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of final weight, weight gain %, specific growth rate, 
and feed intake. Compared with the control group, 
serum amylase, lipase, and proteases activities of 
Nile tilapia significantly (P < 0.05) increased along-
side the increase in dietary levels of C-NPs in a dose-
dependent manner. The counts of red blood cells and 
white blood cells as well as hemoglobin and hemato-
crit levels of Nile tilapia fed with 30–60 mg C-NPs/
kg diet were statistically (P < 0.05) higher than fish 
in the control group with no significant differences 

Abstract  The current study investigated the effects 
of dietary curcumin nanoparticles (C-NPs) on the 
performance, hemato-biochemical profile, digestive 
enzymes activities, antioxidant status, humoral immu-
nity, and liver and intestinal histology of Nile tilapia 
(Oreochromis niloticus). Fish (4.3 ± 0.5 g) were fed 
with diets enriched with 0.0 (control), 15, 30, 45, and 
60 mg C-NPs/kg diet up to apparent satiety thrice a 
day for 60 days. The growth-stimulating effects of 
dietary C-NPs were significantly observed in terms 
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among them (P > 0.05). Moreover, lymphocytes and 
monocytes significantly (P > 0.05) increased; mean-
while neutrophils significantly (P > 0.05) decreased 
as C-NPs levels in diets increased. In a similar trend, 
antioxidant (malondialdehyde, superoxide dismutase, 
catalase, and glutathione peroxidase) and humoral 
immunity (lysozyme and total immunoglobulin) bio-
markers were significantly higher in C-NPs-fed fish. 
Liver histology showed improvements in the cell 
architecture of fish fed with C-NPs containing diets 
up to 45 mg/kg diet. Compared with the control diet, 
feeding Nile tilapia with C-NPs diets resulted in a 
higher villi length/width and absorption area. Accord-
ing to the regression curves, the current study recom-
mends using the dietary C-NP with optimum values 
of 45–55 mg/kg diet to improve the performance, 
digestive enzymes, antioxidant activities, and immu-
nity response of Nile tilapia.
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Introduction

The most farmed fish in Egypt is Nile tilapia (Oreo-
chromis niloticus), and it accounts for 51.7% of fish 
farming and with 357,639 tons produced in 2017; 
thus, Egypt ranked first tilapia producer in Africa and 
the third largest producer in the world (FAO 2018). 
Nile tilapia is omnivorous, accepts artificial feeding 
in intensive production systems, and exhibits rapid 
growth with high market value (El-Sayed 2019). Cur-
rently, the aquaculture industry is enhanced by opti-
mizing the use of phytogenic natural compounds, 
which have been widely applied in aquafeeds to 
enhance the performance, antioxidant activity, and 
innate immunity of several fish species (Dawood et al. 
2018; Dawood et al. 2020; Alagawany et al. 2021).

Turmeric (Curcuma longa L.), an important medici-
nal plant is a tropical, perennial, and rhizomatous 
herb belonging to Zingiberaceae family (Prasad et  al. 
2014). Curcumin is a hydrophobic and polyphenolic 
compound and one of the main active compounds of 
turmeric extract, which serves as a spice and dye in 
food preparation (Moghadamtousi et  al. 2014; Hewl-
ings and Kalman 2017). Furthermore, dietary tur-
meric or curcumin shows antimicrobial, antioxidant, 

anti-inflammatory, immune-modulatory, appetite-
increasing, and gastro-protective effects on fish health 
(Sahu et al. 2008; Mahfouz 2015; Abdel-Tawwab and 
Abbass 2017; Abdelkhalek et  al. 2021; Alagawany 
et  al. 2021). Enis Yonar et  al. (2019) reported that 
dietary curcumin substantially enhanced the growth 
and feed utilization of rainbow trout (Oncorhynchus 
mykiss). In addition, Mahmoud et  al. (2017) reported 
that dietary curcumin significantly improved the growth 
indices and the protein efficiency ratio in Nile tilapia. 
Similarly, crucian carp (Carassius auratus) fed with 
dietary curcumin displayed enhanced growth indices 
and feed utilization (Jiang et al. 2016). Mohamed et al. 
(2020) detected that dietary fortification with curcumin 
quadratically improved growth indices and feed utiliza-
tion of Nile tilapia.

