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Abstract

This study evaluated the physiological effects of sublethal concentrations of Cd** and Pb*, both
individually and in combination, on Channa marulius, an important species in local fisheries. A total
of 160 fish were divided into four groups (control, Cd*-treated, Pb**-treated, and Cd** + Pb** treated)
and exposed to 30% of the 96-hour LC, values for CdCl, (22.71 mg/L), PbCl, (16.02 mg/L), and their
combination for 40 days. Results showed significantly (P < 0.05) higher Cd** and Pb** concentrations
in the tissues of exposed groups compared to controls, with the highest accumulation in the kidney,
followed by gills and intestines. Enzyme activities of catalase (CAT) and superoxide dismutase (SOD)

were significantly reduced, especially in the combined exposure group. Additionally, red blood cells,
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hemoglobin, and total protein levels decreased, while cortisol and glucose levels increased, indicating

stress. Acetylcholinesterase (AChE) activity in the gill and liver was also significantly inhibited in the

combined exposure group. These findings highlight the risks posed by combined heavy metal exposure

to fish physiology, underscoring potential threats to fish health and local fisheries.
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Introduction

Exposure to heavy metals in aquatic environments is
a significant environmental concern due to the potential
accumulation of these metals in humans through the
consumption of aquatic products like fish, posing health
risks [1]. Cadmium (Cd*") and lead (Pb*") are particularly
toxic, even at low exposure levels, especially for aquatic
organisms [2]. Fish, being at higher trophic levels,
can accumulate substantial amounts of these metals,
and their accumulation patterns depend on uptake
and elimination rates [3]. Metal exposure in aquatic
environments leads to the accumulation of harmful
substances in specific tissues of aquatic animals,
necessitating research on bioaccumulation in fish tissues
in contrast to biotransformation and excretion [4]. The
accumulation in fish tissues is influenced by factors
such as the type of metal, exposure concentration and
duration, water temperature, salinity, hardness, fish
species, age, and metabolic activity [5, 6]. Monitoring
metal accumulation patterns in fish tissues is a reliable
indicator for assessing contamination in aquatic
environments [7]. While some metals are essential for
fish physiology, excessive accumulation can become
toxic, impacting physiological functions and potentially
leading to high mortality and loss of indigenous fish
species [8].

Changes in blood parameters can provide insights
into the overall health and well-being of aquatic
organisms [9]. By analyzing these parameters,
researchers can diagnose structural and functional
alterations in fish exposed to toxicants, contributing to
a holistic understanding of the impact of Cd*" and Pb**
on fish physiology [10]. Environmental contaminants
are often encountered as mixtures, complicating
assessments based on individual chemical toxicity [11].
Water quality criteria typically consider individual
chemicals in acute and chronic bioassays, but in reality,
metals coexist in ambient waters and interact, affecting
uptake, bioaccumulation, and toxicity [12].

Cd?*" and Pb* exposure leads to metal buildup in
animal brains through the blood-brain barrier, impacting
the central nervous system and leading to neurological
diseases due to cellular dysfunction and cerebral edema
[13]. Acetylcholine is a neurotransmitter essential for
movement control, memory, and cerebral blood flow
in both central and peripheral nervous systems [14]. It
is broken down by the enzyme acetylcholinesterase
(AChE), a serine protease [15]. Measuring AChE activity
serves as a key biomarker for neurotoxicity induced by
metals exposure [16], as Cd** and Pb** toxicity causes

neurobehavioral disorders that directly impact AChE
activity [17, 18].

The Channa marulius has been selected for the
current study due to its importance in local fisheries,
often targeted for its economic value and consumed
as a food source in many regions [19]. Despite its
ecological and economic significance, C. marulius, like
many freshwater species, faces threats from habitat
degradation, overfishing, and pollution [20]. Consuming
fish contaminated with heavy metals poses significant
health risks. Cd*" can lead to kidney damage and bone
weakening, while Pb?* exposure may cause neurological
issues, particularly in children, affecting their cognitive
development [4, 5]. By examining the individual
effects of metals, researchers can discern the unique
contribution of each metal to tissue accumulation,
hemato-biochemical alterations, and neurotoxicity in
fish. Furthermore, investigating the combined effects of
Cd?* and Pb* is essential due to the frequent occurrence
of environmental contaminants as mixtures. Therefore,
the current study evaluates and compares the individual
and combined sublethal effects of Cd** and Pb** on C.
marulius tissue accumulation, hemato-biochemical
parameters, and neurotoxicity.

