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ARTICLE INFO ABSTRACT
Keywords: For food safety challenges, sustainable aquaculture emerges as a significant source in recent years; however,
Aquaculture despite its potential, the industry still facing challenges, notably the exposure of cultured animals to pesticidal

Antioxidants
Food safety
Ecotoxicology
Exposure
Pesticides

pollution. This pollution originating from agricultural practices that can enter aquaculture system directly: to
integrated-agriculture aquaculture practices, or indirectly via soil leakage. Current research based on glyphosate
(GLY) toxicity and its amelioration by lycopene (LYC). Four fish groups used for six-weeks experiment in which
four groups were used. Control group (CL) was fed with basal commercial diet only without any LYC and GLY
exposure; 2) LYC group: exposed to LYC supplemented diet (15 mg/kg per fish diet); 3) GLY group: exposed to
glyphosate only (1/5th of 96 h LCsp: 0.0892 mg/L) with basal commercial diet, and; 4) GLY + LYC group:
exposed to both lycopene supplemented diet (15 mg/kg per fish diet) and glyphosate (1/5th of 96 h LCs: 0.0892
mg/L). GLY observed to decrease growth parameters and feed utilization whereas, lycopene ameliorated growth
rate (WG, SGR, HSI, CF) and feeding utilization (FCR) as compared to the control group. Also, GLY induced
toxicity within hematobiochemical parameters with alleviation by LYC supplementation. GLY induced cyto-
toxicity was observed within RBCs as lobbing, notching, vacuolation, blebbing, micronuclei, and condensation.
Increase in reactive oxygen species (ROS) and thiobarbituric acid reactive substances (TBARS) were observed by
GLY exposure. Also, there is observed reduction in antioxidant enzyme activities (CAT, SOD, POD, TPC and GSH)
upon GLY exposure. Lipid peroxidation (malondialdehyde: MDA), 8-OHdG (8-hydroxy-2-deoxyguanosine) and
DIY (dityrosine) observed to increase by GLY toxicity. There was improvement in immune responses; increased
AChE (acetylcholinesterase) activity, lysozyme content, ACP (acid phosphatase), NBT (nitro blue tetrazolium),
NO (nitric oxide) and IgM levels (immunoglobulin M) and digestive enzyme activities (protease, lipase and
amylase) observed by LYC supplemented diet. Taken together, LYC supplementation observed to alleviate GLY
induced oxidative stress and cytotoxicity with improved immunity, digestive actions and blood health within
C. carpio. Therefore, dietary supplementation with lycopene can protect common carp from the harmful effects
by glyphosate within agri-integrated aquaculture practices, so suggesting it as potential feed additive.

1. Introduction control. However, upon entering water sources, they exhibit extensive
ecotoxicological effects on aquatic organisms (Sharma et al., 2020; Ali
Herbicides are extensively being used in agriculture for weeds et al., 2021). Herbicides, in this regard, constitute almost half of global
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pesticide usage; among which, glyphosate N-(phosphonomethyl) is
most widely used for weed control in numerous countries, including
Pakistan, China and Iran (Maggi et al., 2020). Glyphosate (GLY), often
utilized in its commercial form as Roundup®, acts as a broad-spectrum
herbicide by inhibiting amino acid synthesis in plants (Leino et al., 2021;
Emerenciano et al., 2022). Glyphosate holds the title of being the
world’s top-selling broad-spectrum agrochemical. Within the agricul-
tural domain, the presence of various glyphosate-resistant crops allows
for its frequent application (Hendlin et al., 2020; Hervé et al., 2024).
This widespread use has led to heightened levels of glyphosate in the
environment, including surface water and groundwater. Studies have
detected peak concentrations of glyphosate in soy plants (ranging from
1.9 to 4.4 mg/kg), grains (0.1-1.8 mg/kg), soybeans (3.3 mg/kg), and
lentils from Canada (10.5 mg/kg) (Ojelade et al., 2022). Exposure to
glyphosate has been linked to adverse effects on freshwater species.
Various research efforts have highlighted glyphosate, bring about al-
terations in water bodies surrounding cultivation areas, rainwater, and
groundwater through processes such as volatilization, spray drift, sur-
face runoff, chemical-biological degradation, leaching, and sorption
(Annett et al., 2014; Brovini et al., 2021).

Glyphosate, classified as an organophosphorus chemical, has been
linked to neurotoxic effects, although international agencies contro-
versially classify it as non-neurotoxic even at high concentration
(Tresnakova et al., 2021). The widespread use of glyphosate has led to
its residues being found in various foods, food products, and water
sources. Studies have detected glyphosate metabolites in humans’ urine,
blood, umbilical cord blood, and maternal blood (Agostini et al., 2020).
While glyphosate inhibits a crucial plant enzyme, 5-enolpyruvylshiki-
mate-3-phosphate synthase, it doesn’t induce toxic effects in non-
target organisms due to the absence of this enzyme in animals (Ver-
ster, 2018; Singh et al., 2020). Reports suggested that the frequent and
extensive use of pesticides results in various side effects on physiology,
behavior, and haemato-biochemistry, leading to oxidative stress and
reduced organism efficiency (Khoma et al., 2020; Sharma et al., 2020;
Ames et al., 2022). Yet, numerous studies have demonstrated the
harmful effects of GLY on aquatic species, as reduced growth and sur-
vival rate, genotoxicity, oxidative stress, immune system suppression,
liver damage, and reduced digestion ability (Tresnakova et al., 2021;
Brovini et al., 2021; Uchenna et al., 2022; Ames et al., 2022). Addi-
tionally, environmentally significant concentration of GLY observed to
elevate the risk of fish diseases (Le Du-Carrée et al., 2021), which further
emphasized the substantial threat posed by agriculture-related pesti-
cides to fish production.

