filtration dysfunction and/or impairment in all the treated groups
but more severely in the 200 μg/L and 500 μ/L atrazine-exposed groups. The observed
general trend in serum creatinine levels with a concentration-dependent effect in atrazine
exposure suggests a greater adverse effect relative to urea as a renal biomarker.

Histopathology observations of hepatocyte perturbations are similar to reports ob-
served in other atrazine-exposed species [44,45]. Atrazine-induced histological alteration
is initiated by hypertrophy, as observed in the 200 μg/L and 500 μg/L exposed groups,
as was previously reported [46] and which has been suggested to be an adaptive response
to atrazine exposure [47]. Hepatocyte vacuolization observed in all our atrazine-exposed
groups, particularly the 200 μg/L and 500 μg/L cohorts, has been reported in fish [45] and
mice with attendant effects in lipid metabolism. Additionally, the observed central vein
and sinusoidal congestion in the 0.01 μg/L and 500 μg/L groups suggest obstruction by
immune cell migration and cellular breakdown debris. This corroborates with observations
of vascular hemorrhaging indicated by erythrocyte infiltration into the hepatocytes re-
ported in frogs exposed to 500 μg/L of ATZ. The red blood cell (erythrocytes) extravasation
suggests compromised sinusoidal endothelium and may be a consequence of increased
intra-sinusoidal pressure arising from vascular congestion [48]. Additionally, atrazine-
induced perturbations in the immunology of amphibians are widely reported [49,50].
Similarly, the observed apoptosis of neutrophils and Kupffer cells confirmed by the expres-
sion of caspase-3 in the liver of atrazine-treated groups suggests the potential for atrazine to
suppress phagocytic process or action and the gathering of monocytes directly or indirectly
to sites of inflammation through induction of apoptosis in the immune cells. Contrastingly,
a significant decrease in the population of MMCs observed in all the ATZ-exposed groups
correlates with a field study report of aggregated melanomacrophages in the livers of L. pip-
iens exposed to atrazine [51]. Considering the role of MMCs in immunity (humoral and
inflammatory responses) [52], the adult Xenopus laevis frogs’ immunity may be adversely
affected by different concentrations of atrazine.

The aforementioned histopathological changes seen in the kidneys of all the treated
groups are similar to the effects reported following exposure to pollutants and pesticides [53,54].
Evidence of macula densa, podocyte and parietal cell (PECs) apoptosis is observed in the
200 μg/L and 500 μg/L atrazine-exposed groups. Apoptosis in podocytes is an indicator
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of several kidney diseases [55], while parietal epithelial cell (PECs) apoptosis is speculated
to serve as a means of regularizing glomerular cell number as reported by [56]. Therefore,
the observed glomerular atrophy may be due to apoptosis of PECs and podocytes, and these
cellular alterations may result in dysfunctions of glomerular filtration. Furthermore, apop-
tosis in the macula densa may lead to inhibition of auto-regulatory osmolarity reactions
or processes. Together, glomeruli atrophy and macula densa apoptosis may explain the
significantly increased levels of creatinine in frogs treated with high atrazine concentrations.

The significant reduction in tubular epithelium height and consequent dilation in the
thick loop of Henle of the 500 μg/L atrazine-exposed group suggest a compromised regu-
lation of extracellular fluid volume, urine concentration, calcium, magnesium, bicarbonate
and ammonium homeostasis and urine protein composition [57]. Although caspase-3 was
not expressed in the thick loop of Henle in the atrazine-exposed groups, caspase-3 was
expressed in the proximal, distal and collecting tubule epithelial cells and increased with
increasing atrazine concentrations, suggesting atrazine-induced apoptosis in the proximal
and distal tubules but degeneration of the thick loop of Henle tubules, which may be
induced by other mechanism such as activation of caspase-6 and 7 or extrinsic apoptotic
pathways initiated by death receptors as reported by [58].

5. Conclusions

Atrazine-induced perturbations in the liver and kidney histomorphology and serum
biomarker levels (ALT and creatinine) suggest severe hepatorenal toxicosis due to envi-
ronmentally relevant atrazine concentrations. The observed hepatorenal histopathology
cumulates in compromised metabolic, immunological and vascular function. Further asso-
ciated pathophysiological effects associated with atrazine exposure at electron microscopic
and molecular levels are required to elaborate on mechanisms through which these effects
may impact the survival of frogs with continuous atrazine exposure. Thus, the constant
presence of atrazine in the environment needs to be cautiously managed, as it remains a
risk to the existence of Xenopus laevis frog populations and other animal species. There-
fore, atrazine use, handling and disposal should be monitored and assessed regularly to
prevent environmental health consequences on non-targeted aquatic species, especially
amphibian biodiversity.
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