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Background. Aquatic organisms demonstrate a high vulnerability to mortality when exposed to Pb, even at low concentrations. The
objective of this investigation is to ascertain the histopathological alterations and cortisol concentrations in diverse tissues of Gambusia
affinis, with a specific focus on the eggs and larvae, following exposure to varying concentrations of PbCl,. Methods. Adult specimens of
G. affinis measuring 5-6 cm in length were obtained from a commercial fish breeding facility. A total of 8 fish with a 1:1 ratio of 4 pairs
of broodstock were placed in an 8-liter aquarium. Following the adaptation phase, the broodstock underwent a spawning process that
lasted for a duration of 7 days. Throughout the spawning process, assessments were conducted on the progression of the abdominal
growth of the broodstock. Eggs ready to hatch and Gambusia larvae were taken and exposed to 0.1 mg/L PbCl,, 1 mg/L PbCl,, and
control (without PbCl,) for 24 hours, with three replications. At the end of the experiment, histopathological analysis was conducted
using the hematoxylin Ehrlich-eosin staining method and scanning electron microscopic (SEM) observation. The levels of Pb in gills
were determined by employing atomic absorption spectrophotometer. The cortisol concentration in organ samples of fish was
determined through the utilization of a cortisol ELISA Kit. Results. The findings of this investigation demonstrated an important
bioaccumulation occurrence of Pb within the gills of Gambusia fish that were specifically subjected to 0.1 and 1 mg/L PbCl,. The
histological structures of eggs and larvae that were subjected to PbCl, exhibited impairment in comparison to the control group. The
present study observed a significant elevation in cortisol levels among fish specimens that were subjected to PbCl, exposure.
Conclusions. The findings of this investigation suggest that the occurrence of Pb is linked to a rise in cortisol concentrations in various
organs of G. affinis larvae. Furthermore, the research indicates that the exposure to Pb has a notable impact on the histological
alterations in the eggs and larvae of Gambusia fish, implying that they are undergoing stress as a result of the Pb exposure.

1. Introduction phenomenon. Heavy metals are regarded as environmental

pollutants due to their toxic nature and propensity to ac-
Pollution in aquatic environments is a growing problem that ~ cumulate through biological processes [1-3]. Additional
needs immediate attention. Typically, increased domestic,  characteristics of heavy metals include their propensity to
agricultural, and industrial activities are responsible for this  precipitate, their capacity to be assimilated into sedimentary
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particles, and their ability to remain suspended in aqueous
solutions. Metals can be absorbed by fish through their gills
and skin, and/or by ingestion through their diet, resulting in
their accumulation and potential toxicity [4, 5]. The intensity
of bioaccumulation and its toxicity can be influenced by
various environmental factors such as temperature, oxygen
levels, pH, and water hardness.

Lead (Pb) is classified as a hazardous heavy metal that
possesses a high propensity for absorption and accumulation
[6-8]. Pb is an inherent constituent of the environment and
is typically present in trace quantities within the soil, flora,
and aqueous systems. Pb has been detected in aquatic en-
vironments, and its concentration has been observed to rise
as a result of human activities such as producing batteries,
painting, and cement manufacturing [9-11]. The results of
investigations conducted by Dimari et al. [12], Hasan et al.
[13], and Odey et al. [14] in various lakes and streams have
revealed the presence of elevated concentrations of lead (Pb)
in the water, sediment, and aquatic organisms, including
fish. The rising amount of Pb-containing waste in aquatic
environments leads to an increase in Pb contamination. This
substance has a propensity to form diverse chemical bonds
with oxygen and sulfur groups found in protein molecules.
The increased ability of these elements to form stable
complexes increases the bioavailability of lead within pro-
teins. Hypocalcemia may result from the presence of lead in
biota, such as fish. The high affinity of Pb for Ca** ATPase,
Na*/Ca®" substitution, and Na"/K" ATPase results in the
inhibition of the ionocyte lateral transport mechanism in the
gill epithelium [1]. These effects can disrupt electrochemical
gradients and the regulation of ions. Due to bio-
accumulation, exposure to Pb can be lethal for aquatic
organisms, even at low concentrations [12-14]. Pb can
disrupt antioxidant equilibrium, cause oxidative stress dis-
orders, and change behavior [15-18]. In vivo experiments on
the effects of Pb exposure in fish have examined the aug-
mentation of antioxidant responses by inducing reactive
oxygen stress (ROS), the toxic effects on membrane structure
and function due to Pb’s high affinity for red blood cells, and
the changes in fish immune systems [5, 19-21]. Gambusia
affinis, commonly known as mosquito fish, is one of the
preferred fish species utilized as a biomonitoring tool in
contaminated water bodies.

Several studies [22-25] have previously investigated the
levels of stress in fish and biota aquatic exposed to heavy
metals. Plasma cortisol levels were elevated in two-
month-old Oreochromis mossambicus fish exposed to Cu but
not in fish exposed to the combination of Cu and Cd [26].
Adult O. mossambicus exposed to Cd for 2, 4, or 14 days
showed a substantial increase in plasma cortisol levels [27].
During the exposure phase, the level of cortisol produced by
adult Oreochromis sp. treated with Pb or As was less than
that of the control group [22]. Cu-exposed rainbow trout
(Oncorhynchus mykiss) did not exhibit a stress response to
cortisol [26, 28, 29], whereas Cr exposure induced delete-
rious effects on the stress indicator cortisol [30-32] observed
that zebrafish (Danio rerio) experienced stress in response to
asudden change in temperature. Meanwhile, research on the
effects of Pb exposure [22, 33] indicates that Pb interferes
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with endocrine function by altering the pattern of synthesis
and metabolism of cortisol and growth hormone (GH) in
adult Orechromis sp. and Cyrpinus carpio. Other studies
[26, 27, 34] found that the gills of Atlantic salmon (Salmo
salar) were unaffected by Cd exposure via fish diet. Limited
research has been undertaken concerning the impact of Pb
on the early stages of fish development, particularly in re-
lation to fish eggs and larvae. The objective of this study was
to evaluate cortisol levels in different organs of fish larvae of
Gambusia affinis. The purpose was to evaluate the stress
levels experienced by the larvae following exposure to Pb.
Furthermore, histological and fine structural examinations
were conducted on these essential organs.

2. Materials and Methods

2.1. Adaptation of Fish to Laboratory Conditions. The mos-
quito fish (Gambusia affinis) broodstocks, measuring 5-6 cm
in length, were obtained from the Punten Fish Seed Center
(PFSC) located in Batu, East Java, Indonesia. The PFSC water
quality consisted of the following characteristics: tempera-
ture of 23-26°C, pH of 6.5-7, and lead concentration of less
than 0.002 mg/L. The mosquito fish broodstock were reared
in 60-liter tanks within the laboratory setting. During the
adaptation period, Gambusia broodstock were given food
with fish pellets twice daily for a duration of 14 days. Ad-
ditionally, daily water changes were conducted, amounting
to 20% of the total water volume. Each aquarium was
stocked with eight broodstock fish, maintaining a 1:1 ratio
of four pairs of broodstock in an 8-liter tank. Throughout the
acclimatization and testing periods, the temperature, pH,
and dissolved oxygen levels were continuously monitored in
accordance with the guidelines established by Berlinsky et al.
[35]. The temperatures ranged from 27 to 29°C, the pH was
between 6 and 7, and there was more than 4 mg/L of dis-
solved oxygen.

2.2. Spawning and Pb Exposure. Following the adaptation
period, the broodstock undergo spawning in specialized
tanks for approximately seven days. Throughout the
spawning process, the progression of the female parent’s
abdomen development was monitored. Following a period
of 7 days, a surgical procedure was conducted on the dis-
tended abdomen of the female parent. Before the surgical
procedure, the fish specimens were subjected to anesthesia
using 0.2mL of clove oil [36]. Subsequently, the surgical
intervention was carried out, and the eggs and larvae were
cautiously extracted. After that, eggs that were in a state of
readiness to hatch and larvae of Gambusia were subjected to
varying concentrations of PbCl, for a duration of 24 hours.

