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ARTICLE INFO ABSTRACT
Received: 21 February 2025 The recent study aimed to evaluate the impact of acute toxicity of
Accepted: 25 September 2025 indoxacarb (IDC) on pseudobranchial neurosecretory cells (PNSCs),

biochemical assays and histopathological changes in the brain, and
accompanying behavioral abnormalities in the air-breathing stinging
catfish Heteropneustes fossilis. The 96-hour LC,  of IDC was ascertained
at a dose of 0.075 mg/L. Live catfishes were exposed to LC, dose of IDC
for 24, 48, 72 and 96 hrs, and the respective parameters were studied at
predetermined intervals. After 96 hrs of exposure to IDC, histopathology
of PNSCs demonstrates degenerative changes, reduced neurosecretory
material, significantly decreased number of PNSCs along with nucleo-
cytoplasmic (N/C) ratio, as compared to the control group. The exposed
fishes displayed detachment of stratum marginale (SM) and stratum
opticum (SO), mild necrosis in stratum periventricular (SPV), and compact
neuroarchitecture of stratum fibrosum et grisium superficiale (SFGS),
stratum griseum centrale (SGC) and stratum album centrale (SAC), whereas
degeneration of mononuclear cells and Purkinje cells in the cerebellum
was observed. The acetylcholinesterase (AChE), superoxide dismutase
(SOD), and catalase (CAT) activities were significantly decreased, whereas
malondialdehyde (MDA) level was significantly increased, as compared to
the control group. The total distance traveled, swimming speed, mobility

Keywords: time, absolute turn angle, head: distance traveled, and maximum speed
Indoxacarb were significantly decreased, whereas immobility time, maximum inactive
Pseudobranchial neurosecretory system episode, and time freezing were significantly increased in comparison with
Fish brain the control group. This study concludes that acute toxic concentrations of
locomotor activity IDC may cause physiological dysregulation, biochemical changes in brain
AChE tissues and mild necrotic changes in PNSCs and neuronal cells in fish,
Anti-oxidative enzyme resulting in substantially associated behavioral disturbances.
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INTRODUCTION

During the last few decades, one of the major threats to
the biodiversity of non-target flora and fauna has been
attributed to the extensive use of organophosphate
(OP) insecticides, which present challenges for the
preservation of global biodiversity. Due to excessive use
of organophosphates in agricultural fields, AChE and
other potent biomarkers in non-target organisms develop
resistance through sudden mutations or alterations in
amino acid residues (Villatte et al., 2000; Bourne et al.,
2003). Hence, there is a need to develop alternatives
to conventional biomarker inhibitors. The foremost
alternative to organophosphates is indoxacarb (IDC), a
moderately hazardous, non-systemic and reduced-risk
insecticide (USEPA, 2000) which kills lepidopteran larvae
in tomato, lettuce, bean, and other crops as a result of
binding to sodium ion channel sites and blocking the
influx of sodium ions into nerve cells (Ghelichpour et
al., 2017; Mirghaed and Ghelichpour, 2015). The lethal
concentration of IDC is moderately to highly toxic to
freshwater and estuarine fishes due to its low water
solubility and short aqueous photolysis half-life (Moncada
and Branch, 2003). In surface water, the lower and higher
concentrations of IDC ranged from 3.7 pg/L to 13.7 ug/L
(0.0037 to 0.0137 mg/L), respectively (Monteiro et al.,
2019). In lettuce crops, IDC concentration was up to 7.76
ug/L (0.0077 mg/L) (EFSA et al., 2018b). Moreover, due to
surface runoff in aquatic environments, IDC concentration
was detected as high as 50 pg/L (0.05 mg/L) in different
seasons in the Jiulong River, China (Zheng et al., 2016).
The scholarly reports on the toxicity of IDC in fishes
as non-target aquatic organisms are available for
histopathological alterations of the gill and kidney
(Mirghaed et al.,, 2018), biochemical and molecular
characterization, including thyroid disruption, protein
synthesis inhibition (Ghelichpour et al., 2017; Mirghaed
and Ghelichpour, 2015), osmotic stress tolerance,
antioxidant and stress gene expression, and oxygen
consumption efficiency (Ghelichpour et al., 2018, 2019;
Bantu et al., 2017). Furthermore, the toxicity of IDC on
the excitatory amino acid transporter-related (EAAT) gene
(maintaining homeostasis in the central nervous system)
was observed in the brain of female zebrafish (Wang et
al., 2020).

