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Abstract
Zinc is one of the essential micronutrients that can be obtained via water and diet in aquatic animals to meet their physiological
needs. The present study was designed to understand the effect of the supplementation of zinc nanoparticles (Zn-NPs) in
mitigating abiotic and biotic stress in Pangasius hypophthalmus. Two zinc nanoparticle-incorporated diets with 10 and 20 mg/
kg nanoparticles and a control without zinc nanoparticles were formulated. To study the effect of formulated feeds on stress
tolerance, fish were exposed to sublethal dose (4 ppm) of Pb (lead) and temperature at 34 °C. Two hundred and seventy-three fish
were randomly distributed into seven treatment groups in triplicates, namely a control group (no Zn-NPs and no Pb and
temperature exposure, Ctr/Ctr), control diet fed and exposed to Pb (Ctr/Pb), control diet fed and concurrently exposed to Pb
and temperature (Pb-T/Ctr), and Zn-NPs 10 and 20 mg/kg diet with or without stressors (Zn-NPs 10 mg/kg, Zn-NPs 20 mg/kg,
Pb-T/Zn-NPs 10 mg/kg, Pb-T/Zn-NPs 20 mg/kg). The effect of Zn-NPs on growth performance, stress biomarkers, biochemical
and immunological responses, and survival of P. hypophthalmus following challenge with pathogenic bacteria were evaluated.
The growth performance was noticeably (p < 0.01) enhanced, and anti-oxidative stress (catalase, superoxide dismutase, and
glutathione-s-transferase) significantly reduced in the Zn-NPs supplemented groups. Similarly, immunological parameters such
as total protein, albumin, globulin, and A/G ratio significantly improved, and stress biomarkers such as blood glucose, cortisol,
and HSP 70 were reduced in Zn-NPs supplemented groups. Overall, the results suggest that supplementation of dietary Zn-NPs
with less concentration in the diet has a definitive role in the mitigation of abiotic and biotic stress in P. hypophthalmus.
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Introduction

Nanotechnology is an emerging science with proliferated ap-
plications not only in medicine, environmental, food, biolog-
ical, and pharmaceutical science but also in the field of agri-
culture. The developing countries like India mainly depend on
the agriculture including animal husbandry and fisheries to
sustain livelihood and to achieve nutritional security [1];

however, to increase the fish production, the aqua-industry
requires technologies like nano-based feed formulations to
reduce contamination level and the feed cost. Nutrients such
as zinc are the best component for nano-based feed formula-
tion as it stands the third position among different nanoparti-
cles produced annually [2]. Zinc nanoparticles (Zn-NPs) are
attributed to better antibacterial properties [3] as well as better
growth performance and enhanced immune responses in ani-
mals [4, 5]. Zn-NPs are one of the most useful metal nanopar-
ticles possessing wider applications in catalysis, energy storage,
electronic devices, and several biomedical applications.
Generally, zinc compounds and Zn-NPs have similar zinc to
oxygen ratio, but at the nano level, atoms are arranged with a
wider energy level confinement with small space [6].
Supplementation of dietary Zn-NPs has resulted in enhanced
growth performance, improved feed utilization, and economic
benefits in the animal feed industries [7, 8]. Among all the trace
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elements, zinc (Zn) is the second most abundant element found
in the animal body, but it cannot be stored in the body [9].
Hence, it is required to be supplemented with regular dietary
intake to meet the physiological needs including maintenance
of enzymatic processes such as alcohol dehydrogenase, alkaline
phosphatase (ALP), aldolase, lactate dehydrogenase (LDH),
RNA and DNA polymerases, reverse transcriptase, carboxy-
peptidase, and superoxide dismutase (SOD) [10]. Zinc is an
important component of free radical scavenging system pro-
duced during different physiological processes in animals [5].
Numerous studies have demonstrated the beneficial positive
role of nano-zinc as compared with conventional Zn [4, 11].

Climate change due to global warming and the resultant
food contamination is a major threat to human and animals
including fish. Besides exposure to various chemical, physical,
and biological factors, aquatic ecosystems are also prone to be
severely affected by various anthropogenic and natural distur-
bances [12–14]. Recently, consequences of climate change
have attracted attention due to environmental distribution and
biological effects of chemical toxicants [15]. The global
warming due to climate change and chemical pollutants such
as heavymetals adversely affects the environmental distribution
and toxicity of numerous chemical toxicants [16]. Lead (Pb) is
undoubtedly a dangerous heavy metal responsible for contam-
ination of aquatic ecosystem [17]. Pb occurs mainly in an inor-
ganic form in different oxidation state leading to oxidative stress
in aquatic organisms especially fishes and also leads to metal
bioaccumulation in different parts of fish tissues [18]. Pb is toxic
to the aquatic organisms at a higher level. At lower concentra-
tions, Pb can also induce muscular and neurological degenera-
tion, growth inhibition, mortality, and reproductive impairment
[19]. Fish exposed to a higher concentration of heavy metals
especially lead (Pb) in water may accumulate substantial quanti-
ties in their tissue which may become toxic [20]. The toxicity of
metals gets elevated at higher temperature due to enhanced up-
take of metals and thus accumulation increases with increasing
temperature [21, 22]. The aquatic organism such as fish resident
at the edge of their homeostatic or physiological tolerance range
may be more vulnerable to the dual stresses of climate change
and contaminant exposures [23–25].

The present study elucidates the effects of zinc nanoparti-
cles (Zn-NPs) on the alleviations of abiotic stress such as
comprehensive stress responses induced by Pb heavy metal
and elevated temperature in pathogen-challenged fish.