Materials and Methods
Test Chemicals and Fish Sampling

Cadmium, represented as CdCIL'H,O in its
monohydrate form and a purity of 98%, and lead, in the
form of PbCl, and a purity of 98%, obtained from Merck,
Germany. A total of 160 mature catfish (C. marulius)
were obtained from Chashma Lake in Mianwali,
Punjab, Pakistan. These fish exhibited a mean body
length of 26 = 2.71 cm and a mean body weight of 144 +
22 g. The selected fish, considered to be in good health,
were promptly transported to the laboratory in a 500
L tank equipped with aeration systems. The handling
procedures adhered to the guidelines outlined in the
animal welfare protocol. Upon arrival at the laboratory,
the catfish were given a 14-day acclimatization period in
a fiberglass tank of dechlorinated tap water, which was
refreshed daily. Throughout this acclimatization phase,
the fish were provided with optimal conditions to adjust
to their new environment. The daily diet (morning and
evening) for the catfish (2% of their body) consisted of
a commercial basal fish feed sourced from Aqua Feed
Company in Pakistan with a crude protein level of 35%.
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Experimental Design

After the acclimatization period, the collected fish
were distributed in triplicate into four groups (10 fish/
tank), each treatment with 40 fish. The capacity of each
tank was 90 L. Group 1 served as the control and was
maintained in dechlorinated water. Meanwhile, Groups
2, 3, and 4 were exposed to 30% of the 96-hour LC,,
values for CdCl, (22.71 mg/L), PbCl, (16.02 mg/L),
and a combination of CdCl, + PbCl, (22.71 + 16.02),
respectively. This exposure occurred under constant
conditions and a 12-hour light/dark cycle, spanning a
duration of 40 days. Previous research indicated mean
average concentrations of Cd*" and Pb* in Chashma
Lake water as 0.32 and 0.73 mg/L, respectively [21]. For
this study, a 30% LC,, concentration was considered a
critical threshold, potentially leading to adverse effects
in fish exposed to Cd** and Pb*". The 96-hour LC,
values for Cd*" and Pb*" in C. marulius were reported as
75.70 and 53.42 mg/L, respectively, by Batool et al. [22].
Throughout the study, water quality parameters were
diligently monitored using the APHA [23] method. The
environmental conditions remained stable for all groups,
with a temperature of 26.05 + 0.04°C, dissolved oxygen
(DO) at 5.97 + 0.17 mg/L, total hardness of 138.9 + 3.07,
pH of 7.13 £ 0.04, total ammonia at 0.22 + 0.05, nitrite
at 0.08 + 0.001, and nitrate levels at 1.83 = 0.03 mg/L.
To ensure consistent aeration, both the treated and
control test media were aerated using a capillary system
integrated into the air pump.

Fish Tissue Sampling and Assessment
of Biochemical and Metal Contents

After the experimental period, sacrificial procedures
were performed on five fish from each group. The
gills, liver, kidney, and intestinal tissues were carefully
dissected using sterile equipment as outlined by Habib
et al. [21]. Subsequently, the liver tissue underwent a
wash with phosphate-buffered saline (PBS) at a pH of
7.4 to remove any erythrocytes or clots. To generate a
10% homogenate from the tissue, a precise amount was
extracted, finely minced, and then homogenized using
ice-cold 0.1 M phosphate buffer with a pH of 7.4. After
homogenization, the samples underwent centrifugation
(1,500 xg at 4°C). The resulting supernatants
were collected and stored at -80°C for subsequent
determination of catalase (CAT) and superoxide
dismutase (SOD) levels. Commercially available kits
from Biodiagnostics Co. were used for these analyses.
Concentrations of Cd*" in the sampled tissues, including
gills, intestine, and kidney, were assessed using a
graphite furnace atomic absorption spectrophotometer
(AAS, PerkinElmer 3300, USA).