The concentrations utilized in the present investigation
were selected based on the findings of Al-Kshab and Yehya
[37], who documented that adult Gambusia fish exposed
to PbCl, exhibited LCsy 24-h and 96-h values of 59 and
50 mg/L, respectively. Due to the use of Gambusia fish eggs
and larvae as research subjects, the concentrations of PbCl,
(Merck, Darmstadt, Germany) used in this study were
0.1mg/L (A) and 1mg/L (B), while the control group
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contained no PbCl,. Ten eggs and ten larvae were sepa-
rately introduced into separate 1-liter glass jars, which
were filled with 500 ml and 750 ml of experimental media,
respectively. The study was conducted using three repli-
cates. The experiment lasted for 24 h. The larvae were then
euthanized by rapid freezing and followed by rapid
freezing in liquid nitrogen to stop any enzymatic activity
[38]. The eggs were quickly processed for scanning
electron microscopy examination. The present study was
carried out in accordance with the Institutional Animal
Care guidelines and procedures of Brawijaya University
(number 958-KEP-UB).

2.3. Pb Analysis. In order to determine the levels of metal
present in the water used for metal treatment and gills of
Gambusia fish, measurements were taken. A total of 200 mL
water sample was put into a 250 mL beaker containing 2 mL
of 1% ammonium pyrollidine dithiocarbamate (APDC),
pH was set to 4, and heated to boiling. After cooling down to
room temperature, place in Erlenmeyer flask, and add 7 mL
of methyl isobutyl ketone (MIBK), then shake with a shaker
for 20 minutes. The solution was put into a separatory funnel
and left for 20 minutes. Organic layer (top) was taken and
placed it in the Erlenmeyer flask. For re-extraction, 5 mL of
4N HNO; was pipetted and added and then stirred for
20 minutes. Later, the mixture was put into a separatory
funnel until the boundaries were found (+20 minutes). The
bottom layer (acid layer) was taken and analyzed with
Atomic Absorption Spectrophotometer (AAS) Shimadzu
AA-6800 [39]. The similar procedure was applied for
standard solutions of the metal being analyzed. The purpose
of preconcentration of the sample by the solvent extraction
method is to separate the metal ions which are determined in
the measurement with the AAS [40]. CASS-6, a certified
reference material (CRM) of seawater provided by the
National Research Council, Canada (NRCC), was used to
check the accuracy of the measurements and showed good
recoveries (91%).

Before measuring the level of Pb in gills of Gambusia
fish, the fish gill specimens were subjected to oven-drying
at a temperature range of 90-100°C for a duration of
12 hours. Subsequently, the dried samples were pulver-
ized and weighed, resulting in 0.5g. To establish a con-
trol, introduce 0.25ml of standard solution containing
1 mg/L of Pb to the sample prior to its placement in the
ashing furnace. Subsequently, subject the sample to steam
with a hot plate until it is completely dry. Introduce the
sample into the ashing furnace. The recommended
process is to gradually raise the temperature by 100°C
every 30minutes until it reaches 450°C, and then
maintain it at that level for a duration of 18 hours. The
process of measuring Pb in water was applied to the
examination of fish gills. The analytical performance
metrics such as accuracy and precision were assessed
through the measurement of those of the dogfish muscle
reference material (DORM-4) that was supplied by the
NRCC. The reference material of the NRCC was subjected
to identical measurement techniques as those used for the

samples. The metal recovery acquired from the analysis of
certified reference material (DORM-4) was 92%.

2.4. Histopathological Analysis. The preparation was con-
ducted subsequent to the conclusion of the PbCl, ex-
posure duration. The procedure for preparation uses
conventional techniques as described in [41]. Initially, the
fish eggs, larvae, and gills were promptly immersed in
a 10% phosphate-buffered formalin (NBF) fixative and
allowed to incubate for a duration of 24 hours. After-
wards, they were rinsed with 70% alcohol. Following
fixation, the tissue undergoes processing with paraffin,
which endeavors to preserve the integrity of cells and
tissues, thereby facilitating the embedding process.
Subsequent to the tissue embedding procedure, the re-
sultant blocks were subjected to tissue sectioning utilizing
a microtome with an incision thickness ranging from 3 to
5um. The stretched cut ribbon underwent a process of
being immersed in a water bath maintained at a constant
temperature of 40°C. The objective lens is utilized to
immerse the tape in a water bath and subsequently subject
it to a one-hour drying period. Subsequently, the tissue
slides were subjected to a clearing process using a xylol
solution. Following this, the slides were allowed to dry
and subsequently stained using the hematoxylin Ehrlich-
eosin staining method. Finally, the slides were mounted
with entellan and covered with a cover glass. The study
involved the utilization of an Olympus CX33 microscope
and the EPview 1.2 application (Build 19853) for ob-
servation purposes.

2.5. Scanning Electron Microscopic (SEM) Observation of
Fish Eggs and Larvae. The preparatory phases preceding
SEM observation are crucial in achieving optimal image
quality outcomes and facilitating accurate analysis. It is
imperative that any treatments administered during the
sample preparation process do not alter the inherent
structure of the sample, in order to ensure that the ob-
servations obtained through SEM accurately reflect the
original structure of the sample. The initial stages of
preparing biological samples for observation via SEM
involve several crucial steps, namely, orienting the sample
to the desired position, fixing it in place, dehydrating it,
drying it, and finally, applying a conductive coating. A
modification of this method has been proposed by the
authors in [42]. The fixation stage is undertaken to
maintain the original structure of the sample and prevent
any potential collapse or fragility. The fixation process
generally comprises two discrete phases. In the first phase,
glutaraldehyde and cacodylate buffer were employed,
followed by the application of osmium tetroxide in the
buffer during the subsequent phase.

The process of dehydration involved the removal of
water molecules from the sample. The process of de-
hydration was executed through submersion in alcohol,
wherein the concentration level was incrementally aug-
mented until it attained a maximum of 100%. The process of



drying was executed through the utilization of critical point
drying (CPD) as described in [43]. Additionally, hexame-
thyldisilazane was used to eliminate the liquid component of
the sample while avoiding any potential deflation of the
sample. The process of applying conductive coatings can be
achieved through the utilization of a sputtering apparatus in
conjunction with gold as conductive material. The study
involved the examination of various types of samples, in-
cluding conductive samples and biological samples that were
both prepared and unprepared. The observation was con-
ducted using a specialized mode of observation known as
variable pressure scanning electron microscopy (VP-SEM).
The Hitachi SU3500 scanning electron microscope was
utilized for observations at the Biology Research Center,
facilitated through the Science E-Service Application (ELSA)
provided by the National Research and Innovation Agency
(BRIN).