Materials and Methods

Ethics Statement

The use of fish in this study conforms to the existing laws in
India. The care and treatment of fish were in accordance with

the guidelines of the CPCSEA [(Committee for the Purpose of
Control and Supervision of Experiments on Animals,
(Ministry of Environment & Forests (Animal Welfare
Division), Government of India]. The study protocol and ex-
perimental endpoints were approved by the institute research
committee and the authorities of the ICAR-National Institute
of Abiotic Stress Management, Baramati, Pune, India.

Experimental Design and Conditions

Pangasius hypophthalmus was obtained from the local fish
market (Nil Aquarium, Baramati, Pune, India) and shifted to
the NIASM wet laboratory in healthy condition. Fish were
quarantined with a prophylactic dip in a salt solution (2%)
and then acclimatized to fiberglass reinforced plastic (FRP)
tanks (Circular, 500 litre) for 1 month prior to the experiment.
Fish were randomly distributed into 21 glass aquaria (60 ×
47 × 32 cm) of 60 litre capacity reared for 75 days. Thirteen
fish of uniform size (3.67 ± 0.75 g) per glass tank was stocked
in seven distinct treatment groups in triplicates following a
completely randomized design. The fish were fed with an
experimental diet twice daily (10:00 a.m. and 17:00 p.m.) to
satiation for 75 days. Round-the-clock aeration was provided
with all the glass tanks from a compressed air pump, and
manual water exchange (two-thirds) was carried out on every
second alternate day. The experimental setup consisted of nor-
mal water (without Pb and temperature exposure) and fed with
a control diet (control group, Ctr/Ctr), Pb-treated water and
fed with the control diet (Pb/Ctr), concurrently exposed to Pb
and temperature (34 °C) and fed with control diet (Pb-T/Ctr),
normal water (without Pb and temperature exposed) and fed
with Zn-NPs-10 and 20 mg/kg (Ctr/Zn-NPs-10 mg, Ctr/Zn-
NPs-20 mg), concurrently exposed to Pb and temperature
(34 °C) and fed with Zn-NPs @ 10 and 20 mg/kg diet (Pb-
T/Zn-NPs 10 mg/kg, Pb-T/Zn-NPs 20 mg/kg). Lead nitrate
(Thermo Fisher Scientific India Pvt. Ltd. Mumbai, India)
was used for maintaining 1/21 (4 ppm) level of 96 h LC50

(84.93 ppm) as described previously [26]. The temperature
was maintained at 34 °C with a thermostatic rod heater. The
standard was stored in an airtight container at 4 °C.

Green Synthesis of Zinc Nanoparticles (Zn-NPs)

The fish gill tissue was dissected from live Labeo rohita and
washed thoroughly in running water to remove dust and
blood, and then tissues were cut in small pieces and mixed
with a propriety liquid formulation through mortar pestle.
Tissue lysate was centrifuged at 5000 rpm (2935 g), and the
supernatant was collected which was further processed for
double filtration through Whatman paper to obtain the gill
extract [27]. The gill extract was mixed with 200 ml of zinc
acetate (200 mM) in distilled water. Thereafter, 200 mM so-
dium hydroxide solution was added drop by drop in the above
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solution to bring the pH to 11. Awhite cloudy precipitate was
observed and centrifuged at 8000 rpm (7197 g) for 15 min,
followed by washing three times with distilled water. The
pellet was dried in the oven at 60 °C until dry and subsequent-
ly stored at room temperature. Before using, the dry pellet was
crushed in mortar pestle to a fine powder. Similar method was
used in our previous work for synthesis of zinc nanopartilces
and selenium nanoparticles [27–29].

Characterization of Zinc Nanoparticles

The synthesized Zn-NPs were evaluated through an absorp-
tion spectrum in the range of 300 to 500 nm in UV-Vis spec-
trophotometer (UV-1800, Shimadzu, Japan). The peak was
observed at 360–380 nm. Synthesized Zn-NPs formulations
were diluted withMilli-Q water and processed for particle size
and zeta potential determination using a nano size analyzer.
[Horiba Scientific Nanoparticles Analyzer nano Partica SZ-
100 series (Kyoto, Japan)] at 25 °C. The mean size of Zn-
NPs was 206 nm, and a mean zeta potential of − 41 mV was
determined (Fig. 1).

Experimental Diet

Three iso-caloric and iso-nitrogenous diets viz. basal diet and
two supplemented diets like a zinc free control diet, 10 mg/kg,
and 20 mg/kg of zinc nanoparticles diets were prepared. Zinc
acetate (HI-MEDIA, Mumbai, India) was used for the formu-
lation of Zn-NPs diet. For the pelleted diet formulation, qual-
ity fish meal, soybean meal, sunflower meal, wheat flour, and
sunflower oil were procured from the local market. Zinc-free
vitamin-mineral mixtures were prepared manually along with
ascorbyl phosphate (SD Fine Ltd., Mumbai, India) as the
source of vitamin C. The dough was mixed and baked at

60 °C until dry and subsequently stored at 4 °C until required
for feeding (Table 1).

