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HIGHLIGHTS
e Adaptive changes found in gills are caused by Temephos, Roundup and SDS.
e Cellular and vascular changes in gills exposed to Roundup.

¢ Hyperplasia of secondary lamellae was observed in all exposed groups.

Abstract: Pesticides, as Temephos and Roundup, and surfactants, like Sodium Dodecyl Sulfate (SDS),
when discharged into the environment, are harmful to non-target wildlife, especially fish. To evaluate the
effects of those chemicals alone and their binary combinations, we assessed the histological alterations in
Danio rerio gills after 15 days of exposure to Temephos (1ppm), Roundup (10ppm), SDS (2ppm), SDS plus
Temephos (2ppm+1ppm), SDS plus Roundup (2ppm+10ppm) and Temephos plus Roundup (1ppm+10ppm).
Hyperplasia, a regressive change, was significant in all exposed groups. The progressive change, complete
fusion of lamellae, was significantly intensive in Roundup plus Temephos group. Regarding circulatory
disturbances, vascular congestion was significant intensive in SDS group, while severe aneurysm was
observed in Roundup group. Although xenobiotics in the blend are biologically complex, mainly for long
periods, combinatorial exposure incremented only complete fusion of lamellae. Our results reinforce the
rationalization of indiscriminate use of those compounds alone or in combination.

Keywords: fish gills; lamellar fusion; pesticides; circulatory disturbances; surfactants.
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INTRODUCTION

Pesticides are chemicals widely used in agriculture for the control of pests, such as insects and weeds.
Despite their impact on productivity and economy, when misused, these agents can contaminate soil and
water [1-2]. Since most formulations still applied in crops are not specific for pests, their compounds can
directly or indirectly affect the structure and biological function of non-target organisms, such as amphibians
and fish [3-4].

Among the most reported pesticides worldwide are organophosphate insecticides and herbicides. Within
the first group, Temephos is classified as a slight toxic product by the United States Environmental Protection
Agency (US EPA). It is absorbed by inhalation, ingestion or skin contact [5]. Temephos inhibits the enzyme
acetylcholinesterase (AChE) in central and peripheral nervous systems, leading to accumulation of
acetylcholine, causing death by respiratory depression [6]. The relatively low cost, easy manipulation and
safe storage in tropical climates make Temephos an attractive pesticide for programs of insect control [8]. In
Brazil, the agrochemical still has been used to control disease vectors, such as Aedes aegypti [9].

Regarding the herbicides, Roundup is water-soluble glyphosate and has been used in agriculture to
control plagues. It is classified by the US EPA as a moderate acute toxic compound [10]. Roundup is a
competitive inhibitor of the enzyme 5-enolpyruvyl-shikimate-3-phosphate synthase, which participates in the
synthesis of essential aromatic amino acids in plants [11]. Contrary to this classification, there are several
non-targets for glyphosates, notably marine species [12-14].

Anionic surfactants are the most important surfactant used in cleaning products and commercial
formulation of pesticide to reduce surface tension and improve surface spreading. They are commonly
released in the environment, polluting sewage, and presenting potential toxicity to water, soil and biota [15].
Sodium Dodecyl Sulfate (SDS) is an anionic detergent applied for industrial purposes to household cleaning
products [16]. Considered safe for humans, SDS has equally important toxic effects in aquatic organisms
[17-20].

Fish represent a population commonly affected by these agents, which are found as residues
contaminating domestic and industrial sewage, inadequately discharged in aquatic ecosystems [21]. Aquatic
organisms are exposed simultaneously to a mixture of pesticides since in agriculture practices it is common
the application of more than one pesticide and subsequently, they are discharged into the environment at the
same time [22-23]. Therefore, Temephos, Roundup and SDS may interact among themselves and lead to
different reactions, which can include additive, synergistic or antagonistic effects. Danio rerio, also known as
zebrafish, is a freshwater fish widely used to evaluate toxicity since it is sensitive to pollutants. Morphological
and behavioral alterations found in zebrafish exposed to pesticides are good biomarkers for evaluating
environmental conditions and water quality [13, 24-25].

