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ARTICLE INFO ABSTRACT

Avrticle History: The organic form of zinc (Zn) has high bioavailability and is more readily
Received: Aug. 28, 2024  absorbed than inorganic forms. This study aimed to determine the optimum
Accepted: July 17, 2025  dietary dosage of organic Zn to enhance the growth performance of pacu
Online: Aug. 20, 2025 (Colossoma macropomum). A completely randomized design (CRD) was applied
with five dietary treatments containing 0, 20, 40, 80, and 160 mg Zn kg™ feed,

each in four replicates. Pacu were stocked at a density of 15 fish per aquarium

gg?g:s?orn(:z (200 fish m™3; aquarium size: 50 x 50 x 40 cm; water volume: 75 L), with an
macropomum initial mean weight of 9.27 + 0.01 g, and reared for 60 days. Fish were fed to

apparent satiation twice daily (09:00 and 17:00). Parameters evaluated included
digestive enzyme activities (amylase, lipase, trypsin, chymotrypsin), antioxidant
responses (superoxide dismutase [SOD], glutathione peroxidase [GPx],
malondialdehyde [MDAY]), intestinal histology, health status (lysozyme activity,
respiratory burst), growth performance (survival rate, feed intake, feed
conversion ratio [FCR], specific growth rate [SGR], protein efficiency ratio
[PER], protein retention), and Zn content in organs. Results showed that the 40
mg Zn kg diet produced the highest activities of amylase, lipase, trypsin, and
chymotrypsin. Antioxidant responses under air stress indicated optimal defense
at 20— 40mg Zn kg, with high SOD and GPx levels and reduced MDA levels.
Zn supplementation also enhanced lysozyme activity and respiratory burst
compared to the control. Histological analysis revealed improved intestinal
absorption areas in fish fed 20, 40, and 80mg Zn kg'. Furthermore, Zn
supplementation significantly increased Zn deposition in organs (P< 0.05).
Correlation analysis between SGR and FCR with Zn dosage demonstrated that
40 mg Zn kg ! feed provided the best growth performance. Overall, organic Zn
supplementation improved antioxidant defenses, digestive enzyme activity,
intestinal health, immune responses, and growth in pacu, with 40mg Zn kg™!
identified as the optimal dietary level.
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INTRODUCTION

The increasing demand for pacu fish (Colossoma macropomum) has driven a rise
in its production (Aida et al., 2020). To meet market needs, farmers have adopted
intensive farming systems with higher stocking densities (Fitriadi et al., 2020). However,
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high stocking density increases fish susceptibility to stress caused by environmental
changes, which in turn elevates their energy demands (Klinger & Naylor, 2012).
Intensive farming also produces large amounts of waste, contributing to oxidative stress
in the aquatic environment and promoting the generation of reactive oxygen species
(ROS) (Liang et al., 2016).

ROS are natural byproducts of aerobic metabolism, including superoxide anion
(O27), hydroxyl radical (OH"), and hydrogen peroxide (H.0.) (Wulandari, 2017).
Excessive ROS accumulation can damage lipids and proteins, compromising cellular
function (Schieber & Chande, 2014). To counteract these effects, fish rely on an
enzymatic antioxidant defense system, producing enzymes such as superoxide dismutase
(SOD) and glutathione peroxidase (GPx) (Mishra et al., 2015). Zinc (Zn) plays a critical
role in the formation and activity of these enzymes, making dietary supplementation
essential (Meiler et al., 2021).

In addition to antioxidant defense, digestive enzyme activity is vital for nutrient
metabolism and absorption in fish. Proteolytic enzymes such as trypsin and chymotrypsin
hydrolyze proteins into amino acids required for growth and tissue repair, while amylase
converts carbohydrates into simple sugars, and lipase breaks down fats into fatty acids
and glycerol. Efficient digestive function ensures optimal nutrient utilization, supporting
fish health and growth (Song et al., 2017; Zafar & Khan, 2024). Conversely, impaired
digestive activity can limit nutrient absorption, leading to stunted growth, weakened
immunity, and greater disease susceptibility.

Organic zinc has higher bioavailability than inorganic zinc because it binds
directly with amino acids, enhancing absorption and reducing the effects of
antinutritional factors (Kishawy et al., 2020; Meiler & Kumar, 2021). Previous studies
have shown that zinc supplementation can improve digestive enzyme performance
(Kumar et al., 2017). In addition, it acts as a cofactor in numerous metabolic processes
related to antioxidant defense, immune function, growth, and organ development
(Malekpouri et al., 2011). Research on different aquaculture species—including the
giant gourami (Osphronemus gourami), juvenile grouper (Epinephelus malabaricus),
whiteleg shrimp (Litopenaeus vannamei), common carp, snakehead fish (Channa sp.),
and the Nile tilapia (Oreochromis niloticus)—has demonstrated positive effects of zinc
supplementation on growth and immunity (Setiawati et al., 2007; Houng-Yung et al.,
2014; Oktaviana, 2018; Liang et al., 2020; Fei et al., 2022; Inarto et al., 2023).

Despite these advances, no studies to date have evaluated the effects of organic
zinc supplementation on growth performance, digestive enzyme activity, and antioxidant
responses in pacu. This gap highlights the need to explore organic zinc’s potential role in
enhancing both physiological and health-related traits in this economically important
species.
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MATERIALS AND METHODS

1. Experimental diets

The formulation and proximate composition of the experimental diets are shown in
Table (1). A completely randomized design (CRD) was applied, consisting of five dietary
treatments with four replicates each. The diets were supplemented with organic Zn at
levels of 0, 20, 40, 80, and 160mg kg feed (designated as Zn0, Zn20, Zn40, Zn80, and
Zn160, respectively).

All coarse dry ingredients were finely ground using a grinder and thoroughly mixed
to form a homogenous mixture. The dough was processed into 2mm pellets using
multifunctional spiral extrusion equipment. Pellets were oven-dried at 50°C for 3h, sealed
in plastic bags, and stored at 25°C until use.

The feed preparation was conducted at the Laboratory of Nutrition, Department of
Aquaculture, Faculty of Fisheries and Marine Sciences, IPB University. The organic zinc
source used in this study was Amaze-ZINC®, produced by PT. Aquacell Indo Pasifik.