Tissue Homogenate Preparation for Enzyme Analysis

Gill, liver, brain, kidney, and muscle tissues of fish from all the
groups were dissected, weighed, and homogenized in chilled

Table 1 Diet composition of the experimental diets fed to Pangasius
hypophthalmus during the experimental period of 75 days

Ingredients Control
(Zn-NPs-
0 mg/kg)

Zinc-nanoparticle feed

Zn-NPs-
10 mg/kg

Zn-NPs-
20 mg/kg

Soybean meala 35.5 35.5 35.5

Fish meala 20 20 20

Sunflower meala 10 10 10

Wheat floura 26.470 26.469 26.468

Sunflower oila 4.5 4.5 4.5

Cod liver oila 1.5 1.5 1.5

Vitamin + mineral mixb,* 2 2 2

Vitamin Cc 0.03 0.03 0.03

Zn-NPs 0 0.001 0.002

100 100 100

a Procured from local market
b Prepared manually (Zinc free vitamin mineral mixture) and all compo-
nents from Himedia Ltd.
c SD Fine Chemicals Ltd., India
* Prepared manually (Zinc free vitamin mineral mixture) and all compo-
nents from Himedia Ltd.Composition of vitamin mineral mix (quantity/
250 g starch powder): vitamin A 55,00,00 IU; vitamin D3 11,00,00 IU;
vitamin B1:20 mg, vitamin B2 2,00mg; vitamin E 75mg; vitamin K 1,00
mg; vitamin B12 0.6 mcg; calcium pantothenate 2,50 mg; nicotinamide
1000 mg; pyridoxine: 100 mg; Mn 2,700 mg; I 1,00 mg; Fe 750 mg; Cu
200 mg; Co 45 mg; Ca 50 g; P 30 g
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0.25M sucrose solution (5%w/v) in a glass tube using Teflon-
coated mechanical tissue homogenizer (Omni Tissue Master
Homogenize, Kennesaw, GA). The tubes were kept on ice to
avoid denaturation of the enzymes during homogenization.
The homogenates were centrifuged at 5000 rpm for 20 min
at 4 °C in a cooling centrifuge (Eppendrof, Hauppauge, NY).
Protein contents in the supernatants were quantified using the
method of Lowry et al. [30]. The supernatants were collected
and stored at − 20 °C until analysis.

Sample Preparation for Zinc and Pb Analysis

Water samples (10 ml) were collected from each replicate
from all treatments. Fish muscles and feed samples (0.5 g)
were taken out for acidic digestion in a microwave digestion
system (Microwave Digestion System, Model START-D, SN-
135177, Milestone, USA). HNO3 and H2O2 were added in a
5:1 ratio and kept for digestion. The completely digested sam-
ples were allowed to cool to room temperature and filtered
with 0.45 μm Whatman paper. The volume was made up to
50 ml and proceed for zinc and lead analysis through induc-
tively coupled plasma mass spectrometry (ICP-MS) (Agilent
7700 series, Agilent Technologies, USA). The water samples
were filtered with 0.45-μm pore sizeWhatman paper and then
acidified using 100 μl of pure HNO3 (69%, Himedia
Laboratory Pvt. Ltd. Mumbai, India). Multi-element

Calibration Standard (Agilent Technologies, USA) solutions
of 10 μg/ml were used to prepare a calibration curve. The
calibration curves with R2 > 0.999 were accepted for concen-
tration calculation [12, 13, 27].

Blood Collection

At the end of the 75 days experimental trial, sampling was
carried out for the analysis of the different cellular metabolic
enzymes and blood-related stress parameters. The sampling
was performed 12 h after the last feeding. Three fish from
each replicate group were anesthetized with clove oil (50 μl/
l), and the blood was collected from the caudal vein using
EDTA as anticoagulant, transferred immediately to an
Eppendorf tube, and stored at 4 °C. For serum, another two
fish from each replicate group were anesthetized, and the
blood was collected without anticoagulant and allowed to clot
for 2 h followed by a collection of straw-colored serum with a
micropipette.

Growth Performance Study

Fish were weighed at 15-day interval till the end of the exper-
iment on day 75. The growth performance of P. hypophthalmus
was evaluated in terms of weight gain (%), feed conversion
ratio (FCR), and specific growth rate (SGR).

Weight gain %ð Þ ¼ Final body weight FBWð Þ‐Initial body weight IBWð Þ=Initial body weight IBWð Þ � 100
FCR ¼ Total dry feed intake gð Þ=wet weight gain gð Þ

SGR ¼ 100 ln FBW‐ln IBWð Þ=number of days
PER ¼ Total wet weight gain gð Þ=crude protein intake gð Þ

Measurement of Antioxidant Enzymes

Superoxide dismutase (SOD) (EC 1.15.1.1) activity was mea-
sured by the method of Misra and Fridovich [31]. The assay
was based on the oxidation of epinephrine-adrenochrome
transition by the enzyme. Catalase (CAT) (EC 1.11.1.6) activ-
ity was measured by the method of Takahara et al. [32]. The
reaction mixture consisted of 2.45 ml phosphate buffer
(50 mM; pH 7), 50 μl tissue homogenate, and 1 ml of hydro-
gen peroxide substrate solution (freshly prepared), and the
change in absorbance was measured for 3 min at 240 nm.
Glutathione-S-transferase (GST) (EC 2.5.1.18) was measured
spectrophotometrically (UV-1800, Shimadzu, Japan) by the
method of Habing et al. [33]. The S-2,4-dinitrophenyl gluta-
thione (CDNB) was used as a substrate.

Acetylcholine Esterase (AChE)

AChE (EC. 3.1.1.7) activity was measured as the change in
OD at 540 nm using the method of Hestrin modified by
Augustinsson [34].