Recently, effects of acute exposure to chlorpyrifos (CPF) on
degenerative changes in pseudobranchial neurosecretory
cells (PNSCs), present in the gill region of both sides of
Indian air-breathing catfishes, were reported by our
laboratory (Mishra et al., 2022, 2024), but the data on
the effects of acute toxicity of IDC on histopathological
changes in PNSCs of air-breathing catfishes are almost
absent. However, PNSCs are likely part of the complex
neuroendocrine or chemosensory system in the gill
region of fish (Yadav et al.,, 2023; Mishra et al., 2022,
2024), which coordinate different functions of respiratory
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physiology (Evans et al., 2005; Zaccone et al.,1996;
Munshi and Hughes, 1981), and play a significant role in
hypoxia, pollution, and other stressors. To the best of our
knowledge, the investigation of IDC-induced toxicity on
histopathological changes and secretory cycle of PNSCs
has not yet been studied.

Keeping the above views in mind, we hypothesized that
acute IDC toxicity could induce histopathological and
quantitative changes in the PNSCs, biochemical changes
in the brain, and associated respiratory and swimming
behaviors in experimental fishes, which may coordinate
to regulate stress physiology in fishes. Therefore, the
present study focused on investigating the acute toxic
effects of IDC on histopathological changes in the PNSCs
of the gill region, optic tectum and cerebellum areas of
the brain, biochemical estimation of AChE and oxidative
stress in the fish brain, respiratory frequency of opercular
movements, and locomotor/swimming behavior patterns
in a facultative air-breathing catfish H. fossilis.

MATERIALS AND METHODS

Live specimens of H. fossilis (length, 15.53 + 0.42 cm;
weight, 33.09 + 0.78 g) were collected from unpolluted
local ponds in Prayagraj, Uttar Pradesh, India (25°.60" N
and 81°.84' E at an elevation of 98 m). These fish were
placed in a large aquarium (121 x 45 x 50 cm) and
acclimatized under standard laboratory conditions with
dechlorinated tap water at a normal water temperature
(23 + 2 °C), and a natural photoperiod (13L: 11D) for 15
days. During acclimatization and the experimental period,
the fish were fed ad libitum with minced goat liver and
commercial fish pellet (Optimum fish food, Samut Prakan,
Thailand). The total amount of feed provided was not
less than 2—-3% of their body weight per day. Dissolved
oxygen (5.10 £ 0.220 mg/L), total hardness (126 + 1.85
mg/L), chlorine (104 + 1.23 mg/L), alkalinity (350 * 2.10
mg/L), and pH (7.4 + 0.03) were monitored daily during
the experiment (APHA, 1995).

The oxidiazin insecticide, indoxacarb
suspension concentration), was used as the test
compound for the determination of median lethal
concentration (LC, ). The LC_, for 96 hrs of IDC was found
to be 0.075 mg/L, determined according to the arithmetic
method of Karber as adopted by Dede and Kaglo (2001),
using the daily renewal bioassay system (Table 1). The
mortality of fish was observed daily during 96 hrs of
exposure. There was no distinction between the sexes in
experiments. Lethal concentration (LC ) was calculated
by the equation:

(IDC) (14.5%

LCi9p — (Mean death X Concentration difference)

LCso = Number of fish per group
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Table 1. Determination of LC,  dose of indoxacarb at 96 hrs for H. fossilis

