Nis«PR

Indian Journal of Experimental Biology
Vol. 64, September 2026, pp.823-834
DOI: 10.56042/ijeb.v64i09.27640

HewmmR
CSIR

The Innovation Engine of India

Alterations in the activity and isozyme profile of enzymatic stress markers along

with histological changes due to lead exposure in Labeo rohita

Priya Agrawal & Ajeet Kumar Singh*
Department of Zoology, CMP Degree College, University of Allahabad, 211002, Prayagraj, Uttar Pradesh, India

Received 16 January 2026, revised 17 June 2026

The present study examines the effects of two concentrations of lead acetate (Pb3: 3 mg/L and Pb6: 6 mg/L) on the vital
tissues of Labeo rohita after 96 hours of exposure. The study focuses on alteration in isozyme profile of enzymatic markers
of oxidative stress such as catalase (CAT), superoxide dismutase (SOD), and glutathione peroxidase (GPx) and tissue
damage indicator such as lactate dehydrogenase (LDH). Oxidative stress was measured through lipid peroxidation analysis,
and corresponding histopathological changes were examined by haematoxylin-eosin staining. In-gel assays detected a single
isozyme of CAT in the liver and gill, and GPx in the liver and brain. Four distinct SOD isozymes were detected in the liver
and gill, while only two isozymes were found in the brain. Inhibitor assays indicated that the isoform closest to the cathode
was Mn-SOD, with the remaining isozymes identified as Cu/Zn-SOD. A total of five LDH isozymes (LDH1 to LDHS5) were
expressed in the liver, single isozyme in the gill and brain. The isozyme profiles and activities of these enzymes were altered
in a tissue-specific manner following lead exposure. Specifically, in the liver, total activities of SOD, GPx and LDH
increased, whereas CAT activity decreased in both Pb3 and Pb6-treated groups compared to controls. In the gills, SOD,
CAT, and LDH activities were elevated in both lead treatment groups; however, GPx activity was undetectable. In the brain,
SOD and GPx activities increased, LDH activity remained unchanged, and CAT activity was not detected in either treatment
group. Lipid peroxidation levels were significantly elevated in all tissues in a dose-dependent manner compared to controls.
Histopathological examination in tissues revealed degenerative alterations such as vacuolization, necrosis, epithelial
hyperplasia and neuronal degeneration in dose dependent manner. The findings demonstrate that lead induced oxidative
stress elicits tissue and isozyme-specific antioxidant responses and associated histopathological damage in Labeo rohita.
These results may contribute to a molecular-level understanding which may help the advancement of aquaculture strategies
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in environmentally contaminated settings.
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Among the wvarious pollutants associated with
aquaculture, heavy metals are of particular
significance due to their environmental persistence
and propensity for bioaccumulation. The heavy metals
most commonly implicated in the contamination of
aquaculture products include lead (Pb), mercury (Hg),
arsenic (As), chromium (Cr), cadmium (Cd), cobalt
(Co), copper (Cu) and iron (Fe)'.One of the most
prevalent heavy metals, lead (Pb) poses a major risk
to aquaculture practices and human health?. It persists
for a long time in environment and bio-accumulated
into aquatic ecosystem through intake of water and
food or through absorption by skin and gills in
fishes®*. Subsequently it can be transferred to human
through the food chains.

Heavy metal poisoning disturbs the fish physiology
and causes biochemical and histological damage
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E-mail: ajeet.bhuz@gmail.com

which may be mediated by oxidative stress'”*.
Oxidative stress arises from an imbalance between
oxidants and antioxidants, caused by excessive
oxidant production, weakened antioxidant defences,
or ineffective repair of oxidative damage’'.
Hydrogen peroxide (H,0,), superoxide radicals, and
hydroxyl radicals are examples of ROS that can harm
biological molecules such as proteins, lipids, and
nucleic acids. Superoxide (O*”), one of the primary
forms of intracellular ROS, is a highly reactive
molecule'"'?. However, it can be converted to H,O,
by superoxide dismutase (SOD) and subsequently to
oxygen and water by several enzymes, including
catalase (CAT) and glutathione peroxidase (GPx).
Therefore, examining the change in activity of
antioxidant enzymes such as SOD, CAT, and GPx is
an effective method of indicating oxidative stress.
Furthermore, there is a greater demand for NAD"
regeneration during oxidative stress to maintain
glycolysis and redox balance'. A metabolic enzyme
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lactate dehydrogenase (LDH) reduces the oxidative
stress by converting pyruvate to lactate and vice versa
to maintain the NAD/NADH ratio'. Furthermore,
LDH isoforms, particularly LDH-A (LDH-5), have
been identified as potential ROS sensors and may
serve as reliable indicators of tissue damage".
Therefore, changes in the activity of LDH isozymes,
along with other biomarkers, could be useful tools in
aquatic toxicological research.