With all benefits of curcumin, there are certain 
limitations to its utilization such as low water solubil-
ity, unstable chemical structure, rapid metabolism, and 
poor absorption in the body (Siviero et al. 2015; Hewl-
ings and Kalman 2017). Curcumin in nanoparticle form 
exhibits better dispersion in aqueous media and better 
absorption than traditional bulk curcumin (Kurita and 
Makino 2013; Hani and Shivakumar 2014; Ghalandar-
laki et al. 2014; Moniruzzaman and Min 2020). Numer-
ous studies proved the positive effects of nano-sized 
feed additives to improve the performance and welfare 
status of several fish species (Korni and Khalil 2017; 
Abdel-Tawwab et al. 2018a; Abdel-Tawwab et al. 2019; 
Younus et  al. 2020; Moghadam et  al. 2021; Abdel-
Tawwab et  al. 2021). The nano-sized materials have 
ability to remain in the blood stream for long period 
hence enhance their bioavailability (Nair et  al. 2016). 
It is hypothesized that dietary curcumin nanoparticles 
(C-NPs) can promote the fish performance and wel-
fare status. Therefore, the current study investigated 
the effects of dietary supplementation of C-NPs on the 
performance, hemato-biochemical parameters, diges-
tive enzymes activity, antioxidant status, and humoral 
immunity of Nile tilapia. Hepatic histology and intesti-
nal histomorphometry were also investigated.

Materials and methods

C‑NPs preparation

A syringe pump containing antisolvent was used to 
prepared C-NPs in accordance with the method of 
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Kakran et  al. (2012) with slight modifications using 
dichloromethane as an organic solvent (Carvalho 
et al. 2015). The original curcumin solution was pre-
pared in dichloromethane (5 mg/mL), filled into the 
20-mL syringe, and injected (10 mL/min) into the 
deionized water (antisolvent) at ratio of 1:12 under 
magnetic stirring (1000 × g) for 2 h. The formed NPs 
were filtered and vacuum dried. The C-NP dimension 
was determined using a Zeta sizer (Malvern Instru-
ments, Zeta sizer nano series Nano-s, UK). The mean 
diameter of the particles was 82.7 ± 11.1 nm.

Experimental diets and fish rearing

All ingredients and proximate chemical composition 
of a control diet containing 30% crude protein (CP) 
were shown in Table 1. The control diet was enriched 
with C-NPs at levels of 0.0 (control), 15, 30, 45, and 
60 mg/kg diet. Then, the C-NPs were suspended in 
100-mL distilled water and added to diets ingredients 
by uniform spraying, mixed well for 30 min, and pel-
leted (1–2 mm diameter). The prepared diets were 
stored in plastic bags at −4°C for further use.

Nile tilapia fingerlings (4.5 ± 0.5 g) were obtained 
from the nursery ponds of Central Laboratory of 
Aquaculture Research, Abbassa, Abo-Hammad, 
Egypt, and stocked in a 3-m3 fiberglass tank for 2 
weeks to be acclimated to indoor laboratory condi-
tions. During this period, the fish were fed with the 
control diet (30% CP) up to apparent satiety thrice a 
day. After that, the fish were randomly allocated to 
fifteen 100-L tanks at a density of 20 fish per tank; 
tanks were equipped with compressed air through 
air stones using air pumps. The fish were acclimated 
once again to tanks’ conditions for other 2 weeks dur-
ing which fish were fed with the control diet (30% 
CP) up to apparent satiety thrice a day. After the 
acclimation period, the tanks were assigned for five 
treatments in triplicates, and the fish were fed with 
the experimental diets up to apparent satiety thrice a 
day at 9:00 h with 4 h intervals for 60 days. Through-
out the acclimation period and the experimental 
period, a half of the water in each tank was siphoned 
daily along with fish feces and replaced with new 
well-aerated water from a storage tank. Throughout 
the acclimation period and the experimental period, 
the light was kept at 12 h:12 h light-and-dark cycle 
using fluorescent light tubes.

The water temperature, dissolved oxygen, and pH 
degree were measured twice daily on site using an 
automatic probe (Hanna HI-9147), and their ranges 
were 27.2–29.8°C, 6.1–6.9 mg/L, 7.98–8.39, respec-
tively. The un-ionized ammonia (0.011–0.21 mg/L) 
was measured using HACH kits (HACH Co., Love-
land, CO, USA). All these parameters were within 
the optimal ranges for fish culture (Boyd and Tucker 
2012).