Analysis of Hematological and
Biochemical Parameters

Blood samples were obtained from both the control
and treated fish groups at the end of the experimental
period. The sampling involved randomly selecting five
fish specimens from each tank after a fasting period of
at least 24 hours. To ensure the fish were unconscious
and stress was minimized during handling, a buffered
aqueous solution of MS-222 at a concentration of 40
mg/l was employed. Blood was drawn from the caudal
vein using a sterile syringe shortly after rendering the
fish unconscious. The collected blood samples were
transferred into tubes containing the anticoagulant
agent EDTA for subsequent analysis. Various blood
parameters, such as the red blood cell (RBC) count,
were assessed using a Neubauer counting chamber
following the method outlined by Habib et al. [24].
The concentration of hemoglobin (Hb) was determined
using the cyanomethemoglobin method [25], and the
hematocrit (Het) value was determined according to the
procedure outlined by Amouri et al. [26].

Plasma was isolated for further analysis of
biochemical parameters by centrifuging the blood at
3000 rpm for 12 minutes. The isolated plasma was
stored in a deep freezer. Blood plasma glucose levels
were analyzed using an assay kit (Human Diagnostics
Worldwide) following the procedure described by
Trinder [27]. Cortisol concentration was assessed using
a commercially available enzyme-linked immunoassay
(ELISA) kit obtained from Alpha Diagnostic
International (San Antonio, TX, USA). The total protein
content was evaluated calorimetrically, following the
method outlined by Henry [28]. Additionally, alanine
aminotransferase (ALT) and aspartate aminotransferase
(AST) levels were determined using a calorimetric
technique, following the procedure outlined by Reitman
and Frankel [29].

Neurotransmitter

Gill and liver tissues were collected and used
to measure AChE activity. Each type of tissue was
homogenized ten times in a 0.1 M PBS solution. The
homogenized samples were then centrifuged at 10,000xg
for 30 minutes at 4°C. The resulting supernatant was
collected for analysis. AChE activity was assessed
using the method described by Pretto et al. [30], with
the activity reported in terms of nanomoles (nmol) per
minute per unit of tissue protein.

Statistical Analysis

Statistical analysis of the data involved employing
one-way ANOVA. The results are expressed as mean
+ standard error. The Duncan multiple-range test was
utilized to assess the differences among the treatment
means. Significance was considered at P < 0.05.
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Fig. 1. Concentration of heavy metals in tissues of Channa marulius after exposure for 40 days.

All statistical analyses were conducted using Prism
GraphPad (version 8.1.2).

Results and Discussion

The health and performance of aquatic organisms,
particularly fish, are closely intertwined with the quality
of their surrounding environment. Heavy metals like
Cd?* and Pb*" enter aquatic ecosystems through various
sources, including human activities, industry, and
agriculture. The resulting toxicity from these heavy
metals forces fish to adapt by adjusting both their
behavioral and physiological activities to cope with
encountered oxidative stress [31].

The concentration of Cd** and Pb*, both individually
and in combination, in fish tissues is depicted in Fig.
1 after a 40-day exposure period. The results reveal a
remarkable trend, indicating a significantly (P < 0.05)
higher concentration of these heavy metals in the fish
tissues, specifically in the order of kidney > gills >
intestine compared to the control group. Comparatively,
in both fish gills and kidneys, the group treated with
Pb** demonstrated a considerably (P < 0.05) higher
concentration compared to the group treated with Cd**
individually. Conversely, in the intestine, no significant
difference was observed between the Cd**-treated group
and the Pb**-treated group. However, the concentration
of heavy metals was markedly more pronounced when
administered in a mixed form (Cd*" + Pb*" treated group)
as opposed to their presence in a single form. Similar
results were reported in other studies. Tungsoy and
Erdem [32] exposed Oreochromis niloticus to metals
(Cd, Zn, and Co) both individually and in a mixture,
while Qu et al. [33] found higher concentrations of

heavy metals in Carassius auratus tissues when
exposed to a combination of metals. Different studies
conducted in sublethal concentrations of Pb** and
Cd*" such as Al-Balawi et al. [34], investigated the
sublethal effects of Pb?* on Clarias gariepinus, noting
higher accumulation in the gills, liver, and kidney, with
a lower level found in the muscle. In another study,
Malarvizhi et al. [35] reported a higher concentration of
Cd?* in the gills, liver, and kidney of Cirrhinus mrigala
after 30 days of exposure. In this study, the increased
concentration of Cd** and Pb*" in fish kidneys following
sublethal exposure indicates a significant accumulation
of these heavy metals within the renal tissues. This
elevated concentration highlights the susceptibility
of fish kidneys to the absorption and retention of Cd*
and Pb?" during sublethal exposure scenarios [36]. The
accumulation and harmful impact of metals vary based
on the specific species, developmental stage, gender,
type of metal, its concentration, duration of exposure,
and the physical and chemical attributes of the water [37,
38, 8].