(f::;/cl') Conc. difference No. of live fishes No. of dead fishes Mean death Mear;idf::earzhn::onc.
0 0 12 0 0 0
0.04 0.01 12 0 0 0
0.05 0.01 11 1 0.5 0.005
0.06 0.01 9 3 2.0 0.02
0.07 0.01 7 5 4.0 0.04
0.08 0.01 5 7 6.0 0.06
0.09 0.01 2 10 8.5 0.085
0.1 0.01 1 11 10.5 0.105
0.11 0.01 0 12 115 0.115
5 =043

The fish were divided into two groups, the control group
and IDC treatment group (n = 12 per group). The fish were
exposed under semi-static conditions for 4 days (96 hrs),
where IDC-exposed water was replaced every day with
freshly prepared pesticide solution. At the end of the
experiment, at selected time points (24, 48, 72 and 96
hrs), the fish were anesthetized by cold anesthesia, and
pseudobranchial neurosecretory mass and brain were
excised following decapitation (Mishra et al., 2022).
During experiments, the locomotory or swimming
behavior of the control and IDC-exposed fishes was
recorded for 5 min in a specially designed aquarium (24 x
12 x 12 ¢cm) at regular intervals, 24 hrs (n = 12), 48 hrs (n
=10), 72 hrs (n = 8), and 96 hrs (n = 6) by an automated
video tracking system, ANY-maze software (Stoelting
Co., USA). As per study design, selected indices of fish
swimming behavior, including total distance traveled,
swimming speed, time mobile, absolute turn angle,
maximum inactive episodes, head: distance traveled,
maximum speed, and time freezing, were recorded by
ANY-maze during experimentation.

Furthermore, the frequency of opercular movement of
the control and exposed fishes was quantified manually
for 1 min only during the stable state of the fish (Gupta
and Dua, 2010).

After preparation of paraffin blocks of the brain and
pseudobranchial neurosecretory mass (NSM) of both
control and exposed groups, the paraffin blocks were
cut into 8 um thick sections by a rotary microtome.
After stretching and deparaffinization of slides through
different grades of ethanol, the brain sections were
stained with hematoxylin and eosin (H&E) stain; whereas
NSM sections were stained with a neurosecretion-specific
stain, acid violet (Takasugi and Bern, 1962; Mishra et al.,
2022). The respective images of selected areas of control
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and exposed groups were identified and captured by a
Nikon photomicroscope.

For quantitative estimation of pseudobranchial
neurosecretory cells (PNSCs), Imagel) software (NIH,
Bethesda, MD) was used for counting cell size, cell number,
and the nucleus/cytoplasmic (N/C) ratio of PNSCs. The
cells of control and experimental groups were randomly
selected at higher magnification (400X). The total area of
the cytoplasm with nucleus (A ) and areas of all nuclei
(A,) were measured in each cell, and the equation

N/C = Anc/ (Anc - An)

was used for the determination of the N/C ratio of PNSCs.
After amputation, the fish brain was quickly removed
and homogenized (10%v/v) in a 0.1 M phosphate buffer
containing Triton X-100 using a homogenizer. The crude
homogenates were centrifuged at 10,000 rpm for 30 min
at 4 °C. The supernatants have enzyme sources that were
used for the estimation of acetylcholinesterase (AChE)
activity (Topal et al., 2017; Ellman et al., 1961) and protein
quantity (Lowry, 1951). Enzyme activity was determined
by reading the changes in absorbance over 5 min at a
wavelength of 412 nm in a UV1800 spectrophotometer
(Molecular Devices, Shimadzu, Japan). The superoxide
dismutase (SOD) activity in brain tissues was analyzed by
Marklund and Marklund (1974). The unit of SOD activity is
expressed as 50% inhibition of pyrogallol autoxidation per
min/mg protein. The increase in absorbance was recorded
at 412 nm for 3 min at 30-second intervals. Catalase (CAT)
activity in brain homogenates was measured by Sizer and
Beer (1952). The decomposition rate of the substrate H,0,
at a final concentration of 10 Mm was monitored at 240
nm and 25 °C after adding the sample directly to a cuvette.
Lipid peroxidation was measured according to the method
of Esterbauer and Cheeseman (1990). The concentration