Cortisol and HSP-70

Commercially available EIA kit was used for the quan-
tification of serum cortisol (Cayman Chemicals, USA)
and HSP-70 (Bioguenix/Enzo Life Science, Mumbai,
India) in the gill and the liver according to the manu-
facturers’ instructions. The absorbance was read in an
ELISA plate reader (Clario Star, BMG Labtech,
Germany).
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Respiratory Burst Activity

The respiratory burst activity assay was determined by the
method of Secombes [35] as modified by Stasiack and
Baumann [36]. The optical reading for estimation of NBT
was observed at 630 nm in an ELISA reader (Clario Star,
BMG Labtech, Germany).

Serum Proteins (Total Protein, Albumin, Globulin,
and A/G Ratio)

Total plasma protein was quantified colorimetrically by BCA
method using protein estimation kit. Albumin was quantified
using a bromocresol green binding method by Doumas et al.
[37]. Globulin was quantified by subtracting albumin values
from total plasma protein. Albumin/globulin ratio (A/G ratio)
was determined by dividing albumin values by globulin values.

Blood Glucose

Blood glucose level was estimated by the method of Nelson
[38] and Somoyogi [39]. Blood was deproteinized with zinc
sulfate and barium hydroxide, and filtered, and the supernatant
is used for glucose estimation. The absorbance was recorded
at 540 nm against the blank.

Challenge Study with Aeromonas veronii biovar
sobria

After 75 days of feeding, eight fishes per group were chal-
lenged with a virulent strain of Aeromonas veronii biovar
sobria (obtained from Aquatic Animal Health Management
Division, Central Institute of Fisheries Education, Mumbai).
Initially, the pathogenic isolates of A. veronii biovar sobria
were grown on a nutrient broth for 24 h at 37 °C in a BOD
incubator and harvested by centrifuging the culture broth at
8000 rpm (7197 g) for 10 min at 4 °C. The cells were then
washed thrice with sterile PBS (pH 7.2), and the final concen-
tration was maintained at 108 CFU/ml. The fish in each ex-
perimental group were intraperitoneally injected with 0.2 ml
of bacterial suspension. Mortality was observed for a week.
Tissues were taken from the dead fish for bacteriological cul-
ture to confirm A. veronii biovar sobria as the cause of death.

Cumulative mortality (%) and relative percent survival
(RPS) in different treatment groups were calculated by the
following formula:

Cumulative mortality %ð Þ ¼ Total mortality in each treatment after challenge

Total no:of fish challenged for the same treatments
� 100

Relative%survival ¼ Mortality %ð Þ Control–Mortality %ð Þ Treatment

Mortality %ð Þ Control � 100

Statistical Analysis

The data were statistically analyzed by the Statistical Package
for the Social Sciences (SPSS) version 16.0 (SPSS, Chicago,
IL), in which data were subjected to a one-way ANOVA
followed by Duncan’s multiple range tests to determine the
significant differences between the means. Comparisons were
made at the 5% probability level.

Results

Growth Performance

Growth performance in terms of weight gain (%), FCR, PER,
and SGR of P. hypophthalmus fed with Zn-NPs and exposed
to Pb and high temperature are presented in Table 2. The
maximum weight gain (%), PER, and SGR were observed in
the group fed with Zn-NPs @ 10 mg/kg diet with or without
stressors (Pb and high temperature) in comparison to other
groups. Weight gain (%), PER, and SGR were significantly
reduced (p < 0.01) in the group treated with Pb and high tem-
perature and fed with control diet in comparison with control
group. In the case of Zn-NPs @ 20 mg/kg diet supplemented
group, the weight gain (%), PER, and SGR were found to be
noticeably (p < 0.01) less compared to the group fed with Zn-
NPs @ 10 mg/kg diet. Further, FCR was significantly
(p < 0.01) less in the group fed with Zn-NPs @ 10 mg as
compared to other groups.

Effect on Anti-Oxidative Stress Status

Antioxidative status (CAT, SOD, and GST) in the liver,
gill, brain, and kidney of P. hypophthalmus fed with
Zn-NPs and exposed to Pb and high temperature are
presented in Tables 3 and 4. Liver, gill, brain, and kid-
ney CAT, SOD, and GST activities were significantly
lowered (p < 0.01) in the group treated with Zn-NPs @
10 mg/kg diet with or without stressors compared to all
other groups. Further, CAT, SOD, and GST activities
were remarkably elevated (p < 0.01) in Pb and high-
temperature exposure group in comparison to other
groups in all tissues. The group treated with Zn-NPs
@ 20 mg/kg diet showed significantly (p < 0.01) higher
oxidative stress in all four tissues in comparison to the
group treated with Zn-NPs @ 10 mg/kg and the control
group.

Neurotransmitter Enzymes

Neurotransmitter enzyme activities in the form of acetylcho-
line esterase (AChE) in the brain, muscle, and liver of
P. hypophthalmus fed with Zn-NPs and exposed to Pb and
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high temperature are presented in the Table 4. AChE activities
in the brain, muscle, and liver were significantly (p < 0.01)
inhibited in the group exposed to Pb alone or in combination
with elevated temperature compared to all other groups
(Table 4). The AChE activities were remarkably improved
(p < 0.01) in all the tissues studied in the group treated with
Zn-NPs @ 10 mg/kg diet. On the contrary, the group treated
with 20 mg/kg of Zn-NPs, the AChE activity, was inhibited in
all the tissues (Table 4).