The catalase CAT and SOD activities in fish
liver following exposure to heavy metals, both
individually and in combination, are illustrated in Fig.
2. The findings indicate that there is no significant
difference in fish exposed to Cd** and Pb** when
exposed individually. However, a significantly lower
concentration was observed in the combined form
compared to both individual exposures and the control
group. These results align with the studies of Atli et al.
[39], who subjected Oreochromis niloticus to sublethal
levels of Cd*" and Pb*". Rajeshkumar et al. [40] similarly
investigated Cyprinus carpio after exposure to multiple
heavy metals (Cr**, Cd** and Pb*"). The reduction in the
activities of CAT and SOD in C. marulius after exposure
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Fig. 2. CAT and SOD activity of control and metals treated groups of Channa marulius.

Table 1. Hemato-biochemical parameters of Channa marulius after exposure to heavy metals individually and in combined form for 40 days.

Parameters Control Treated-Cd Treated-Pb Treated-Cd +Pb
RBC count (10° mm ) 1.89 +£0.76 1.25+0.21° 1.22+0.19° 107 +£0.22¢
Hect (%) 35.42+0.92¢ 24.74 + 0.47° 21.37+0.73% 12.43 £0.42°
Hb (g/100 mL) 7.23+1.25° 342+0.16° 331+0.28° 3.12+£0.23°
Cortisol (ng/l) 16.06 + 1.33¢ 4732 +£7.67° 49.73 +£2.44° 57.32 £2.06°
TP (g/100 ml) 4.35+0.08* 1.93+0.07° 1.88 +0.06 1.64 +0.03°
Glucose (mg/L) 63.11 +£2.17¢ 84.26 +£2.52° 87.42+2.73% 98.64 +2.33%
AST (IU/L) 82.74 +£2.03¢ 116.52 +£2.32° 119.43 £2.56° 130.28 £2.77*
ALT (IU/L) 29.65 + 1.05¢ 45.64 +1.88° 48.32 +1.85° 58.74 +2.21°
Survival rate, % 100.00 94.29 91.43 85.71

Note: Statistical significance is denoted by different superscripts assigned to means within a similar row.
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Fig. 3. Gill and liver AChE inhibition of control and metals treated groups of Channa marulius.

to Cd*" and Pb** can be attributed to the harmful effects
of these metals on the antioxidant defense system.
Cd** and Pb* are known to induce oxidative stress by
generating reactive oxygen species (ROS) within the
organism [41, 42].

Hematological and biochemical indicators serve as
valuable tools in assessing the health status of fish. They
offer early detection capabilities for potential issues,
aiding in the effective management of fish populations
in both aquaculture and natural environments [43, 44].
Table 1 presents the hemato-biochemical parameters of
C. marulius after a 40-day exposure to heavy metals,
both individually and in combination. The fish group
exposed to Cd** and Pb** in combined form exhibited
significantly (P < 0.05) lower concentrations of RBC
count, Hb, and TP compared to those exposed to each
heavy metal individually. Hct levels, however, showed
no significant differences among all exposed groups,
whether individually or in combined form. Similarly,
Fazio et al. [5] found reduced RBC, Hb, Hct, and
TP levels in Mystus seenghala following sublethal
exposure to Cd**. The toxic effects of heavy metals on
fish hematopoietic tissues, responsible for red blood
cell production, were evident in our findings. Prolonged
exposure to heavy metals can impede the normal
functioning of the hematopoietic system, leading to a
decline in red blood cell production [45-47].

In terms of cortisol, glucose, AST, and ALT levels,
the fish group exposed to heavy metals in combined
form demonstrated significantly (P < 0.05) elevated
values. Conversely, no significant differences were
observed in the Cd** and Pb* treated groups when
exposed individually. Survival rates indicated a higher
percentage in the Cd*-treated group (94.29), followed
by the Pb*-treated group (91.43) when exposed
individually. However, in the combined form, the
survival rate decreased to 85.71%. The studies, including
Fazio et al. [5], demonstrated a substantial increase in
glucose, cortisol, AST, and ALT levels in M. seenghala
exposed to sublethal levels of Cd*".

