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ABSTRACT

The widespread application of the hydrocarbons benzene, toluene, ethylbenzene and xylene (BTEX) has
led to their consideration as major aquatic environmental pollutants, and exposure to these hydrocarbons
has become a serious concern given their detrimental health effects on aquatic species. We investigated
in the present study the impact of chronic exposure to BTEX on the testis of the freshwater leech
Erpobdella johanssoni. The results revealed that BTEX induced severe histological alterations revealed
by vacuolar degeneration in the spermatogenic cysts, and a complete loss of normal cysts was observed.
The cytophore was grossly destroyed, and extensive necrosis and detached germ cells from cytophore
were observed. Interestingly, BTEX exposure induced a significant increase in malondialdehyde (MDA)
levels by 85.71% in the testicular tissue of treated leeches compared to the control (P < 0.00005), whereas
the activity levels of SOD, GPx and CAT antioxidant biomarkers were significantly decreased by 60%,
81.81% and 47.5%, respectively. Additionally, using the alkaline comet assay, we observed that BTEX
exposure induced significant DNA fragmentation in the testis cells of treated leeches compared to con-
trols (P < 0.00005). Overall, this study unravels the histopathologic, oxidative stress and DNA damage
induced by BTEX on the testis of the freshwater leech E. johanssoni.
© 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

2017). Recommended BTEX groundwater concentrations ranging
from 0.1 to 1.8 ug L1, 1-100 pg L', 0.1-1.1 pg L~! and 0.1-0.5

Benzene, toluene, ethylbenzene and xylene (BTEX) are found
naturally in petroleum products, such as crude oil, diesel fuel and
gasoline (Heibati et al., 2017). These hydrocarbons are widely used
as industrial solvents and provide starting materials for the pro-
duction of polymers, solvents, agrochemicals and pharmaceuticals
(Singh et al., 2011). Derivatives of BTEX are among of the most
important pollutants of soil and groundwater (Khodaei et al,
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ugL!, respectively. BTEX levels in drinking water should not
exceed 0.1-1 pg L™, 1-27 ug L1, 1-10 pg L' and 0.1-12 pg L%,
respectively (ATSDR, 2000; ATSDR, 2007a,b; Organization, 2008;
ATSDR, 2010). According to a great deal of research, BTEX toxicity
has gained increasing attention and has become a serious concern
with respect to human and animal health worldwide (Xiong et al.,
2016; Doherty et al., 2019). Exposure to BTEX induces harmful
health effects, such as cancer, damage to the liver and kidney, par-
alyzing the central nervous system, and even resulting in death at
low concentrations (Li et al., 2013; Baghani et al., 2019). The alter-
ation of reproductive function and gonadal tissue is one of the
most devastating consequences of BTEX exposure (Khaled et al.,
2016; Khaled et al., 2017; Cassidy-Bushrow et al., 2021). BTEX
can exert negative effects on various female reproductive sites
due to its potential to destroy chromosomes; affect cell metabo-
lism, including the accumulation of free radicals; and lead to

1018-3647/© 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


http://crossmark.crossref.org/dialog/?doi=10.1016/j.jksus.2022.102196&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.jksus.2022.102196
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:hharrath@ksu.edu.sa
https://doi.org/10.1016/j.jksus.2022.102196
http://www.sciencedirect.com/science/journal/10183647
http://www.sciencedirect.com

I. Khaled, 1. Saidi, H. Ferjani et al.

disturbances in the secretion of hormonal regulator of reproduc-
tive system and intracellular protein kinases (Sirotkin and
Harrath, 2017). Recently, it has been described that toluene and
ethylbenzene can disrupt ovarian function by causing histopatho-
logical alterations and inducing both apoptotic and autophagic
mechanisms (Alrezaki et al., 2021; Harrath et al., 2022).