To ensure the required growth in aquaculture production, effective
strategies are essential to mitigate herbicides toxicity in fish (Naiel et al.,
20205 Zhao et al., 2021). Over the past decade, there has been extensive
research on the positive impacts of supplementing fish diets with me-
dicinal plants, focusing on areas such as growth, immunity, and disease
resistance (Kumar et al., 2022; Ahmadifar et al., 2021; Li et al., 2022).
More recent studies indicate that plant-based supplementation can also
enhance fish resistance and reduce oxidative stress induced by various
stressors like hypoxia (Abdel-Tawwab et al., 2018; Hoseini et al., 2021;
Montaser et al., 2021), crowding stress (Yousefi et al., 2019) or exposure
to disinfectants (Khalili et al., 2020). As of now, the potential of plant-
derived compounds in safeguarding fish against herbicides-related
toxicity has been largely unexplored. Limited recent studies on the
topic indicate that supplementing fish diet with extract from curcumin,
resveratrol, geranium or oregano alleviated immune-depressive effects
linked to herbicides exposure (Rafieepour et al., 2019; Rahman et al.,
2020; Zhao et al., 2021; Rohmabh et al., 2022). These findings underscore
the potential of diets enriched with plant components in reducing her-
bicides toxicity in fish.

Natural antioxidants, such as carotenoids, a family of fat-soluble
pigments prevalent in numerous fruits and vegetables, (including beta-
carotene, lycopene, and alpha-tocopherol), play crucial role in animal
health by neutralizing harmful free radicals generated during normal
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cellular activity and under various stressors (Jideani et al., 2021).
Therefore, they have been extensively focused for their potential to
mitigate oxidative stress. Antioxidant potential of these micronutrients
is vital for maintaining the functional and structural integrity of essen-
tial immune cells, thereby enhancing immunity (Alagawany et al.,
2021). Moreover, while exact mechanism responsible for the antioxi-
dant properties of carotenoids remain unknown, its distinctive feature as
a potent antioxidant and free radical scavenger positioned it as a pro-
tective agent against induced cardiotoxicity and hepatotoxicity in
various studies (Van Doan et al., 2016; Abdel-Daim et al., 2019; Dawood
et al., 2020). Lycopene (LYC), naturally occurring in tomatoes, has
gained significant attention owing to its highly efficient antioxidant
activity against singlet oxygen and free radicals as compared to alpha-
tocopherol and beta-carotene (Yonar, 2012; Madia et al., 2021). Com-
mon carp, Cyprinus carpio, holds the status of being the fourth most
significant cultured fish globally and is particularly valued in numerous
Asian countries like Pakistan, China and Iran (Rahman et al., 2020). It is
abundantly found within freshwater sources; most of which are located
near agricultural land; thereby, it found exposed to herbicides pollution
from agricultural water (Rohmah et al., 2022). Therefore, current study
was aimed to explore the potential of LYC supplementation for
amelioration of GLY induced toxicity over blood health, growth, anti-
oxidant status and immune responses of common carp.

2. Materials and methods
2.1. Chemicals

Glyphosate, (GLY), {(HO),P(O)CH2NHCH3CO2H), N-(Phosphono-
methyl) glycine, 96% purity, molecular weight: 169.07, (CAS 1071-83-
6)} was obtained from Sigma-Aldrich Chemical (St. Louis, MO, USA).
Lycopene, (LYC), {Redivivo TM, 10% FS, ~10% in corn oil, > 95.0%
(sum of isomers), molecular weight: 536.87, (empirical formula: C49Hse;
CAS: 502-65-8)} was obtained from Sigma-Aldrich Chemical (St. Louis,
MO, USA).

2.2. Fish maintenance

Apparently healthy common carp (C. carpio) fingerlings were ob-
tained from Fish Hatchery, Karachi Mor, Government of the Punjab,
Bahawalpur, Pakistan to Aquaculture, Genetic Toxicity and Molecular
Biology laboratory in Department of Zoology, The Islamia University of
Bahawalpur, Pakistan. All the experimental work was carried out ac-
cording to protocol and guidelines approved by Ethical Committee of
Animal Care and Use in Research, The Islamia University of Bahawalpur,
Pakistan. Common carp with average body weight of 44 + 0.07 g were
acclimatized for two weeks before starting experiment. Water quality
parameters were recorded and kept under optimum range during
experimental work as: water temperature: 25 + 1.01 °C, pH: 6.8 + 0.2,
dissolved oxygen: 6.7 + 0.35 mg/L, ammonia: 0.031 + 0.02 mg/L,
photoperiod: 12 h light/12 h dark. Aquaria with size of 100 cm x 40 cm
x 40 cm having 160 L water capacity was used to keep the fish. Oxygen
levels were maintained in aquaria by using air stones via air pumps. One
third of water volume was changed after every two days using siphon
tubes, whereas water was spiked for maintaining the GLY level within
GLY exposed groups. Fish behavior and clinical signs were observed
during experimental period.

The LCsp for 96 h of GLY for common carp fingerlings were deter-
mined as 0.446 mg/L by probit regression analysis as proposed by
Raymond (1985). Therefore, safe concentration of glyphosate used in
experiment as the 1/5th of 96 h LCs¢ (0.0892 mg/L).