Acetylcholinesterase Inhibition

AChE is crucial for cholinergic neurotransmission
at neuromuscular junctions and brain synapses. It
is produced in the endoplasmic reticulum and then
processed in the Golgi apparatus, where it becomes either
a membrane-bound enzyme or a secreted molecule [48-
50]. Fig. 3 shows AChE activity in C. marulius exposed
to Cd** and Pb*". The results indicate that AChE activity
in both gill and liver tissues was significantly affected
by exposure to Cd** and Pb*, whether individually or
combined. The most substantial decrease in AChE
activity was observed in fish exposed to both metals
together, followed by those exposed to Pb*" alone.
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Interestingly, in liver tissue, there was no significant
difference in AChE activity between the control group
and the Cd*"-exposed group. However, fish exposed to
both Cd*" and Pb*" in combination exhibited significantly
lower AChE activity. Liu et al. [48] studied the
neurotoxicity in zebrafish (Danio rerio) exposed to Pb**

and As, observing that combined exposure to these
metals can lead to abnormal swimming behavior and
exacerbate neurotoxicity.

Conclusions

The findings from this study indicate that exposing
C. marulius to a combination of metal forms results
in a significant accumulation of these metals in fish
tissues, causing more pronounced alterations in hemato-
biochemical parameters compared to exposure to
individual metals and control. Remarkably, the kidney
exhibited the highest concentration of heavy metals,
given its crucial role in filtration, reabsorption, and
excretion processes, followed by the gills. The observed
changes in hemato-biochemical parameters suggest a
clear manifestation of physiological stress, characterized
by rapid and transient modifications in specific stress-
related indicators. With respect to neurotransmitter
activity, Cd*" and Pb** exposure notably reduced AChE
activity in C. marulius. These research outcomes offer
valuable insights for assessing pollution stress in aquatic
environments and their inhabitants. This information
is essential for shaping policies and strategies aimed at
reducing the release of chemical compounds and heavy
metals into freshwater ecosystems. To comprehensively
understand the dynamics of aquatic organisms exposed
to chemical mixtures in real-world scenarios, further
research should explore the depuration potential of these
organisms. Investigating the environmental realism
of these scenarios will contribute to a more thorough
understanding of the long-term impacts of chemical
exposure on aquatic ecosystems.

Acknowledgments
The authors extend their appreciation to the
Researchers Supporting Project (RSPD2025R758), King
Saud University, Riyadh, Saudi Arabia.
Funding
This work was funded by the Researchers Supporting
Project (RSPD2025R758), King Saud University,
Riyadh, Saudi Arabia.

Conflict of Interest

The authors declare no conflict of interest.

10.

11.

12.

References

NAZ S., FAZIO F, HABIB S.S., NAWAZ G,
ATTAULLAH S., ULLAH M., HAYAT A., AHMED 1L
Incidence of heavy metals in the application of fertilizers
to crops (wheat and rice), a fish (common carp) pond and
a human health risk assessment. Sustainability, 14, 13441,
2022.

RAHMAN Z., SINGH V.P. The relative impact of toxic
heavy metals (THMs) (arsenic (As), cadmium (Cd),
chromium (Cr) (VI), mercury (Hg), and lead (Pb)) on
the total environment: an overview. Environmental
Monitoring and Assessment, 191, 1, 2019.

MADGETT A.S., YATES K., WEBSTER L., MCKENZIE
C., MOFFAT C.F. The concentration and biomagnification
of trace metals and metalloids across four trophic levels
in a marine food web. Marine Pollution Bulletin, 173,
112929, 2021.

HABIB S.S., BATOOL A.l, REHMAN M.FU., NAZ
S. Assessment and bioaccumulation of heavy metals in
fish feeds, water, and some tissues of Cyprinus carpio
cultured in different environments (Biofloc Technology
and Earthen Pond System). Biological Trace Element
Research, 201, 3474, 2023.

FAZIO F, HABIB S.S., NAZ S. HASHMI M.A.H.,
SAOCA C., ULLAH M. Cadmium sub-lethal
concentration effect on growth, haematological and
biochemical parameters of Mystus seenghala (Sykes,
1839). Biological Trace Element Research, 200, 2432,
2022.