Table 1. Formulation and proximate composition of the experimental diets (% dry

matter)
Experimental diets

Zn0 Zn 20 Zn 40 Zn 80 Zn 160
Fish Meal 4,00 4,00 4,00 4,00 4,00
Poultry Meat Meal 7,00 7,00 7,00 7,00 7,00
Corn Gluten Meal 5,00 5,00 5,00 5,00 5,00
Wheat Flour 20612 20098 20,076 20,031 19,942
Soy Bean Meal 2261 2261 22,61 22,61 22,61
Meat Bone Meal 7,00 7,00 7,00 7,00 7,00
Wheat Pollard 19,59 19,59 19,59 19,59 19,59
Cassava Flour 5,00 5,00 5,00 5,00 5,00
Fish QOil 1,80 1,80 1,80 1,80 1,80
Crude Palm Qil 1,80 1,80 1,80 1,80 1,80
Mineral Mix Zinc Free 4,72 4,72 4,72 4,72 4,72
Vitamin Mix 1,35 1,35 1,35 1,35 1,35
Organic Zn (9% Zn) 0,000 0,022 0,044 0,089 0,178
Proximate
composition(%)
Dry matter 90,25 90,27 90,27 90,05 90,55
Protein 32,92 3341 32,95 33,01 33,33
Lipid 7,86 7,37 7,94 7,37 7,51
Ash 8,37 8,54 8,41 9,10 8,90

Zn (mg Zn kgt 7464 92,69 11059 156,12 222,96
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2. Experimental fish and feeding trial

Pacu fish were obtained from a private fish farm in Bogor, West Java, Indonesia.
Prior to the experiment, fish were acclimatized in 121.5L aquaria until deemed healthy
and suitable for use. They were then transferred to experimental tanks measuring 50 x 50
x 40 cm with a water height of 30cm (75 L). Each tank was stocked with 15 fish (200 fish
m™?), with an initial average body weight of 9.27 + 0.01g. A total of 20 aquaria were
used, each covered with mesh lids to prevent jJumping.

Water for the experimental system was supplied from a sedimentation tank. Each
aguarium was equipped with continuous aeration and heaters to maintain a water
temperature of approximately 30°C. Fish were hand-fed to apparent satiation twice daily
(09:00 and 17:00) for 60 days. Uneaten feed, if present, was siphoned 30min after
feeding, dried, and weighed to calculate feed intake.

Water quality was managed by replacing 80% of the water every two days.
Parameters monitored included temperature, pH, dissolved oxygen (DO), and total
ammonia nitrogen (TAN). Temperature was measured twice daily (08:30 and 16:30)
using a thermometer; pH was measured daily with a pH meter; DO was measured weekly
using a DO meter; and TAN was measured every 14 days in the laboratory. The observed
ranges were: temperature 28.7— 31.2°C, DO 5.3—- 5.9mg L, pH 6.8-7.7, and TAN 0.02—
0.08mg L.

To minimize handling stress, fish were fasted overnight prior to weighing or
sampling.

3. Growth parameters

The nutritional performance was evaluated in terms of initial individual weight
(Wo) and the final individual weight (Wt), final biomass (Bt), final individual weight
(Wt), survival rate (SR), feed intake (FI), feed conversion ratio (FCR), specific growth
rate (SGR), protein retention (PR), lipid retention (LR), and average daily growth (ADG).
Growth performance was measured using the following formulas:

SR (%) = [initial fish count / final fish count] x 100

FCR = total feed intake (g) / [final total fish biomass (g) — initial total
fish biomass (g)]

SGR (%) = [In (final weight (g)) — In (initial weight (g)) / maintenance

period (days)] x 100

Protein Retention (%) = [final biomass protein (g) — initial biomass protein (g)] / total
protein intake (g) x 100

Lipid Retention (%) = [final biomass lipid (g) — initial biomass lipid(g)] / total lipid
intake (g) x 100

ADG (g/day) = (final weight — initial weight) / maintenance period (days)
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4. Sample collection
At the initial stocking, 10 pacu were randomly sampled to determine baseline
proximate body composition for growth performance evaluation. At the end of the trial,
fish were fasted overnight to empty their stomachs. All fish were netted, and the biomass
of each aquarium was recorded. Subsequent samples were collected as follows:
« Final proximate analysis: Two fish per aquarium.
o Histology: One fish per aquarium; intestines were fixed in neutral buffered
formalin (BNF).
e Zn content: Three fish per aquarium; liver, intestine, and muscle were collected.
o Digestive enzymes: Three fish per aquarium; intestine samples were collected.
e Health status: Two fish per aquarium; blood was drawn from the caudal vein
using a 1 mL syringe for lysozyme activity and respiratory burst assays.
Anesthesia was administered using clove oil (200uL L' water) following
Syahidah et al. (2019). Organ samples for digestive enzyme and antioxidant assays were
stored at —80°C, while those for proximate analysis and Zn content were stored at —20°C
until testing.
5. Histological examination
Intestinal fragments (~0.5 cm) were preserved in 10% BNF for 72h, then
dehydrated in graded ethanol (70, 80, 90, 95, 99, and 100%; 2h each). Samples were
cleared with xylene (40min) and infiltrated with paraffin (30min at 60°C). Sections were
cut with a microtome, floated on warm water (35°C), dried for 24h, and mounted on
slides. Tissues were stained with hematoxylin and eosin following the methods of
Fischer et al. (2008) and Titford (2009) to visualize cellular and tissue structures.
6. Biochemical biomarkers
Antioxidant biomarkers including superoxide dismutase (SOD), glutathione
peroxidase (GPx), and malondialdehyde (MDA) were measured from liver tissue. Storage
and assay procedures followed the instructions provided in the Elabscience® ELISA Kit.
7. Air-exposure challenge
On the final day of the trial, three fish per aquarium were subjected to an air-
exposure challenge. Fish were netted and exposed to open air for 3min, then dissected to
obtain liver samples. These were analyzed for SOD, GPx, and MDA activity, following
the protocols of Arends et al. (1999) and Wardani et al. (2020).
8. Statistical analysis
Data were processed using Microsoft Excel 2019 and analyzed in SPSS version
26.0. Normality and homogeneity of variance were tested prior to analysis. One-way
analysis of variance (ANOVA) was performed at a 95% confidence level (P< 0.05) to
evaluate treatment effects. When significant differences were detected, Duncan’s multiple
range test was applied to determine pairwise differences among treatments.
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RESULTS
1. Growth performance

The growth performance of pacu fed diets with varying Zn levels is summarized in
Table (2). Fish were maintained for 60 days under uniform environmental conditions
across treatments and replicates. Dietary Zn supplementation significantly affected
growth performance compared with the control diet lacking Zn (P< 0.05).

Growth was assessed based on initial individual weight (Wo) and final individual
weight (W), as well as final biomass (By), specific growth rate (SGR), protein retention
(PR), lipid retention (LR), and average daily growth (ADG). These parameters increased
with Zn supplementation up to 40mg kg™ feed, after which they declined at higher
dosages (80— 160mg kg™!; P< 0.05).

Feed conversion ratio (FCR) was significantly lower (P< 0.05) in fish fed 20 and
40mg kg Zn diets compared with other treatments, indicating more efficient feed
utilization at moderate Zn levels. Notably, the final individual weight (W;) of fish
receiving 40 mg kg™ Zn was ~24% higher than that of fish in the unsupplemented control
group.

These results suggest that dietary organic Zn supplementation improves pacu
growth performance, with an optimal level at 40mg kg™ feed.