Gills are organs exposed to these contaminants and are responsible for hematosis, osmoregulation and
nutrient uptake [26]. These organs are extensively vascularized, with a large surface area covered by
squamous epithelium in direct contact with water [27]. The morphological adaptive modifications in gills follow
exposure to these agents represents a set of pathological alterations, which are commonly used as
parameters to evaluate toxicological studies, water quality and environmental impacts related to human
activities [21, 28-30]. Histological alterations may be classified according to their reaction patterns, which
include different types of morphological changes. A typical progressive change is a hyperplasia, consisting
of tissue enlargement caused by cell growth, but without variations in cellular volume. Regressive changes
(epithelial lifting atrophy and necrosis) are more severe and can impair the proper function of organs.
Circulatory disturbances consist of blood and interstitial fluid imbalances, including blood congestion,
aneurysm and hemorrhage [21, 26].

Temephos, Roundup and SDS have been evaluated separately, but aquatic organisms are exposed to
diverse xenobiotics at the same time. Superficial and subaquatic contaminants reach the environment
concomitantly and hence their effects upon non-target organisms could superimpose [23]. Thus, this study
was investigating and quantifying the histological progressive, regressive changes and circulatory
disturbances in gills of D. rerio exposed to Temephos, Roundup, SDS and their binary combinations.

MATERIAL AND METHODS

Zebrafish care

The 28 adult D. rerio specimens were purchased locally from a commercial fish store. Animals were
acclimated for one week, distributed in seven 3 L glass aquaria filled with tap water from COPASA (Sanitation
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Department of the State of Minas Gerais) (n = 4 fish per tank). The low density per aquarium had as the goal
provide the welfare to animals during the experiment as described for the zebrafish maintaining [31]. Water
dechlorinated was previously treated with a conditioner called the Prime® from Seachem Laboratories that
was used to eliminate the chlorine, chloramine, and ammonia. During the experiment, water was maintained
at 26 °C, constant oxygenation, pH = 6.8, controlled photoperiod (14/10 h) and fish were fed twice a day with
commercial food from Alcon Basic®. All procedures were performed following the ethical principles
established by Animal Use Ethics Committee, Federal University of Sdo Jodo del-Rei, protocol 23/2012.
Animal handling and laboratory procedures were conducted according to the Guidance on the housing and
care of zebrafish [31].

Experimental design

Temephos 1G® concentration used was based on the guidelines of the National Dengue Control
Program in Brazil [5]. Roundup Original® (Monsanto) the concentration was chosen due to the upper limit of
glyphosate (3.7 ppm) accepted for water bodies with no intercepting vegetation [32]. SDS (High purity)
concentration used was based on average values found in industrial and domestic sewage from Southeast
and South regions from Brazil [33-34].

After acclimation, each group was exposed to: Temephos 1 ppm; Roundup 10 ppm; SDS 2 ppm; SDS
plus Temephos (2 ppm + 1 ppm); SDS plus Roundup (2 ppm + 10 ppm); Temephos plus Roundup (1 ppm +
10 ppm); control group. The experiment was carried out for 15 days in the static system according to Toledo-
Ibarra and coauthors, (2018) [35]. During the experiment, there was no dead fish.

Histology

After treatments, all animals were euthanized with a lethal dose of benzocaine (50 mg L™?). Gills were
collected and fixed in Bouin's liquid for 24 h. Samples were submitted to routine histological techniques,
embedded in paraffin, and sections 6 um thickness were stained with hematoxylin-eosin (H&E) as described
in Sales and coauthors (2017) [21].

Morphometry

Morphometry was performed for all slides, counting 12 gill filaments per sample. Filaments were
photographed using light microscopy (Zeiss Primo Star) (20X magnification) that was coupled with Axiovision
4.8 software. After histological analyses, an occurrence score was established to rank the lesions that were
identified in gills from treatment groups, according to Albinati and coauthors (2009) [36]: O - alteration not
observed; 1 - discrete (up to two occurrences); 2 - moderate (three to five occurrences); 3 - severe (more
than five occurrences). These occurrence scores were used to calculate the median score of histological
changes for each group, which were classified as discrete (0 to 1.0), moderate (1.1 to 2.0) or severe (2.1 to
3.0).