Labeo rohita 1is a commercially important
freshwater species, widely cultured and consumed
across South Asia, especially in India, Pakistan,
Bangladesh, and Nepal. Labeo rohita is also reported
to accumulate higher lead concentration in
comparison to other fresh water fishes like Catla catla
and Cirrhinus mrigala'®. Therefore, it is hypothesized
that it might be particularly vulnerable to lead
exposure, even during short-term (acute) exposure. In
recent years, several studies have investigated the
effects of lead exposure in Labeo rohita; however,
few have assessed enzymatic markers of oxidative
stress by spectrophotometric method'°. Moreover,
these antioxidant enzymes are expressed in the form
of multiple isozymes, therefore conventional
spectrophotometric assays of total enzyme activity
fail to reveal isozyme profile of these enzymes.
Therefore, the present study employed in-gel activity
assays to elucidate tissue-specific changes in the
isozyme profiles of these enzymes (CAT, SOD, GPx
and LDH) and to correlate these changes with
histopathological alterations.

Materials and Methods

Chemicals

All the chemicals were of analytical and molecular
biology grade. Lead (II) Acetate Trihydrate
[(CH3COO), Pb.3H,0] was purchased from Sigma
Aldrich (CAS no. 6080-56-4). All other chemicals
were bought from Loba, Merck and Qualigens.

Fish management and Experimental design

Live specimens of Labeo rohita (standard length
12-15 cm, weight 20-22 g) were collected from
government fish hatchery at Meja, District-Prayagraj,
India, and were maintained in the laboratory at
controlled room temperature (25 + 2 °C) in glass
aquaria containing water, aerated continuously. The
fish were maintained under laboratory conditions for
15 days acclimatization period prior to the
experiment. During this period, they were fed twice
daily with commercially available Tokyu® pellets

containing 46% protein, 6% fat, 5% fiber, along with
essential minerals and vitamins. Water quality
parameters were assessed in accordance with
APHA?'. The water quality parameters (mean =+ S.D.)
of water used for acclimation in controls and for the
preparation of test solution were as follows:
temperature, 25 £2 °C; dissolved oxygen, 7.0 +£0.320
mg/L, pH, 7.840.07; and alkalinity, 246.78+ 3.9 ppm.
After acclimatization fish were divided into three
groups, three fishes in each group in the capacity of
20 L aquarium. The first group was marked as control
and other groups as experimental groups. Short term
test of acute toxicity for a period of 96 hours was
performed. Lead acetate was dissolved in triple-
distilled water to prepare the dosing solutions.

Dose Selection

The doses were determined based on 96 hour LC50
of lead acetate for Labeo rohita, reported as 34.30
ppm by Prabha ef al”’. Experimental doses were set at
approximately 1/10™ (3 mg/L) and 1/5™ (6 mg/L) of
the LC50 wvalue. Recent studies suggest these
concentrations of lead are under the environmentally
relevant concentration range™. Accordingly, the
groups were assigned as follows: Group I remain
untreated control (C), group II received 3 mg/L (Pb3),
and group III received 6 mg/L (Pb6) of lead acetate.
Each experiment was repeated at least three times to
determine its reproducibility.

Preparation of Tissue Homogenate

After exposure of 96 hours, fish were sacrificed
and tissue samples of liver, gill and brain were
excised and washed in normal saline (0.7% NaCl).
Tissues were immediately stored in -20°C until use.
Further, homogenised in 50mM Tris buffer (pH7.4)
containing 0.1% Triton X-100 with the help of
electric operated tissue homogeniser (Universal
Biotechnology Private Limited, New Delhi, India)
and centrifuged at 12,000g for 20 minutes at 4°C in
high speed bench top centrifuge (Neya 16 R, Remi
Elektrotechnik LTD, Mumbai, India). The
supernatants were utilized to assess antioxidant
enzyme activities and other oxidative stress—related
parameters.