Table 2. Growth performance of pacu fish fed with organic Zn supplementation with
different doses for 60 days

Experimental diets

Parameter
Zn0 Zn 20 Zn 40 Zn 80 Zn 160

Bo (9) 145,97+0,11  145,97+0,18 14595+0,10 146,05+0,07 146,04+0,12
Bt () 681,85+37,64" 808,60+8,41° 850,80+23,03% 728,48+25,68° 686,68+24,64
W, (9) 9,73+0,01 9,73+0,01 9,73+0,01 9,74+0,00 9,74+0,01
W (g) 4546+2,51°  5391+0,56° 56,72+1,54°  48,57+1,71°  45,78+1,64
SR (%) 100+0,00 100+0,00 1000,00 1000,00 1000,00
FI (g) 749,38+16,23° 771,55+16,99° 800,50+14,66° 767,84+11,52° 747,73+14,42°
FCR 1,40+0,08° 1,16+0,02° 1,14+0,04*  1,32+0,07°  1,38+0,05"
SGR (%) 2,57+0,09° 2,85+0,02°  2,94+0,04%  2,68+0,06°  2,58+0,06°
ADG (g day™?) 0,60+0,04¢ 0,74+0,01°  0,78+0,03%  0,65+0,03°  0,60+0,03¢
PER 2,41+0,14° 2,85+0,04°  2,96x0,10°  255+0,07°  2,40+0,08
PR (%) 33,69+2,63"  46,15+3,16°  46,87+3,17°  35,02+0,42°  27,14+1,90°
LR (%) 50,8542,37°  72,86+4,74°  7539+2,29°  61,13+3,58"  52,84%7,18°

L Initial Biomass (Bo), Final Biomass (By), Initial Individual Weight (W), Final Individual Weight (W),
Survival Rate (SR), Feed Intake (FI), Feed Conversion Ratio (FCR), Specific Growth Rate (SGR), Average
Daily Growth (ADG), Protein Efficiency Ratio (PER), Protein Retention (PR), Lipid Retention (LR)

2 Different letters in the same row indicate significant differences among treatments (P<0.05). The values
are presented as means + standard deviation.
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2. Digestive enzyme activity

The effects of dietary Zn supplementation on digestive enzyme activities in pacu
are shown in Table (3). Supplementation with 20— 40mg Zn kg feed significantly
enhanced digestive enzyme activities compared with other treatments (P< 0.05).

Among the treatments, 40mg Zn kg feed produced the highest enzymatic
activities (P< 0.05), with marked increases in amylase, lipase, chymotrypsin, and trypsin.
Overall, enzyme activity exhibited a positive trend from 0 to 40mg Zn kg™ feed, followed
by a decline at higher inclusion levels (80— 160mg Zn kg™' feed).

These findings indicate that moderate dietary Zn supplementation optimizes
digestive enzyme function in pacu, with 40mg Zn kg™ identified as the most effective
level.

Table 3. Digestive enzyme activity of pacu fish fed with diets supplemented with different
doses of organic Zn for 60 days

Experimental Diets
Parameter

Zno Zn20 Zn40 Zn80 Zn160
Amylase (mU/ml) 531,52+40,49° 882,69+167,26® 1003,63+7,91° 971,94+71,76° 754,08+27,97°
Lipase (mU/ml) 23,25+4,39°  41,27+363%  48,25+533*  37,79+533% 14,53+10,66"
Chymotrypsin (mU/ml)  2,95£0,21°  3,45+0,44*  3,49+055°  3,16+0,38®  2,68+0,12"
Trypsin (mu/ml) 2,63£0,20°  3,99+0,23%  4,06%0,37°  3,9740,32%  3,47+0,29"

! Different letters in the same row indicate significant differences among treatments (P<0.05). The values
are presented as means + standard deviation.

3. Antioxidant response and health status

The testing of antioxidant response parameters in pacu fish fed diets with different
Zn dosages is presented in Table (4). The addition of Zn at doses ranging from 20 to
40mg kg feed resulted in significantly higher outcomes (P<0.05) compared to other
treatments for both SOD and GPx parameters. The MDA parameter test results showed
significantly lower outcomes (P<0.05) at doses of 20 to 40mg kg™ feed compared to the
control and highest doses. The testing of health status of Zn levels in pacu fish fed diets
with different Zn dosages is presented in Table (5). The Respiratory Burst (RB) values
showed an increasing trend with increasing Zn dosage. The best lysozyme activity values
were significantly (P<0.05) demonstrated in the treatments with Zn doses of 40 to 80mg
kgt feed, while other treatments showed lower and statistically non-significant results
(P>0.05).
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Table 4. Antioxidant response of pacu fish fed with different dietary treatments for 60 days

Experimental Diets
Parameter

Zn0 Zn20 Zn40 Zn80 Zn160

SOD (% inhibition) 72,53+2,55"  82,37+3,15°  83,64+1,80*° 74,63+3,20° 67,62+2,46°
GPx (% inhibition) 25,79+1,94"  29,7242,55%  29,74+1,76® 31,05+3,99*° 24,99+1,57°

MDA (nmol/mL) 6,53+041° 401085  4,35:0,31*°  503+0,72°  6,600,42"

1 Superoxide dismutase (SOD), Glutathione Peroxidase (GPx), Malondialdehyde (MDA)

2 Different letters in the same row indicate significant differences among treatments (P<0.05). The values
are presented as means + standard deviation.

Table 5. Health status of pacu fish fed with different dietary treatments for 60 days

Experimental Diets

Parameters
Zn0 Zn20 Zn40 Zn80 Zn160
RB (OD) 0,44+0,03% 0,51+0,07® 0,58+0,11°  0,61+0,06° 0,74+0,05°
LA (U/mL) 217+9,87° 239+7,02° 2771553  289+8,08*  215+6,11°

1 Respiratory Burst (RB), Lysozyme Activity (LA)

2 Different letters in the same row indicate significant differences among treatments (P<0.05). The values
are presented as means + standard deviation.

4. Intestinal histology

Representative histological images of pacu intestines under different Zn
supplementation treatments are shown in Fig. (1), and morphometric measurements are
summarized in Table (6). Villi height was significantly greater (P< 0.05) in fish fed 40
mg Zn kg feed compared with all other treatments. Villi width was also significantly
higher (P< 0.05) at Zn supplementation levels of 20— 80mg kg feed compared to the
control and highest dose group (160mg kg™).