At the end of the experiment, fish were collected 
from each tank, counted, and group-weighed. Fish 
growth parameters and feed utilization indices were 
calculated using the following equations:

where W2 is the final weight (g), W1 is the initial 
weight (g), and T is the trial period (day).

Weight gain (WG)% = 100
(

W2–W1

)

∕W1;

Specific growth rate (SGR;%∕day) = 100
[

Ln W2 (g)–Ln W1 (g)
]

∕T;

Table 1   Ingredients and approximate chemical composition 
(% on dry matter basis) of the control diet

1 Vitamin premix (per kg of premix): thiamine, 2.5 g; ribofla-
vin, 2.5 g; pyridoxine, 2.0 g; inositol, 100.0 g; biotin, 0.3 g; 
pantothenic acid, 100.0 g; folic acid, 0.75 g; para-aminoben-
zoic acid, 2.5 g; choline, 200.0 g; nicotinic acid, 10.0 g; cyano-
cobalamine, 0.005 g; a-tocopherol acetate, 20.1 g; menadione, 
2.0 g; retinol palmitate, 100,000 IU; cholecalciferol, 500,000 
IU
2 Mineral premix (g/kg of premix): CaHPO4.2H2O, 727.2; 
MgCO4.7H2O, 127.5; KCl 50.0; NaCl, 60.0; FeC6H5O7.3H2O, 
25.0; ZnCO3, 5.5; MnCl2.4H2O, 2.5; Cu(OAc)2.H2O, 0.785; 
CoCl3.6H2O, 0.477; CaIO3.6H2O, 0.295; CrCl3.6H2O, 0.128; 
AlCl3.6H2O, 0.54; Na2SeO3, 0.03

Ingredient % Chemical composition %

Fish meal (72% CP) 11 Dry matter 91.5
Soybean meal (45% CP) 36 Crude protein 31.3
Wheat bran 20 Ether extract 6.1
Yellow corn 6 Total ash 7.3
Rice bran 20 Crude fiber 6.6
Fish oil 1.5
Soybean oil 1.5
Dicalcium phosphate 1
Vitamins mixture1 1
Minerals mixture2 1
Carboxymethyl cellulose 1
Total 100
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Feed conversion ratio (FCR) = feed intake/WG; 
fish survival (%) = 100 (fish number at the end 
of the experiment/fish number at the start of the 
experiment).

Tissues and blood sampling

After the feeding experiment, fish in all tanks were 
starved for 24 h immediately before blood sampling. 
Five fish from each tank (n = 15 fish per treatment) 
were anesthetized with sodium bicarbonate-buff-
ered tricaine methane sulfonate (30 mg/L, MS222; 
Sigma-Aldrich, USA). Blood samples were with-
drawn from the caudal vessels of the five fish of each 
tank and pooled together. Afterward, blood samples 
were divided into two sections; the first section was 
performed on the same time using sodium citrate as 
an anticoagulant for determining the hematological 
parameters. In the second one, the collected blood 
samples were allowed to coagulate at room tempera-
ture in clean dry centrifuge tubes and then centrifuged 
for 15 min at 5000 × g at room temperature to obtain 
sera, which were stored at −20°C for further bio-
chemical assays. After blood sampling, the fish were 
dissected, and samples of the liver and mid-intestine 
were removed and fixed in 10% neutral formalin for 
histological examinations.

Hematological parameters

White blood cells (WBCs) and red blood cells 
(RBCs) were counted by a hemocytometer in accord-
ance with Brown (1980). The levels of hemoglobin 
(Hb) and hematocrit (Ht) were calculated using the 
cyanmethemoglobin method defined by van Kampen 
and Zijlstra (1961) and Brown (1980), respectively. 
Furthermore, lymphocytes, neutrophils, and mono-
cytes were counted using an Olympus oil-immersion 
light microscope with ×1000 magnification.

Biochemical assays

The blood glucose was evaluated using the methods 
of Trinder (1969). Serum cholesterol and triglycer-
ides were determined using the methods of Allain 
et al. (1974) and Fossati and Prencipe (1982), respec-
tively. Serum total protein (TP) and albumin (ALB) 
were determined using the methods described by 
Henry (1964) and Doumas et al. (1971), respectively. 

Serum globulin (GLO) was determined by subtract-
ing the value of ALB from the TP value. Serum ala-
nine (ALT) and aspartate aminotransferase (AST) 
activities were evaluated using commercial kits (Bio-
diagnostic Co., Giza, Egypt) and in accordance with 
Reitman and Frankel (1957). Alkaline phosphatase 
(ALP) activity was determined following Belfield and 
Goldberg (1971).