2.3. Feed preparation and feeding regimes

Fish commercial diet having 30% crude protein, purchased from Hi-
Tech Feeds Private limited company Sahiwal, was used to feed the fish
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consisting of: wheat gruel (20%), rice broken (10%), maize gruel (17%),
maize glutelin 1% (60%), maize glutelin 7% (30%), cotton seed meal
(decorticated) (7%), ghar meal (3.0%), fish meal (6.0%), soybean meal
(6.0%), rice polishing (10%), dicalcium phosphate (DCP) (1.5%),
limestone (7.5%), vitamin/mineral (premix) (0.5%) and molasses
(3.5%). Lycopene (15 mg/kg per fish diet) was evenly sprayed over the
basal commercial diet, then dried at room temperature and stored at
4 °C as described by Yonar (2013). Fish were fed twice a day at 9:00 am
and 4:00 pm, at 2% and 5% feeding rate, with adjustment according to
biweekly body weight estimation. Proper siphoning of leftover feed and
feces were done daily to maintain the proper water quality.

2.4. Experimental design

After acclimation period, three hundred sixty common carp
(C. carpio) were divided into four groups with three replicates (30 fish
per replicate). Four groups used in experiment were as follows: 1)
control group (CL group) was fed with basal commercial diet only
without any LYC and GLY exposure; 2) LYC group: group was exposed to
LYC (15 mg/kg per fish diet) supplemented diet without any GLY
exposure; 3) GLY group: exposed to glyphosate only (1/5th of 96 h LCsq:
0.0892 mg/L) without LYC supplemented diet but fed with basal com-
mercial diet, and; 4) GLY + LYC group: exposed to both lycopene sup-
plemented diet (15 mg/kg per fish diet) and glyphosate (1/5th of 96 h
LCso: 0.0892 mg/L). Experiment was carried out for 6-weeks.

2.5. Growth parameters and feed utilization

Initial body weight (IBW) and final body weight (FBW) was
measured during the trial period. Hence, weight gain (WG, g) was
calculated using difference between initial and final body weight. Spe-
cific growth rate was calculated using formula: (SGR, %/day) = 100 (In
final weight of fish —In Initial weight of fish)/No. of days. Feed con-
version ratio (FCR) calculated as; quantity of consumed feed (g)/ weight
gain (g). Whereas, survival rate (SR, %) was calculated as; 100 (final
number of fish/ initial number of fish); hepatosomatic index (HSI, %)
measured as: 100 x [(liver weight (g)/whole body weight (g)]; and
condition factor (CF, %) measured as: 100 (body weight/total lengths).

2.6. Hematobiochemical parameters and cytotoxicity analysis

After 3- and 6-weeks, five random blood samples of reared fish from
each group were collected from the caudal vein for blood health
assessment. Before sample collection, all fish were starved for 24 h. Fish
were anaesthetized using 4.5 mg/L clove oil for avoiding any stress
during fish handling as given by Ghaffar et al. (2021). Blood was
sampled using sterile syringe containing EDTA (1.0 mg/mL); whereas
non-heparinized syringes used for serum collection. Serum and plasma
were further stored at —20 °C for post-analysis. Plasma parameters were
assessed using hematology analyzer (Sysmax, KX21) whereas
biochemical parameters measured using biochemistry analyzer (Micro-
lab 300, Merck). Observed plasma parameters were as: hemoglobin
(Hb), hematocrit (HCT), red blood cells (RBCs), white blood cells
(WBCs), platelets (PLTs), whereas biochemical parameters were as:
alanine aminotransferase (ALT), alkaline phosphatase (ALP), aspartate
aminotransferase (AST), urea (UR), creatinine (CRT) and triglycerides
(TR). For cytotoxicity observation within RBCs, thin blood smears of
freshly collected blood of experimental fish was prepared on glass slides.
All the blood smears were air-dried and fixed with absolute ethanol and
stained using Giemsa stain. All of these analyses were carried out as
given in our previous research (Ghaffar et al., 2016, 2021).

2.7. Oxidant/ antioxidant status

Liver, kidney, gills, muscles and intestinal tissues of five fish from
each group were excised and processed after 3- and 6-weeks of
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experimental peroids, for measuring the oxidant/antioxidant status.
Tissues were kept within chilled saline water after dissection. Homog-
enates of excised tissue were prepared and antioxidant markers were
then assessed as: catalase (CAT, units/min), superoxide dismutase (SOD,
units/mg protein), peroxidase (POD, units/min), thiobarbituric acid
reactive substance (TBARS, nmol/TBARS formed/mg protein/min),
reduced glutathione (GSH, pmol/g tissue), Total proteins (TPC, pg/mg
tissue) and reactive oxygen species (ROS, optical density) by following
the method given by Ghaffar et al. (2021). Similarly, ELISA kit (Catalog
No: MBS764814, MyBiosource, Southern California, USA) was used to
detect 8-OHAG (organic 8- hydroxy 2-deoxyguanosine, ng/mL) levels
according to the manufacture’s protocol with an absorbance at 450 nm.
Whereas, DIY (dityrosine, ng/mL) measured using ELISA kit (Catalog
No: NWK-DIY01, Northwest Life Science Specialties, LLC., US) according
to the manufacture’s protocol with an absorbance at 450 nm.