Assay of total protein

Total protein content in tissue extracts was
determined using a dye binding method of Bradford™*
using a standard curve constructed with Bovine serum
albumin (BSA).
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Assay of antioxidant enzymes

Assay of Catalase (CAT, EC 1.11.1.6)

The activity of CAT was analyzed by native poly-
acrylamide gel electrophoresis (native-PAGE)
followed by ferricyanide method of Woodbury et al”.
20pg sample of protein of each group were mixed
with equal amount of 2x native loading buffer and
loaded on the wells of 5% stacking gels and resolved
on 8% resolving gel. Gels were allowed to run for 5
hours at 4°C, thereafter soaked in 0.03% hydrogen
peroxide (H,O,) for 10-25 minutes. Excess H,O, was
removed by washing for 1 minute. Gels were stained
in a solution containing 1% ferric chloride and 1%
potassium ferricyanide for 4-5 min at room
temperature. White bands in blue-green background
represent CAT activity.

Assay of Superoxide Dismutase (SOD, EC 1.15.1.1)

The in-gel activity assay of SOD was performed
according to modified procedure of Beauchamp and
Fridovich®®. 30pg of total protein from each sample
was loaded and separated on 10% resolving gel by
native PAGE at 4°C. After electrophoresis, the gels
were soaked in 1.23mM NBT solution for 20min at
room temperature in dark. Gels were washed with
distilled water and incubated in 100mM phosphate
buffer (pH 7.0) containing 28mM TEMED and
0.28mM riboflavin for 15-20min at 25°C in dark.
Thereafter, the gels were exposed to fluorescent light
until achromatic bands became visible on purple-blue
background.

Identification of Superoxide dismutase (SOD) isozymes

The identification of different SOD isozymes was
performed according the method described by Wang
et al’’. SOD enzymes are categorized into three types;
Cu/Zn-SOD, Mn-SOD, and Fe-SOD, based on the
metal cofactor present at the catalytic site. These
isoforms exhibit differential sensitivities to specific
chemical inhibitors, facilitating their distinction
during analysis. Following native-PAGE, the gel was
sectioned and each slab was incubated separately in
specific inhibitory solutions: (i) hydrogen peroxide
(H,O,, SmM), and (ii) a chloroform: ethanol mixture
(CHCIl5:CH,CH,0H, 3:5 v/v) for 30 minutes. Cu/Zn-
SOD and Fe-SOD activities were inhibited upon
exposure to H,O,, whereas Mn-SOD and Fe-SOD
activity bands were eliminated following treatment
with the chloroform: ethanol mixture.

Assay of Glutathione Peroxidase (GPx, EC 1.11.1.9)
GPx is thiol based antioxidant enzyme that
catalyses the reduction of hydrogen peroxidase using

Glutathione (GSH). The activity gel assay of GPx was
performed according to the method of Lin et al*® with
minor modifications. 60ug of protein from each
sample was loaded and separated on 10% resolving
gel by non-denaturing PAGE at 4°C. After
completion of electrophoresis, the gel was soaked in
50mM Tris-Cl (pH 7.9) containing 13mM GSH
(reduced glutathione) and 0.004% H,O,, for 20min at
room temperature in dark with gentle shaking.
Thereafter, the gels were washed in distilled water
and developed in darkness at 30°C containing 1.2mM
NBT and 1.6mM PMS for 10min and exposed to light
until appearance of clear zone of GPx band on purple
background.

Assay of lactate dehydrogenase (LDH, EC 1.1.1.27)

The activity gel assay for LDH was performed
according to the method of Dietz et al*. 20 pg protein
from each sample was loaded and separated on 8%
resolving gel at 4°C. After electrophoresis, the gels
were soaked in staining solution containing phosphate
buffer (pH7.4), 10mM lithium lactate, 150mM
sodium chloride, SmM magnesium chloride,15mM
nicotinamide adenine dinucleotide (NAD+), 1.25mM
NBT and 3.3mM phenazine methosulphate (PMS) for
10- 45 minutes. Dark brown colour bands were
appeared on light surface of gels.

Lipid Peroxidation Assay

Malondialdehyde (MDA) level, an indicator of
lipid peroxidation was measured using the method
described by Ohkawa et al’’, with minor
modifications. The MDA concentration was
quantified using a standard curve prepared with
known concentrations of 1,1,3,3-tetramethoxypropane
and expressed as nmol MDA per mg protein.