Statistical analysis

The Kolmogorov—Smirnov test was used to assess the normality of data and then, the data were
analyzed by non-parametric Kruskal-Wallis test followed by the Dunn’s post-hoc test. Values were expressed
as median and (interquartile range). Statistical significance was assumed for p < 0.05. Graphs were plotted
in a box and whisker chart with min and max values. All tests were performed using Graph Pad Prisma,
version 5.00 (Graph Pad Software, San Diego, CA, USA).

RESULTS

Histological changes in exposed gills

Gills from the control group displayed a typical histological architecture (Figure 1A). The primary lamellae
(PL) presented normal squamous epithelium with several cell types, such as mucous cells and mitochondria-
rich cells. Hyaline cartilage sustaining PL and a central venous sinus were recorded. Secondary lamellae (SL)
were supported by pillar cells and covered with simple squamous epithelium and supported by pillar cells.

Progressive, regressive changes and circulatory disturbances were observed in all gills exposed to
treatments (Figure 1B — F). Progressive changes as hyperplasia of secondary lamellae (HSL) were found on
SL in all treated groups. Epithelial lifting (EL), a regressive change was also detected (Fig. 1B), as well
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incomplete fusion of secondary lamellae (IFL) and complete fusion of secondary lamellae (CFL) (Figure 1F).
Circulatory disturbances characterized by vascular congestion (VC) in the central venous sinus (Figure 1E
and F) and aneurysm (AN) (Figure 1D) were also present in all exposed groups. In addition, regions of
necrosis mainly in secondary lamellae (Figure 1C) and hemorrhage (Figure 1D) were also identified for all
treatments, at least in one animal. Table 1 summarizes the classification of histological changes in gills of D.
rerio exposed to Temephos, Roundup, SDS alone and their combinations.

Morphometric analysis

After histological analysis exploratory from gills, the following parameters were chosen and measured in
the experimental groups: epithelial lifting (EL), hyperplasia of secondary lamellae (HSL), incomplete fusion
of secondary lamellae (IFL), complete fusion of secondary lamellae (CFL), vascular congestion (VC), and
aneurysm (AN).

Progressive changes

All exposed gills displayed HSL (Figure 2), with a median of 0.5 (1.0). Animals exposed to Temephos,
Roundup, SDS, Temephos plus SDS and Roundup plus SDS presented maxima median scores of 3.0 (0.0),
indicating severe alterations. For Temephos plus Roundup, the observed score was 2.5 (1.0). When
compared to control, all median scores for treatments were significantly higher, indicating an association
between HSL and exposure to tested xenobiotics.

Regressive changes

For all exposed groups, no differences between mean scores of EL and IFL were found, when compared
to control (data not shown). Only animals exposed to Temephos + Roundup presented a significant higher
median score for CFL (3.0 (2.0)), when compared to control (0.0 (1.0)) (Figure 3). Temephos and Roundup
groups had median CFL scores of 1.0 (1.0) and 2.5 (2.0), respectively. In those groups, CFL was classified
as severe. Gills exposed to the SDS presented a discrete CFL(1.5 (1.0)). SDS + Temephos also displayed
discrete median CFL score (1.0 (1.0)), whereas SDS + Roundup group had a moderate median score for
CFL(2.0 (0.0)). Despite this trend, the combination of SDS with pesticides showed no significant differences
in CFL mean scores when compared to control.