2.8. Digestive enzyme activity

Gastrointestinal tract was separated, at the end of experimental
period, from the five reared fish samples and washed with PBS (pH 7.4;
1 g/10 ml), which was then homogenized and centrifuged for 5 min at
8000 rpm. Supernatant of samples were kept at 4 °C for the assessment
of digestive enzyme activities. Activity of intestinal protease was
calculated through non-specific protease activity assay by using casein
as a substrate, as described by Cupp-Enyard (2008). Whereas, amylase
and lipase activities were measured spectrophotometrically at As4o and
A714 with some modification according to method described by Wang
et al. (2019). All the digestive enzyme activities for C. carpio were
assessed after 3 and 6 weeks of exposure to experimental conditions.

2.9. Immunological parameters

Immunological parameters for C. carpio were assessed after 3 and 6
weeks of exposure to experimental conditions. Quantitative Sandwich
ELISA kit (Catalog No. MBS042385) was used for measuring immuno-
globulin M (IgM) in the serum samples of fish as the method described
by Overkamp et al. (1988). Lysozyme activity was measured spectro-
photometrically by using turbidity assay method as given by Parry Jr
et al. (1965) and the nitric oxide (NO) level was measured according to
method described by Montgomery and Dymock (1962). Whereas, AChE
activity within gills was spectrophotometrically measured using a
colorimetric method as given by Ellman et al. (1961). Nitro blue tetra-
zolium (NBT) assay was performed for spectrophotometric assessment
of whole blood respiratory burst activities at 630 nm as described by
Secombes (1990). Alternative complement pathway (ACP) activities of
serum was analyzed by method described by Yanno (1992).

2.10. Statistical analysis

Data was statistically evaluated by using SPSS (windows version 17,
SPSS Inc., IL, and USA). Homogeneity and normality of variance for data
was checked by Shapiro-Wilk and Levene tests. Means+ SEM values of
these parameters were compared using one-way ANOVA, followed by
Duncan’s multiple range post-hoc test. Differences were statistically
significant at P < 0.05.

3. Results
3.1. Clinical signs and behavior of Cyprinus carpio

Constant exposure of sublethal concentration of GLY for 6 weeks
caused stress condition within C. carpio. Clinical signs observed during
trial period were as: equilibrium loss, irregular swimming, jerky
movement, hyperactivity, darkened skin, surface breathing, over-
excitability, restlessness and faintness. Whereas, normal feeding
behavior and morphological features were observed in CL and LYC
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group. No mortality was observed during trial period (Table 1).
3.2. Growth performance and feed utilization

C. carpio fingerlings fed with lycopene supplemented diet for 6 weeks
exhibited significant (P < 0.05) final mean weight (FW), weight gain
(WG) and specific growth rate (SGR) as compared to control group
(Table 2). Feed conversion ratio (FCR) also shown significantly lower
value within LYC group as compared to control group. Fish fed with
lycopene supplemented diet shown significantly lower hepatosomatic
indices (HSI). Whereas, no mortality observed during the experiment so
survival rate was 100% in all groups (Table 2).

3.3. Haemato-biochemical parameters

Haemato-biochemical parameters of C. carpio after six-week expo-
sure to glyphosate and lycopene treatment are given in Table 3. Sig-
nificant increase found in Hb, HCT, RBCs; whereas, significant decrease
observed for WBCs and PLTs by lycopene supplemented diet as
compared to control group. In context of biochemical parameters, sig-
nificant decrease observed for ALT, AST ALP, UR, CRT, while significant
increase observed in TRG by lycopene supplemented diet as compared to
control group.

3.4. Cytotoxicity within erythrocytes

Cytotoxic changes within erythrocytes of C. carpio after six-week
exposure to glyphosate and lycopene treatment were observed and
given in Fig. 1. No morphological and nuclear alterations found within
control and LYC group i.e., all cells were oval-shaped. Whereas GLY and
GLY + LYC groups have shown cytotoxic alteration as vacuolated nuclei,
notching, blebbing, condensation, spherocytes, micronuclei, spindle
shaped nuclei and pear-shaped nuclei as given in Fig. 1. Erythrocytic
alteration observed by 1500 cells per sample, after 3- and 6- weeks are
given in Table S1.

3.5. Oxidant/antioxidant status

Oxidative stress biomarkers significantly increase (P < 0.05) whereas
antioxidant enzymes decrease (P < 0.05) upon exposure to glyphosate as
compared to control group. ROS: reactive oxygen species (optical den-
sity) and TBARS: thiobarbituric acid reactive species (nmol/TBARS
formed/mg protein/min) and malondialdehyde (MDA, nmol/g protein)
increase was observed (P < 0.05) in liver, gills and kidney of C. carpio by
GLY exposure for 6-weeks. Whereas, CAT: catalase (units/min), SOD:
superoxide dismutase (units/mg protein), peroxidase POD (units/min)
and reduced glutathione: (GSH, pmol/g tissue) has shown decrease (P <
0.05) in gills, liver and kidney of C. carpio by GLY exposure for 6-weeks
as compared to control group, as shown in Fig. 2. Likewise, total proteins

Table 1
Behavioral alteration and clinical signs observed within common carp (C. carpio)
exposed to glyphosate and lycopene for 6 weeks.

Observation Groups
CL LYC GLY GLY + LYC

Equilibrium loss - + -+ R,
Irregular swimming - 4+ ++ ++
Jerky movement - + 4+ 4t
Hyperactivity - + +++ +++
Darkened skin - ++ +++ +++
Surface breathing - + o+ 4t
Over-excitability - + 4+ 4t
Restlessness - + o+ 4t
Faintness - + +4+ 44

Signs for observation indicating follows: Absent (—); rare (+); frequent (++);
abundant (4++-+).
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Table 2
Growth performance and feed utilization of C. carpio after 6-week exposure to
glyphosate and lycopene supplemented diet.