Histological study

Tissue samples were processed, sectioned, and
stained according to standardized protocols® . The
tissues of liver, gill and brain were collected from the
treated as well as control fish, washed with normal
saline and fixed in Bouin’s fixative. After 24 h of
fixation, tissues were dehydrated with ascending
grades of alcohol and cleared in xylene. Thereafter,
tissues were paraffin-embedded, sectioned at 6 pum
using a rotary microtome (Model 1120; Medimeas
Instruments, Haryana), and mounted on glass slides.
The sections were deparaffinized in xylene,
rehydrated through descending alcohol grades, and
rinsed in distilled water. Staining was performed with
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haematoxylin for 5-10 minutes, followed by
counterstaining with 1% eosin. The stained slides
were observed under compound microscope (Nikon
ECLIPSE 80i; Nikon Corp., Japan) at 200X and 400X
magnification, and photomicrographs were captured
with Moticam 1000 camera (Motic, China) for
histological examination.

Densitometry and statistical analysis

Alpha Imager 2200 software (Alpha Innotech) was
used for densitometric analysis of the bands. Activity
of antioxidant enzymes was measured on the basis of
integrated densitometric value (IDV) and presented in
arbitrary units (AU). All results were expressed
throughout as mean = SEM. Statistical differences
were analysed between data obtained from control
and the experimental groups. All the statistical
analyses were carried out through Statistical Package
for the Social Sciences (SPSS) for windows (standard
version 11.5) software. In cases of multiple isoforms,
within group and between group analyses was
performed by two-way ANOVA followed by Tukey
post hoc test. One-way ANOVA followed by Tukey
post hoc test was performed in other cases.

Results

Assessment of antioxidant enzyme activity and tissue damage
markers in fish liver following lead exposure

The activities of antioxidant enzymes and tissue
damage markers in the liver were analysed in both
control and lead-exposed groups. In-gel assays
revealed the presence of a single CAT isoform in liver
tissue. A significant decrease in CAT activity was
observed in the Pb3 and Pb6 treatment groups
compared to the control (Fig. la), indicating a
diminished capacity to detoxify hydrogen peroxide
(H20,).

Native gel electrophoresis revealed four isoforms
of SOD. The isoform closest to the cathode was
identified as manganese-dependent SOD (Mn-SOD),
while the remaining three were confirmed as
copper/zinc-dependent SODs (Cu/Zn-SODs) based on
inhibitor assays. All the isoforms were affected
similarly in lead treated groups. The combined
activity of all SOD isoforms was significantly
elevated in both Pb3 and Pb6 groups relative to the
control (Fig. 1b), suggesting an up- regulation of
antioxidant defence in response to oxidative stress
induced by lead exposure.

Similarly, GPx activity, represented by a single
band on the gel, was significantly increased in both

Pb3 and Pb6 groups compared to the control (Fig.
1C). This increase likely reflects a compensatory
mechanism against oxidative stress.

Native PAGE analysis also detected five isoforms
of LDH, designated as LDHI1 through LDHS5,
following established nomenclature®>. Combined
densitometric value of all bands revealed a significant
increase in LDH activity in lead exposed groups (Pb3
and Pb6) as compared to control. Further, LDH5 was
unaffected by lead exposure although other isoforms
were showing increased activity dragging the total
active towards higher side (Fig. 1D).

Antioxidant enzyme and tissue damage marker activity in fish
gills following lead exposure

The total CAT activity, represented by a single
band on native PAGE, was significantly elevated in
the Pb3 and Pb6 groups compared to the control
(Fig. 2A). A similar trend was observed for SOD
activity, which also showed a significant increase in
both lead-exposed groups, indicating an up-regulated
antioxidant defence system in response to lead-
induced stress.

Notably, the expression pattern of SOD isoforms
differed between the control and treated groups.
While four distinct isoforms were present in the
control group, only two were mainly active in the Pb3
and Pb6 groups. First band was identified as Mn-SOD
and other three were identified as Cu/Zn-SOD, out of
which only first Cu/Zn-SOD was expressed in Pb3
and Pb6. Despite this reduction in isoform diversity,
the total SOD activity remained significantly higher in
the treated groups due to increased activity of the
remaining isoforms. Notably, activity of only Cu/Zn-
SOD was increased contributed to total activity
changes, whereas Mn-SOD was unaffected after lead
exposure (Fig. 2B). This result suggest important role
of Cu/Zn-SOD in gills during stress condition.

The in-gel assay revealed no detectable GPx activity.
However, it is plausible that GPx activity might be
detected using a more sensitive spectrophotometric
assay, which could uncover changes in enzymatic
activity not visible with the current method.

Additionally, LDH activity, represented by a single
band, was also elevated in both Pb3 and Pb6 groups
(Fig. 2C). This increase in LDH activity may indicate
tissue damage in the gills resulting from lead exposure.