2.6. Cortisol Levels Measurement. The present study used
a standardized protocol [44] utilizing a Cortisol ELISA Kit
(ab108665), United States, to measure the concentration
of cortisol in various organ samples of fish, including gills,
gonads, meat, liver, eyes, and fins. To prevent the impact
of washing, it is recommended to increase the volume of
washing solution from 300uL to 350uL and perform
washing steps three to five. Duplicate all assays for
standards, controls, and samples. Ensure that all reagents,
working standards, and samples are prepared according to
the ELISA Kit instructions. Eliminate surplus microplate
strips from the plate frame, restore them to the foil pouch
that encloses the desiccant pack, seal again, and put them
back into storage at a temperature of 4°C. Subsequently,
20 puL of standard, control, or sample was introduced into
their corresponding wells, followed by the addition of
200 uL of cortisol-HRP conjugate to each well. A blank
well was left to accommodate the substrate material. The
wells were covered with the foil provided in the kit. The
sample was subjected to incubation for a duration of one
hour at a temperature of 37°C. Upon completion of the
incubation process, the foil was removed and the contents
of the wells were aspirated. Subsequently, each well was
washed thrice with 300 yL of diluted washing solution,
which prevented the occurrence of overflow in the re-
action wells. It is recommended that the duration of the
soak time between consecutive wash cycles should exceed
5seconds. Subsequently, the residual fluid was meticu-
lously eliminated by gently tapping strips onto tissue
paper prior to proceeding with the subsequent stage.
100 microliters of TMB substrate solution was introduced
into all wells. The sample was subjected to incubation for
precisely 15minutes under ambient conditions in the
absence of light. Subsequently, 100 L of stop solution was
introduced into each well in a consistent manner and
sequence as that of the TMB substrate solution, which
gently agitated the microplate. The emergence of a blue
hue during the incubation period results in a subsequent
transformation into a yellow hue. The absorbance of the
sample was measured at a wavelength of 450 nm, using an
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automatic ELISA Microplate Reader Epoch (Biotek),
within a timeframe of 5 minutes following the addition of
the stop solution.

2.7. Data Analysis. A descriptive analysis was conducted on
the histochemistry and SEM observations of a number of
different organs. The bioaccumulation of lead in gills and
cortisol levels in various organs were statistically analyzed
using analysis of variance (ANOVA). Subsequently, the
Tukey HSD post hoc test at a significance level of 5% should
be conducted to determine the differences between each
treatment. The statistical analysis of the level of cortisol
found in various organs, as well as the levels of lead found in
the gills and the water used as treatment, are reported in the
supplementary data.

3. Results

The results of exposure to Pb concentrations in this study
indicated the presence of a bioaccumulation process in the
gills of the model fish, Gambusia. Table 1 presents a sum-
mary of the lead accumulation in the gills as well as the lead
concentration in the medium. There were statistically sig-
nificant differences (p <0.005) between each treatment
and media.

3.1. Histological Observations. Histological impairment was
observed in fish egg, larvae, and gills. A discernible alteration
can be shown in the results of the analysis conducted on fish
eggs (Figure 1), the assessment carried out on fish larvae
(Figure 2), and the examination performed on fish gills
(Figure 3).

Figure 1 shows the progression of egg cell division,
specifically during phases I-11I of vitellogenesis, which can
be identified by the emergence of vacuoles. PbCl,-exposed
egg cells (A) exhibited irregularly shaped vacuoles,
resulting in a significant difference between treatments A
and B. The proper positioning of the vacuole on the pe-
riphery of the egg is crucial in the process of vitellogenesis.
Exposure to PbCl, results in a formation of vacuoles,
which remain localized in the central region of the egg. In
contrast to the control group (B), it is evident that the
development characterized by typical vacuoles is situated
at the periphery of the egg.

A discernible variation between the Pb exposure treat-
ment (A) and the control (B) is evident in the larval de-
velopment process (Figure 2). The exposure of fish larvae to
Pb resulted in an incomplete development of the eyes,
characterized by the presence of imperfect spheres. Similar
to the progression of yolk development, it was expected that
the vacuole within the egg cell would undergo nuclear
transformation. However, it has been observed that vacuoles
persist within the yolk of the larvae. In contrast to the control
fish larvae, it appears that the morphogenesis of ocular cells
exhibits a perfectly spherical shape. Similarly, during the
process of yolk development, the presence of vacuoles is
limited due to the formation of a nucleus.
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TaBLE 1: The average concentration of lead (Pb) in water and the gills of Gambusia affinis.
Treatment Lead Lead in fish gills**
in water* (mg/L) (mg/kg)
A 0.012 % 0.001" 0.023 +0.002°
B 0.020 +0.001° 0.030 +0.001°
0.005 +0.003" 0.008 +0.001°

Control
Lowercase letters indicate statistically significant differences (a<b < ¢, p <0.05), *measured level of Pb in water (each data from 3 measurements), A =0.1 mg/L

PbCl,, B=1mg/L PbCl,, Control = without Pb, **the sample size is N=5, with each treatment comprising a composite of two individuals.

F1GURE 1: Observation of egg structure by HE staining. (a) Visible structure of fish eggs exposed to PbCl, and (b) visible structure of control

fish eggs without exposure of PbCl,. V =vacuolla and bar size =200 ym.

(®)

FIGURE 2: Observation of the structure of Gambusia fish larvae with HE staining. (a) Fish larvae exposed to PbCl, and (b) control fish larvae

without exposure of PbCl,. E =eye, V =vacuolla, and bar size =200 ym.

FIGURE 3: Observation of gill structure of Gambusia fish with HE staining. (a) Swelling gill structure of fish exposed to Pb and (b) visible gill
structure of control fish without exposure. LS = secondary lemella, LP = primary lamellae, and bar size =200 ym.



Differences were observed in the gills of fish larvae that
were exposed to PbCl, (A) in comparison to the control
group (B). The findings from the examination of fish larval
gills that were subjected to PbCl, (A) exposure indicate that
both the primary lamellae (LP) and secondary lamellae (LS)
experienced a process of swelling. In contrast, the gills of the
experimental fish (A) exhibited no alteration in the LP
and LS.

3.2. SEM Observation. The SEM observations provided
additional elucidation on the structural alterations resulting
from PbCl, exposure in fish eggs, as depicted in Figure 4. The
observations of fish larvae and fish gills are presented in
Figures 5 and 6, respectively.

The findings obtained from histological analysis using
HE staining are consistent with those derived from scanning
electron microscopy, indicating that egg cells are undergoing
vacuolization. A noticeable contrast was observed between
treatments A and B. Specifically, the egg cells that were
subjected to PbCl, (A) exhibited an irregular shape in their
vacuoles. The localization of vitellogenesis vacuoles in the
egg should be peripheral during its development. Exposure
to PbCl, (A) results in the accumulation of vacuoles, which
remain localized on a single side of the egg. In contrast to the
control group (B), it appears that the development of egg
cells is normal with no vacuole accumulation.

Differences were observed between the PbCl, treatment
(A) and the control (B) in terms of larval development, as
indicated by the results of SEM observations. The exposure of
fish larvae to PbCl, resulted in the development of ocular
structures with nonuniform circularity. They have a tendency
to exhibit an oval shape and an asymmetrical enlargement on
one of their sides in contrast to the control group, who
exhibited ocular development characterized by a more optimal
spherical morphology. However, the development of the egg
yolk appears to differ from the results obtained through HE
histology, which clearly demonstrate variations in the yolk.

SEM observation of the gills of fish larvae revealed
distinct morphological variations between the larvae that
were subjected to PbCl, (A) and the control group (B). The
gills of fish larvae A exhibited swelling in LP and LS, similar
to the histological distinctions observed through HE
staining. Conversely, the gills of fish B did not display any
alterations in LP and LS. The gills of the control fish
exhibited typical developmental patterns.

3.3. Measurement of Cortisol Levels. According to the cor-
tisol biomarker analysis, it was determined that the stress
level of all fish organs exposed to PbCl, was significantly
higher than that of the control group. The cortisol levels of
fish organs in treatments A and B were found to be nearly
equivalent (Figure 7).

4, Discussion

Metals are released into the aquatic environment and
subsequently absorbed by fish through their gills [45]. The
metals subsequently accumulate in the fish organs after
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flowing via the circulatory system, whilst certain metals are
eliminated via the renal and branchial excretory systems
[46-49]. Pb is considered to be one of the most accumulative
metals due to its capacity to bind with oxygen and sulfur
atoms in complex proteins. As a result, it is classified as
a toxic metal [50-52].