Circulatory disturbances

Moderate VC was visualized in gills exposed to Temephos, Roundup, SDS plus Temephos and SDS
plus Roundup (1.5 (1.0); 2.0 (2.0); 2.0 (0.0); 2.0 (0.0), respectively). Temephos plus Roundup group also
displayed moderate VC (2.0 (0.0)). Severe VC was observed only for SDS (2.0 (1.0), a median score
significantly higher than control (1.0 (1.0) (Figure 4A). AN in control had a median score of 0.0 (1.0) (Figure
4B). Roundup displayed a median score (3.0 (1.0)) classified as severe, significantly higher than control.
Despite the moderate-to-discrete mean AN scores for all other groups (Temephos, 1.0 (3.0); SDS, 1.0 (0.0);
SDS plus Temephos, 2.0 (0.0); SDS + Roundup, 2.0 (0.0)); Temephos plus Roundup, 1.0 (1.0)), no statistical
differences were found when comparing them to control.
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Figure 1. Histological sections of gills from zebrafish stained with Hematoxylin and Eosin (H&E). (a) control group
showed gills with normal histological architecture. PL primary lamellae; SL = secondary lamellae; C = hyaline cartilage;
S = central venous sinus; MC = mucous cell; Pc = pillar cell; Ep = squamous epithelial cell;, MRC = mitochondria-rich
cell. (b) in all treated groups epithelial lifting = arrow was observed. (c) necrotic area = N in at least one fish from the
treated groups; (d) fish treated with SDS plus Roundup showed hemorrhagic area = (*) and aneurysm = A. (e) fish
submitted to Roundup with vascular congestion in central venous sinus = S. (f) fish treated with Temephos plus Roundup
showed complete fusion of lamellae = CFL. Bars = 50um.
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Figure 2. Score of hyperplasia in zebrafish gills. Median score of secondary lamellae hyperplasia observed in gills of
zebrafish exposed to Temephos, Roundup, SDS and their combinations. Box represents the median and interquartile
range. Bars represent min and max values (n=4). * indicated significant differences compared with control group
(Kruskal-Wallis test followed by Dunn’s test; p < 0.05).
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Figure 3. Score of complete fusion of lamellae in zebrafish gills. Median score of complete fusion of some lamellae
means score observed in zebrafish gills exposed to Temephos, Roundup, SDS and their combinations. Box represents
the median and interquartile range. Bars represent min and max values (n=4). * indicated significant differences
compared with control group (Kruskal-Wallis test followed by Dunn’s test; p < 0.05).
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Figure 4. Score of circulatory disturbances in zebrafish gills. Median score of vascular congestion (a) and aneurysm (b)
observed in zebrafish gills exposed to Temephos, Roundup, SDS and their combinations. Box represents the median
and interquartile range. Bars represent min and max values (n=4). * indicated significant differences compared with
control group (Kruskal-Wallis test followed by Dunn’s test; p < 0.05).
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Table 1. Classification of histological changes in zebrafish gills exposed to Temephos, Roundup, SDS and their
combinations. HSL = hyperplasia of secondary lamellae; CFL = complete fusion of secondary lamellae; VC = vascular
congestion; AN = Aneurysm.

Group Progressive Regressive Circulatory disturbances
HSL CFL VC AN
Control Discrete Discrete Discrete Discrete
Temephos Severe Moderate Moderate Moderate
Roundup Severe Severe Moderate Severe
SDS Severe Moderate Severe Discrete
SDS + Temephos Severe Moderate Moderate Moderate
SDS + Roundup Severe Moderate Moderate Moderate
Temephos + Roundup Severe Severe Moderate Moderate
DISCUSSION

Histological changes in gills have been described in wild fish [21] or during acute exposure to pesticides
under controlled conditions since these organs are extremely exposed to the environment and serve as an
entrance for contaminants [25]. Organophosphates, such as Temephos, were developed to kill target
parasites, without any damage to the host and other non-target organisms in the environment, where the
insecticide is dispersed. However, undesirable effects on non-target organisms have been reported in varying
degrees for Temephos [37]. Pathological findings associated with Temephos exposure are not exclusive to
gills but also found in the liver, muscles, and nerve tissue [7, 19, 38-39]. Moreover, organophosphates also
can induce morphological and biochemical abnormalities in exposed amphibians [40-41].

In this study, hyperplasia of secondary lamellae (HSL) was the most striking alteration found in zebrafish
gills exposed to Temephos. Moderate occurrences of complete fusion of lamellae (CFL) and circulatory
disturbances were visualized, but no significant differences were observed when compared to control group.
Epithelium lifting (EPL), HSL and lamellar fusion are defence responses induced by Temephos. Probably, to
prevent the diffusion of Temephos through gills, HSL led to lamellar fusion. As result of stress response,
reduction of gill surface area decreases the oxygen availability and increases the diffusion distance of
external environment and vascular system [7]. Indeed, the teleost Anphanius dispar, when exposed to
Temephos, also developed degeneration of gill tissues, such as supporting cartilage, epithelial hypertrophy,
decrease of mitochondria-rich cells and EPL [7]. The same histological alterations also were found in
Oreochromis niloticus when exposed to other organophosphates as trichlorfon and fention [38-39].