YANG G. TANG Y., LIU X, WANG L., QIN L.
LI D., SHEN X., KONG C., ZHAI W., FODJO EK.,
FAN C. Determination of Free Glycidol and Total Free
Monochloropropanediol in Fish and Krill Oil with Simple
Aqueous Derivatization and High-Performance Liquid
Chromatography-Tandem Mass Spectrometry. Foods, 13,
2340, 2024.

TASLEEM S., MASUD S. HABIB S.S., NAZ S,
FAZIO F., ASLAM M., ULLAH M., ATTAULLAH
S. Investigation of the incidence of heavy metals
contamination in commonly used fertilizers applied to
vegetables, fish ponds, and human health risk assessments.
Environmental Science and Pollution Research, 30,
100646, 2023.

SHAHJAHAN M., TASLIMA K., RAHMAN M.S., AL-
EMRAN M., ALAM S.I., FAGGIO C. Effects of heavy
metals on fish physiology—a review. Chemosphere, 300,
134519, 2022.

RIND K.H., HABIB S.S., UJAN J.A., FAZIO F., NAZ
S., BATOOL A., ULLAH M. ATTAULLAH S,
KHAYYAM K., KHAN K. The effects of different
carbon sources on water quality, growth performance,
hematology, immune, and antioxidant status in cultured
Nile Tilapia with biofloc technology. Fishes, 8, 512, 2023.
HABIB S.S., NAZ S.,, NAWAZ S., AMEER I., KHATOON
A., REHMAN H.U,, JAWAD S.M., ALI H. Comparative
analysis of hematological parameters of some farmed and
wild fish species. Pakistan Journal of Zoology, 54, 591,
2022.

HEYS K.A., SHORE R.F., PEREIRA M.G., JONES K.C.,
MARTIN F.L. Risk assessment of environmental mixture
effects. RSC Advances, 6, 47844, 2016.

GONG B., QIU H., ROMERO-FREIRE A., VAN GESTEL
C.A., HE E. Incorporation of chemical and toxicological
availability into metal mixture toxicity modeling: State



7802

Javed Ahmed Ujan, et al.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

of the art and future perspectives. Critical Reviews in
Environmental Science and Technology, 52, 1730, 2022.
KARRI V., SCHUHMACHER M., KUMAR V. Heavy
metals (Pb, Cd, As and MeHg) as risk factors for
cognitive dysfunction: A general review of metal mixture
mechanism in brain. Environmental Toxicology and
Pharmacology, 48, 203, 2016.

BEISHON L.C., HOSFORD P, GURUNG D,
BRASSARD P, MINHAS J.S.,, ROBINSON TG,
HAUNTON V., PANERAI R.B. The role of the autonomic
nervous system in cerebral blood flow regulation in
dementia: A review. Autonomic Neuroscience, 240,
102985, 2022.

ABUBAKAR M.U., ABUBAKAR D. Characterization of
acetylcholinesterase from various sources: a mini review.
Journal of Environmental Bioremediation and Toxicology,
4,24, 2021.
ROTUNDO R.L.
neuromuscular junction.
135157, 2020.

ORTEGA D.R., ESQUIVEL D.F.G. AYALA TB.,
PINEDA B., MANZO S.G., QUINO J.M., MORA P.C.,
DE LA CRUZ V.P. Cognitive impairment induced by
lead exposure during lifespan: Mechanisms of lead
neurotoxicity. Toxics, 9, 23, 2021.

LV Z., HU J.,, HUANG M., PAN G., XU G., YANG M.
Molecular mechanisms of cadmium-induced cytotoxicity
in human ovarian granulosa cells identified using
integrated omics. Ecotoxicology and Environmental
Safety, 272, 116026, 2024.

NAZIR S., KHAN N.,, FATIMA M., AZMAT H,,
NAVEED S., RAMZAN M.M., ASGHAR M., BANO
S., KHIZER A., WAN A.H., DAVIES S.J. The influence
of dietary protein concentration on digestive enzyme
activities, growth, and body composition in juvenile
bullseye snakehead (Channa marulius). Plos one, 18,
¢0281274, 2023.