Exposure to Pb has the potential to cause damage to
reproductive organs. Research has demonstrated that the
presence of pollutants can impede the growth and matu-
ration of reproductive cells in zebrafish (Danio rerio), with
a particular impact on primordial germ cells [53-55]. It has
been documented that the exposure to pesticides of the
organophosphate type can impede the production of es-
trogen hormone, thereby disrupting the vitellogenesis
process [56-58]. Comparable results were also found in this
study, as shown by the HE staining shown in Figure 1 and
the results of the SEM observation shown in Figure 4, re-
spectively. The presented figures demonstrate an in-
terruption in the vitellogenesis process, characterized by
anomalous vacuole formation, which can be attributed to the
exposure to Pb. The findings of Ansari et al. [59], Alestrom
et al. [60], and Parsons [61] indicate that interference with
vitellogenesis leads to a reduction in the size of fish eggs and
larvae. The exposure to Pb has a persistent impact on the
eggs of fish, which subsequently translates into the mor-
phology and physiology of the resulting fish larvae. The
results of this study, as demonstrated by the HE staining in
Figure 2 and the SEM images in Figure 5, indicate the
presence of malformations in fish larvae. Exposure to Pb can
result in enlarged eyes and noncircular eyelids. The zebrafish
(Danio rerio) larvae exposed to Hg exhibit various mal-
formations and abnormalities, including pericardial edema,
spinal curvature, and fin edema [47, 62, 63]. The exposure of
fish to Pb has been found to interfere with the spawning
process and result in an increase in morphological abnor-
malities in fish sperm [45, 64, 65]. Additionally, Pb that
passively diffuses into the egg yolk has been shown to inhibit
the activity of embryo growth enzymes [57, 66, 67].
Moreover, it has been demonstrated that Pb exposure can
impede the embryogenesis process in goldfish (Cyprinus
carpio), resulting in blastula defects, spinal curvature, and
heart defects [60, 68].

Even though the organism is able to withstand the initial
impact of the pollutant, prolonged exposure causes its self-
defense mechanisms to become less effective [8, 69]. The
ability of the body to tolerate pollution, even at low
quantities, can decline with age. Furthermore, metal toxicity
is affected by the organism’s sensitivity to the metal, envi-
ronmental factors, and the metal’s excretion and retention
rates [51, 52, 58]. The accumulation of metals in fish tissues
depends on several factors, including the concentration and
duration of exposure, as well as additional variables such as
temperature, age, interaction with other metals, water
chemistry, and metabolic activity of the fish [3, 14, 70]. Lead
is not considered an essential element for biological pro-
cesses. Human activities may contribute to the release of
excessive levels of lead into nearby water sources [1, 46].

The toxicity of Pb is evident even at low concentrations,
and its involvement in biochemical processes remains
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¥ WD124mm Std-PC300 High

FIGURE 4: Observation of egg structure with SEM observation (a) on the surface of the eggs of fish exposed to PbCl,, the vacuolization
structure is evident and (b) visible structure of control fish eggs without exposure of PbCl,. V =vacuola and bar size =500 ym.

FIGURE 5: Observation of the structure of fish larvae with SEM observations. (a) The development of ocular structures with nonuniform
circularity structure of fish larvae exposed to PbCl, and (b) optimal spherical morphology of ocular structures of control fish larvae without

exposure of PbClI2. E=eye, YE = yellow egg, and bar size =500 ym.

FIGURE 6: Observation of fish gill structure with SEM observation. (a) Swelling gill structure of fish exposed to PbCl, and (b) normal gill
structure of control fish without exposure of PbCl, Bar size =10 ym, LS = secondary lamellae, and LP = primary lamellae.

unclear [14, 37]. It has been observed that fish are capable of
accumulating heavy metals in their tissues at a higher
concentration than the surrounding environment. This is
achieved through the absorption processes that occur along
the surface of their gills and kidneys, liver, and walls of the
intestinal tract [8, 12, 71, 72]. This study demonstrated the
presence of lead in the gill tissue of G. affinis. The findings

indicate that there was a discernible mechanism of Pb uptake
in the gills, which resulted in the enlargement of both the
primary and secondary lamellae. According to Usman et al.
[1], the impairment of gill lamellae may lead to disturbances
in ion regulation within the gills, which can ultimately affect
the homeostatic mechanisms responsible for maintaining
ion levels. The gills serve as a crucial point of entry for heavy
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FiGure 7: Cortisol levels in fish organs exposed to lead. A=0.1 m/L PbCl, and B=1mg/L PbCl,. Lowercase letters denote statistically
significant differences (a <b <c¢, p<0.05). The sample size is N=5, with each sample comprising a composite of two individuals.

metals and are typically the primary organ affected by metal
exposure in fish [3, 73-75]. According to Mahboob et al.
[76], there was a higher concentration of lead detected in the
gills of Nile tilapia (Oreochromis niloticus) compared to the
kidneys, liver, and muscles. The high accumulation of metals
in the gills has been attributed to the formation of metal-
mucus complexes [77-79]. The concentration of metals in
the gills of fish serves as an indicator of the corresponding
metal levels found in the surrounding aquatic environment
[80-82]. Thus, fish gills are frequently suggested as an en-
vironmental indicator organ for fish.

In addition to organ damage, exposure to heavy metals
can also result in elevated stress levels [47, 59]. The activation
of the hypothalamus-pituitary-adrenal (HPA) axis is
a commonly observed mechanism for effectively responding
to stressors [62, 83, 84]. Cortisol is the primary cortico-
steroid synthesized by the hypothalamic-pituitary-adrenal
(HPA) axis in the majority of mammals and fish [83, 85].
Cortisol secretion in response to stress is influenced by
a number of stimuli, including toxin exposure, transport,
and shock. Corticosteroids primarily induce the mobiliza-
tion of energy reserves [86] via glycolysis and gluconeo-
genesis, thereby facilitating the achievement of the
organism’s energetic demands in response to the particular
conditions [87]. The results of the study demonstrate an
increase in cortisol levels as a result of Pb exposure. Fish gills,
eyes, fins, liver, gonads, and muscle have significantly dif-
ferent cortisol concentration increases, as shown in Figure 7.
Cortisol concentrations in these organs correlate positively
with Pb concentrations in the surrounding environment.
According to studies conducted by Tang et al. [22] and
Ramesh et al. [33], the impact of Pb exposure has been found
to interfere with endocrine function by altering the synthesis
and metabolism of cortisol and growth hormone (GH). The
consequences of the mentioned exposure may have negative
effects on the health of fish. Previous research conducted by
Pelgrom et al. [26], Pratap and Bonga [27], and Dang et al.
[34] has suggested that the ingestion of Cd by Atlantic
salmon via their dietary intake did not yield any observable

effects on their gills. Interestingly, it is possible that the
accumulation of Cd in the chloride cells of the gills may have
led to an upregulation of metallothionein (MT) expression,
which plays a crucial role in minimizing the toxic effects of
heavy metals. Several studies have reported that rainbow
trout did not exhibit a stress response to cortisol when
exposed to Cu [26, 28, 29]. Conversely, exposure to Cr
induced toxic effects on the stress indicator cortisol in
rainbow trout [30, 31]. Additionally, Deniro and Yusnaini
[32] observed stress in zebrafish (Danio rerio) due to
temperature shock. According to several studies, exposure to
temperature shock in zebrafish results in physiological al-
terations in vertebrate animals, leading to a state of ex-
haustion as a stress response [84, 88, 89]. Deniro and
Yusnaini [32] proposed that zebrafish exhibited behavioral
responses to stress induced by temperature shock. In re-
sponse to environmental stimuli, sudden shifts in the
equilibrium of fish behavior cause stress. Cortisol, an in-
dicator of prolonged physiological stress, has been linked to
the manifestation of stressful behavior [60, 83, 90]. This
phenomenon can be observed through the behavior of fish
when exposed to stressors; they exhibit sudden bouts of
high-velocity swimming and move toward the inlet. It is
postulated that under such circumstances, the piscine spe-
cies exhibit elevated levels of cortisol. According to Barcellos
et al. [83, 91], the experimental study has demonstrated that
zebrafish exposed to temperature shock prefer the lower area
to the upper area, suggesting that cortisol is involved in
stress-related behavior. Cortisol in fish is synthesized by
inter-renal cells and is found in low concentrations
throughout the organism. According to Gris [86], the
substance is eliminated in the renal pelvis and subsequently
introduced into the bloodstream. Unbound cortisol in
plasma is regarded as the sole form that is physiologically
active [22, 27]. While the presence of cortisol binding
globulin (CBG) has not been identified in fish, various
molecules that have an equivalent effect of reducing cortisol
bioavailability have been documented [92]. The plasma of
salmon is estimated to bind 30-55% of cortisol, with
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a notably higher percentage observed in females (45%)
compared to males (37%). The precise function and char-
acteristics of these molecules that facilitate binding remain
unclear [93, 94]. The above discussion is really clear and
provides an understanding of the magnitude of the effect of
Pb exposure on histopathological changes and stress re-
sponses in embryonic and larval Gambusia fish.