Antioxidant and tissue damage marker activity in fish brain
following lead exposure

In brain tissues, CAT activity was undetectable by
in-gel assay in all experimental groups. However, a
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Fig. 1 — Effect of lead exposure on the antioxidant enzymes in the liver of fish Labeo rohita.

Activity of (a) CAT, (b) SOD, (¢)GPx and (d) LDH in the liver of control (C) and two other groups treated with 3 mg/L(Pb3)
&6mg/L(Pb6) of lead acetate respectively. Result represents mean + SEM (n = 9). Asterisk on bar indicates significant difference from
corresponding control (‘p<0.05 and ““p<0.01). ). IDV, Integrated Densitometric value

significant increase in SOD activity was observed in
the Pb6 group, while a slight, non-significant
elevation was noted in Pb3 compared to the control
(Fig. 3A). Two SOD isozymes were detected: the
isoform closest to the cathode was identified as Mn-
SOD, and the second as Cu/Zn-SOD based on their
electrophoretic mobility and inhibitor sensitivity.

GPx activity, represented by a single band, was
significantly increased in both Pb3 and Pb6 treatment
groups relative to the control (Fig. 3B), indicating an

enhanced antioxidant response to lead exposure in
brain tissue.

Further, no significant changes in LDH activity
were observed among the groups. LDH activity, as
represented by a single band on the gel, remained
comparable across control and treated fish (Fig. 3C).

Identification of superoxide dismutase (sod) isozymes
Four SOD isoforms were detected in the liver and
gill tissues, while only the first two isoforms, located
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Fig. 2 — Effect of lead exposure on the antioxidant enzymes in
the gills of fish Labeo rohita.

Activity of (a) CAT, (b) SOD, and (¢) LDH in the gills of control
(C) and two other groups treated with 3 mg/L(Pb3) & 6mg/L(Pb6)
of lead acetate respectively. Result represents mean + SEM (n =
9). Asterisk on bar indicates significant difference from
corresponding control ("p<0.05 and “p<0.01). ). IDV, Integrated
Densitometric value

closest to the cathode (negative pole), were observed
in brain tissue (Fig. 4A, B and C). Upon treatment of
the gels with hydrogen peroxide (H,0,), the last three
bands disappeared, thereby excluding the possibility
that these bands correspond to Mn-SOD or Fe-SOD
isozymes. This observation suggests that these bands
represent Cu/Zn-SOD isoforms. Conversely, when the
gels were treated with an ethanol:chloroform mixture,
the first band was selectively disappeared. This result
rules out the presence of Cu/Zn-SOD or Fe-SOD
isoforms in that band, indicating that it corresponds to
a Mn-SOD isoform.

Lipid Peroxidation

Lipid peroxidation, as measured by
malondialdehyde (MDA) levels, was significantly
elevated in the lead treated groups in dose dependent
manner as compared to control group across all
tissues (Fig. 5A, B and C). This increase in MDA
level suggests enhanced oxidative stress and
membrane damage induced by lead exposure.

Histological analysis
Histopathological alterations observed in the liver,
gills, and brain of Labeo rohita clearly demonstrates
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Fig. 3 — Effect of lead exposure on the antioxidant enzymes in
the brain of fish Labeo rohita.

Activity of (a) SOD, (b) GPx, and (¢) LDH in the brain of control
(C) and two other groups treated with 3 mg/L(Pb3) & 6mg/L(Pb6)
of lead acetate respectively. Result represents mean + SEM (n =
9). Asterisk on bar *indicates sig}?iﬁcan‘[ difference from
corresponding control ( p<0.05 and p<0.01). IDV, Integrated
Densitometric value

the toxic effects of lead acetate on vital organs. The
liver sections of control fish showed normal histo-
architecture of well-arranged polygonal hepatocytes
containing centrally located nuclei and distinct
cytoplasm (Fig. 6A). In contrast Pb3 group showed
prominent degenerative changes such as mild
cytoplasmic vacuolization, pyknotic nuclei, hepatic
cell haemorrhage and increase in sinusoidal space
(Fig. 6B). In Pb6 group severe pathological changes
were evident including extensive cytoplasmic
vacuolation and necrosis of hepatocytes (Fig. 6C).