Overall, dietary Zn supplementation at 20— 40mg kg ' feed produced the most
favorable intestinal morphometric characteristics, suggesting improved absorptive surface
area and nutrient assimilation efficiency.
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Fig. 1. Intestinal histology of pacu fish treated with organic Zn supplementation in the feed

Table 6. Villi size of pacu fish fed with different dietary treatments for 60 days

Experimental Diets

Parameter Zno Zn20 Zn40 Zn80 Zn160
VH (um) 124481720° 323356402 245.02437.05° 142.39435,74° 106.72+14.68°
VW (um) 24614512  82.86+1276°  5501+1613°  47.86+1040°  3555+4,18%

Lvilli height (VH); Villi width (VW)
2 Different letters in the same row indicate significant differences among treatments (P<0.05). The values
are presented as means + standard deviation.
5. Zinc content in organs

Testing of zinc levels in pacu fish organs fed diets with different Zn dosages
showed significant differences. Addition of Zn at doses ranging from 20 to 40mg kg
feed resulted in significantly higher outcomes (P<0.05) compared to other treatments in
the liver, intestines, and muscles. The test results are presented in Table (7).
Table 7. Zn content in the organs of pacu fish fed with different treatments for 60 days

Experimental Diets
Parameter

Zn0 Zn20 Zn40 Zn80 Zn160
Liver (mg/kg) 9,35+0,39°  15,44+0,46  1527+154°  13,94+145°  10,02+2,17°
Intestine (mg/kg) 9,48+1,41%  16,40+1,73% 15,17+3,41® 12.46+1,35°  8,17+2,07¢
Muscle (mg/kg) 0,68+0,28° 6,50+0,96°  570+0,58®°  587+0,81%  4,29+1,20°

! Different letters in the same row indicate significant differences among treatments (P<0.05). The values
are presented as means + standard deviation.
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DISCUSSION

Histological examination of the intestine is a vital physiological indicator for
evaluating intestinal health status (Xu et al., 2023). In this study, the intestinal villi of
pacu fed with organic Zn supplementation at 40mg kg diet exhibited greater height and
width compared to without organic Zn supplementation. This finding aligns with that of
Xu et al. (2023), who reported that tilapia fed with organic Zn had taller and wider villi
compared to those fed with Zn inorganic and nanoparticle forms. These results are further
supported by Inarto et al. (2023), proving that supplementation of organic Zn within the
range of 20 to 40 mg kg™ diet resulted in a larger absorption area. Yang et al. (2022) also
proved that Zn dosage of 40mg kg™ diet exhibited the highest intestine absorption area,
surpassing other treatments and dosages. These findings collectively underscore that
organic Zn supplementation in feed enhances intestinal absorption area.

Intestinal histology can be assessed through tight junctions (Buckley & Turner,
2018), which are primarily located in the apical areas of cells and play a crucial role in
ion and fluid diffusion, defense functions, and cell proliferation (Garcia et al., 2018).
The intestine's ability to absorb nutrients is influenced by villi size; larger villi increase
the surface area for absorption, facilitating nutrient uptake and digestion (Mohammady
et al., 2021). Proper dosage of Zn supplementation enhances cell proliferation and
inhibits apoptosis (Diao et al., 2021). Conversely, excessive dosage can lead to reduced
surface area of intestinal villi, indicating negative effects due to Zn toxicity exceeding
optimal limits. Toxicity from excessive Zn accumulation can result in intestinal damage,
such as goblet cell formation, hemorrage, cell death, necrosis, degeneration, and villi
shortening and fusion (Khan et al., 2022).

Digestive enzymes are crucial components of the digestive tract in fish. Activity of
these enzymes and the absorptive capacity of the intestine determines dietary nutrients
utilized by fish (Zhao et al., 2016). In this study, Zn supplementation with dose of 40 mg
kg! feed showed the highest activity of digestive enzymes, such as amylase, lipase,
trypsin, and chymotrypsin. This finding is consistent with Muralisankar et al. (2015),
who reported that the activity of digestive enzymes (amylase, lipase, and protease) in
giant freshwater prawns increased when fed with 60mg kg™ feed of Zn supplementation.
Similarly, Inarto et al. (2023) observed enhanced activity of amylase, lipase, trypsin, and
chymotrypsin in the Nile tilapia fed with 40mg kg™ feed of organic Zn.

Digestive enzymes are essential for the hydrolysis of nutrients such as proteins,
polypeptides, amino acids, lipids, and various carbohydrates during digestion. Enzymes
like amylase, lipase, and protease are secreted into the lumen of digestive organs such as
the stomach and intestines. Enzymes on the intestinal membrane (carbohydrase,
peptidase, and protease) are bound to microvilli. Carbohydrate digestion requires
amylase, lipid digestion requires lipolytic enzymes like lipase, and protein digestion
requires proteolytic enzymes like protease, trypsin, and chymotrypsin. Chymotrypsin, a
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digestive enzyme found in pancreatic tissue, is secreted into the duodenum. It can
hydrolyze amides, esters, and peptides at the carboxyl side of proteins. The inactive form
of chymotrypsin (chymotrypsinogen) is activated by trypsin. Chymotrypsin transforms
into intermediate products such as a-chymotrypsin, y-chymotrypsin, 6-chymotrypsin, and
n-chymotrypsin before finally becoming chymotrypsin A. The intermediate products
formed depend on the concentration and reaction of trypsin (Friedman & Fernandez-
Gimenez, 2023). Trypsin primarily cleaves peptides at the carboxyl side of amino acids
such as lysine and arginine, whereas chymotrypsin predominantly cleaves peptide bonds
at the carboxyl side of aromatic amino acids like tyrosine, tryptophan, and phenylalanine
(Solovyev et al., 2023). These amino acids are then absorbed by the intestines and
distributed by the blood to various organs and tissues (Halver & Hardy, 2002).

The rate of zinc absorption highly affected by the source of zinc itself. For example,
ZnO and ZnSOa4, which are inorganic zinc, usually used in feed supplementation. On the
other hand, organic zinc pairs zinc with an organic ligand, such as amino acids, peptides,
or proteins, all of which have higher bioavailability compared to inorganic zinc (Star et
al., 2012; Swiatkiewicz et al., 2014). Zinc bioavailability is limited, because they are
competing with other minerals and also inhibited by antagonistic substances present in
the body (Lonnerdal, 2000; Sauer et al., 2017). Therefore, selecting sources of zinc that
can be absorbed without interference from other substances is very crucial. Unlike
inorganic zinc, which requires transporters, organic zinc can be carried by aminio acids
(Gao et al., 2014; Sauer et al., 2017). This alternative pathway for zinc transport is a
major factor contributing to the higher bioavailability of organic zinc compared to
inorganic zinc (De Grande et al., 2020). Despite the higher bioavailability of organic
zinc, its use remains limited due to its relatively high cost (Zhao et al., 2014).