AHMED S.F., KUMAR P.S., KABIR M., ZUHARA
FET., MEHJABIN A. TASANNUM N., HOANG
AT, KABIR Z., MOFIJUR M. Threats, challenges
and sustainable conservation strategies for freshwater
biodiversity. Environmental Research, 214, 113808, 2022.
BATOOL M., ABDULLAH S., JAZ M.U., KOUSAR
S., FATIMA M., ILYAS R., MUGHAL K.T. Heavy
metals (cadmium and lead) induced oxidative stress in
Channa marulius and Wallago attu during acute toxicity
experiments. Pakistan Journal of Zoology Supplementary
Series, 13, 74, 2018.

American Public Health Association (APHA), American
Water Works Association (AWWA), Water Environment
Federation (WEF) Standard methods for the examination
of water and wastewater, 22nd edition, 2012.

HABIB S.S., NAZ S., FAZIO F., CRAVANA C., ULLAH
M., RIND K.H., ATTAULLAH S., FILICIOTTO F,
KHAYYAM K. Assessment and bioaccumulation of heavy
metals in water, fish (wild and farmed) and associated
human health risk. Biological Trace Element Research,
202, 725, 2024.

HABIB S.S., SAEED M.Q., MASUD S., KESBIC
0.S., UJAN J.A., CRAVANA C. AL-REJAIE S.S.,
MOHANY M., FAZIO F. Dietary Effect of Withania
somnifera Root Powder on Growth, Hematobiochemical
Parameters, Immunity, and Disease Resistance to
Aeromonas hydrophila in Cyprinus carpio. Aquaculture
Nutrition, 2024, 7321287, 2024.

HABIB S.S, BATOOL A.I, REHMAN M.F.U., NAZ S.

Acetylcholinesterase  at  the
Neuroscience Letters, 735,

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

30.

Comparative analysis of hemato-biochemical profile,
growth performance, and body composition of Common
Carp cultured under different feed and habitats (biofloc
technology and earthen pond systems). North American
Journal of Aquaculture, 85, 277, 2023.

AMOURI R.E., UJAN J.A.,, RAZA A., MUSHTAQ A.,
SAEED M.Q., MASUD S., HABIB S.S,, MILOSEVIC M.,
AL-REJAIE S.S., MOHANY M. Sublethal Concentrations
of Cadmium and Lead: Effects on Hemato-Biochemical
Parameters and Tissue Accumulation in Wallagu
attu. Biological Trace Element Research, 1, 2024.
TRINDER P. Determination of glucose in blood using
glucose oxidase with an alternative oxygen acceptor.
Annals of Clinical Biochemistry, 6, 24, 1969.

HENRY R.J. Colorimetric determination of total protein:
clinical chemistry. Harper and Row, New York. 1964.
REITMAN S., FRANKEL S. A colorimetric method
for the determination of serum glutamic oxalacetic and
glutamic pyruvic transaminases. American Journal of
Clinical Pathology, 28, 56, 1957.

PRETTO A., LORO V.L., MORSCH V.M., MORAES B.S.,
MENEZES C., CLASEN B., HOEHNE L., DRESSLER
V. Acetylcholinesterase activity, lipid peroxidation,
and bioaccumulation in silver catfish (Rhamdia quelen)
exposed to cadmium. Archive of Environmental
Contamination and Toxicology, 58, 1008, 2010.
SABULLAH M.K., AHMAD S.A.,, SHUKOR MY,
GANSAU AlJ, SYED M.A., SULAIMAN MR,
SHAMAAN N.A. Heavy metal biomarker: Fish behavior,
cellular alteration, enzymatic reaction and proteomics
approaches. International Food Research Journal, 22, 435,
2015.

TUNCSOY M., ERDEM C. Accumulation of copper,
zinc and cadmium in liver, gill and muscle tissues of
Oreochromis niloticus exposed to these metals separately
and in mixture. Fresenius Environmental Bulletin, 23,
1143, 2014.

QU R., WANG X., WANG Z., WEI Z., WANG L. Metal
accumulation and antioxidant defenses in the freshwater
fish Carassius auratus in response to single and combined
exposure to cadmium and hydroxylated multi-walled
carbon nanotubes. Journal of Hazardous Materials, 275,
89, 2014.