Gill tissues of the control group revealed normal
architecture with well-defined primary and secondary
lamellae, intact epithelial lining, and properly
arranged pillar cells (Fig. 7A). However, Pb3 group
showed lamellar curling, fusion, and hyperplasia of
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H,0, (5mM) treatment, which inhibits Cu/Zn- SOD and Fe- SOD and Lane 3: CHCI;- CH;CH,OH (Et-Ch, 3:5 v/v) treatment, which
inhibits Mn- SOD and Fe-SOD. Thus, band 1 was identified as Mn-SOD and; Band 2, 3 and 4 were identified as Cu-Zn SOD. The
direction of electrophoresis was marked by arrow from cathode (-) to anode (+)
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Fig. 5 — Effect of lead exposure on the lipid peroxidation in different organs of fish Labeo rohita. (a) Liver (b) Gill and (c) Brain of
control (C) and two other groups treated with 3 mg/L(Pb3) & 6mg*/L(Pb6) of legd acetate respectively. Result represents mean = SEM (n
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Fig. 6 — Photomicrographs of haematoxylin and eosin stained sections shows histopathological changes in liver of L. rohita exposed to
lead acetate. (a) Control group showing spherical nucleus (yellow arrow), cytoplasm (square) and polygonal hepatocytes ( black arrow),
blood sinusoids (red arrow) 40X. (b) Pb3 group showing sinusoidal space (red arrow), pyknotic nuclei (square), degeneration of
hepatocyes (black arrow), haemorrhage in central vein (asterisk). (c) Pb6 group showing vacuolation (black arrow), necrotic cells
(square), hepatocyte degeneration (circle), pyknotic nuclei (yellow arrow). Scale bar 1pm.

epithelial cells (Fig. 7B), while the Pb6 group The brain, particularly the optic tectum region, of
displayed severe lamellar necrosis, epithelial ~ control fish exhibited normal neuronal organization

sloughing, and complete disorganization of the gill ~ with distinct nuclei (Fig. 8A). In Pb3 group exhibited
filaments (Fig. 7C). moderate neuronal degeneration, accumulation of
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Fig. 7— Photomicrograph of haematoxylin and eosin stained sections shows histopathological changes in gills of L. rohita exposed to
lead acetate. (a) Gill filament of the control group, Primary gill lamellae (black arrow), secondary gill lamellae (red arrow). (b) Pb3 group
showing gill hyperplasia (black arrow), lamellar curling (circle), necrosis (red arrow) and fusion of secondary lamellae (square). (c) Pb6
group showing fusion of secondary lamellae (square), completely collapsed secondary lamellae (black arrow), telengectiasis (green
arrow), gill oedema (yellow arrow) and necrosis in lamellae (red arrow). Scale bar 1pm.
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Fig. 8 — Photomicrograph of haematoxylin and eosin stained sections shows histopathological changes in brain of L. rohita exposed to
lead acetate. a. Control group showing neurons in optic tectum (OT) without any damage. (b) Pb3 group showing pyknotic nuclei (circle),
melanin granules (black arrow), and neutrophil loss (square). (c) Pb6 group showing vacuolization (square), inflammation (red arrow) and

necrotic cell (yellow arrow). Scale bar 2um.

melanin granules, cytoplasmic vacuolization, nuclear
pyknosis and cellular infiltration (Fig. 8B). Similarly
Pb6 group also displayed an increase in vacuolization,
cellular infiltration, necrosis and haemorrhage in brain
tissue (Fig. 8C).

Discussion

Lead has high affinity for sulthydryl group (-SH).
It disrupts the antioxidant enzymes activity by binding
and inhibiting the —SH group in several enzymes such
as SOD, CAT and GPx™. It can promote oxidative
damage by increasing the cellular level of reactive
oxygen species, which may lead to disturbance in
antioxidant enzymes in fish***. Further, produced
ROS causes DNA strand breaks and replaces the Zn
in DNA binding proteins®. However, fish can
regulate metal concentration to a certain extent, after
which bioaccumulation occurs and damages the fish
organs’>*. Accumulation of lead easily leads to
immunosuppression, leading to increased disease
susceptibility in fish*. High rate of metal
accumulation may be observed in gills of mostly
fresh water fishes during respiration and
osmoregulation**"*? because gills have large surface
area and direct contact with water, which is primary
medium for heavy metal contamination®. Whereas
liver plays a significant role in the processing,

detoxification, transmission and conversion of toxins
and also serves as an active site for adverse effects
caused by pollutants in fishes'’.Lead is also a potent
neurotoxin that can cause learning and memory
impairments as well as brain damage™.