Temephos inhibits the enzymatic activity of acetylcholinesterase (AChE), a key enzyme involved in
hydrolysis of the neurotransmitter acetylcholine. In gills, the physiological role of AChE includes cell
mechanisms to control the epithelium gills activity and the filtration capacity [42]. Inhibition of AChE by
xenobiotics results in accumulation of acetylcholine and leads to paralysis of respiratory muscles, and
subsequently compromises gill functions [43]. Interestingly, histopathological alterations found in gills were
directly correlated with the inhibition of AChE follow exposure to pesticides [38, 44-46]. In addition, a
continuous production of reactive oxygen species (ROS) and hence oxidative stress was reported in gills of
fish exposed to different brands of organophosphates [47-48].

Cellular and vascular changes in zebrafish gills exposed to Roundup confirmed those toxic effects. A
higher frequency of HSL and CFL were found in gills exposed to Roundup. Circulatory disturbances were
also present, and a significantly higher occurrence of aneurysm (AN) was found in comparison with control
group, but vascular congestion (VC) was classified as moderate, without significant difference when
compared to control group. The AN have pathological importance, considering that they are usually
irreversible and can progress to hemorrhage if the environmental conditions are not altered [21]. Acute
exposure to Roundup (96 h) also causes oxidative stress and DNA damage in gills of Corbicula fluminea [23].
The toxic effects of Roundup on gill cells were also demonstrated for different fish species and diverse
concentrations of the xenobiotic [36, 4-50]. Moreover, Roundup can also lead to histopathological alterations
in distinct fish organs, such as brain, skin, liver and kidney [14, 36, 49]. Among the wide variety of non-target
species, amphibians are particularly sensitive to environmental exposure of glyphosates [3].

Glyphosates, as Roundup, target the enzyme EPSP, which interrupts the synthesis of aromatic amino
acids in plants. Although this pathway is not present in animals, several studies have shown that aquatic
organisms are susceptible to glyphosate effects, mainly by oxidative stress and AChE alterations. When
biotransformed, the compound alters the oxidative balance of zebrafish gills. In this sense, Temephos and
Roundup induce production of ROS and reduces gill redox buffering capacity and tissue damage [23, 51-53].
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Furthermore, genotoxic effects of glyphosates have already reported in fish [23, 54]. Interestingly, inhibition
of AChE is also a possible mechanism of action observed in herbicides [12, 53-54].

Here, treatment with SDS appeared to cause HSL and VC in zebrafish gills. Regarding the latter,
intravenous sinus congestion is an injury that leads to functional damage, being classified as reversible, in
case of improvement in water quality, or progressive, in cases of persistent exposure [21, 36]. Similar results
were reported in gills from Scophthalmus maximus L exposed to SDS [15] and in Astyanax altiparanae and
Prochilodus lineatus submitted to biodegradable detergents [45].

The toxic effects of SDS in fish are correlated with the reduction of surface tension, leading to less oxygen
dissolved in water and gas absorption by gills [15]. Moreover, anionic surfactant can bind into proteins, DNA
or into cell fragments, which led to disturbances in cell function. This capability of SDS to enter in cell
membranes and to bind in cell fragments can also increase generation of reactive species of oxygen, which
cause tissue damage [17]. Regarding AChE inhibition, evidence suggests that SDS have not significantly
effect on the in vivo enzymatic activity of exposed fish [55-58], whereas SDS exposure was responsible for
in vitro inhibitory effects in exposed fish organs and in sensitive aquatic organisms [55, 59-60].

Anionic surfactants, such as SDS, are added to commercial formulation of pesticides to enhance their
diffusion through plants. Cuhra and colls (2013) suggested that the toxic effects of Roundup may be derived
from synergistic effects of glyphosate and adjuvants [61]. In contrast, Bridi and colls (2017) demonstrated
that there are small differences in morphological and behavioral parameters of zebrafish exposed to
glyphosate and Roundup formulation [13]. Indeed, active ingredients of pesticides, commercial formulation
of pesticides and detergents are extremely harmful to aquatic organisms. Since fish are exposed to diverse
xenobiotics at the same time, we aimed to evaluate the combinatorial effects of Temephos, Roundup and
SDS, based on concentrations observed in the natural environment. Therefore, the binary combinations of
these agents represent the superficial and subaquatic contaminants that reach the environment
concomitantly.