5. Conclusion

To the best of our current knowledge, this study represents
the first examination of the impact of lead exposure on fish
eggs and larvae. Specifically, it evaluates the impact of lead
on cortisol levels within different organs of fish larvae, as
well as the consequences of lead exposure on alterations in
the morphological structure of fish eggs and gills. According
to the findings of this study, the presence of Pb causes an
increase in cortisol levels in a number of G. affinis larval
organs. In addition, the study found that Pb exposure has
a significant effect on the histological alterations of Gam-
busia fish eggs and larvae, indicating that the fish are ex-
periencing stress due to Pb exposure. Since Pb is extremely
toxic to eggs and larvae of fish, preventing Pb from con-
taminating aquatic environments is regarded as one of the
most significant actions to be taken. In order to prevent
contamination of aquatic environments, it is crucial to take
immediate action to ensure that future pollution and dis-
charges of Pb in aquatic environments are minimized to the
greatest extent possible.

Data Availability

The data used to support the findings of this research are
available from the corresponding author upon request.

Conflicts of Interest

The authors declare that they have no conflicts of interest.

Authors’ Contributions

M.AA, YR, and AS. conceptualized the study; M.A.A.,
AK, RGP.Y, ES, YR, and A.S. proposed the method-
ology; M.A.A. and E.S. used the software; M.A.A. and A.S.
validated the study; M.A.A., AK,, RR, and RG.P.Y. per-
formed formal analysis; M.A.A., AK, RR, and ES. in-
vestigated the study; M.A.A. provided resources; M.A.A.,
Y.R, and AS. curated the data; M.A.A,, E.S.,, AS,, and
C.M.P. wrote the original draft; M.A.A,, ES., AS,, and
C.M.P. reviewed and edited the article; M.A.A. and A.S.
visualized the study; A.S. supervised the study; and M.A.A.
administered the project and was responsible for funding
acquisition.

Acknowledgments

The authors want to thank the Electron Microscope Labo-
ratory, National Research and Innovation Agency (BRIN),
and E-Layanan Sains (ELSA) for providing facilities and
scientific and technical support. The study was financially

supported by the Ministry of Education and Culture, spe-
cifically the Directorate of Research and Technology for
Research and Innovation, under grant number 009/SP2H/
PPKM/LL7/2022.

Supplementary Materials

Table 1. Cortisol levels (ng/ml) in fish samples exposed to
lead. Table 2. Concentration of Pb (mg/kg) in gills of
Gambusia affinis. Table 3. Concentration of Pb (mg/L) in
media (water). (Supplementary Materials)

References

[1] K. Usman, M. H. Abu-Dieyeh, N. Zouari, and M. A. Al-
Ghouti, “Lead (Pb) bioaccumulation and antioxidative re-
sponses in Tetraena qataranse,” Scientific Reports, vol. 10,
pp. 17070-17110, 2020.

[2] M. A. Adam, A. Khumaidi, Ramli et al., “Detoxification
mechanisms in oxidative stress and reactive oxygen species
(ROS) in gills of gambusia fish (Gambusia affinis) exposed to
Cadmium,” E3S Web of Conferences, vol. 322, pp. 1-10, 2021.

[3] M. Awaludin Adam, A. Soegianto, C. M. Payus et al., “CD4
cell activation with the CD8 marker and metallothionein
expression in the gills of cadmium-exposed mosquito fish
(Gambusia affinis Baird and Girard 1853) juveniles,”
Emerging Contaminants, vol. 8, pp. 280-287, 2022.

[4] M. A. Adam, M. Maftuch, Y. Kilawati, and S. N. Tahirah,
“Analysis of heavy metal pollutant in wangi river pasuruan
and its impact on Gambusia affinis,” Jurnal Pembangunan dan
Alam Lestari, vol. 9, no. 2, pp. 120-128, 2018.

[5] M. A. Adam, M. Maftuch, Y. Kilawati, A. Soegianto, and
Y. Risjani, “The effects of acute exposure to cadmium nitrate
(CdNO3) on gambusia fish (Gambusia affinis),” IOP Con-
ference Series: Earth and Environmental Science, vol. 259,
no. 1, Article ID 12004, 2019.

[6] M. . O. Abubakar and I. Adeshina, “Heavy metals con-
tamination in the tissues of Clarias gariepinus (burchell, 1822)
obtained from two earthen dams (asa and university of ilorin
dams) in kwara state of Nigeria,” Harran Universitesi Vet-
eriner Fakiiltesi Dergisi, vol. 8, no. 1, pp. 26-32, 2019.

[7] Y. Hardiyanti, F. Fahruddin, and T. Paulina, “Accumulation
of heavy metal lead (Pb) and effect of stomates number on
green champa leaves (Polyaltia longifolia) in industrial area of
Makassar City,” International Journal of Applied Biology,
vol. 4, pp. 1-8, 2020.

[8] S. E. Abalaka, “Heavy metals bioaccumulation and histo-

pathological changes in Auchenoglanis occidentalis fish from

Tiga dam, Nigeria,” Journal of Environmental Health Science

and Engineering, vol. 13, pp. 67-68, 2015.

A. Abid Maktoof and M. S. Al, “Use of two plants to remove

pollutants in wastewater in constructed wetlands in southern

Iraq,” The Egyptian Journal of Aquatic Research, vol. 46, no. 3,

pp. 227-233, 2020.

[10] D. R. Dwi Rosalina, E. Y. Herawati, M. Musa, D. Sofarini,
M. Amin, and Y. Risjani, “Lead accumulation and its histo-
logical impact on Cymodocea serrulata seagrass in the labo-
ratory,” Sains Malaysiana, vol. 48, no. 4, pp. 813-822, 2019.

[11] J. C. Wolf, W. A. Baumgartner, V. S. Blazer et al., “Nonlesions,
misdiagnoses, missed diagnoses, and other interpretive
challenges in fish histopathology studies: a guide for in-
vestigators, authors, reviewers, and readers,” Toxicologic Pa-

thology, vol. 43, no. 3, pp. 297-325, 2014.

[9


https://downloads.hindawi.com/journals/scientifica/2023/6649258.f1.docx

10

[12] G. A. Dimari, F. I. Abdulrahma, J. C. Akan, and S. T. Garba,
“Metals concentrations in tissues of Tilapia gallier, Crarias
lazera and osteoglossidae caught from alau dam, maiduguri,
borno state, Nigeria,” American Journal of Environmental
Sciences, vol. 4, pp. 373-379, 2008.

[13] Z. Hasan, Y. Setiawan, and E. Rochima, “Selecting fish
combination of polyculture to reduce periphyton abundance
in floating net cage in Cirata Reservoir, West Java, Indonesia,”
KnE Life Sciences, vol. 2, no. 6, p. 136, 2017.