Stress Biomarkers

Stress biomarker in terms of cortisol, HSP 70 in liver and gill,
and a blood glucose ofP. hypophthalmus fed with Zn-NPs and
exposed to Pb and high temperature are presented in Table 5.
The level of cortisol, blood glucose, and HSP 70 in liver and
gill were remarkably elevated (p < 0.01) in concurrent expo-
sure to Pb and high temperature followed by Pb exposure
alone. The level of stress biomarkers was significantly re-
duced (p < 0.01) by supplementation of Zn-NPs @ 10 mg/kg

diet, whereas with supplementation of Zn-NPs @ 20 mg/kg
diet, a significantly higher level of stress biomarkers in was
noticed in treated groups.

Immunological Status

Immunological status in terms of nitroblue tetrazolium (NBT),
total protein (TP), albumin, globulin and A/G ratio of
P. hypophthalmus fed with Zn-NPs and exposed to Pb and
high temperature are presented in Table 5. The NBT activities
were significantly higher (p < 0.01) in Zn-NPs@ 10 mg/kg in
compared to other groups followed by Zn-NPs @ 10 mg/kg
and exposed to Pb and high temperature. Total protein, albu-
min, globulin, and A/G ratio were significantly altered
(p < 0.01) due to Pb and high temperature exposure. Further,
with supplementation of Zn-NPs @ 10 mg/kg diet, the immu-
nological status was remarkably improved (p < 0.01). The
supplementation of Zn-NPs @ 20 mg/kg diet was responsible
(p < 0.01) for reduction in total protein, albumin, and globulin,
but the A/G ratio was elevated.

Table 3 Effect of dietary Zn-NPs on catalase and SOD in the liver, gill, brain, and kidney of P. hypophthalmus exposure to lead and high temperature
for 75 days

Treatments Catalase (units/mg protein) Superoxide dismutase (SOD) (units/mg protein)

Liver Gill Brain Kidney Liver Gill Brain Kidney

Ctr/Ctr 16.65b ± 1.50 28.48b ± 2.29 32.78b ± 2.20 25.65b ± 1.28 51.84b ± 0.51 29.67b ± 0.40 14.84b ± 1.22 28.15b ± 1.57

Ctr/Pb 35.03d ± 1.67 40.89c ± 2.88 48.10c ± 2.29 47.02c ± 2.68 58.45c ± 1.21 34.38cd ± 0.78 26.81c ± 1.47 33.38b ± 0.45

Ctr/Pb-T 50.43e ± 2.29 58.76d ± 3.50 57.39d ± 2.80 65.84d ± 3.56 68.24d ± 0.70 35.62d ± 1.64 55.60e ± 0.81 32.69b ± 0.62

Zn-NPs-10 10.09a ± 0.90 17.82a ± 1.17 13.06a ± 1.96 16.92a ± 1.13 48.73a ± 0.38 23.80a ± 0.73 13.06b ± 2.26 23.27a ± 0.36

Zn-NPs-20 22.78c ± 1.77 28.53b ± 2.07 31.06b ± 1.58 23.10ab ± 1.41 70.19d ± 0.48 32.83c ± 0.55 40.84d ± 1.51 33.17c ± 0.53

Zn-NPs-10/Pb-T 8.91a ± 1.46 17.51a ± 0.68 15.74a ± 2.13 15.57a ± 1.42 49.33a ± 0.56 25.46a ± 0.46 9.00a ± 0.26 23.41a ± 0.61

Zn-NPs-20/Pb-T 21.12bc ± 1.76 27.65b ± 0.86 36.49b ± 2.76 41.87c ± 4.32 69.59d ± 0.88 32.11c ± 0.38 58.81e ± 0.63 32.21c ± 0.63

p value p < 0.01 p < 0.01 p < 0.01 p < 0.01 p < 0.01 p < 0.01 p < 0.01 p < 0.01

The values reported in bar charts represent the mean ± SE. n = 6. Bars bearing different letters (a, b, c, d, e) indicate significant differences

Table 2 Effect of dietary Zn-NPs on weight gain (%), FCR, PER, and SGR of P. hypophthalmus exposed to Pb and high temperature for 75 days

Treatments Growth performance

Weight gain (%) FCR PER SGR

Ctr/Ctr 105.16bc ± 6.55 2.55bc ± 0.11 1.13ab ± 0.07 0.97bc ± 0.04
Ctr/Pb 89.08ab ± 10.13 2.79cd ± 0.22 1.04ab ± 0.06 0.86ab ± 0.07
Ctr/Pb-T 81.19a ± 2.57 2.96d ± 0.06 0.97a ± 0.02 0.80a ± 0.02
Zn-NPs-10 255.24d ± 4.44 1.44a ± 0.01 1.99c ± 0.04 1.71d ± 0.02
Zn-NPs-20 109.0bc ± 5.36 2.45b ± 0.06 1.16b ± 0.04 1.00c ± 0.03
Zn-NPs-10/Pb-T 260.32d ± 9.06 1.46a ± 0.02 1.97c ± 0.09 1.73d ± 0.03
Zn-NPs-20/Pb-T 111.99c ± 2.06 2.43b ± 0.04 1.17b ± 0.04 1.01c ± 0.01
p value p < 0.01 p < 0.01 p < 0.01 p < 0.01

Values reported in the table represent the mean ± SE. Superscript letters (a, b, c, d) column-wise indicate significant differences; n = 3 (p < 0.01)

SGR specific growth rate, FCR feed conversion ratio, PER protein efficiency ratio
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Bacterial Challenged with Aeromonas veronii biovar
sobria