159



Croatian Journal of Fisheries, 2025, 83, 157-166
A. Kr. Mishra et al. (2025): Indoxacarb Toxicity in Gill and Brain of Catfish

of MDA in brain tissue was determined from a standard . o z
plot and expressed in nmol/mg tissue. Sl g o =2 3 R N 3 « g
All data represent the mean + SEM value. The level of £/ s R & 3 S > || E
. . n | HH H H o + H || @
significance between control and IDC-treated fish was ~| Bl 0o N 0 & ¥ o 2 |8
. . , . O m ¥ N & =@ © 5 M |
tested using an unpaired Student’s t-test. A probability n| o g - g0 0 N s
(]
level of P < 0.05, P < 0.01, and P < 0.001 was set as % 3
. . . . e = o
statistically significant. g ~ § 0 < '8 m o M oo §
5|4 @ ¢« 4 R v & N ©jg
=} ‘:_‘l 3 :: :: + :: 'fl :: : o
[ =
RESULTS Gloe ® ~ N 8 © v < «|8
Olo B 1n &4 o N & o <o
— g o~ N g < — — — v
Q.
In IDC-exposed fishes, behavioral indices such as total g
distance traveled, swimming speed and mobility time v
were significantly decreased (P < 0.001, P < 0.01, P<0.05) 2, g 0 o § M *8 0 ;
in subsequent days (24, 48, 72, and 96 hrs), whereas time §° = o < “ s 2 432 p
immobile phases were significantly increased (P < 0.001, W H S8 o+ S o AN N
. . . ™ ()] )
P < 0.05) in subsequent time interval (24,48,72,and 9% , | ® 3|2 & S & a B = T 48
. . . - (]
hrs) (Fig.1). Alternatively, absolute turn angle, maximum ¢ | £ © 2
“ ©
inactive episodes and time immobile phases were 2 E ~ o ~ £
L . £ =~ N ¥ < @ ¥ 2 o N o<
significantly increased (P < 0.001, P<0.01,P<0.05)at24 o | R | 5| S g n ﬁ i LI R (I
hrs, whereas these indices were not significant (P > 0.05) E = Y H now Y on now S
b S|l o n © 8 = o ~ <3
at 48, 72 and 96 hrs, as compared to the control group of ¢ Ol 3 v e g 5 8 @ <3
. put - o (32} o™ -
randomly selected fishes (Table 2). g © ™ ‘-' E
In IDC-exposed fishes, opercular movements were 'E E
significantly decreased (P < 0.001) as compared to the g . 5 g
control group at 24, 48, 72, and 96 hrs (Table 3). > i moe n w9 e g o 5]
. . . . . : o
After exposure to an acute toxic concentration of IDC for -5 Elw o & & f, ™ o S K|
. Ke] n +l + +1 +1 o + +l + +l -
96 hrs, detachment of stratum marginale (SM) and stratum w| s 5|2 g © v 8 5 % 2 Q|5
. . . . . £ d N N o y A
opticum (SO), mild necrosis in stratum periventricular € || 5 | S g L AR
(SPV), and compact neuroarchitecture of stratum fibrosum g £ G
. . . . . [
et grisium superficiale (SFGS), stratum griseum centrale 2 £ m F o o0 B 0 o ® © é
(SGC) and stratum album centrale (SAC) of optictectum § | &€ | 3|8 S ¢ & & & = 5 v|e
. ° el 3% o0 4 9 h WS
were observed. The degeneration of mononuclear cells, ¢ Sl e & 8 5 o & o2 0 18
vacuolization in SFGS layers, and mild necrosis in granular § v 5 R R & 5 e 3 2 g |2
S @©
cells of SPV layers were noticed, as compared to compact % e ” =
neuroarchitecture with normal cells in all distinct layers ¢ u
of optic tectum in the control group (Fig. 2 (A and B)). In =3 y i s 2
. (= * 3 * * <
the cerebellum, degeneration of mononuclear cells and = ﬁ, 2 § S0 R w3 w Ja
Purkinje cells was observed after 96 hrs of exposure to g ..E o o & b Y - a9 =
: + +
IDC, as compared to the control (Fig. 2 (C and D)). % ) 8| Y o . ok § Q 9 * 2 R
In IDC-exposed fishes at 96 hrs, degenerative changes S| ° g 8 s 9 g - oo @ %
(necrosis) were observed in some PNSCs with reduced 9 -i— P
neurosecretory material (NSM), whereas PNSCs of the L | < R e 2@ ¢ N8 ool
. ] °lg|s5|w @ @ X 2 4 4 & Y
control group were of normal shape and size, and filled SN €]d o 6 ® 0 < 3 5 N[
with NSM in the cytoplasm [Fig. 3 (A & B)]. = Slm o o ™ 8 ~ 4 » d|s
Student’s t-test analysis revealed that the number of £ °la E X2 8 8 5 4 R|E
PNSCs significantly decreased (P < 0.001) after exposure 2 &
.. . o =
to IDC for 96 hrs. Similarly, the N/C ratio of PNSCs was also c = §
significantly reduced (P < 0.05) (Table 4), whereas the cell % £ IS
size increased insignificantly (P > 0.05), as compared to @ € o g E 2
the control group. g s = g 8 v _ 4
Q )
The acetylcholinesterase (AChE) activity in the IDC- £ L E s o ° g = _ §
. L o - - 0 -
exposed brain was significantly decreased (P < 0.001), as © E s g 2 %’ % s S § f
. . . . + ~ c
compared to the control brain. The AChE activity in the § g & = 2 £ © 8 2 w g 4
0 Q@ = —= L9
control brain was recorded at 0.028 + 0.0003 umol of g » 3 ¢ 2 & g £ §|l&=
acetylcholine hydrolyzed min* mg* of protein, whereas & 32 E € E 58 2 B 2 &gt
it was substantially decreased to 0.0079 £ 0.00034 umol = ‘_403 g g g § 3 ?‘j 3 B3 §
[ R a FE E <« =2 T =2 ¥Fl= &
160 © 2025 Author(s). This is an open access article licensed under the Creative Commons Attribution-NonCommercial-NoDerivs License