[14] M. O. Odey, U. U. Udiba, A. A. Asuk, and E. O. Emuru,
“Heavy metal contamination of african cat fish (Clarias
gariepinus) from industrial effluent and domestic waste-
contaminated rivers and home bred sources in zaria,
Nigeria,” African Journal of Biomedical Research, vol. 23,
pp. 101-105, 2020.

[15] S.J.S. Flora and S. Agrawal, “Arsenic, cadmium, and lead,” in
Reproductive and Developmental Toxicology, R. C. Gupta, Ed.,
pp- 537-566, Elsevier Inc, Amsterdam, Netherlands, 2nd
edition, 2017.

[16] I. Chetoui, S. Bejaoui, C. Fouzai et al., “Effect of lead graded
doses in Mactra corallina gills: antioxidants status, cholinergic
function and histopathological studies,” Journal of Drug
Design and Medicinal Chemistry, vol. 5, p. 1, 2019.

[17] P. S. Shenai-Tirodkar, M. U. Gauns, M. W. A. Mujawar, and
Z. A. Ansari, “Antioxidant responses in gills and digestive
gland of oyster Crassostrea madrasensis (Preston) under lead
exposure,” Ecotoxicology and Environmental Safety, vol. 142,
pp. 87-94, 2017.

[18] S. Bejaoui, K. Telahigue, I. Chetoui et al., “Effects of lead
exposure on redox status, DNA and histological structures in
Venusvverrucosa gills and digestive gland,” Chemistry and
Ecology, vol. 36, no. 5, pp. 434-457, 2020.

[19] M. A. Adam, M. Maftuch, Y. Kilawati, and Y. Risjani, “The
effect of cadmium exposure on the cytoskeleton and mor-
phology of the gill chloride cells in juvenile mosquito fish
(Gambusia affinis), Egypt,” The Egyptian Journal of Aquatic
Research, vol. 45, no. 4, pp. 337-343, 2019.

[20] A. M. S. Hertika, K. Kusriani, E. Indrayani, D. Yona, and

R. B. D. S. Putra, “Metallothionein expression on oysters

(Crassostrea cuculata and Crassostrea glomerata) from the

southern coastal region of East Java,” F1000Research, vol. 8,

p. 56, 2020.

H. Ashfaq, H. Soliman, M. Saleh, and M. El Matbouli, “CD4:

a vital player in the teleost fish immune system,” Veterinary

Research, vol. 50, pp. 1-11, 2019.

[22] N. Q. Thang, B. T. Huy, L. Van Tan, and N. T. K. Phuong,

“Lead and arsenic accumulation and its effects on plasma

cortisol levels in Oreochromis sp,” Bulletin of Environmental

Contamination and Toxicology, vol. 99, no. 2, pp. 187-193,

2017.

S. Bejaoui, C. Fouzai, W. Trabelsi et al., “Evaluation of lead

chloride toxicity on lipid profile in venus verrucosa gills,”

International Journal of Environmental Research, vol. 13,

no. 5, pp. 793-800, 2019.

R. Freitas, R. Martins, S. Antunes et al., “Venerupis decussata

under environmentally relevant lead concentrations: bio-

concentration, tolerance, and biochemical alterations,” En-

vironmental Toxicology and Chemistry, vol. 33, no. 12,

pp. 2786-2794, 2014.

M. El Ati-Hellal, H. Grorbel, K. Boujel et al., “Lead con-

centrations in seawater and algae of the Tunisian Coast,”

Advances in Asian Human-Environmental Research,

pp. 47-59, Springer, Singapore, 2015.

[21

[23

[24

[25

Scientifica

[26] S. M. G. J. Pelgrom, R. A. C. Lock, P. H. M. Balm, and
S. E. W. Bonga, “Effects of combined waterborne Cd and Cu
exposures on ionic composition and plasma cortisol in tilapia,
Oreochromis mossambicus,” Comparative Biochemistry and
Physiology Part C: Pharmacology, Toxicology and Endocri-
nology, vol. 111, no. 2, pp. 227-235, 1995.

[27] H. B. Pratap and S. E. W. Bonga, “Effects of water-borne
cadmium on plasma cortisol and glucose in the cichlid fish
Oreochromis mossambicus,” Comparative Biochemistry and
Physiology Part C: Comparative Pharmacology, vol. 95, no. 2,
pp. 313-317, 1990.

[28] M. S. Tellis, D. Alsop, and C. M. Wood, “Effects of copper on
the acute cortisol response and associated physiology in
rainbow trout,” Comparative Biochemistry and Physiology-
Part C: Toxicology and Pharmacology, vol. 155, no. 2,
pp. 281-289, 2012.

[29] G. M. Dethloff, D. Schlenk, S. Khan, and H. C. Bailey, “The
effects of copper on blood and biochemical parameters of
rainbow trout (Oncorhynchus mykiss),” Archives of Environ-
mental Contamination and Toxicology, vol. 36, no. 4,
pp. 415-423, 1999.

[30] H. D. Ko, H. J. Park, and J. C. Kang, “Change of growth
performance, hematological parameters, and plasma com-
ponent by hexavalent chromium exposure in starry flounder,
Platichthys stellatus,” Fisheries and Aquatic Sciences, vol. 22,
pp. 1-7, 2019.

[31] J. Lee, J. Kim, D. Lee, H. Lim, and J. Kang, “Toxic effects on
oxidative stress, neurotoxicity, stress, and immune responses
in juvenile olive flounder, Paralichthys olivaceus, exposed to
waterborne hexavalent chromium,” Biology, vol. 11, no. 5,
pp. 766-813, 2022.

[32] Deniro and S. B. Yusnaini, “The effect of increasing sea water
treatment to the behavior of staghorn sergeant (Amblygly-
phidodon curacao) I N Control Containers,” Sap, Sapa Laut,
vol. 2, pp. 61-67, 2017.

[33] M. Ramesh, M. Saravanan, and C. Kavitha, “Hormonal re-
sponses of the fish, Cyprinus carpio, to environmental lead
exposure,” African Journal of Biotechnology, vol. 8,
pp. 4154-4158, 2009.

[34] Z. C. Dang, M. H. G. Berntssen, A. K. Lundebye, G. Flik,
S. E. Wendelaar Bonga, and R. A. C. Lock, “Metallothionein
and cortisol receptor expression in gills of Atlantic salmon,
Salmo salar, exposed to dietary cadmium,” Aquatic Toxicol-
ogy, vol. 53, no. 2, pp. 91-101, 2001.

[35] D. L. Berlinsky, L. W. Kenter, B. J. Reading, and F. W. Goetz,
Regulating Reproductive Cycles for Captive Spawning, Elsevier
Inc, Amsterdam, Netherlands, 2020.

[36] J. W. Hur, H. W. Gil, S. H. Choi, H. J. Jung, and Y. J. Kang,
“Anesthetic efficacy of clove oil and the associated physio-
logical responses in olive flounder (Paralichthys olivaceus),”
Aquaculture Reports, vol. 15, Article ID 100227, 2019.

[37] A. A. Al-Kshab and O. Q. Yehya, “Determination of the lethal
concentration 50% (LC50) of lead chloride and its accumu-
lation in different organs of Gambusia affinis fish,” Iraqi
Journal of Veterinary Sciences, vol. 35, no. 2, pp. 361-367, 2021.

[38] J. Morello, R.J. E. Derks, S. S. Lopes et al., “Zebrafish larvae are
a suitable model to investigate the metabolic phenotype of
drug-induced renal tubular injury,” Frontiers in Pharmacol-
ogy, vol. 9, p. 1193, 2018.

[39] D. Sudunagunta, Atomic Absorption Spectroscopy: A Special
Emphasis on Pharmaceutical and Other Applications, Elsevier,
Amsterdam, Netherlands, 2012.