In the present study, a significant decrease in CAT
activity was observed in the liver of both Pb3 and Pb6
groups (Fig. 1A). This reduction in CAT activity may
be attributed to its inhibition by the excessive
production of its substrate, H,O,, resulting from the
elevated activity of SOD (Fig. 1B) in both groups.
Similar result was also found in heavy metal stressed
liver of Labeo rohita by Akhtar et al*’. Similarly,
Rehman et al*® have also reported a significant
decrease in CAT activity in rainbow trout,
Oreochromis niloticus exposed to heavy metals, this
decrease in CAT may be due to binding of metal ion
to —SH group of enzymes. However, the increased
activity of GPx in these groups suggests that this
enzyme plays a supportive role in managing the
heightened oxidative stress in the liver”. The
enhanced activity of SOD and CAT in the gills (Fig.
2A and B), as well as SOD and GPx in the brain (Fig.
3A and B), was observed following lead exposure in
Pb3 and Pb6. This increase may indicate an adaptive
response to counteract mild oxidative stress. Similar
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. . - . 48,49
findings have been reported in previous studies™ ™.

The upregulation of antioxidant enzyme activity in
response to mild oxidative stress is commonly
mediated through the activation of the Nrf2
pathway *'. However, under conditions of elevated
oxidative stress, the activity of these enzymes tends to
decrease due to oxidative modifications of their active
sites’>. This biphasic response highlights the
organism's attempt to manage oxidative damage at
lower stress levels and the failure of antioxidant
defence mechanisms under higher oxidative stress.
These results strongly suggest that oxidative stress
levels are higher in the liver compared to the gills and
brain, a finding further supported by MDA levels in
these tissues. When MDA levels were compared
across these tissues, the liver exhibited MDA levels
that were approximately 2-3 times higher than those
in the gills and brain in all groups (Fig. 5A, B and C).
Several studies are in agreement with our finding,
where MDA level is significantly increasing in heavy
metal exposed fishes™>*.

LDH is an intracellular enzyme which constitutes a
major check point of anaerobic respiration. It
facilitates the reversible conversion of pyruvate to
lactate, serving an essential role in anaerobic
respiration by regenerating NAD' required for
glycolysis™. Therefore, increased LDH activity in
liver and gill indicates the impairment of oxidative
metabolism in these tissues. It is evident that
oxidative stress caused a rise in LDH and this process
supplies reducing power against ROS, indicating that
LDH functions as an antioxidant' . Furthermore,
elevated LDH activity serves as a marker of tissue
damage suggesting potential harm to the liver and
gills following lead exposure in both groups (Fig. 1D
and 2C). However, no such indication was found in
the brain. Consistent with this observation, elevated
LDH activity has been observed in the liver of Clarias
gariepinus when exposed to hexavalent chromium®’
and in the serum of Labeo rohita when exposed to
copper sulphate®®. The enzyme harnesses the reducing
power of NADH to drive this process". Lactate
dehydrogenase (LDH) exists as a tetrameric enzyme
composed of varying combinations of two gene
products, LDHA and LDHB, whose distinct subunit
assemblies generate five isoforms: LDH1 (B4), LDH2
(AB;), LDH3 (A,B,), LDH4 (A;B), and LDHS5 (Ay).
In this study, five isozymes of LDH were found in
liver, in which LDH 1 is markedly increased in high
level lead treated group. The observed increase in
LDH-1 levels in Labeo rohita exposed to lead
suggests a shift in metabolic enzyme expression likely

linked to lead-induced oxidative stress and tissue-
specific injury. As LDH-1 is typically associated with
aerobic metabolism, its upregulation may reflect a
compensatory mechanism to maintain oxidative ATP
production or increased enzyme release due to cellular
damage™°.