(http://creativecommons.org/licenses/by-nc-nd/3.0/)



Croatian Journal of Fisheries, 2025, 83, 157-166
A. Kr. Mishra et al. (2025): Indoxacarb Toxicity in Gill and Brain of Catfish

in the IDC-exposed brain after 96 hrs. The SOD and CAT  + 0.0001 nmol of MDA formed mg* of tissue, although
activity was significantly decreased (P < 0.001) in the IDC-  the MDA level was substantially increased (P < 0.001) to
exposed group, in comparison with the control group  0.019 £+ 0.00015 pmol in the IDC-exposed brain after 96
at 96 hrs. The MDA level in the control brain was 0.016  hrs (Table 5).

Control 24 hrs 48 hrs 72 hrs 96 hrs

Fig 2. Effects of an acute toxic concentration of IDC on optic tectum and cerebellum of H. fossilis at 96 hrs. Microphotographs:
3A shows intact zones of all layers of the optic tectum of control fish; 3B shows detachment of SO and SM layer necrosis in the
mononuclear cells with vacuolization; 3C shows a normal structure of neurons in the cerebellar lobe in the control group; 3D shows
degeneration of Purkinje cells and loss of granule cells after IDC exposure (H&E staining) (magnification = 100X; scale bar = 100um),
(ML = molecular layer, PL = Purkinje layer, GL = granular layer).
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Table 3. Effects of an acute toxic concentration of IDC on opercular movements

24 hrs (n=12) 48 hrs (n = 10) 72 hrs (n=8) 96 hrs (n =6)

Control  0.075 mg/L Control  0.075 mg/L Control 0.075mg/L  Control 0.075 mg/L

Opercular movements ~ 95-8%1.14 70.8+1.91"" 105£3.45 754507 102+1.13 87.5£265 " 94.0+118 67.0£21™"

(breath/min) t=11.3, P<0.001 t=4.86, P<0.001 t = 4.86, P <0.001 t=11.2, P<0.001

All data represent mean + SEM value at 24 hrs (n = 12), 48 hrs (n = 10), 72 hrs (n = 8), and 96 hrs (n = 6), respectively. " indicate level of significance
at P < 0.001, determined by Student’s t-test.