In human males, exposure to BTEX is associated with reduced
sperm vitality and activity, male reproductive dysfunction, car-
cinogenicity and denaturation of sperm nuclear DNA (XIAO et al,,
2001; Nakai et al., 2003; Mandani et al., 2013). Despite the excel-
lent studies on BTEX toxicity, the toxic effect of these hydrocarbons
on aquatic invertebrates deserves further investigation because
most studies have focused the effects on mammals (Zhang et al.,
2010; Singh et al., 2011; Saxena and Ghosh, 2012; Kumar et al.,
2014; PT Manfo et al., 2014). Given their morphology, physiology,
and behavior leeches are considered as a suitable biological model
for aquatic toxicity assessment (Mihaljevic et al., 2009). Leeches
have been used as a typical bioindicator of toxic pollutants in aqua-
tic environment studies (Petrauskien, 2003; Petrauskiené, 2004). In
our previous studies, we revealed that acute exposure to BTEX (1.4
and 2.8 mg L) induced morphological disruptions and adverse
effects on spermatogenesis and oogenesis of the leech Limnatis
nilotica (Khaled et al., 2016). In Erpobdella johanssoni, the same
treatment induced alterations and ultrastructural abnormalities,
notably in previtellogenic and vitellogenic oocytes, and a signifi-
cant increase in DNA fragmentation (Khaled et al., 2016; Khaled
et al.,, 2017).

Biological indicators have been developed at various levels of
biological organization to evaluate the impact of environmental
stress on aquatic organisms. A cascade of stress-related responses,
such as biochemical, molecular, cellular, physiological or behav-
ioral changes, are now increasingly being used as biomarkers of
environmental stress because they provide a definite biological
endpoint of historical exposure (Eseigbe et al., 2013). As such,
histopathological alterations, DNA damage and oxidative stress
represent core tools and sensitive indicators in environmental tox-
icology to evaluate the effect of pollution in biomonitoring assess-
ments (Li et al., 2015). Herein, we hypothesize that exposure to an
environmentally realistic concentration of BTEX may lead to
histopathological and molecular changes in the testis of the leech
Erpobdella johanssoni since it is considered as a suitable model
for the ecological monitoring and aquatic toxicity assessment of
invertebrate species. Thus, we evaluated the effects of chronic
exposure to BTEX (25 pg L™!) on a) testis structure, b) the level
of oxidative damage in the testis by measuring lipid peroxidation
and antioxidant defense enzyme activity, and c) DNA damage using
the comet assay.

2. Materials and methods
2.1. Sample collection

Specimens of Erpobdella johanssoni tested in this work were col-
lected throughout the breeding season of May and June 2019 from
the Tamerza waterfall (mountain oasis situated in south west of
Tunisia) (Fig. 1A, B). Leeches were maintained in laboratory condi-
tions in aerated glass at room temperature (20 °C) and fed weekly
with crushed chicken liver.

2.2. Chronic exposure of E. johanssoni to BTEX

We purchased benzene, toluene, ethylbenzene and xylene with
greater than 99% purity from Labo Chimie PVT. Ltd. 107. For BTEX
chronic exposure, adult and alive leeches were chosen and divided
randomly into two groups: untreated group contained 15 leeches
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and served as a control group. In the second group, leeches were
treated with a concentration of 25 pg L~ of BTEX prepared with
equal amount of each component. Treatments were conducted in
triplicate with 15 leeches per replicate. Chronic exposure was car-
ried out for 26 days with respect to acclimation condition. Aeration
was removed to avoid BTEX volatilization. Upon treatment, leeches
were fed weekly and the entire exposure solution was modified
daily so as to conserve the required concentration of BTEX. The
selection of this concentration was based mostly to our prelimi-
nary laboratory tests and available literature data that focused on
BTEX chronic exposure in other aquatic invertebrates and fish
(Fan et al., 2009; Li et al., 2013).

2.3. Light microscopy

For histopathological assessment, five specimens of E. johans-
soni from each group were dissected. Briefly, removed testes were
fixed in 4% neutral buffered formalin (NBF), dehydrated in graded
ethanol series and embedded in paraffin wax. Then, sections of
6-um thick were stained with eosin and hematoxylin and exam-
ined under a light microscope.

2.4. Evaluation of oxidative stress biomarkers

Ten specimens of E. johanssoni from each group were dissected,
and testes weighing 1 g were removed and immersed in 2 ml ice-
cold Tris buffered saline and centrifuged for 15 min at 5000 G and
4 °C. Supernatants were collected and used for further analysis.