Digestive enzymes activities

The activities of digestive enzymes in fish sera were 
determined using fish-specific diagnostic reagent kits 
(Cusabio Biotech Co. Ltd., Wuhan, Hubei, China) 
following the manufacturer’s guidelines. Serum amyl-
ase, lipase, and protease activities were evaluated fol-
lowing the methods of Bernfeld (1955), Shihabi and 
Bishop (1971), and Ross et al. (2000), respectively.

Antioxidant and immunity biomarkers

Diagnostic reagent kits (Biodiagnostic Co., Giza, 
Egypt) were used to measured antioxidant biomark-
ers. Malondialdehyde (MDA) content as an indicator 
to lipid peroxidation was determined in accordance 
with Ohkawa et  al. (1979). The activities of super-
oxide dismutase (SOD), catalase (CAT), and glu-
tathione peroxidase (GPx) were measured following 
the methods of McCord and Fridovich (1969), Aebi 
(1984), and Paglia and Valentine (1967), respectively.

Serum lysozyme (LYZ) was evaluated following 
the turbidimetric method using Micrococcus luteus as 
the target in phosphate buffer (pH = 6.2) according 
to Ellis (1990). According to Siwicki and Anderson 
(1993), total immunoglobulin (total Ig) was measured 
after polyethylene glycol precipitation of total Ig and 
the subtraction of initial and final TP.

Hepatic histology and intestinal histomorphometry

Liver and intestinal specimens were fixed in 10% 
neutral formalin, dehydrated in ethanol, cleared in 
xylene, embedded in paraffin blocks, and divided into 
several 5-μm sections. The prepared tissue sections 
were then stained with hematoxylin and eosin (H&E) 
to evaluate the histological characteristics (Bancroft 
and Gamble 2013). Ten microscopic fields of five 
slides with sections obtained from five different fish 
in each group were examined.

Fish Physiol Biochem (2022) 48:585–601588
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The intestinal histomorphometry was estimated 
in 15 intestinal villi per sample in the mid intestinal 
part. The effects of dietary C-NPs on the intestinal 
histomorphometry were evaluated as follows: (a) vil-
lus height (from tip to base), (b) villus width at the 
tip, (c) villus width at the crypt/villus junction, and 
(d) thickness of the tunica muscularis layer. The com-
puterized quantitative analytics were accomplished 
on the photomicrographs obtained by a digital camera 
attached to a bright-field microscope (Nikon, Tokyo, 
Japan) (Abdel-Tawwab et al. 2021).

Statistical analysis

The data obtained were subjected to one-way analy-
sis of variance to evaluate the effects of dietary sup-
plementation of C-NPs. Differences between means 
were tested at 5% probability level using Duncan’s 
test as a post hoc test. The optimum levels of C-NPs 
for growth indices and digestive enzymes were deter-
mined using polynomial regression analysis (Yossa 
and Verdegem 2015). All the statistical analyses were 
conducted via SPSS program version 20 (SPSS, Rich-
mond, VA, USA) according to Dytham (2011).

Results

Growth indices and digestive enzymes activities

The dietary C-NPs showed positive effects on fish 
performance in a dose-dependent manner (P < 0.05; 
Table  2). Compared with the control group, the 

fish fed with C-NPs diets showed significant (P < 
0.05) enhancements of growth indices, expressed 
as final weight, WG %, and SGR, and their highest 
values were observed with treatments of 45 and 60 
mg/kg diet. Moreover, fish fed with C-NPs-supple-
mented diets consumed more feed than those fed 
with the control diet. The maximum feed intake was 
observed with fish fed with 45 and 60 mg C-NPs/kg 
diet (17.2 and 17.6 g feed/fish), whereas those fed 
with the control diet consumed lowest feed amount 
(10.0 g feed/fish). FCR values were not signifi-
cantly (P > 0.05) affected by the dietary inclusion 
of C-NPs in fish diets and ranged from 1.48 to 1.51. 
The second-order polynomial regression between 
dietary C-NPs levels and final fish weight (g), SGR 
(%/day), WG %, or feed intake (g feed/fish) showed 
that the optimal level of dietary C-NPs for Nile 
tilapia was between 50 and 55 mg/kg diet (Fig. 1). 
Throughout the experimental period, the fish in all 
groups were in good health status, as observed from 
their general activity, and no mortality (P > 0.05) 
was observed among different treatments (Table 2). 
These results suggest that dietary C-NPs have no 
toxic effects on fish health.