Considering the combinatorial effects of Temephos plus SDS, Roundup plus SDS and Temephos plus
Roundup, the most common alteration observed were HSL. Although moderate circulatory disturbances were
observed in all associations, this parameter was not significantly different when compared to control group.
Associated groups displayed widespread areas of hemorrhage with necrosis that was observed in at least
one animal per exposed group. Hemorrhage is the blood escaping from the circulatory system from damaged
blood vessels, whereas necrosis has been characterized by disruption of plasma membrane, release of
cytoplasmic material and intense inflammatory reaction [62]. In agreement with these results, necrosis,
hemorrhage, and inflammatory infiltrate were also observed in gills exposed to SDS or Roundup [15, 49].
Necrosis epithelial was also observed in secondary lamellae from Cirrhinus mrigala exposed to 0.91 ppm
and 1.82 ppm concentrations of dichlorvos, an organophosphate pesticide, for 10 days treatment [63].

These histopathological parameters describe in D. rerio gills after exposure to Temephos Roundup, SDS
and their combination have been used widely in several research fields as biomarker tools in environmental
monitoring [21, 45]. In this study, we aimed to identify individual alterations in the gills of exposed fish since
animals were acquired from the same cohort and share strong similarity among themselves. We observed a
strong effect of our treatments and low variability since severe effects were found in gills exposed to
pesticides, detergent, and their combinations.

All substances used in this study are stable in aqueous solution longer than the time taken to complete
the experiment. For example, Temephos is stable for 28 days at pH = 7.0 (without hydrolysis), whereas 50 %
of glyphosate degrades between 14 and 22 days [64-66]. Regarding the SDS stability, it has been analyzed
for up to 10 days and remained stable for this period [67 - 71]. Interestingly, Pettersson and colls (2000)
showed that detergents were detoxified to some extent 16 days in Daphia magna [70], i.e., the physiological
removal of toxic detergents from a living organism was longer than the time taken to complete this study. It
is also important to mention that very lower SDS concentration (0.0025 + 300 mg/l) leads to toxic effects in
aquatic organisms [70]. Therefore, even with a low rate of SDS degradation, the remaining amount of SDS
concentration is enough to cause toxic effects in D. rerio gills during 15 days of exposition.

Maybe the reduction of the exposure period could be necessary for a better assessment of combinatorial
effects of tested compounds, as well the use of lower concentrations, to adequately identify synergistic
interaction of pesticides and surfactants in mixture. In fact, the big current issue is that the behavior of
chemicals in a mixture may not correspond to that predicted from data on pure compounds. This occurs due
to interactions between the components, which can cause complex and substantial changes in the properties
of their constituents [72]. The contaminants with a similar or different mode of action can influence each
other's toxicity; resulting in an almost unlimited number of possible additive, synergistic or antagonistic
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combinations [73]. This phenomenon is known as the cocktail effect. Notably, Santos and Martinez (2014)
observed antagonistic effects for the co-administration of atrazine, an herbicide, and Roundup, when
evaluating biotransformation and oxidative stress [23]. On the other hand, a more in-dept analysis must be
performed for better identification of potential antagonist effects in gills exposed to combinations of Temephos,
Roundup and SDS.

CONCLUSION

In conclusion, adaptive changes found in zebrafish gills that are caused by Temephos, Roundup and
SDS, alone or in combination, reflect the toxic effects of these agents. Considering that interactions between
xenobiotics present in a given mixture are biologically complex, especially for long exposure periods, no
significant increment in the incidence of histological alterations was observed when comparing associations
to single treatments. However, it is important to note that concentrations of Temephos, Roundup and SDS
used here were based on environmental findings. Our results reinforce the need for a more rational and
controlled use and disposal of herbicides and surfactants since their persistent presence as environmental
contaminants appears to be deleterious to non-target organisms such as fish.
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