(A) (B)
Fig 3. Effects of IDC on pseudobranchial neurosecretory cells of the gill region. Figure 3 A shows mature pseudobranchial neurosecretory
cells (PNSCs) with a distinct nucleus, nucleolus, and cytoplasm filled with dense neurosecretory material (NSM). Figure 3 B shows
necrosis in some cells with reduced NSM. (Scale bar = 20um, magnification = 400x, acid violet staining)

Table 4. Effects of acute toxic exposure to IDC on cell number, cell diameter, and N/C ratio of PNSCs

Parameters Control 0.075 mg/L
Number of PNSCs 46.83 £2.30 23.66 + 0.669***
Cell diameter of PNSCs (um) 128.72+11.29 130.98 +17.83
N/C ratio of PNSCs (um) 1.71+0.133 1.33+0.0579*

All data represent mean + SEM value for evaluating the effects of an acute toxic concentration of IDC on cell numbers (n = 6), cell diameter (n = 20),
and N/C ratio (n = 20) of PNSCs. Symbols “and " indicate a level of significance at P < 0.05 and P < 0.001, respectively, determined by Student’s t-test.

Table 5. Effects of acute toxic exposure to IDC on AChE, SOD, CAT, and MDA levels in the fish brain

Parameters Control 0.075 mg/L IDC
AChE activity
(umol /min/mg protein) 0.028 + 0.00037 0.0079 £ 0.00034
SOD activity -
+ +
(umol /min/ mg protein ) 0.75+0.013 0.675 +£0.0094
CAT activity s
+ +
(umol H,0, / min / mg protein) 3.56+0.14 2.11+£0.23
MDA level 0.016 + 0.0001 0.01917 + 0.00015™

(nmol/mg tissue)

All data represent mean + SEM value (n = 6 per group) for assessing the effects of an acute toxic concentration of IDC on AChE, SOD, CAT activity and
MDA level of the fish brain. " indicates a level of significance at P < 0.001, determined by Student's t-test.
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DISCUSSION

In the current study, acute IDC toxicity induced
cytomorphological, necrotic, and quantitative changes
in  PNSCs with reduced neurosecretory material;
however, the functional study regarding the synthesis
of neurosecretory material remains uncertain. It is
speculated that signaling molecules (pesticides or other
stressors) may trigger PNSCs to release NSM, leading
to increased and overt surfacing activity in fish to avoid
low oxygen concentrations in aquatic environments. The
functional status of the neurosecretory activity is linked
with changes in the size of the nucleus and N/C ratio,
and may be considered as an index of cell regulation.
Previously, our laboratory reported that exposure to
acute and sub-lethal concentrations of CPF leads to a
hypoxia-like environment in the aquarium, resulting in
NSM release and vacuolization in PNSCs (Mishra et al.,
2022, 2024).

The rationale for selecting the LC-50 dose of IDC (0.075
mg/L) was in consonance with the doses found in the
Jiulong River in China (0.05 mg/L) (Zheng et al., 2016).
Other researchers reported a wide range of lower and
higher IDC concentrations (0.0037 —0.0137 mg/L) in fresh
and marine/estuarine waters, and the acute toxicity of
IDC ranges from 0.029 to 2.94 mg/L (USEPA, 2000). Even
in these water bodies, chronic toxicity of IDC ranges from
0.004 to 0.15 mg/L (USEPA, 2000). Thus, we selected
an environmentally relevant concentration of IDC in the
freshwater tank as an acute dose (0.075 mg/L) in the
present study.