AL-BALAWI H.FA., AL-AKEL A.S., AL-MISNED F.,,
SULIMAN E.AM., AL-GHANIM K.A., MAHBOOB §S.,
AHMAD Z. Effects of sub-lethal exposure of lead acetate
on histopathology of gills, liver, kidney and muscle and
its accumulation in these organs of Clarias gariepinus.
Brazilian Archives of Biology and Technology, 56, 293,
2013.

MALARVIZHI A., SARAVANAN M., POOPAL R.K.,
HUR JH., RAMESH M. Accumulation of cadmium
and antioxidant and hormonal responses in the Indian
Major Carp Cirrhinus mrigala during acute and sublethal
exposure. Water Air Soil Pollution, 228, 1, 2017.

ORR S.E., BRIDGES C.C. Chronic kidney disease and
exposure to nephrotoxic metals. International Journal of
Molecular Sciences, 18, 1039, 2017.

UNGUREANU E.L., MUSTATEA G. Toxicity of heavy
metals. In: Environmental Impact and Remediation of
Heavy Metals. IntechOpen, 2022.

LIU X., DAI B., CHUAI Y., HU M., ZHANG H.
Associations between vitamin D levels and periodontal
attachment loss. Clinical Oral Investigations 27, 4727,
2023.

ATLI G., CANLI E.G., EROGLU A. DOGAN Z,



Individual and Combined Effects of Sublethal Cadmium...

7803

40.

41.

42.

43.

44,

45.

CANLI M. Cadmium and lead alter the antioxidant
and osmoregulation systems in the erythrocyte of fish
(Oreochromis niloticus). Turkish Journal of Fisheries and
Aquatic Sciences, 16, 361, 2022.

RAJESHKUMAR S., LIU Y., MA J.,, DUAN H.Y., LI
X. Effects of exposure to multiple heavy metals on
biochemical and histopathological alterations in common
carp, Cyprinus carpio L. Fish Shellfish and Immunology,
70, 461, 2017.

UNSAL V., DALKIRAN T, CICEK M., KOLUKCU
E. The role of natural antioxidants against reactive
oxygen species produced by cadmium toxicity: a
review. Advanced Pharmaceutical Bulletin, 10, 184, 2020.
CHUAI Y., DAI B., LIU X., HU M., WANG Y., ZHANG
H. Association of vitamin K, fibre intake and progression
of periodontal attachment loss in American adults. BMC
Oral Health, 23, 303, 2023.

FAZIO F. Fish hematology analysis as an important tool of
aquaculture: a review. Aquaculture, 500, 237, 2019.

HU R., FENG H. Lenticulostriate artery and
lenticulostriate-artery neural complex: new concept
for intracerebral hemorrhage. Current Pharmaceutical
Design, 23, 2206, 2017.

SCHAREF P., BROERING M.F,, OLIVEIRA DA ROCHA
G.H., FARSKY S.H.P. Cellular and molecular mechanisms
of  environmental pollutants on  hematopoiesis.

46.

47.

48.

49.

50.

International Journal of Molecular Sciences, 21, 6996,
2020.

ZHEN W., WANG Z., WANG Q., SUN W., WANG
R., ZHANG W., ZHANG Y., QIN W., LI B.,, WANG
Q., HONG, B. Cardiovascular disease therapeutics
via engineered oral microbiota: Applications and
perspective. iMeta, 3, €197, 2024.

HUI M., JIA X.,, LI X., LAZCANO-SILVEIRA R.,
SHI M. Anti-Inflammatory and Antioxidant Effects of
Liposoluble C60 at the Cellular, Molecular, and Whole-
Animal Levels. Journal of Inflammation Research, 16, 83,
2023.

BUKHARAEVA E., KHUZAKHMETOVA vV,
DMITRIEVA S., TSENTSEVITSKY A. Adrenoceptors
modulate cholinergic synaptic transmission at the
neuromuscular  junction. International Journal of
Molecular Sciences, 22, 4611, 2021.

WANG Z., SUN W,, HUA R., WANG Y., L1 Y., ZHANG
H. Promising dawn in tumor microenvironment therapy:
engineering oral bacteria. International Journal of Oral
Science 16, 24, 2024.

LIU M., DENG P, LI G, LIU H., ZUO J, CUI W,
ZHANG H., CHEN X., YAO J.,, PENG X., PENG L.
Neurotoxicity of combined exposure to the heavy metals
(Pb and As) in zebrafish (Danio rerio). Toxics, 12, 282,
2024.