2.4.1. Lipid peroxidation assay

Lipid peroxidation was determined indirectly by measuring the
level of MDA as an index of lipid peroxidation according to a pre-
vious study (Buege and Aust, 1978). Briefly, a total of 125 pL of
supernatant and 125 pL of 20% trichloroacetic acid containing 1%
butyl-hydroxy-toluene were mixed and centrifuged (1000g for
10 min at 4 °C). Two hundred microliters of the sample was added
to HCI (6 M) and 80 pL Tris—thiobarbituric acid (TBA), and the con-
tent was mixed at 80 °C for 10 min. The MDA level (nmol mg~! of
proteins) was estimated from the absorbance at 530 nm using the
molar extinction coefficient of MDA (156 mM~! cm™1).

2.4.2. Determination of superoxide-dismutase (SOD) activity

SOD activity was evaluated by measuring its ability to inhibit
the oxidation of nitro blue tetrazolium (NBT) using a method
described previously (Beyer Jr and Fridovich, 1987). One unit of
SOD activity represents the amount of enzymes that causes 50%
inhibition of the reduction of NBT at 25 °C.

2.4.3. Determination of catalase (CAT) activity

The activity of catalase (CAT) was assayed following the method
of Aebi (Aebi, 1984). 20 pL of the sample was added to H,0, solu-
tion in phosphate buffer (pH 7). The activity of CAT was deter-
mined by measuring H,;0, decomposition at 240 nm and
calculated using the molar  extinction coefficient
(0.043 mM~ ' cm™).

2.4.4. Determination of glutathione peroxidase (GPx) activity

Glutathione peroxidase (GPx) activity was measured by the
subsequent oxidation of NADPH at 340 nm using the method
described previously (Flohé and Giinzlervz, 1984).

2.5. Comet assay
For DNA damage assessment, five specimens from each treat-

ment were dissected. Briefly, extracted testes were immersed in
100 pL of phosphate buffered saline (PBS). Cell suspension was
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Fig. 1. Testis of E. johanssoni: hematoxylin and eosin (H&E) staining of paraffin sections. (A) General view of testis in control group. Note the normal appearance of germ cells
(gc) in a cystic organization (arrows). During spermatogenesis, germ cells are shown connected to a common cytoplasmic mass, the cytophore (cy). Testes wall (P) and muscle
cells (ms) are visible (B) General view of testis in treated group with BTEX.. Arrows indicate cysts of germ cells. Note the increased number of disorganized cysts marked
especially by degenerative cytophores (dcy). The wall of the testes (P) (ms) are also visibles (H&E, 100x). (C)-(G): details of testis in treated group with BTEX showing
different types of alterations: stars indicate vacuolated and or damaged cytophore with cytoplasmic protrusions, circles show disorganized cysts expressed by dispersed germ
cells (gc) (not connected to cytophore), degenerating cytophore (dcy) are also visible hf: hemocoelomic fluid. In (C) note parietal ciliated cells (arrow head) lying on the inner

side of the testis wall (P) (H&E, 400x). (H&E, 400x ).

obtained after mincing samples using very fine scissors. 60 pL of
obtained suspension was mixed with 60 pL of 1.0% low melt point
agarose at 37 °C. Then, cell suspension was spread on slides pre-
dicted with a layer of 1% (w/v) normal melting point agarose pre-
pared in PBS. Thereafter, slides were solidified for 5-10 min at 4 °C
and were immersed in lysis solution at 4 °C overnight. Slides were
then placed into a horizontal electrophoresis tank filled with 0.3 M
NaOH and 1 mM ethylenediamine tetraacetic acid for 20 min. Elec-
trophoresis was performed for 20 min at 25 V and 300 mA at ambi-
ent temperature. After electrophoresis, slides were then
neutralized using 0.4 M Tris, pH 7.5, and immersed in absolute
ethanol for 10 min. After staining with 40 pL ethidium bromide,
slides were examined under a Nikon Eclipse TE300 fluorescence
microscope (Nikon, Tokyo, Japan). The experiment was repeated
thrice for each sample. The evolution of DNA damage is carried
out with the visual scoring method, a total of 100 comets on each
slide were visually scored according to the relative intensity of flu-