Research findings indicate that pacu fish fed with Zn supplementation within the
dose range of 20 to 40 mg kg* feed experienced increased Zn levels in the liver, intestine,
and muscle compared to fish that did not receive Zn supplementation. The result was in
line with Liang et al. (2020) cited in Ling et al. (2020), which demonstrated that fish fed
with organic Zn supplementation accumulated more Zn in organs, including the intestine.
Zinc transport is regulated by Zn transporters, specifically the zZnT, ZIP, and MTF1
families (Kambe et al., 2015). Organic Zn significantly influences the regulation of gene
expression related to Zn transport. The efflux of Zn from cells is mediated by ZnT1
(Nishito & Kambe, 2019; Krall et al., 2020). Cytoplasmic Zn homeostasis is maintained
by the regulation of the efflux of Zn from the cytoplasm with the help of ZnT4 and ZnT5,
which can be found in the cytoplasmic membrane (Kambe et al., 2015). On the other
hand, Zn importer, such as ZIP1, ZIP4, ZIP5, ZIP8, and ZIP14 can be found in the
plasma membrane, facilitating the transport of zinc from extracellular space into the cell
(Kambe et al., 2015; Nagamatsu et al., 2022). This study found that Zn supplementation
in feed increased Zn levels in the intestine, liver, and muscle. However, when the
administered dose exceeded the optimal range, Zn levels in these organs decreased. The
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research by Xu et al. (2023) explains that organic Zn can upregulate the expression of
ZIP family genes to facilitate Zn uptake into cells, leading to increased Zn accumulation
in organs. Conversely, when Zn intake is excessive, the expression of ZnT family genes
plays a role in Zn efflux to maintain Zn homeostasis. This is supported by Chen et al.
(2017), who reported that excess Zn increases the expression of ZnT5 and ZnT7 genes,
which help reduce Zn toxicity within cells.

Cellular Zn homeostasis is largely governed by the uptake and efflux of Zn through
specific transporters, as well as the sequestration of Zn by carrier proteins. The absence
of specific sites for Zn production and storage underscores the importance of
supplementing Zn through feed at appropriate doses to ensure Zn homeostasis, thereby
enabling the body to maintain and support various physiological processes (Bonaventura
etal., 2015).

The results of this study indicate an increase in SOD and GPx activities and a
decrease in MDA activity in pacu fish fed with Zn supplementation at a dose of 40mg kg
. This finding is consistent with the study by Yu et al. (2021), postulating that the Zn
supplementation at 35mg kg of feed exhibited an increase in SOD activity and led to a
decrease in MDA activity. However, when the Zn dose exceeded the optimal limit, there
was a reduction in SOD and GPx activities and an increase in MDA activity. This
suggests a toxic effect from excessive Zn consumption by the fish. Excessive Zn
exposure can lead to a decline in SOD and GPx activities due to metal binding and -SH
group interactions on the enzymes. Moreover, the decrease in SOD and GPx activities
may also result from higher ROS consumption following prolonged Zn exposure
(Eyckmans et al., 2011; Wang et al., 2020).

The enzyme superoxide dismutase (SOD) plays an important role in the
disintegration of free radicals by converting them into hydrogen peroxide (H202). Low
SOD activity in stressed fish can lead to the accumulation of reactive oxygen species
(ROS), ultimately resulting in mortality (Phull et al., 2018). Glutathione peroxidase
(GPx) is an intracellular enzyme vital for breaking down hydrogen peroxide (H202) into
water (H20) and lipid peroxides into alcohols, primarily within the mitochondria and
cytosol. This process protects cells from oxidative stress (Ighodaro and Akinloye 2018).
Zinc (Zn) acts as antioxidant agent (Gamoh & Rink, 2017) as it serves as cofactor for
Zn-superoxide dismutase, protecting cells from free radicals (Oteiza, 2012). However,
excessive Zn levels can generate an overproduction of ROS (Wang et al., 2020). The
impact of elevated ROS is inducing oxidative stress and damaging biological molecules,
which leads to lipid peroxidation, DNA adduct formation, and amino acid modifications.
This aligns with the findings of Wang et al. (2020), who reported that the Nile tilapia fed
with Zn-enriched lemna exhibited high Zn?* accumulation, reduced SOD and GPx
activities in the liver, and increased MDA levels, indicative of lipid peroxidation. Lipid
peroxidation can be used as biomarker to measure oxidative stress and indicate oxidative
stress degree within tissues. Increased MDA activity suggests heightened oxidative stress
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due to excessive Zn and significant lipid peroxidation in the liver. Therefore excessive Zn
exposure causes production of ROS because of insufficient antioxidant capacity (Wu et
al., 2014).

Fish have various defense mechanisms to address harmful threats such as pathogen
attacks and stress through their immune system. The activity of respiratory burst (RB) in
phagocytes produces reactive oxygen species (ROS) which are essential for nonspecific
immunity and the antioxidant response (Bu et al., 2019). In this defense process, RB
activity level indicates bactericidal capability of phagocytic cells (Zhang et al., 2021).
Phagocytosis itself serves as an index to measure the body's defense ability against
pathogens, as phagocytic cells attack pathogens using RB activity. Additionally,
lysozyme, an important hydrolytic enzyme for the nonspecific immune system, plays a
key role in fish defense against pathogens. It directly enhances phagocytic activity by
hydrolyzing the mucopolysaccharides in bacterial cell walls (Ragland and Criss 2017).

The results of this study indicate a trend of increased respiratory burst (RB) activity
in treatments with Zn supplementation ranging from 20 to 80mg kg™ of feed. This finding
is consistent with the research conducted by Kishawy et al. (2020) and Inarto et al.
(2023), which found that the Nile tilapia fed with Zn supplementation at a dose of 40mg
kg of feed experienced increased lysozyme and RB activity. Mondal et al. (2020), also
reported RB activity in rohu fish fed with Zn supplementation. Additionally, this study
found an increase in lysozyme activity in treatments with Zn at 40 and 80mg kg™ of feed.

This study demonstrates that pacu fish fed with Zn supplementation at a dose of
40mg kg! exhibited enhanced growth compared to fish not receiving Zn
supplementation. This finding aligns with various studies conducted on the rainbow trout
(Shahpar & Johari, 2019), rohu (Thangapandiyan & Monika, 2020), catfish
(Mahboub et al., 2020), and tilapia (Ghazi et al., 2021). Research over the past decade
has shown that the Zn requirements for different fish species vary (Gajula et al., 2011;
Sauliute et al., 2020; Wei et al., 2020). Fish deficient in Zn intake experience stunted
growth (Song et al., 2017), increased mortality, and cataracts. Conversely, excessive Zn
absorption can inhibit performance of reproduction and growth, as well as utilization of
other minerals, leading to disruptions in various physiological and biochemical processes
and within the body, ultimately resulting in oxidative damage and ion regulation
disturbances (Yu et al., 2021).

CONCLUSION

Organic Zn supplementation through feed enhances growth performance, digestive
enzyme activity, antioxidant response, intestinal villi area, health status, and organ Zn
content in pacu fish. Based on the conducted research, the optimal treatment for pacu
involves Zn supplementation at 40mg kg™.



2646 Amanullah et al., 2025

ACKNOWLEDGEMENTS
The research was financially supported by PT. Aquacell Indo Pasifik.
REFERENCES

Aida, N.; Suharman, I. and Adelina. (2020). Utilization of Moringa oleifera leaf pacu
fingerlings (Colossoma macropomum). J. Akuak. SEBATIN. 1(1), 52 — 62.