[40] R. Garcia and A. P. Bédez, Atomic Absorption Spectrometry
(AAS), Intech Europe, London, UK, 2012.



Scientifica

[41] S. Mumford, J. Heidel, C. Smith et al., Fish Histology and
Histopathology- National Conservation Training, USFWS-
NCTC, Washington, DC, USA, 2007.

[42] E.Devos, P. Devos, and M. Cornet, “Effect of cadmium on the
cytoskeleton and morphology of gill chloride cells in parr and
smolt Atlantic salmon (Salmo salar),” Fish Physiology and
Biochemistry, vol. 18, no. 1, pp. 15-27, 1998.

[43] W.J. Humphreys and W. G. Henk, “Critical point drying of
biological specimens, Scan,” Electron-Microscopy, vol. 2,
pp. 235-240, 1979.

[44] Abcam, “ab108665 cortisol ELISA Kit,” 2018, https://www.
abcam.com/cortisol-elisa-kit-ab108665.html.

[45] F. A. B. Hmoud, A. Zubair, S. A. A. Ali, A. M. Fahad, M. S. El
Amin, and A. A. G. Khalid, “Toxicity bioassay of lead acetate
and effects of its sublethal exposure on growth, haemato-
logical parameters and reproduction in Clarias gariepinus,”
African Journal of Biotechnology, vol. 10, no. 53, pp. 11039—
11047, 2011.

[46] L. Ibrahim, R. O. Rashed, and S. M. Muhammed, “Evaluation
of heavy metal content in water and removal of metals using
native isolated bacterial strains,” Biodiversitas, vol. 22, no. 8,
pp. 3163-3174, 2021.

[47] Q.F.Zhang, Y. W. Li, Z. H. Liu, and Q. L. Chen, “Exposure to

mercuric chloride induces developmental damage, oxidative

stress and immunotoxicity in zebrafish embryos-larvae,”

Aquatic Toxicology, vol. 181, pp. 76-85, 2016.

Muliari, Y. Akmal, I. Zulfahmi, R. Juanda, N. W. K. Karja, and

C. Nisa, “Histopathological changes in gill of Nile tilapia

(Oreochromis niloticus) after palm oil mill effluent exposure,”

IOP Conference Series: Earth and Environmental Science,

vol. 216, Article ID 012003, 2018.

[49] D. G. Sfakianakis, E. Renieri, M. Kentouri, and
A. M. Tsatsakis, “Effect of heavy metals on fish larvae de-
formities: a review,” Environmental Research, vol. 137,
pp. 246-255, 2015.

[50] C.Ma,Y. Chen, S. Ding et al., “Sulfur nutrition stimulates lead
accumulation and alleviates its toxicity in Populus deltoides,”
Tree Physiology, vol. 38, no. 11, pp. 1724-1741, 2018.

[51] W.Zhuang and X. Gao, “Distributions, sources and ecological
risk assessment of arsenic and mercury in the surface sedi-
ments of the southwestern coastal Laizhou Bay, Bohai Sea,”
Marine Pollution Bulletin, vol. 99, no. 1-2, pp. 320-327, 2015.

[52] D. W. Boening, “Ecological effects, transport, and fate of
mercury: a general review,” Chemosphere, vol. 40, no. 12,
pp. 1335-1351, 2000.

[53] J. B Willey and P. H. Krone, “Effects of endosulfan and
nonylphenol on the primordial germ cell population in pre-
larval zebrafish embryos,” Aquatic Toxicology, vol. 54, no. 1-2,
pp. 113-123, 2001.

[54] Z. A Muchlisin, “A general overview on some aspects of fish
reproduction,” Aceh International Journal of Science and
Technology, vol. 3, no. 1, pp. 43-52, 2014.

[55] K. L. Thorstensen, “Pesticides induce oxidative stress in
zebrafish embryo,” 2014, https://bora.uib.no/handle/1956/
11678.

[56] K. M. Setiawati, G. Gunawan, and J. H. Hutapea, “Biologi
reproduksi induk ikan klon hitam Amphiprion percula di
hatchery,” Jurnal Ilmu dan Teknologi Kelautan Tropis, vol. 4,
no. 2, 2012.

[57] 1. Setyawati, N. I. Wiratmini, and J. Wiryatno, “Pertumbuhan,
histopatologi ovarium dan fekunditas ikan nila merah
(Oreochromis Niloticus) setelah paparan pestisida organo-
fosfat,” Journal of Biology, vol. 15, pp. 44-48, 2011.

(48

11

[58] S. Abd El-satar, N. E. Nasr, K. A. Khailo, and H. E. Sayour,
“Hemotoxic and genotoxic effects of lead acetate and
chlorpyrifose on freshwater cat fish (Calarias gariepinus),”
Slovenian Veterinary Research, vol. 56, mno. 22-Suppl,
pp. 681-691, 2019.

[59] S. Ansari, A. Ansari, and B. A. Ansari, “Effects of heavy metals
on the embryo and larvae of zebrafish, Danio rerio (Cypri-
nidae),” Scholars Academic Journal of Biosciences, vol. 3,
pp. 52-56, 2015.

[60] P.D. Alestrém, L. D’Angelo, P. J. Midtlyng et al., “Zebrafish:
housing and husbandry recommendations,” Lab Animal,
vol. 54, no. 3, pp. 213-224, 2020.

[61] G. R. Parsons, Introductory Fish Biology: An Ecophysiological
Approach, Cambridge Scholars Publishing, Newcastle upon
Tyne, UK, 2022.

[62] B. Bauer, A. Mally, and D. Liedtke, “Zebrafish embryos and
larvae as alternative animal models for toxicity testing,” In-
ternational Journal of Molecular Sciences, vol. 22, Article ID
13417, 2021.

[63] K. Taslima, M. Al-Emran, M. S. Rahman et al., “Impacts of
heavy metals on early development, growth and reproduction
of fish- A review,” Toxicology Reports, vol. 9, pp. 858-868,
2022.

[64] N.S. Elias, G. E. Abouelghar, H. M. Sobhy, H. M. El Miniawy,
and E. G. Elsaiedy, “Sublethal effects of the herbicide thio-
bencarb on fecundity, histopathological and biochemical
changes in the African catfish (Clarias gariepinus),” Iranian
Journal of Fisheries Sciences, vol. 19, pp. 1589-1614, 2020.

[65] V. F. Doherty, I. A. Aneyo, A. Adeola, O. B. Samuel,
M. Usman, and A. O. Adeyemi, “Toxicological evaluation of
some commercial paints in african catfish (Clarias gar-
iepinus),” Journal of Physics: Conference Series, vol. 1299, no. 1,
Article ID 12092, 2019.

[66] K. Nirmala, J. Sekarsari, and P. Suptijah, “Efektivitas khitosan
sebagai pengkhelat logam timbal dan pengaruhnya terhadap
perkembangan awal embrio ikan zebra (Danio rerio),” Jurnal
Akuakultur Indonesia, vol. 5, no. 2, pp. 157-165, 2007.

[67] N. Pasisingi, P. S. Ibrahim, Z. A. Moo, and M. Tuli, “Re-

productive biology of oci fish Selaroides leptolepis in Tomini

Bay,” Journal of Marine Research, vol. 9, no. 4, pp. 407-415,

2020.

B. Jezierska, P. Sarnowski, W. Malgorzata, and L. Katarzyna,

“Disturbances of early development of fish caused by heavy

metals (a review), Electron,” Journal of Ichthyology, vol. 2,

pp. 76-96, 2009.

[69] Z. Wei, M. Tang, Z. Huang, and H. Jiao, “Mercury removal
from flue gas using nitrate as an electron acceptor in
a membrane biofilm reactor,” Frontiers of Environmental
Science and Engineering, vol. 16, no. 2, pp. 20-12, 2021.