The functional layers of the optic tectum coordinate
visual perception with body movements and motor
activity (Perez-Perez et al., 2003). The current results
indicate that IDC causes histopathological lesions in
the neuroarchitecture of different layers, especially SM
and SO layers of the optic tectum and necrotic changes
in neuronal cells of the cerebellum. The mild inhibitory
effects of IDC on optic tectum and cerebellum may be due
to reversible inhibition of AChE activity in the synapse or
apoptosis of mononuclear cells and granular cells which
retarded the function of neuronal cells (Tripathi et al.,
2013; Mishra and Devi, 2014; Arslan et al., 2017). These
results are in agreement with other studies which have
reported histopathological, biochemical, and molecular
changes in the brain due to the toxicity of indoxacarb in
common carp Cyprinus carpio (Taheri Mirghaed et al.,
2018).

Fish AChE activity has been widely used as a sensitive
biomarker to ascertain the freshwater pollution load (de
la Torre et al., 2002). Due to more neuronal networking
in the different areas of the brain, the highest level of
AChE inhibition was noticed in the brain, followed by the
liver and kidneys. In our study, decreased AChE activity
was recorded in brain tissue after 96 hrs, and the parallel
results agreed with the reduction of AChE activity in
rats exposed to indoxacarb (Nassar, 2016). The range of

AChE activity was 52.94 — 368.45 nmol thiocholine min™
mg™! protein in the different regions of the fish brain, but
the highest activity was recorded in the optic tectum of
H. fossilis under stress-free conditions (Roy et al., 2006;
Tripathi et al., 2013).

The molar mass of indoxacarb is 527.8 g/mol, hence it
does not cross the blood-brain barrier swiftly due to its
higher molecular weight (>500 g/mol), thus causing fewer
neurodegenerative changes in the brain.

In aquatic toxicology, the brain tissue of fish is damaged
as a result of oxidative stress conditions produced by ROS
(Livingstone, 2001). As previously shown in the literature,
it is well documented that xenobiotic agents may induce
ROS production, which deviates antioxidant defense
mechanisms of the organism and causes oxidative stress
(Klotz and Steinbrenner, 2017; Slaninova et al., 2009).
In the present study, anti-oxidative enzymatic assays
were altered, including SOD and CAT levels, reflecting
the development of a compensatory mechanism in
response to increased oxidative stress. An earlier study
demonstrated that indoxacarb and other toxicants might
change the expression of antioxidant-related genes,
resulting in an alteration of antioxidant enzyme activity
(Ghelichpour et al., 2019; Hedayati et al., 2014; Jin et al.,
2010). Another study also indicates that SOD and CAT
enzymatic gene expression is dysregulated in gill, kidney
and liver tissue after exposure to different concentrations
of indoxacarb (Ghelichpour et al., 2019). The increased
level of other biomarkers, including TNF-a, IL-1B and
IL-8, due to activating macrophages, counteracts the
deleterious effects of xenobiotic exposure (Sakamoto et
al., 2003). The increased cortisol level due to IDC toxicity
indicates increased stress condition and glucose anabolism
(Miraghed et al., 2018). The increased MDA level in the
present study indicates increased lipid peroxidation in
brain tissues by enhancing oxidation of polyunsaturated
fatty acids. Similar results were reported for increased
MDA levels due to ATR exposure in liver tissue of common
carp (Jinetal., 2010) and brain tissue due to CPF exposure
in H. fossilis (Mishra et al., 2024). Thus, homeostasis of
oxidative stress and antioxidant defense systems in the
brain tissues could not be maintained due to exposure to
IDC in the present study.