An important finding in this study is the tissue-
specific differential isozyme profile observed in both
control and lead-treated fish. A single isozyme of
CAT was detected in the liver and gill, but it was
absent in the brain. This finding aligns with studies
conducted in rodents, where CAT activity was not
observed in control brain tissue lysates in in-gel
assays’">. While the presence of CAT activity in
brain cannot be entirely excluded, this suggests that
peroxide elimination in the brain of Labeo rohita is
primarily mediated by GPx, as shown in Fig. 3B. A
similar result was found for GPx, with a single
isozyme detected in both the liver and brain, but not
in the gills. Another key observation is that only one
peroxide-neutralizing enzyme is active at a time in the
gill and brain, while both CAT and GPx are active in
the liver. This reflects a higher level of hydrogen
peroxide (H,0,) in the liver compared to the brain and
gill. In most animal tissues, two types of SOD are
typically present: Cu/Zn-SOD, which is found in the
nucleus and cytoplasm, and Mn-SOD, which is
located in the mitochondria®*® with some exceptions
exhibiting Fe-SOD®. In this study, four distinct SOD
isozymes were detected in the liver and gill, whereas
only two isozymes were observed in the brain (Fig.
4A, B and C). Among the four isozymes identified,
the first was identified as Mn-SOD, while the
remaining three were identified as Cu/Zn-SOD. The
absence of two Cu/Zn SOD isozymes in the brain may
be due to the sufficient presence of two isozymes of
SOD, which can effectively manage the relatively low
oxidative stress in this tissue. Although lead has
neurotoxic properties, but it might not cause
immediate oxidative stress in brain but may trigger
inflammation or mitochondrial dysfunction that
becomes apparent later. Additionally, the alteration in
the activity of only Cu/Zn-SOD suggests that the
primary source of reactive oxygen species (ROS)
during acute lead exposure is the cytosol rather than
the mitochondria, although further investigation is
needed to validate this observation.

Studies in other species have identified five GPx
isozymes®, although we were unable to determine
which specific isozyme(s) are expressed in this study.
Single isoform of GPx was found elevated in high
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dose in both liver and brain (Fig. 1C and 3B), whereas
other bands were not clearly visualized. Increase in
GPx as well as CAT in high dose is suggesting that
GPx might protect CAT against the inactivating effect
of H,0,%. We have documented an increase in GPx in
liver and brain but have not excluded the possibility
that other isozymes of GPx might be present.
Oxidative stress often leads to damage of several
cellular components such as protein, DNA or lipid,
which may be reflected in histological alterations™.
Histopathological study was performed to correlate
lead induced oxidative stress with possible tissue
damage in vital organs. Histopathological assessment
revealed significant alterations in the morphology of
the liver, gills, and brain of L. rohita exposed to lead
acetate compared with the control group. The liver of
lead-exposed fish exhibited severe hepatic damage,
characterized by necrosis, cytoplasmic vacuolation
and degeneration of hepatocytes (Fig. 6B and C).
Similar hepatic alterations have been reported in
Oreochromis niloticus exposed to lead® and in Labeo
rohita exposed to mercury”’. In the gills, structural
changes such as lamellar lifting, curling, and fusion
were evident (Fig. 7B and C),which are considered
nonspecific defence responses that create a barrier
between the external environment and the
bloodstream, thereby limiting pollutant entry'®®. The
observed epithelial hyperplasia and curling of
secondary lamellaec further indicate an adaptive
response of the fish to minimize the direct contact of
lead with vital respiratory surfaces’. However, the
pronounced hyperplasia, necrosis, and epithelial cell
sloughing compromised the gill’s functional integrity,
likely reducing oxygen uptake, impairing carbon
dioxide elimination, and disturbing ionic regulation®.
Lead exposure also induced distinct neuropathological
alterations in the brain, particularly in the optic tectum
region (Fig. 8B and C), which is responsible for visual
processing, motor coordination, and behavioural
regulation in fish”. Degeneration of neurons,
cytoplasmic vacuolization, and necrosis observed in
the brain suggest impaired neurophysiological
functioning and behavioural disturbances resulting
from lead neurotoxicity because Pb has direct toxic
effects on neurons, it destroys microtubule that cannot
be repaired overtime and limiting brain function’'.
Also presence of melanin granules within the optic
tectum appears to be a neuroprotective response, as
melanin  has a high affinity for binding
neurotoxicants, including heavy metals, thereby
reducing their bioavailability and mitigating neuronal

damage’”. Similar results are also found in zebra fish
exposed to cadmium and mercury””. Taken together, it
may be concluded that lead exposure leads to
significant tissue damage in liver, gill and brain via
alteration in enzymatic antioxidant defence system
and by producing significant oxidative stress.

Conclusion

The current study determined that lead exposure causes
oxidative stress and tissue specific alteration in isozyme
profile of antioxidant enzymes, which leads to histological
damage in Labeo rohita. Further, isozyme-specific
increase in hepatic LDH activity suggested metabolic
disturbances and a possible shift towards anaerobic
energy metabolism under lead-induced stress. Overall,
these findings highlight the toxic potential of lead
even after short-term exposure and emphasize the
need for further molecular and biochemical
investigations to better understand its adverse effects
in aquaculture species.
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