Arends, R.J.; Mancera, J.M.; Munoz, J.L.; Wendelaar, B.S.E. and Flik, G. (1999).
The stress response of the gilthead sea bream (Sparus aurata L.) to air exposure
and confinement. J. Endocrinol., 163: 149-157.

Bonaventura, P.; Benedetti, G.; Albarede, F. and Miossec, P. (2015). Zinc and its role
in immunity and inflammation. Autoimmun. Rev., 14: 277-285.

Bu, X.; Lian, X.; Wang, Y.; Luo, C.; Tao, S.; Liao, Y.; Yang, J; Chen, A. and Yang,
Y. (2019). Dietary yeast culture modulates immune response related to TLR2-
MyD88-NF-kf signaling pathway, antioxidant capability and disease resistance
against Aeromonas hydrophila for Ussuri catfish (Pseudobagrus ussuriensis). Fish
Shell. Immunol., 84: 711-718.

Buckley, A. and Turner, J.R. (2018). Cell biology of tight junction barrier regulation
and mucosal disease. Cold Spring Harb. Perspect. Biol., 10(1), 1-16.

Chen, G. H.; Hogstrand, C.; Luo, Z.; Zhang, D. G.; Ling, S. C. and Wu, K. (2017).
Dietary zinc addition influenced zinc and lipid deposition in the fore- and mid-
intestine of juvenile yellow catfish Pelteobagrus fulvidraco. Br. J. Nutr., 118(8),
570-579.

De Grande, A.; Leleu, S.; Delezie, E.; Rapp, C.; De Smet, S.; Goossens, E.;
Haesebrouck, F.; Van Immerseel, F. and Ducatelle, R. (2020). Dietary zinc
source impacts intestinal morphology and oxidative stress in young broilers.
Poultry Science, 99(1), 441-453.

Diao, H.; Yan, J.; Li, S.; Kuang, S.; Wei, X.; Zhou, M.; Zhang, J.; Huang, C.; He, P.
and Tang, W. (2021). Effects of dietary zinc sources on growth performance and
gut health of weaned piglets. Frontiers in Micobiology, 12: 771617.

Eyckmans, M.; Celis, N.; Horemans, N.; Blust, R. and De Boeck, G. (2011). Exposure
to waterborne copper reveals differences in oxidative stress response in three
freshwater fish species. Aquatic Toxicology, 103: 112-120.

Fei, S.; Liu, H.; Li, Y.; Zhu, X.; Han, D.; Yang, Y.; Jin, J.; Sun, M. and Xie, S.
(2022). Zinc supplementation in practical diets for pond-raised hybrid snakehead
(Channa maculate @ x Channa argus &) fingerlings: Effects on performance,
mineral retention and health. Aquaculture Reports, 23: 1-10.

Fischer, A. H.; Jacobson, K. A.; Rose, J. and Zeller, R. (2008). Hematoxylin and eosin
staining of tissue and cell sections. Cold Spring Harbor Protocols, (5).



2647
Organic Zinc Supplementation Improve Growth Perfomance, Digestive Enzyme Activity, and
Antioxidant Response of the Pacu Colossoma macropomum

Fitriadi, R.; Palupi, M.; Dadiono, M. S.; Pertiwi, R. P. C. and Sutanto. (2020).
Technology transfer of artificial insemination fo pacu fish breeding at the Karya
Mulya 2 Fish Farmin Group, Pasir Lor Village. Al-Khidmah. 3: 61-67.

Friedman, 1.S. and Fernandez-Gimenez, A.V. (2023). State of knowledge about
biotechnological uses of digestive enzymes of marine fishery resources: A
worldwide systematic review. Aquaculture and Fisheries, 1-13.

Gajula, S.S.; Chelasani, V.K.; Panda, A.K.; Mantena, V.L. and Savaram, R.R.
(2011). Effect of supplemental inorganic Zn and Mn and their interactions on the
performance of broiler chicken, mineral bioavailability, and immune response.
Biol. Trace Elem. Res., 139:177-187.

Gammoh, N.Z. and Rink, L. (2017). Zinc in infection and inflammation. Nutrients,
9(6), 624.

Gao, S.; Yin, T.J.; Xu, B.B.; Ma, Y. and Hu, M. (2014). Amino acid facilitates
absorption of copper in the Caco-2 cell culture model. Life Sci., 109: 50-56.

Garcia, M.A.; Nelson, W.J. and Chavez N. (2018). Cell-cell junctions organize
structural and signaling networks. Cold Spring Harb. Perspect. Biol., 10(4),
a029181.

Ghazi, S.; Diab, A.M.; Khalafalla, M.M. and Mohammed, R.A. (2021). Synergistic
effects of selenium and zinc oxide nanoparticles on growth performance,
hematobiochemical profile, immune and oxidative stress responses, and intestinal
morphometry of Nile tilapia (Oreochromis niloticus) fed semi-purifies diets, and
effects in tissue mineral composition and antioxidant response. Aquaculture, 439:
53-59.

Halver, J.E. and Hardy, R.W. (2002). Fish Nutrition Third Edition. San Diego, United
State, Academic Press.

Houng-Yung, C.; Yu-Chun, C.; Li-Chi, H. and Meng-Hsien, C. (2014). Dietary zinc
requirements of juvenile grouper, Epinephelus malabaricus. Aquaculture, 432:
360-364.

Ighodaro, O.M. and Akinloye. O.A. (2018). First line defence antioxidants-superoxide
dismutase (SOD), catalase (CAT) and glutathione peroxidase (GPX): their
fundamental role in the entire antioxidant defence grid. Alexandria Journal of
Medicine, 54: 287-193.

Inarto, H.; Ekasari, J.; Jusadi, D.; Nasrullah, H. and Suprayudi, M.A. (2023).
Dietary supplementation of organic Zn improves digestive enzyme activities,
antioxidant response, and growth performance of Nile tilapia, Oreochromis
niloticus. Bogor: Institut Pertanian Bogor MSc Thesis.

Kambe, T.; Tsuji, T.; Hashimoto, A. and Itsumura, N. (2015). The physiological,
biochemical, and molecular roles of zinc transporters in zinc homeostasis and
metabolism. Physiol. Rev., 95: 749-784.



2648 Amanullah et al., 2025

Khan, G.B.; Akhtar, N.; Khan, M.F.; Ullah, Z.; Tabassum, S. and Tedesse, Z.
(2022). Toxicological impact of zinc nano particles on tilapia fish (Oreochromis
mossambicus). Saudi Journal of Biological Sciences, 29: 1221-1226.

Kishawy, A.T.; Roushdy, E.M.; Hassan, F.A.; Mohammed, H.A. and Abdelhakim,
T.M. (2020). Comparing the effect of diet supplementation with different zinc
sources and levels on growth performance, immune response and antioxidant
activity of tilapia, Oreochromis niloticus. Aquaculture Nutrition, 26(6), 1926-1942.

Klinger, D. and Naylor, R. (2012). Searching for solutions in aquaculture: charting a
sustainable course. Annual Review of Environment and Resources, 37: 247-276.