The relative percentage survival (RPS) and cumulative mortal-
ity (%) of P. hypophthalmus challenged with A. veronii biovar
sobria after the experimental period of 75 days are presented in
Fig. 2. After bacterial challenged of P. hypophthalmus, the RPS
was − 20, − 26, 26, 0, 20, and − 6% in Pb-exposed group alone,
concurrent exposure to Pb and temperature group, Zn-NPs-
10 mg/kg diet group, Zn-NPs-20 mg/kg diet group, Zn-NPs-
10 mg/kg treated with stressors, and Zn-NPs-20 mg/kg treated
with stressor group, respectively. Similarly, high percentage
cumulative mortality was observed in Pb and temperature-
exposed groups, followed by Pb alone exposed group, whereas
the lowest mortality was observed in group treated with Zn-
NPs @ 10 mg/kg followed by Zn-NPs @ 10 mg/kg treated
with Pb and high temperature. After bacterial challenge, the
clinical signs such as hemorrhagia, shallow to deep necrotiz-
ing ulcers, and abdominal distension with sero-hemorrhagic

fluids exuding from the inflamed vent (Fig. S-1), and also the
deformity in vertebral structure such as scoliosis (abnormal
lateral curvature) and lordosis (excessive inward curvature)
were observed in Pb and high-temperature-exposed groups
fed with Zn-free diet (Fig. S-2).

Lead Concentration in Experimental Water and Fish
Muscle

Lead (Pb) concentration in experimental water and fish mus-
cle is presented in Fig. 3. Pb concentration in experimental
water varies from 2.31, 175.63, 489.53, 5.23, 6.23, 226.25,
and 391.23 μg/l in the control group, Pb-exposed group, con-
current exposed to Pb and high temperature, Zn-NPs @
10 mg/kg, Zn-NPs @ 20 mg/kg, Zn-NPs @ 10 mg/kg and
exposed to Pb and high temperature, and Zn-NPs@ 20mg/kg
and exposed to Pb and high temperature, respectively.
Similarly, Pb concentration in fish muscle varied from 0.53,
1.43, 1.99, 0.56, 0.47, 0.51, and 1.39 mg/kg in the control

Table 4 Effect of dietary Zn-NPs on glutathione-S-transferase (GST) in the liver, gill, brain, and kidney and AChE activities in the brain, muscle, and
liver of P. hypophthalmus exposure to lead and high temperature for 75 days

Treatments Glutathione-s-transferase (GST) (units/mg protein) Acetyl cholinesterase (AChE)
(nmol/min/mg protein)

Liver Gill Brain Kidney Brain Muscle Liver

Ctr/Ctr 0.25c ± 0.01 0.23b ± 0.02 0.34b ± 0.05 0.35b ± 0.03 0.44c ± 0.01 0.39c ± 0.03 0.38c ± 0.02

Ctr/Pb 0.35d ± 0.03 0.36d ± 0.01 0.47c ± 0.03 0.52c ± 0.02 0.36bc ± 0.02 0.27ab ± 0.02 0.28b ± 0.02

Ctr/Pb-T 0.56e ± 0.02 0.62e ± 0.03 0.64d ± 0.02 0.81d ± 0.06 0.21a ± 0.02 0.20a ± 0.02 0.20a ± 0.01

Zn-NPs-10 0.07a ± 0.01 0.16a ± 0.01 0.20a ± 0.01 0.15a ± 0.01 0.70d ± 0.03 0.56d ± 0.01 0.56d ± 0.01

Zn-NPs-20 0.15b ± 0.01 0.29c ± 0.03 0.35b ± 0.01 0.45bc ± 0.05 0.34b ± 0.05 0.29b ± 0.04 0.28b ± 0.03

Zn-NPs-10/Pb-T 0.08a ± 0.03 0.16a ± 0.01 0.19a ± 0.01 0.17a ± 0.02 0.63d ± 0.04 0.52d ± 0.01 0.53d ± 0.01

Zn-NPs-20/Pb-T 0.17b ± 0.02 0.29c ± 0.01 0.31b ± 0.01 0.54c ± 0.04 0.30b ± 0.01 0.33b ± 0.03 0.34c ± 0.02

p value p < 0.01 p < 0.01 p < 0.01 p < 0.01 p < 0.01 p < 0.01 p < 0.01

The values reported in bar charts represent the mean ± SE. n = 6. Bars bearing different letters (a, b, c, d, e) indicate significant differences

Table 5 Effect of dietary Zn-NPs on serum cortisol, liver and gill HSP-70, blood glucose, NBT, total protein, albumin, globulin, and A/G ratio of
P. hypophthalmus exposure to lead and high temperature for 75 days

Treatments Cortisol HSP-70 Blood glucose NBT Total protein Albumin Globulin A/G ratio