orescence in the tail and classified into one of five categories.
According to (Collins et al., 1996), comet classes were given values
(0, 1, 2, 3 or 4; from undamaged, 0, to maximally damaged, 4). The
total score was estimated by the subsequent formula: (percentage
of cells in class 0 x 0) + (percentage of cells in class 1 x 1) + (per
centage of cells in class 2 x 2) + (percentage of cells in class
3 x 3) + (percentage of cells in class 4 x 4). Accordingly, the total
score varied from O to 400.

2.6. Statistical analysis

Statistical analysis was carried out using GraphPad Prism ver-
sion 9. Data are represented as the mean + standard deviation
(SD). Significant differences between groups were analyzed using
the Mann-Whitney U test. p < 0.05 was considered to be statisti-
cally significant.
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3. Results
3.1. Histopathological evaluation

Testis of untreated leeches showed normal structure, as evi-
denced by the well-organized distribution of developing germline
clones organized in spermatogenic cysts (Fig. 1A). In fact, germ
cells are interconnected to a central, cytoplasmic mass called cyto-
phore to form syncytial groups (cysts) (Fig. 1A). However, testes of
leeches that were exposed to 25 pg L~ BTEX, when compared to
control group, showed many apparent histological changes. These
later, resulted in extensive alterations that appeared in spermato-
genic cysts, leading to a complete loss of normal cysts (Fig. 1B-G).
Interestingly, the normal morphology of cytophores was affected
(Fig. 1B-G). In fact, degenerative, vacuolated and finally cytophores
with less compacted cytoplasm was observed (Fig. 1B-G). More-
over, extensive necrosis and disseminated germ cells which
appeared floating freely in the testis hemocoelomic fluid, as conse-
quence of the loss of connexion to cytophore, was noted (Fig. 1C-F).

3.2. Oxidative stress and antioxidant enzyme biomarkers

3.2.1. Lipid peroxidation assay

Lipid peroxidase status was evaluated by the measure of MDA
content in the testes of the leech E. johanssoni and the results are
shown in Fig. 2. Exposure to BTEX exhibited a significant elevation
in MDA content. In fact, after 26 days of treatment with 25 pg L™!
of BTEX, the levels of MDA in the testes of experimental leeches
were significantly increased (p < 0.05) from a range of 85.71% as
compared to the untreated group (p < 0.05).

3.2.2. Superoxide dismutase (SOD)

Our results showed that the activity of the enzyme SOD was
inhibited in the leeches exposed to BTEX (Fig. 3). Measurements
of SOD activity in the testes of leeches E. johanssoni exposed to
25 pg L~! for 26 days have a decreasing tendency as compared
to the control group (p < 0.05) by about 60%.

3.2.3. Catalase (CAT)
Our results showed that exposure to BTEX exhibited a signifi-
cant decrease in catalase activity in the testes of the leeches E.
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Fig. 2. Effect of BTEX on MDA levels in the testis of E. johanssoni from the treated
group compared to the control. Values are expressed as means + SD. *P < 0.05
indicates a significant difference from the control ****P < 0.00001.
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Fig. 3. Effects of BTEX on SOD, CAT, and GPx activity in the testes of E. johanssoni
from treated leeches compared to the control. All these biomarkers were signifi-
cantly decreased after exposure to 25 pg L~' BTEX. Values are expressed as
means + SD. (*) P < 0.05 and (**) P < 0.001 indicate a significant difference compared
with the control.

johanssoni exposed to 25 pg L~! over 26 days (Fig. 3) by about
81.81% as compared to the control group (p < 0.05).

3.2.4. Glutathione peroxidase (GPx)

As shown in (Fig. 3), GPx activity was found to be significantly
decreased in the testes of leeches E. johanssoni exposed to 25 ug L1
for 26 days. The level of GPx activity decreased from a range of
47.5% when compared to control group (p < 0.05).