Behavioral changes are the first indicators to assess
the effects of toxicants on the internal physiological
homeostasis of aquatic animals in a toxicological study,
and this study was highly acknowledged for the accuracy
of a user-friendly tool; hence, individual fish activity was
recorded by an automated tracking software (Kavitha and
Rao 2008; Bonifecio et al., 2016). The decreased opercular
movement and locomotory performances were observed
in our study on subsequent days of exposure. Other
symptoms, such as hyperactivity, erratic movements,
increased mucus secretion and settlement at the bottom
of the aquarium before death, were also observed but not
included in the current study. These behavioral changes
may be due to the increased metabolism and inhibition
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of the acetylcholinesterase enzyme (Mishra et al., 2022;
Mirghaed and Ghelichpour, 2015). The abnormality in
the opercular movement was due to lethargy, secretion
of mucus, and decreased lamellar respiratory surface
(Velmurugan et al., 2007; Johl and Sharma, 2007). On
the other hand, IDC may cause a reduction of basal
metabolism or voluntary locomotion and consequently
reduced production of ATP (Miraghed et al., 2018). Toxic
substances increase metabolism and oxygen demand
in fish, and elevated temperature results in increased
toxicity of IDC and other pesticides (Mirghaed et al., 2015;
Osterauer and Kohler, 2008).

CONCLUSION

This study concludes that acute exposure to IDC may
cause physiological and biochemical disturbances,
and behavioral changes due to mild necrotic changes,
discharge of NSM in PNSCs and neuronal cell damage in
the optic tectum and cerebellum of the fish brain. These
findings suggest that the regulated scales of alternative
organophosphates may also be recommended for
controlling insect pests with lesser toxic effects on the
non-target organisms such as fish.
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UTJECAJ AKUTNE TOKSICNOSTI INDOKSAKARBA
NA SKRZNI NEUROENDOKRINI SUSTAV | MOZAK
SOMA Heteropneustes fossilis

SAZETAK

Cilj istrazivanja bio je procijeniti utjecaj akutne
toksi¢nosti indoksakarba (IDC) na pseudobranhijalne
neurosekretorne stanice (PNSC), biokemijske testove
i histopatoloske promjene u mozgu te prateée
abnormalnosti u ponasanju kod soma Heteropneustes
fossilis. 96-satni LC,  IDC-a utvrden je pri dozi od 0,075
mg/L. Zivi somovi bili su izlozeni LC,, dozi IDC-a tijekom 24,
48, 72 i 96 sati, a odgovarajuci parametri proucavani su u
unaprijed odredenim intervalima. Nakon 96 satiizloZenosti
IDC-u, histopatologija PNSC-a pokazuje degenerativne
promjene, smanjeni neurosekretorni materijal, znacajno
smanjen broj PNSC-a zajedno s nukleocitoplazmatskim
(N/C) omjerom u usporedbi s kontrolnom skupinom.
IzloZzene ribe pokazale su odvajanje stratum marginale
(SM) i stratum opticum (SO), blagu nekrozu u stratum

periventrikularnom (SPV) i kompaktnu neuroarhitekturu
stratum fibrosum et grisium superficiale (SFGS), stratum
griseum centrale (SGC) i stratum album centrale (SAC),
dok je uocena degeneracija mononuklearnih stanica
i Purkinjeovih stanica u malom mozgu. Aktivnosti
acetilkolinesteraze (AChE), superoksid dismutaze (SOD)
i katalaze (CAT) bile su znacajno smanjene, dok je razina
malondialdehida (MDA) bila znacajno povedana u
usporedbi s kontrolnom skupinom. Ukupna prijedena
udaljenost, brzina plivanja, vrijeme pokretljivosti,
apsolutni kut okretanja, prijedena udaljenost glava
i maksimalna brzina znacajno su smanjeni, dok su
vrijeme nepokretnosti, maksimalna neaktivna epizoda
i vrijeme zamrzavanja znacajno povecani u usporedbi s
kontrolnom skupinom. Ova studija zakljucuje da akutne
toksi¢ne koncentracije IDC-a mogu uzrokovati fiziolosku
disregulaciju, biokemijske promjene u mozdanom tkivu
i blage nekroticne promjene u PNSC-ima i neuronskim
stanicama kod riba, Sto rezultira znacajno povezanim
poremecajima u ponasanju.

Kljucne rijeci: indoksakarb, pseudobranhijalni
neurosekretorni sustav, mozak ribe, lokomotorna
aktivnost, AChE, antioksidativni enzim
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