Liver Gill

Ctr/Ctr 47.10c ± 0.50 13.47b ± 0.27 13.93b ± 0.27 55.35b ± 0.69 0.55c ± 0.02 0.87b ± 0.06 0.33bc ± 0.02 0.54b ± 0.04 0.62b ± 0.04
Ctr/Pb 61.50d ± 1.18 18.77c ± 0.41 22.33c ± 0.58 97.32c ± 1.38 0.46b ± 0.01 0.57a ± 0.04 0.22a ± 0.03 0.35a ± 0.03 0.65b ± 0.03
Ctr/Pb-T 80.37e ± 1.85 24.57d ± 0.26 29.00d ± 1.04 104.65d ± 0.87 0.33a ± 0.02 0.45a ± 0.05 0.17a ± 0.04 0.27a ± 0.04 0.65b ± 0.04
Zn-NPs-10 37.80b ± 1.35 10.37a ± 0.45 9.97a ± 0.15 45.36a ± 0.85 0.78e ± 0.02 1.23c ± 0.05 0.39c ± 0.03 0.84c ± 0.04 0.46a ± 0.03
Zn-NPs-20 46.53c ± 0.35 13.67b ± 0.26 13.43b ± 0.43 53.88b ± 0.36 0.52c ± 0.01 0.76b ± 0.02 0.29b ± 0.02 0.47b ± 0.03 0.63b ± 0.01
Zn-NPs-10/Pb-T 32.70a ± 3.36 10.10a ± 0.55 9.47a ± 0.26 46.83a ± 0.51 0.73d ± 0.03 1.18c ± 0.01 0.36bc ± 0.02 0.82c ± 0.02 0.44a ± 0.05
Zn-NPs-20/Pb-T 48.03c ± 0.26 13.17b ± 0.39 13.30b ± 0.31 55.88b ± 1.11 0.55c ± 0.04 0.77b ± 0.03 0.29b ± 0.01 0.48b ± 0.06 0.64b ± 0.04
p value p < 0.01 p < 0.01 p < 0.01 p < 0.01 p < 0.01 p < 0.01 p < 0.01 p < 0.01 p < 0.01

The values reported in bar charts represent the mean ± SE. n = 6. Bars bearing different letters (a, b, c) indicate significant differences. Cortisol and HSP
ng/ml, blood glucose mg/dl, and total protein, albumin, and globulin g/dl
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group, Pb-exposed group, concurrently exposed to Pb and
high temperature, Zn-NPs @ 10 mg/kg, Zn-NPs @ 20 mg/
kg, Zn-NPs @ 10 mg/kg and exposed to Pb and high temper-
ature, and Zn-NPs @ 20 mg/kg and exposed to Pb and high
temperature, respectively.

Zinc Concentration in Fish Muscle and Experimental
Diets

Zn concentrations in the experimental diets were 2.28, 7.69,
and 12.64 mg/kg in control diet (Zn 0 mg/kg), Zn-NPs @
10 mg/kg, and Zn-NPs @ 20 mg/kg, respectively (Fig. 3).
On the other hand, the concentrations of Zn in fish muscle
were 2.41, 2.19, 2.14, 2.39, 2.51, 3.14, and 2.86 mg/kg in
the control group, Pb-exposed group, concurrently exposed
to Pb and high temperature, Zn-NPs @ 10 mg/kg, Zn-NPs

@ 20 mg/kg, Zn-NPs @ 10 mg/kg and exposed to Pb and
high temperature, and Zn-NPs@ 20mg/kg and exposed to Pb
and high temperature, respectively.

Discussion

Dietary zinc has the ability to generate a stable association
with macromolecules such as protein, nucleic acid, carbohy-
drate, lipid, and enzymes and is essential for diverse biological
functions. It acts as an electron acceptor, as a cofactor for
metalloenzymes such as DNA and RNA polymerases, alcohol
dehydrogenase, carbonic anhydrase, and alkaline phosphatase
[40]. Zn is also an essential micro-nutrient for the growth of
animals including fish. The deficiency of Zn results in reduced
appetite, depressed growth, and abnormalities of the skin and
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Fig. 2 Effect of dietary Zn-NPs on cumulative mortality and relative (%) survival of P. hypophthalmus after challenged with Aeromonas veronii biovar sobria

Fig. 3 Bioaccumulation of the lead in fish muscle, experimental water, and Zn-NP concentration in fish muscle and experiemntal diet post-75 days
feeding trial



appendages [41]. In the present study, Zn-NPs @ 10 mg/kg
diet provide better growth performance, whereas a higher con-
centration @ 20 mg/kg diet inhibited the growth performance
of P. hypophthalmus. These results clearly suggest that Zn is
necessary for growth and development of freshwater fish at
lower concentrations, but higher Zn concentrations are harm-
ful and toxic to fish [42]. Zn-NPs in fish feed have higher
intestinal absorption, bioavailability, and catalytic activities
[43]. It might be possible that conversion of Zn-NPs increases
the efficiency of Zn by enhancing its absorption and bioavail-
ability in the gastrointestinal tract and also has a role in the
synthesis of growth hormones [44]. However, the effect of Zn-
NPs on growth performance may be attributed to somatic
growth by stimulation of DNA and RNA synthesis and cell
division [45].

The anti-oxidative status is maintained through CAT, SOD,
and GST activities which are responsible for scavenging su-
peroxide radicals and involved in protective mechanism with-
in tissue injury following oxidative process and phagocytosis
[46, 47]. Zinc is a key component critical for the function of
the transcription factor, antioxidant defense system, and DNA
repair. Zn deficiency may lead to increased lipid peroxidation
in mitochondrial and microsomal membranes resulting in the
osmotic fragility of erythrocyte membranes [48, 49]. The pres-
ence of Zn prevents lipid peroxidation and thus plays an im-
portant role in protecting the cells from oxidative stresses [50].
Zinc acts as an antioxidant to minimize cell damage due to the
formation of free radicals in the cell. Moreover, Zn is an es-
sential component of Cu-Zn-SOD complex involved in the
cellular scavenging of free radicals and ROS [10]. In the pres-
ent study, the Zn-NPs @ 10 mg/kg diet protected the tissues
from oxidative damage and this could be attributed to the role
of Zn in the form of Cu-Zn-SOD.