3.3. DNA damage level

To address the potential genotoxic effects of BTEX in the testis
of the leech E. johanssoni, we used the comet assay, which can
detect primary DNA damage and single and double DNA strand
breaks. Comet assay findings showed a significant increase in
DNA damage in exposed leeches compared to leches of the
untreated group (Fig. 4). Testis of exposed leeches have approxi-
matively five-fold higher levels of DNA damage.

4. Discussion

This study was designed to evaluate the response of the testis in
the freshwater leech E. johanssoni to BTEX toxicity and elucidate
the mechanisms inducing damage. Histopathology is now increas-
ingly being used as a biomarker of environmental stress, and
histopathological responses have been reported as valuable mark-
ers of toxicity (Akinsanya et al., 2019; Jia et al., 2019; Zhang et al.,
2020). In this study, light microcopy examination of E. johanssoni
testes revealed severe histological alterations and extensive necro-
sis with complete loss of normal cyst structure. Our findings were
consistent with previous studies that focused on the ability of BTEX
to induce obvious testicular histopathological damage in the fresh-
water leech Limnatis nilotica exposed to 1.4 and 2.8 mg L~! BTEX
(Khaled et al., 2016; Khaled et al., 2017). It has been reported that
xylene exposure induces changes in testicular tissue rates mani-
fested by a decrease in epithelial height of the seminiferous tubule
and Sertoli cells (Gules and Eren, 2010). Similar exposure to ben-
zene led to histopathological lesions in the testes of Sprague Daw-
ley rats characterized by cytoplasmic vacuolization, pyknosis of
nuclei, chromatolysis, desquamation and dissolution of germ cells
in the tubular lumen (Singh and Bansode, 2011). In the freshwater
fish Heteropneustes fossilis, exposure to linear alkyl-benzene sul-
fonate (LAS) caused significant testicular histopathological
changes, leading to a decrease in reproductive potential (Kumar
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Fig. 4. DNA damage score in testis cells of E. johanssoni showing a higher score of DNA alteration in the 25 g L™! treatment (B) compared to the control group (A). C. Relative
fluorescence intensity of DNA damage levels in the control and exposed groups. Values are expressed as the mean * standard deviation (SD) from at least three separate
experiments. (*) P < 0.05 and (***) P < 0.001 indicate a significant difference from the control.

et al., 2007). Surprisingly, leeches appeared to be highly suscepti-
ble to aquatic toxicity, as the testicular effects observed in this
study were caused by a wide range of chemical contaminants other
than BTEX. Indeed, it has been reported that the structure and the
development of reproductive tissue in the freshwater leech
Nephelepsis obscura were strongly impaired after cadmium expo-
sure revealing reduced ova and spermatozoa genesis and also a
marked reduction of ovisacs, epididymis and testisacs masses
(Davies et al., 1995; Westcott, 1997). On the other hand, exposure
of the leech Poecilobdella viridis to reserpine and chlorpromazine
induced decrease in ovary and testis indices (Rao et al., 1983).
The most important parameters used to measure the health of
aquatic life and the mechanism of toxicity in aquatic organisms
are oxidative stress indicators (Kumari et al.,, 2014; Wei and
Yang, 2015). To the best of our knowledge, no previous research
has investigated oxidative stress in leeches. In fact, this animal
invertebrate group was poorly used as a bioindicator for bioassess-
ment and monitoring of water quality (Moser et al., 2009). Inter-
estingly, lipid peroxidation, which was determined indirectly by
measuring the production of MDA, is considered as a sensitive bio-
marker to assess oxidative stress status and tissue damage level, as
MDA represents the end product formed during the decomposition
of poly-unsaturated fatty acids mediated by free radicals (Giera
et al., 2012). Our results showed a significant increase in MDA
levels in the leech E. johanssoni exposed to BTEX, suggesting that
these hydrocarbons exert their toxicity by peroxidating membrane
polyunsaturated fatty acids. This notion has also been explored in
the catfish Clarias gariepinus and the earthworm Eudrilus eugeniae,
and an increase in MDA levels after exposure to BTEX was identi-
fied (Eseigbe et al., 2013; Doherty, 2014), whereas the same hydro-
carbon caused lipid peroxidation injury in the sea cucumber
Apostichopus japonicus (Jiang et al., 2014). The described increase
in MDA contents is due to the inhibitory effect on the mitochon-
drial electron transport system, which stimulates the generation
of intracellular reactive oxygen species (ROS) (Stohs et al., 2001).
This result is evident due to the chemical characteristics of BTEX,
which includes highly lipid soluble compounds that readily accu-
mulate at high levels in the tissue of aquatic organisms, triggering