Growth Groups
Parameters
CL LYC GLY GLY + LYC
15.13 + 15.57 + 15.04 + 15.40 +
W (g) 0.72 0.67 0.56 0.44
41.25 + 43.08 + 29.13 + 31.79 +
FW (2) 0.35° 0.63° 0.32¢ 0.02¢
25.95 + 27.51 + 14.09 + 16.39 +
WG (g) 0.42° 0.05% 0.76° 0.514
2.01 +
SGR (%/day) 2.05+0.02° 2.09+0.01° 1.76+0.02° 0.01%°
FCR (g/g) 1.51+1.09° 1.49+1.10° 1.67+0.879 1.57 +1.55°
371 +
HSI (%) 3.63+0.09° 0.11¢ 4.41 +£0.07°  4.01 +0.05°
CF (%) 1.794+0.12° 1.81+0.12° 156 + 0.03°  1.66 + 0.05"
SR (%) 100 100 100 100

Values with different superscript letters within each row are significantly
different (P < 0.05). IW: initial mean weight, FW: final mean weight, WG: weight
gain, SGR: specific growth rate, FCR: feed conversion ratio, HSI: hepatosomatic
index, CF: condition factor, SR: survival rate.

Table 3
Haemato-biochemical parameters of C. carpio after 6-week exposure to glyph-
osate and lycopene supplemented diet.

Parameters Groups
CL LYC GLY GLY + LYC
Hb (g/dL) 7.95+0.01°>  819+002"° 653+ 7.16 +
0.21¢ 0.11¢
HCT (%) 25.61 + 29.43 + 19.98 + 20.66 +
0.12" 0.11° 0.04¢ 0.27¢
RBCs (10%/ 215+0.12°  242+0.02° 1.83+ 1.99 +
mm?) 0.04¢ 0.01¢
WBCs (10%/ 54.47 + 57.66 + 89.33 + 61.00 +
mm®) 8.48° 6.48¢ 5.89% 4.09°
PLT (x10°/L) 14.66 + 16.33 + 36.0 + 27.33 +
4,05° 2.02¢ 1.05% 6.01°
ALT (IU/L) 20.66 + 19.33 + 24.0 + 16.0 +
1.16° 1.51¢ 2.78° 5.03°
AST (IU/L) 33.66 + 32.0 +3.01°  46.33 + 39.33 +
2.03¢ 2.33° 4.17°
ALP (mg/dI) 18.33 + 17.11 + 36.33 & 25.31 +
3.31¢ 2.08° 2.13° 1.05°
UR (mg/dI) 11.18 + 12.04 + 18.94 + 19.70 +
0.04° 0.12¢ 0.76° 1.01°
CRT (mg/dI) 0.14 +£0.02°  0.13£0.03°  0.44 + 0.19 +
0.01° 0.02°
TR (mg/dL) 111.01 + 110.62 + 82.33 + 94.0 +
4.02° 3.05° 5.09¢ 4.05°

Values with different superscript letters within each row are significantly
different (analysis of variance, P < 0.05).

Hb: hemoglobin, HCT: hematocrit, RBCs: red blood cells, WBCs: white blood
cells, PLT: platelets, ALT: alanine aminotransferase, ALP: alkaline phosphatase,
AST: aspartate aminotransferase, UR: urea, CRT: creatinine and TR:
triglycerides.

(TPC, pg/mg tissue) decrease, organic 8- hydroxy 2-deoxyguanosine (8-
OHdG, ng/mL) and DIY (dityrosine, ng/mL) level increase by glyphosate
exposure (P < 0.05) as compared to control group, as shown in Fig. 3a.
Whereas, amelioration by lycopene supplemented diet was observed
within LYC and GLY + LYC group (P < 0.05).

3.6. Digestive enzyme activities

Activity of intestinal protease (U/mg), amylase (U/mg) and lipase
(U/mg) significantly decreased by the glyphosate exposure as compared
to control group (P < 0.05), whereas lycopene supplemented diet
observed to ameliorate their levels (P < 0.05) as given in Fig. 3b.
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Fig. 1. Morphological and nuclear alterations found in erythrocytes of C. carpio exposed to glyphosate and lycopene for 6 weeks. a-d: showing blood cells from GLY,
e-h: showing blood cells GLY + LYC group, while i-j: CL and LYC group. S: spherocytes, P: pear shaped cells, C: condensation, O: oval cells, B: blebbed nuclei, BL:
bilobed nuclei, BN: binucleated cells, V: vacuolation, N: notched nuclei, MN: micronuclei, SP: spindle shaped nuclei, L: lobed nuclei. CL: control group, LYC: lycopene

supplemented group (15 mg/kg per fish diet), GLY: glyphosate group (0.0892 mg/L), GLY + LYC: group exposed to both glyphosate (0.0892 mg/L) and lycopene (15
mg/kg per fish diet). Giemsa stain: x1000.