[70] K. Shah, A. U. Mankad, and M. N. Reddy, “Lead accumulation
and its effects on growth and biochemical parameters in
Tagetes erecta L,” International Journal of Life-Sciences Sci-
entific Research, vol. 3, no. 4, pp. 1142-1147, 2017.

[71] Y. Risjani, A. Darmawan, D. P. Renitasari et al, “Histo-
pathological aberration and 17--estradiol imbalance in green
mussel Perna viridis population cultured in Java Sea, Indo-
nesia,” The Egyptian Journal of Aquatic Research, vol. 49, 2022.

[72] J. S. Weis and P. Weis, “Pollutants as developmental toxicants
in aquatic organisms,” Environmental Health Perspectives,
vol. 71, pp. 77-85, 1987.

[73] C. J. Brauner and P. J. Rombough, “Ontogeny and paleo-
physiology of the gill: new insights from larval and air-
breathing fish,” Respiratory Physiology and Neurobiology,
vol. 184, no. 3, pp- 293-300, 2012.

[68


https://www.abcam.com/cortisol-elisa-kit-ab108665.html
https://www.abcam.com/cortisol-elisa-kit-ab108665.html
https://bora.uib.no/handle/1956/11678
https://bora.uib.no/handle/1956/11678

12

(74]

(75]

[76

(77]

(78

[79

(80]

(81]

(82]

(83]

(84]

[85

(86

[87

(88]

F. Ma’rifah, M. R. Saputri, A. Soegianto, B. Irawan, and
T. W. C. Putranto, “The change of metallothionein and ox-
idative response in gills of the Oreochromis niloticus after
exposure to copper,” Animals, vol. 9, no. 6, pp. 353-411, 2019.
M. A. Adam, M. Maftuch, Y. Kilawati, and Y. Risjani, “Clinical
symptoms of gambusia fsih (Gambusia affinis) after exposure
to cadmium absorbed in the gills,” Pollution Research, vol. 38,
pp. 88-93, 2019.

S. Mahboob, K. A. Al-Ghanim, H. F. Al-Balawi, F. Al-Misned,
and Z. Ahmed, “Toxicological effects of heavy metals on
histological alterations in various organs in Nile tilapia
(Oreochromis niloticus) from freshwater reservoir,” Journal of
King Saud University Science, vol. 32, no. 1, pp. 970-973, 2020.
W. B. Ameur, Y. El Megdiche, J. de Lapuente et al., “Oxidative
stress, genotoxicity and histopathology biomarker responses
in Mugil cephalus and Dicentrarchus labrax gill exposed to
persistent pollutants,” Chemosphere, vol. 135, pp. 67-74, 2015.
A. Soegianto, B. Irawan, and M. Affandi, “Toxicity of drilling
waste and its impact on gill structure of post larvae of tiger
prawn (Penaeus monodon),” Global Journal of Environmental
Research, vol. 2, pp. 36-41, 2008.

A. M. Abdel-Moneim, M. A. Al-Kahtani, and O. M. Elmenshawy,
“Histopathological biomarkers in gills and liver of Oreochromis
niloticus from polluted wetland environments, Saudi Arabia,”
Chemosphere, vol. 88, no. 8, pp. 1028-1035, 2012.

Z. Ghahremanzadeh, J. I. Namin, A. Bani, and A. Hallajian,
“Cytological comparison of gill chloride cells and blood serum
ion concentrations in kutum (Rutilus frisii kutum) spawners
from brackish (Caspian Sea) and fresh water (Khoshkrood
River) environments,” Archives of Polish Fisheries, vol. 22,
no. 3, pp. 189-196, 2014.

D. Shahsavani, H. Baghishani, and K. Nourian, “Effect of
thiamine and vitamin C on tissue lead accumulation following
experimental lead-poisoning in Cyprinus carpio, Iran,”
Journal of Veterinary Science and Technology, vol. 9, pp. 39—
44, 2017.

A. R. Ishak, M. S. M. Zuhdi, and M. Y. Aziz, “Determination
of lead and cadmium in tilapia fish (Oreochromis niloticus)
from selected areas in Kuala Lumpur, Egypt,” The Egyptian
Journal of Aquatic Research, vol. 46, no. 3, pp. 221-225, 2020.
L. J. G. Barcellos, F. Ritter, L. C. Kreutz et al., “Whole-body
cortisol increases after direct and visual contact with
a predator in zebrafish, Danio rerio,” Aquaculture, vol. 272,
no. 1-4, pp. 774-778, 2007.

A. H. Marchaka and N. Aryani, “He Effect of different sub-
strates of spawing and hatching of zebrafish pink danio
(Brachydanio rerio),” Jurnal Akuakultur Sebatin, vol. 2,
pp. 1-6, 2021.

]. C. Brodeur, G. Sherwood, J. B. Rasmussen, and A. Hontela,
“Impaired cortisol secretion in yellow perch (Perca flavescens)
from lakes contaminated by heavy metals: in vivo and in vitro
assessment,” Canadian Journal of Fisheries and Aquatic Sci-
ences, vol. 54, no. 12, pp. 2752-2758, 1997.

D. Gris, “Whole-body cortisol response of zebrafish to acute
net handling stress,” Aquaculture, vol. 185, pp. 974-981, 2013.
Y. Zhafirah and R. L. Puspitasari, “Cortisol analysis of
Pterygoplichthys pardalis from ciliwung river,” in Proccedings
of the Seminar Nasional Pendidikan Biologi dan Saintek,
pp- 502-505, Surakarta, Indonesia, July 2020.

D. L. Champagne, C. C. M. Hoefnagels, R. E. de Kloet, and
M. K. Richardson, “Translating rodent behavioral repertoire
to zebrafish (Danio rerio): relevance for stress research,”
Behavioural Brain Research, vol. 214, no. 2, pp. 332-342, 2010.

(89]

[90]

[91]

(92]

(93]

[94]

(95]

Scientifica

E. Paduraru, D. Tacob, V. Rarinca et al., “Zebrafish as a po-
tential model for neurodegenerative diseases: a focus on toxic
metals implications,” International Journal of Molecular
Sciences, vol. 24, no. 4, p. 3428, 2023.

M. O. Parker, M. E. Millington, F. J. Combe, and
C. H. Brennan, “Housing conditions differentially affect
physiological and behavioural stress responses of zebrafish, as
well as the response to anxiolytics,” PLoS One, vol. 7, no. 4,
Article ID e34992, 2012.

L. J. G. Barcellos, G. Koakoski, J. G. S. Da Rosa et al,,
“Chemical communication of predation risk in zebrafish does
not depend on cortisol increase,” Scientific Reports, vol. 4,
no. 1, pp. 5076-5110, 2014.

V. Keshari, B. Adeeb, A. E. Simmons, T. W. Simmons, and
C. Q. Diep, “Zebrafish as a model to assess the teratogenic
potential of nitrite,” Journal of Visualized Experiments: JoVE,
vol. 2016, no. 108, Article ID 53615, 6 pages, 2016.

A. Gaber, G. Guncar, and M. Pavsi¢, “Proper evaluation of
chemical cross-linking-based spatial restraints improves the
precision of modeling homo-oligomeric protein complexes,”
BMC Bioinformatics, vol. 20, pp. 464-512, 2019.

K. R. Chaurasiya, T. Paramanathan, M. J. McCauley, and
M. C. Williams, “Biophysical characterization of DNA
binding from single molecule force measurements,” Physics of
Life Reviews, vol. 7, no. 3, pp. 299-341, 2010.

K. Bislimi, J. Halili, H. Sahiti, M. Bici, and I. Mazreku, “Effect
of mining activity in accumulation of heavy metals in soil and
plant (Urtica dioica L),” Journal of Ecological Engineering,
vol. 22, no. 1, pp. 1-7, 2021.