the release of ROS. Consequently, BREX impacts vital cellular func-
tions either alone or through metabolites (Cheng et al., 2015). In
fact, it has been previously reported that testicular tissue is one
of the main targets of ROS due to its high content of polyunsatu-
rated membrane lipids (Mishra and Acharya, 2004). ROS serve as
cell signaling molecules for normal biological processes (Auten
and Davis, 2009). However, in response to external environmental
stimuli, an imbalance between the production of ROS and the capa-
bility of the cell to ensure an effective antioxidant response is
defined as oxidative stress (Ray et al., 2012). The increase in
MDA levels in our findings indicate the generation of ROS, which
is consistent with earlier research that found that BTEX toxicity
is mediated by ROS produced during the metabolism of these com-
ponents (Singh et al., 2010).

The antioxidant enzymes SOD, CAT and GPx have powerful
detoxification roles against injurious ROS and they represent the
first line defense antioxidants against ROS attack (Ighodaro and
Akinloye, 2018). In particular, SOD catalysis the dismutation of
superoxide anions into oxygen and hydrogen peroxide, CAT and
GPx breakdown hydrogen peroxide (H,0,) to water and oxygen
(Ran et al., 2007). In the exposed leeches, we noted a significant
decrease in SOD, CAT and GPx activities after 26 days of exposure
to BTEX, suggesting that BTEX exposure could impair the antioxi-
dant defense system. Under normal conditions, ROS are quickly
detoxified by the antioxidant defense system (Juan et al., 2021).
However, under BTEX exposure for 26 days, excessive ROS are gen-
erated, which may destroy the cell membrane and form lipid per-
oxides and oxidized proteins. This process may lead to a
disturbance in the balance between the prooxidants and antioxi-
dants. Thus, the detoxification function of antioxidant enzymes
was inhibited. It was reported that many factors could reflect the
state of antioxidant enzymes such as the intensity, the duration
of the stress applied and the vulnerability of the exposed organ-
isms, hence, the activity of antioxidant enzymes may be increased
or decreased under chemical stress (Otitoloju and Olagoke, 2011).
It has also been noted that BTEX attacks the antioxidant system,
including superoxide dismutase (SOD), glutathione peroxidase
(GPx), and catalase (CAT) (Singh et al., 2009; Maksoud et al.,
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2019; Pajaro-Castro et al., 2019), which is consistent with our
findings.

It is well established that excess ROS generation after treatment
with chemical environmental pollutants is closely related to DNA
damage (Rowe et al., 2008; Cheng et al., 2015; Zhang et al.,
2020). Using a comet assay, our results showed an increase in
DNA damage in the testes of exposed leeches, which is consistent
with previous studies that focused on the genotoxicity of BTEX
(Khaled et al., 2016; Khaled et al., 2017). Indeed, a previous study
revealed that BTEX induces DNA damage in isolated human lym-
phocytes resulting from the induction of DNA strand breaks
(Chen et al., 2008). Exposure to toluene, ethylbenzene and xylene
caused a stress response and DNA damage in the earthworm E.
fetida (Liu et al., 2010). Interestingly, a study on benzene exposure
revealed induced DNA damage and increased ROS production in
fetal liver cells (Tung et al., 2012), whereas exposure to benzo-
quinone, a metabolite of benzene, disrupted fetal topoisomerase
Ila, an essential enzyme for DNA repair (Holmes and Winn, 2019).

In summary, the present study displayed that exposure to BTEX
induced histopathological alterations, oxidative stress and DNA
damage in the testes of the freshwater leech E. johanssoni. The
measurement of these biochemical responses can be used as a use-
ful biomarker to appraise the risk of effects of environmental pol-
lutants on the health status of exposed animals.
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