3.7. Immunological parameters immune responses ameliorated by lycopene supplemented diets (P <
0.05).
Immunoglobulin M (IgM, pg/mL) in the serum samples of fish,
lysozyme activity (LZM, pg/mL) and nitric oxide (NO, pmol/mL) level 4. Discussion
significantly decreased by the glyphosate exposure as compared to

control group (P < 0.05) as given in Fig. 4. In similar manner, AChE The widespread issues of herbicides-contaminated water possess a
activity (U/mL), nitro blue tetrazolium (NBT, %) of whole blood respi- significant challenge in land-based aquaculture globally (Yousefi et al.,
ratory burst activities and alternative complement pathway (ACP, U/ml) 2021). Fish in integrated agriculture-aquaculture systems may be
activities of serum significantly decreased (P < 0.05) by glyphosate directly exposed to herbicides through application, while indirect
exposure as compared to control group (P < 0.05). whereas, all these exposure through soil leakage is another common pathway. This
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Fig. 2. a. Impact of glyphosate stress and lycopene supplementation over oxidant/antioxidant status of C. carpio during 6 weeks exposure period. ROS: reactive
oxygen species (optical density) and TBARS: thiobarbituric acid reactive species (nmol/TBARS formed/mg protein/min), GSH: reduced glutathione (pmol/g tissue)
and TPC: total proteins (pg/mg tissue). CL: control group, LYC: lycopene supplemented group (15 mg/kg per fish diet), GLY: glyphosate group (0.0892 mg/L), GLY +
LYC: group exposed to both glyphosate (0.0892 mg/L) and lycopene (15 mg/kg per fish diet). * is showing significant differences at the level of 0.05. b. Impact of
glyphosate stress and lycopene supplementation over oxidant/antioxidant status of C. carpio during 6 weeks exposure period. CAT: catalase (units/min), SOD: su-
peroxide dismutase (units/mg protein), peroxidase POD (units/min) and MDA: malondialdehyde (nmol/g protein). CL: control group, LYC: lycopene supplemented
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diet). * is showing significant differences at the level of 0.05.
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Fig. 2. (continued).

exposure can lead to fish encountering sub-lethal concentrations of
pesticides, thereby posing serious implications for their health (Latif
et al., 2023). Whereas, plant-based supplementation can enhance fish
growth and reduce oxidative stress induced by various stressors (Hoseini
et al., 2021; Montaser et al., 2021). Therefore, in current research, po-
tential of lycopene diet supplementation to mitigate or reduce the toxic
effects of the glyphosate herbicide in common carp fingerlings was
investigated. Fish receiving lycopene-supplemented diets exhibited

better resilience to glyphosate exposure compared to the control group.

4.1. Growth performance and feed utilization

In the current study, GLY stress was observed to induce alterations in
behavior of C. carpio whereas similar results were observed by Yonar
(2019) and El Basuini et al. (2020) AChE activity reduction and oxida-
tive stress may cause alteration in behavior and induced clinical signs as
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Fig. 3. a. Impact of glyphosate stress and lycopene supplementation over DIY (dityrosine, ng/mL) and organic 8- hydroxy 2-deoxyguanosine (8-OHdG, ng/mL) level
within C. carpio during 6 weeks exposure period. CL: control group, LYC: lycopene supplemented group (15 mg/kg per fish diet), GLY: glyphosate group (0.0892 mg/
L), GLY + LYC: group exposed to both glyphosate (0.0892 mg/L) and lycopene (15 mg/kg per fish diet). * is showing significant differences at the level of 0.05. b.
Impact of glyphosate stress and lycopene supplementation over digestive enzymes activities within C. carpio during 6 weeks exposure period. CL: control group, LYC:
lycopene supplemented group (15 mg/kg per fish diet), GLY: glyphosate group (0.0892 mg/L), GLY + LYC: group exposed to both glyphosate (0.0892 mg/L) and
lycopene (15 mg/kg per fish diet). * is showing significant differences at the level of 0.05.
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GLY irreversible binding to enzymatic site playing role for hydrolysis of
acetylcholine (AChE) to choline and acetate resulting in over stimulated
cholinergic activity (Cacabelos, 2020). Disturbance in sodium channels
within neurons of common carp by GLY stress may also responsible for

these behavioral alterations (Sabra and Mehana, 2015). These results in
current study also supported by chlorpyrifos and cypermethrin toxicity
within Heteropneustes fossilis, which observed prominent reduction AChE
activity within brain, gills and muscle (Tiwari et al., 2019). There is
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positive relationship between AChE activity and locomotion behavior
within fish (Kavitha and Rao, 2008). Supplementation of lycopene has
ameliorated the cypermethrin (CYP) toxicity as it is rich in antioxidants
and vitamins, which has AChE- restoring features (Hoseini et al., 2021;
Montaser et al., 2021; Mundkar et al., 2022).

The improvement in growth and feed utilization by dietary lycopene
may be attributed to the indirect influence on metabolic pathways re-
gard (El Basuini et al., 2020). Similarly, previous studies have reported
improved feeding efficiency, growth performance and weight gain with
plant-based supplementation in different animal models as observed in
current study (Johnson et al., 2015; Morales et al., 2016; Martinez et al.,
2021). While GLY exposure reduced the growth and feed utilization rate
of C. carpio as observed in previously (Yousefi et al., 2019; El Basuini
et al., 2020). Further investigations are required to understand the
accumulation of herbicides, particularly glyphosate, in fish muscle, as
this could potentially pose additional human health concerns (Yousefi
et al., 2019).