Krall, R.F.; Moutal, A.; Phillips, M.B.; Asraf, H.; Johnson, JW.; Khanna, R;
Hershfinkel, M.; Aizenman, E. and Tzounopoulos, T. (2020). Synaptic zinc
inhibition of NMDA receptors depends on the association of GIuN2A with the zinc
transporter ZnT1. Sci. Adv., 6: eabb1515.

Kumar, N.; Krishnani, K.K. and Singh, N.P. (2017). Effect of zinc on growth
perfomance and cellular metabolic stress of fish exposed to multiple stresses. Fish.
Physiol. Biochem., 46(4).

Liang, X.F.; Cao, C.Y.; Chen, P.; Bharadwaj, A.S.; Wu, X.F.; Gu, X.; Tao, Q. and
Xue, M. (2020). Effects of dietary zinc sources and levels on growth performance,
tissue zinc retention and antioxidant response of juvenile common carp (Cyprinus
carpio var. Jian) fed diets containing phytic acid. Aquacult. Nutr., 26: 410-421.

Liang, Z.; Liu, R.; Zhao, D.; Wang, L.; Sun, M.; Wang, M. and Song, L. (2016).
Ammonia exposure induces oxidative stress, endoplasmic reticulum stress and
apoptosis in hepatopancreas of pacific white shrimp (Litopenaeus vannamei). Fish
and Shellfish Immunology, 54: 523-528.

Ling, S.C.; Zhuo, M.Q.; Zhang, D.G.; Cui, H.Y. and Luo, Z. (2020). Nano-Zn
increased Zn accumulation and triglyceride content by up-regulating lipogenesis in
freshwater teleost, yellow catfish Pelteobagrus fulvidraco. Int. J. Mol. Sci., 21:
1615.

Lonnerdal, B. (2000). Dietary factors influencing zinc absorption. J. Nutr., 130: 1378S—
1383S.

Malekpouri, P.; Moshtaghie, A.A.; Kazemian, M. and Soltani, M. (2011). Protective
effect of zinc on related parameters to bone metabolism in common carp fish
(Cyprinus carpio L.) intoxified with cadmium. Fish. Physiol. Biochem., 37: 187-
196.

Meiler, K.A.; Cleveland, B.; Radler, L. and Kumar, V. (2021). Oxidative stress-
related gene expression in diploid and triploid rainbow trout (Oncorhynchus
mykiss) fed diets with organic and inorganic zinc. Aquaculture, 533: 1-8.

Meiler, K.A. and Kumar, V. (2021). Organic and inorganic zinc in the diet of a
commercial strain of diploid and triploid rainbow trout (Oncorhynchus mykiss):
effect on perfomance and mineral retention. Aquaculture, 545: 1-13.



2649
Organic Zinc Supplementation Improve Growth Perfomance, Digestive Enzyme Activity, and
Antioxidant Response of the Pacu Colossoma macropomum

Mishra, V.; Shah, C.; Mokashe, N.; Chavan, R.; Yadav, H. and Prajapati, J. (2015).
Probiotics as potential antioxidants: a systematic review. Journal of Agriculture
Food Chemistry, 63(14), 3615-3626.

Mohammady, E.Y.; Soaudy, M.R.; Abdel-Rahman, A.; Abdel-Tawwab, M. and
Hassaan, M. S. (2021). Comparative effects of dietary zinc forms on performance,
immunity, and oxidative stress-related gene expression in Nile tilapia, Oreochromis
niloticus. Aquaculture, 532: 736006—736017.

Mondal, A.H.; Behera, T.; Swain, P.; Das, R.; Sahoo, S.N.; Mishra, S.S.; Das, J. and
Ghosh, K. (2020). Nano zinc vis-a-vis inorganic Zinc as feed additives: Effects on
growth, activity of hepatic enzymes and non-specific immunity in rohu, Labeo
rohita (Hamilton) fingerlings. Aquaculture Nutrition, 26(4), 1211-1222.

Muralisankar, T.; Bhavan, P.S.; Radhakrishnan, S.; Seenivasan, C.; Srinivasan, V.
and Santhanam, P. (2015). Effects of dietary zinc on the growth, digestive enzyme
activities, muscle biochemical compositions, and antioxidant status of the giant
freshwater prawn Macrobrachium rosenbergii. Aquaculture, 448: 98-104.

Nagamatsu, S.; Nishito, Y.; Yuasa, H.; Yamamoto, N.; Komori, T.; Suzuki, T.;
Yasui, H. and Kambe, T. (2022). Sophisticated expression responses of ZNT1 and
MT in response to changes in the expression of ZIPs. Sci. Rep., 12: 7334.

Nishito, Y. and Kambe, T. (2019). Zinc transporter 1 (ZNT1) expression on the cell
surface is elaborately controlled by cellular zinc levels. J. Biol. Chem., 294: 15686
15697.

Oktaviana, A. (2018). Penambahan zinc pada pakan terhadap peningkatan sistem imun
udang vaname (Litopenaeus vannamei). Journal of Aquaculture Science, 3(2), 154—
161

Oteiza, P.l. (2012). Zinc and the modulation of redox homeostasis. Free Radic. Biol.
Med., 53: 1748-1759.

Phull, A.R.; Nasir, B.; Haqg, I1.U. and Kim, S.J. (2018). Oxidative stress, consequences
and ROS mediated cellular signaling in rheumatoid arthritis. Chem. Biol. Interact.,
281:121-36.

Ragland, S.A. and Criss, A.K. (2017). From bacterial killing to immune modulation:
recent insights into the functions of lysozyme. PLoS Pathog., 13.e1006512.

Sauer, A.K.; Pfaender, S.; Hagmeyer, S.; Tarana, L.; Mattes, A.K.; Briel, F.; Kury,
S.; Boeckers, T.M. and Grabrucker, A.M. (2017). Characterization of zinc amino
acid complexes for zinc delivery in vitro using Caco-2 cells and enterocytes from
hiPSC. Biometals, 30: 643-661.

Sauliute, G.; Markuckas, A. and Stankeviciute, M. (2020). Response patternds of
biomarkers in omnivorous and carnivorous fish species exposed to multicomponent
metal (Cd, Cr, Cu, Ni, Pb and Zn) mixture. Part I11. Ecotoxicol., 29: 258-274.



2650 Amanullah et al., 2025

Schieber, M. and Chande, N.S. (2014). ROS function in redox signaling and oxidative
stress. Curr. Biol., 24(10), 453-452.

Setiawati, M.; Azwar, N.R.; Mokoginta, I. and Affandi, R. (2007). Dietary zinc
requirement of young giant gouramy (Osphronemus gourami, Lac.). Jurnal
Akuakultur Indonesia, 6(2), 161-1609.

Shahpar, Z. and Johari, S.A. (2019). Effects of dietary organic, inorganic, and
nanoparticulate zinc on rainbow trout, Oncorynchus mykiss larvae. Biol. Trace.
Elem. Res., 190: 535-540.