AChE activities were inhibited by exposure to Pb and high
temperature and improved by supplementation of Zn-NPs @
10 mg/kg diet. AChE is the most important enzyme for several
physiological functions due to its role in the hydrolysis of ace-
tylcholine into cholinergic synopsis [23, 46, 47, 51]. The cho-
linergic neurotransmission enhances undesirable effects, which
have been observed in several neurological disorders due to
alteration in AChE. In this study, AChE activities in the brain,
muscle, and liver were improved by the application Zn-NPs @
10 mg/kg diet possibly due to the formation and exocytosis of
synaptic vesicles containing neurotransmitters. The activities of
AChE are generally decreased by Pb and high temperature.
These enzymes have essential roles in the normal sensory and
neuromuscular operations [52]. The harmful substances affect
fish brain functions through AChE activity and protein carbon-
ylation [53]. The inhibition and overestimation of AChE and
acetylcholine receptors can cause miosis, bradycardia, muscle
weakness, disorientation, cardiovascular collapse, etc. [54]. In
our knowledge, no such reports are available on AChE activi-
ties and Zn-NPs application in feed for P. hypophthalmus.

It is well known that stresses due to contaminants and envi-
ronmental factors result in the elevation of cortisol and HSP 70.
Similar results were obtained in the present study. The cortisol
and HSP 70 in the liver and gills were elevated in the group
exposed to Pb and high temperature (Table 5) Further, supple-
mentation with Zn-NPs @ 10 mg/kg diet reduced cortisol and
HSP 70 level which can be an attributed effect of Zn-NPs on the
adrenal glands [55] and influence on adrenocorticotropic due to
the penetration of Zn-NPs through the blood-brain barrier. In
addition, the anti-oxidative properties of zinc on cortisol secre-
tion could also be responsible for the observed effect [56]. The
level of HSP affects cell survival with interaction with various
elements of programmed cell death machinery, which increase
intracellular levels under stress conditions. HSP plays an essen-
tial role inmaintaining cellular homeostasis by assisting with the
correct folding of nascent and stress-accumulated misfolded
proteins, preventing protein aggregation or promoting selective
degradation of misfolded or denatured proteins [57]. Similarly,
in the present study, the blood glucose level increased sharply
upon exposure to Pb alone and upon concurrent exposure to Pb
and high temperature. Our results are in agreement with
Chowdhury et al. [58] and Jiang et al. [59] who reported in-
crease in glucose level in fish under stress condition. It might be
due to increase in lactate level due to stress as and the resultant
anaerobic metabolism [60]. Supplementation of Zn-NPs @
10 mg/kg diet had a significant role in the reduction of blood
glucose levels. Several mechanisms may be involved in the
regulation of blood glucose levels with Zn-NPs. A key regulator
of the phosphorylation involved in the insulin receptor called
tyrosine phosphatase, a protein which targets the Zn ions [61]
and also Zn-improved peripheral insulin sensitivity as it can
potentiate insulin-stimulated glucose transport, could possibly
be involved in the Zn-NP-mediated alterations in glucose levels
[62, 63].

NBT, total protein, albumin, globulin, and A/G ratio were
improved by supplementation of Zn-NPs @ 10 mg/kg. Our
earlier study also showed that when the fish were exposed to
contamination, the innate immunity of the fish diminished con-
siderably [46, 47]. Generally, fish are able to maintain their
integrity through an innate immune system based on cell
phagocytosis and secretion of soluble antimicrobial molecules.
The innate system is characterized by being non-specific and
therefore not dependent upon previous recognition of the sur-
face structures of the invader. Our earlier report proved that
through nutritional approaches with safe concentration, en-
hanced immunity of the fish could be achieved [25, 29, 45, 46].

In the present study, Pb and high-temperature-exposed fish
were challenged with A. veronii biovar sobria with the resul-
tant of occurrence of severe mortality (Fig. 2). After bacterial
challenge, clinical signs such as hemorrhagia, shallow to deep
necrotizing ulcers, and abdominal distension with sero-
hemorrhagic fluids exuded from the inflamed vent were also
observed. The supplementation of Zn-NPs @ 10 mg/kg diet
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protects against bacterial infection. It is well established that
Zn-NPs have antimicrobial activity [64]. The Zn-NPs at lower
concentrations are not stable under harsh process conditions
but are safe for humans and animals [65]. Zn-NPs possess
large surface to volume ratio that helps in interacting with
the bacterial cell surface and exhibiting enhanced antibacterial
activity as compared to inorganic Zn [66].

The bioaccumulation of Pb in experimental water and fish
muscle was elevated, but the application of Zn-NPs @ 10 mg/
kg reduced the bioaccumulation level. It might be due to the
role of Zn-NPs in the occurrence of fast detoxification in the
fish body. The vertebral deformities were also observed such as
scoliosis (abnormal lateral curvature) and lordosis (excessive
inward curvature) in Pb and high-temperature-exposed fish and
fed with Zn-free diet. To the best of our knowledge, the present
study is the first report of Zn-NPs as stress mitigators in
P. hypophthalmus.

Conclusion

The abiotic and biotic stress response in fish studied in this
experiment realistically resonates with the state of aquatic an-
imal health worldwide. We used stresses such as Pb and high
temperature and A. veronii biovar sobria as a bacterial agent
of infection. To alleviate these multiple stressors in aquatic
animals, a nanotechnology-based intervention was attempted.
The green synthesis of Zn-NPs from fish wastes will help in
the waste management and support the feed industries in nano
feed formulation. In the present study, we attempted Zn-NPs
@ 10 and 20 mg/kg diet and found that Zn-NPs @ 10 mg/kg
diet was suitable for modulating immunity against multiple
stressors. Hence, Zn-NPs@ 10mg/kg are appropriate for feed
formulations to alleviate natural and abiotic as well as biotic
stresses in cultured fish.
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