4.2. Haemato-biochemical parameters

Exposure of animals to toxic substances, including herbicides, has
been associated with alterations and dysfunction in fish metabolism and
biochemical processes (Bojarski and Witeska, 2020). Therefore, changes
in certain haemato-biochemical parameters, such as metabolic enzymes
or biomarkers related to various blood parameters and metabolic
pathways (e.g., lipid, carbohydrate, protein), are considered diagnostic
tools in toxicology (Roux et al., 2011). Aminotransferases (ALT, AST)
play a role in amino acids metabolism, while ALP is a polyfunctional
enzyme involved in membrane transport activities (Cuykx et al., 2018).
Consistent with prior research, our results demonstrate a significant
increase in ALT, AST, and ALP in fish exposed to pesticides, including
glyphosate (Yang et al., 2019). Elevated levels of these enzymes in the
blood serum are likely associated with cytolysis and the leakage of en-
zymes into the bloodstream, indicating tissue damage in organs such as
the liver and kidney (Zheng et al., 2022). Furthermore, our findings
reveal that common carp fingerlings fed with diets enriched with lyco-
pene displayed significantly lower levels of ALT, AST, and ALP after
exposure to glyphosate, which highlighted the protective potential of
lycopene supplementation on the metabolism of common carp finger-
lings, potentially linked to significantly lower stress levels (Yang et al.,
2019). Additionally, glyphosate exposure was observed to impact fish
lipid and protein metabolism, leading to significant increase in creati-
nine, urea and reduced triglycerides. Similar effects were observed in
tilapia (Oreochromis niloticus) exposed to CYP for 80 days (Abdel-Taw-
wab and Hamed, 2020) and bisphenol-A toxicity (Hamed and Abdel-
Tawwab, 2017). Moreover, decrease in hematological values signifies
anemia in fish exposed to GLY, potentially attributed to erythropoietic,
haemosynthetic, and osmoregulatory dysfunction or an elevated rate of
erythrocyte destruction in hematopoietic organs (Burgos-Aceves et al.,
2019). Lycopene has been shown to ameliorate these values against GLY
toxicity as previously observed in other studies (Yonar, 2012, 2013;
Yousefi et al., 2019). Acute pesticide exposure can induce a severe
anemic state by causing hemolysis of red blood cell membranes (Farag
and Alagawany, 2018). Nevertheless, dietary supplementation with
lycopene and/or vitamin E has demonstrated improvements in hema-
tological parameters compared to control and other groups (Yousefi
et al., 2019).

Additionally, assessing morphological variations within erythrocytes
has been established as an effective indicator of oxidative stress (De
Faria et al., 2018). Ghaffar et al. (2015) documented similar cytotoxic
damage in male Japanese quail, observing micronuclei and lobbing in
erythrocytes. Furthermore, Ghaffar et al. (2018) and Ghaffar et al.
(2019) reported fipronil-induced nuclear and cellular abnormalities in
C. carpio and Labeo rohita, respectively. Increased proportion of RBCs
displaying micronuclei and lobed nuclei by GLY in our investigation may
be attributed to an excess of caspase-activated DNase, an enzyme
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responsible for cleaving aneuploid proteins, cytoskeletal proteins, and
nuclear proteins, inducing oxidative damage to the mitochondrion
(Hussain et al., 2014). Various studies have observed diverse morpho-
logical and nuclear alterations in erythrocytes of fish (C. carpio and L.
rohita) and avian species in response to oxidative stress (Shahjahan
et al., 2020; Ashaf-Ud-Doulah et al., 2019). Furthermore, an increase in
lipid peroxidation products is linked to heightened permeability and
reduced symmetry of the red blood cell membrane, leading to increased
osmotic fragility and abnormalities on the surface of erythrocytes
(Luczaj et al., 2016; Esmaeilnejad et al., 2018).

4.3. Oxidant/antioxidant status

Numerous studies have demonstrated that glyphosate exposure in
aquatic animals leads to oxidative stress, which upon long term expo-
sure, can result in cellular damage (Nwani et al., 2013; Hong et al.,
2018). Pesticide-induced oxidative stress may arise from the production
of reactive oxygen species (ROS) or direct interaction with lipid mem-
branes. The primary mechanism of organophosphate pesticide toxicity
involves their interaction with the cytoplasmic membrane (Zhu et al.,
2018). In this study, malondialdehyde (MDA), a byproduct of oxidation
known for its toxic effects, was utilized as an indicator of lipid peroxi-
dation (Gill et al., 2018; Zheng et al., 2022). Our findings indicate a
significant increase in MDA levels in fish exposed to glyphosate,
consistent with previous observations in the Chinese mitten crab (Yang
et al., 2019). However, fish fed with plant-based diets exhibited signif-
icantly lower MDA levels (Zheng et al., 2022).

Antioxidant enzymes such as catalase (CAT), reduced glutathione
(GSH), peroxidase (POD) and superoxide dismutase (SOD) play protec-
tive role by preventing the uncontrolled generation of ROS, representing
an important adaptation to stress induced by pollutants (Hong et al.,
2017). Earlier research has indicated that herbicides, including glyph-
osate, hinder the antioxidant defenses in fish (Sarker et al., 2021), as
observed in the current study. In this study, the level of superoxide
dismutase (SOD) and reduced glutathione peroxidase (GSH) in fish
significantly reduced after glyphosate exposure. Conversely, fish fed on
diets supplemented with lycopene exhibited significantly higher values,
suggesting that the inclusion of lycopene might have stimulated certain
antioxidant enzymes (SOD, POD, and GSH). This activation could be
linked to the observed lower levels of oxidative stress, as indicated by
reduced MDA, ROS and TBARS in the treated fish (Zheng et al., 2022).
Carotenoids are known for their highly effective scavenging of singlet
oxygen (10) and other excited oxygen species. When singlet oxygen is
quenched, energy is transferred from it to the lycopene molecule, con-
verting lycopene to the energy-rich triplet state (Atessahin et al., 2006).
However, trapping other reactive oxygen species (ROS) like hydroxyl
radicals (OH), nitrogen dioxide (NOZ), or peroxy-nitrite can lead to the
oxidative breakdown of lycopene. This process suggests that lycopene
may protect against the oxidation of lipids, proteins, and DNA in vivo
(Yonar, 2013).