Solovyev, M.; Kashinskaya, E. and Gisbert, E. (2023). A meta-analysis for assessing
the contributions of trypsin and chymotrypsin as the two major endoproteases in
protein hydrolysis in fish intestine. Comparative Biochemistry and Physiology Part
A: Molecular & Integrative Physiology, 278: 1-36.

Song, Z.X.; Jiang, W.D.; Liu, Y.; Wu, P.; Jiang, J.; Zhou, X. Q.; Kuang, S. Y.;
Tang, L.; Tang, W.N. and Zhang, Y.A. (2017). Dietary zinc deficiency reduced
growth performance, intestinal immune and physical barrier functions related to
NF-RB, TOR, Nrf2, JNK and MLCK signalling pathway of young grass carp
(Cteropharyngodon Idella). Fish and Shellfish Immunology, 66: 497-523.

Star, L.; Van der Klis, J.D.; Rapp, C. and Ward, T.L. (2012). Bioavailability of
organic and inorganic zinc sources in male broilers. Poult. Sci., 91: 3115-3120.
Swiatkiewicz, S.; Arczewska-WIlosek, A. and Jozefiak, D. (2014). The efficacy of
organic minerals in poultry nutrition: review and im plications of recent studies.

World Poult. Sci., J. 70: 475-485.

Syahidah, D.; Mastuti, I.; Mudeng, C.C. and Mahardika, K. (2019). Grouper
(Ephinephelus  Fuscoguttatus-Lanceolatus)  behaviour  response  during
anesthesia. Prosiding: Konferensi Nasional Matematika dan IPA Universitas PGRI
Banyuwangi, 1: 115 - 121.

Thangapandiyan, S. and Monika, S. (2020). Green synthesized zinc oxide
nanoparticles as feed additives to improve growth, biochemical, and hematological
parameters in freshwater fish Labeo rohita. Biol. Trace Elem. Res., 195: 636-647.

Titford, M. (2009). Progress in the development of microscopical techniques for
diagnostic pathology. Journal of histotechnology, 32(1): 9 — 19.

Wang, J.; Xiao, J.; Zhang, J.; Chen, H.; Li, D.; Li, L.; Cao, J.; Xie, L. and Luo, Y.
(2020). Effects of dietary Cu dan Zn on the accumulation, oxidative stress and the
expressions of immune-related genes in the livers of Nile tilapia (Oreochromis
niloticus). Fish and Shellfish Immunology, 100: 198-207.

Wardani, W.W.; Alimuddin, A.; Junior, M.Z.; Setiawati, M.; Nuryati, S. and
Suprayudi, M.A. (2021). Growth performance, robustness against stress, serum
insulin, IGF-1 and GLUT4 gene expression of red tilapia (Oreochromis sp.) fed diet
containing graded levels of creatine. Aquaculture Nutrition, 27(1), 274-286.


https://www.sciencedirect.com/journal/comparative-biochemistry-and-physiology-part-a-molecular-and-integrative-physiology
https://www.sciencedirect.com/journal/comparative-biochemistry-and-physiology-part-a-molecular-and-integrative-physiology

2651
Organic Zinc Supplementation Improve Growth Perfomance, Digestive Enzyme Activity, and
Antioxidant Response of the Pacu Colossoma macropomum

Wei, X.; Tsai, T.; Knapp, J.; Bottoms, K.; Deng, F.; Story, R.; Maxwell, C. and
Zhao, J. (2020). ZnO modulates swine gut microbiota and improves growth
performance of nursery pigs when combined with peptide cocktail.
Microorganisms, 8: 146.

Wu, Y.P.; Feng, L.; Jiang, W.D.; Liu, Y.; Jiang, J.; Li, S.H.; Tang, L.; Kuang, S.
and Zhou, X.Q. (2014). Influence of dietary zinc on muscle compotition, flesh
quality and muscle antioxidant status of young grass carp (Ctenopharyngodon
Idella Val.). Aquaculture Research, 46: 2360-2373.

Woulandari, R. (2017). The effect of probiotic treatment to leukocyte respiratory burst
activity in nile tilapia’s blood (Oreocrhomis niloticus). Intek Akuakultur, 1(1), 71—
76.

Xu, J.J.; Jia, B.Y.; Zhao, T.; Tan, X.Y.; Zhang, D.G.; Song, C.C.; Song, Y.F.; Ester,
Z. and Luo, Z. (2023). Influences of five dietary manganese sources on growth,
feed utilization, lipid metabolism, antioxidant capacity, inflammatory response and
endoplasmic reticulum stress in yellow catfish intestine. Aquaculture, 566: 739190.

Xu, Y.C.; Zheng, H.; Guo, J.C.; Tan, X.Y.; Zhao, T.; Song, Y.F.; Wei, X.L. and Luo,
Z. (2023). Effects of dietary zinc (Zn) sources on growth performance, Zn
metabolism, and intestinal health of grass carp. Antioxidants, 12:1-16.

Yang. J.; Wang, T.; Lin, G.; Li, M.; Zhang, Y. and Mai, K. (2022). The assessment of
dietary organic zinc on zinc homeostasis, antioxidant capacity, immune response,
glycolysis, and intestinal microbiota in white shrimp (Litopenaeus vannamei
Boone, 1931). Antioxidants, 11(8), 1-20.

Yu, H.R.; Li, L.Y.; Shan, L.L.; Gao, J.; Ma, C.Y. and Li, X. (2021). Effect of
supplemental dietary zinc on the growth, body composition and anti-oxidant
enzymes of coho salmon (Oncorhynchus kisutch) alevins. Aquaculture Reports, 20:
1-7.

Zafar, N. and Khan, M.A. (2024). Effect of dietary zinc on growth, haematological
indices, digestive enzyme activity, tissue mineralization, antioxidant and immune
status of fingerling Heteropneustes fossilis. Biological Trace Element Research,
(202), 1249-1263.

Zhang, R.; Jiang, Y.; Liu, W. and Zhou, Y. (2021). Evaluation of zinc-bearing
palygorskite effects on the growth, immunity, antioxidant capability, and resistance
to transport stress in blunt snout bream (Megalobrama amblycephala).
Aquaculture, 532: 735963.

Zhao, C.Y.; Tan, S.X.; Xiao, X.Y.; Qiu, X.S.; Pan, J.Q. and Tang, Z. X. (2014).
Effects of dietary zinc oxide nanoparticles on growth performance and
antioxidative status in broilers. Biological Trace Element Research, 160(3), 361
367.



2652 Amanullah et al., 2025

Zhao, Z.X.; Song, C.Y.; Xie, J.; Ge, X.P.; Liu, B.; Xia, S.L.; Yang, S.; Wang, Q. and
Zhu, S.H. (2016). Effects of fish meal replacement by soybean peptide on growth
performance, digestive enzyme activities, and immune responses of yellow catfish
Pelteobagrus fulvidraco. Fisheries science, 82: 665-673.