On the contrary, elevated levels of total protein (TPC) were detected
in fish receiving lycopene, suggesting potential improvement in fish
health or a response to post-injury or infection adaptation (El Basuini
et al., 2020). The 8-OHdG and DIY increased by GLY exposure and its
amelioration by LYC is supported by earlier study by Wang et al.,
2021and Zhang et al. (2022). However, 8-OHdG is crucial biomarker for
assessing oxidative stress and cancer risk assessment associated with
exposure to different carcinogenic substances and environmental pol-
lutants (Omari Shekaftik and Nasirzadeh, 2021). Moreover, 8-hydroxy-
deoxyguanosine (80HDG) and dityrosine (DIY) serve as specific
biomarkers indicative of DNA and protein damage resulting from
oxidative stress. Given that their origins are guanosine (a nucleoside
comprising guanine and ribose) and tyrosine (an amino acid), respec-
tively, these biomarkers find utility in assessing drug toxicity in aqua-
culture (Oguz et al., 2018; Chowdhury and Saikia, 2020). LYC
demonstrates significant antioxidant efficacy, with its singlet oxygen
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quenching ability being 47 times and 100 times greater than that of
vitamin E and f-carotene, respectively. Thus, the reinforcement of the
antioxidant defense system underscores the beneficial antagonistic ef-
fect of LYC against GLY (Abass et al., 2016).

4.4. Digestive enzyme activities and immunity

As aremarkable edible antioxidant, LYC has shown no reported toxic
side effects to date (Gutiérrez Galan et al., 2021). Within the gastroin-
testinal tract, LYC undergoes isomerization into the CIS configuration
and is emulsified by the scavenger receptor class B type 1 protein. Ul-
timately, it is dissolved and absorbed into the intestinal tract (Liang
etal., 2019). Hence, the incorporation of lycopene into diets not only led
to enhanced growth and feeding efficiency in C. carpio fingerlings but
also improved digestive enzyme activities as observed in current study.
Given that herbicides are recognized to disrupt and diminish digestive
enzymes, the inclusion of lycopene in the diet may offer protective ef-
fects in this regard (El Basuini et al., 2020). However, it is essential to
note that this aspect was not specifically examined in our study and
warrants further investigation.

Immune-depressant impacts of glyphosate over aquatic species,
including Chinese mitten crab, tilapia, and silver catfish, has been
documented in previous observations (Hong et al., 2017; Yang et al.,
2019; Zheng et al., 2021), similar to the current study. Phagocytic cells
play a crucial role as the primary cellular components of the innate
immune system in fish. Phagocytic activity is considered a fundamental
defense mechanism and a key part of the nonspecific immune system.
The current study demonstrated that administering lycopene alone
notably boosts phagocytic activity (Yonar, 2013; Zheng et al., 2021).
Lysozyme, a proteolytic enzyme, plays a crucial role in the innate im-
mune system by eliminating pathogenic bacteria and triggering other
immune responses, such as the complement system and phagocytic cells
(Nigam et al., 2012). While, immunoglobulins contribute to both innate
and adaptive immunity by generating specific antibodies against various
antigens (Abos et al., 2022). The reduction in serum NO and lysozyme
values observed in fish exposed to chlorpyrifos and cypermethrin
toxicity might be linked to a decline in macrophage numbers due to
water pollution (Zahran et al., 2018; Zhao et al., 2020). AChE activity
observed to decrease in current study on exposure to GLY within com-
mon carp. Inhibition by GLY for binding of AChE to its active site and
inhibition of sodium channels within neuron are reason behind this
decrease. Whereas, antioxidants found within lycopene help to amelio-
rate this situation as previously observed (Singh et al., 2016; Arora and
Arora, 2021). Phagocytosis represents a crucial defense mechanism in
fish, involving lysozyme activity, bactericidal activity (BA), respiratory
burst activity (Nitroblue Tetrazolium, NBT), and alternative comple-
ment pathway activities (ACP) (El Basuini et al., 2020). The NBT activity
serves as a crucial indicator of the innate immune defense mechanism in
fish (Kumar et al., 2018). The observed enhancement in immunological
parameters with lycopene supplements can be attributed to the main-
tenance of a healthy energy level, stress reduction, improved mito-
chondrial respiration, and protection of cell membranes (Kumar et al.,
2018; Yonar, 2019). Consequently, a reduction in these immune re-
sponses, can significantly impact fish health by compromising their
disease resistance. Indeed, an increased risk of fish diseases and asso-
ciated mortality has been observed in fish (Galaxias anomalus) exposed
to glyphosate (Van Bruggen et al., 2018). Whereas, the use of plant-
derived supplement, including lycopene as used in current study, is
recognized for its ability to enhance fish immune responses as consistent
with previous literature observed (Yonar, 2013; Harikrishnan et al.,
2022; Sarker et al., 2021).

5. Conclusion

Lycopene partially ameliorated the glyphosate-induced toxicity by
enhancing growth, liver functioning, serum proteins, blood health, and
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antioxidant levels, while reducing lipid peroxidation, within common
carp (C. carpio). It also improved feeding utilization, immune responses
and digestive enzyme activities of C. carpio. Thereby, we suggest
incorporating lycopene into fish diets as a natural remedy to mitigate the
toxicity caused by glyphosate. These findings can be further extended to
be tested for other pesticides and herbicides for widening the knowledge
and implementation at practical level.
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