Feeding the fish with C-NPs diets significantly 
(P < 0.05) enhanced the activities of serum amyl-
ase, lipase, and proteases, and their lowest activi-
ties were observed in the control group (Table  3). 
The second-order polynomial regression between 
activities of these enzymes and dietary levels of 
C-NPs (Fig.  2) showed that the optimum level of 
dietary C-NPs suitable for the secretion of digestive 
enzymes was 45–50 mg/kg diet.

Table 2   Growth performance and feed utilization of Nile tilapia (O. niloticus) fed diets with supplemented with various levels of 
curcumin nanoparticles (C-NPs) for 60 days (n = 3)

Means having different letters in the same row are significantly different at P < 0.05 (Duncan test)

C-NPs levels (mg/kg diet) P value

0.0 (control) 15 30 45 60

Initial weight (g) 4.1 ± 0.03 4.2 ± 0.07 4.2 ± 0.07 4.1 ± 0.09 4.3 ± 0.03 0.655
Final weight (g) 18.7 ± 0.38 d 25.2 ± 0.54 c 27.0 ± 0.25 b 29.7 ± 1.28 ab 30.4 ± 1.29 a <0.001
Weight gain % 354.0 ± 8.45 d 496.1 ± 10.25 c 543.3 ± 14.61 b 618.8 ± 17.17 a 635.1 ± 25.33 a <0.001
SGR (%/day) 2.52 ± 0.031 d 2.98 ± 0.029 c 3.10 ± 0.038 b 3.29 ± 0.039 a 3.32 ± 0.057 a <0.001
Feed intake (g feed/fish) 10.0 ± 0.58 c 14.4 ± 0.46 b 15.1 ± 0.73 b 17.2 ± 0.45 a 17.6 ± 0.64 a 0.001
Feed conversion ratio 1.48 ± 0.12 1.49 ± 0.15 1.51 ± 0.03 1.49 ± 0.05 1.49 ± 0.02 1.00
Fish survival (%) 100.0 ± 0.00 100.0 ± 0.00 100.0 ± 0.00 100.0 ± 0.00 100.0 ± 0.00 -
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Hematological parameters

Table 4 shows the effects of different levels of dietary 
C-NPs on the hematological parameters. The WBCs 
and RBCs counts, Hb concentration, and Ht level 
of the fish fed with 30–60 mg C-NPs/kg diet were 

statistically (P < 0.05) higher than those of the control 
group; however, their levels were approximately (P > 
0.05) similar. Moreover, lymphocytes % and mono-
cytes % significantly (P > 0.05) increased; meanwhile 
neutrophils % significantly (P > 0.05) decreased as 
C-NPs levels in diets increased (Table 4).
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Fig. 1   Relationship between various levels of curcumin nanoparticles (C-NPs) and final fish weight (g), SGR (%/day), weight gain 
%, and feed intake (g feed/fish) of Nile tilapia (O. niloticus)
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Biochemical parameters

The levels of blood glucose, total cholesterol, and tri-
glyceride of C-NPs-fed fish were significantly (P < 
0.05) lower than the control group, and their lowest 
levels were recorded in the fish fed with 30–60 mg 
C-NPs/kg diet (Table 5). On the other hand, TP, ALB, 
and GLO in serum of C-NPs-fed Nile tilapia were 
significantly (P < 0.05) higher than those of the con-
trol group, and their highest levels were recorded in 
the fish fed with 45 and 60 mg C-NPs/kg diet with no 
significant deference between them (Table 5). Serum 
AST, ALT, and ALP activities were not significantly 
affected by the dietary C-NPs (Table 5). These results 
suggest that the fish were not stressed.

Antioxidant and immunity biomarkers

Table 6 shows the effects of different levels of C-NPs 
in diets on the antioxidant status and immunity 
response of Nile tilapia. At the end of the feeding 
trial, the C-NPs-fed fish showed significantly (P < 
0.05) lower MDA levels than the control group, and 
the lowest MDA levels were significantly (P < 0.05) 
observed in fish fed with 45–60 mg/kg diet with no 
significant difference between them. On the other 
hand, the fish fed with C-NPs diets for 60 days had 
significantly (P < 0.05) higher SOD, CAT, and GPx 
activities than those fed with the control diet, and 
their highest (P < 0.05) activities were recorded at 45 
and 60 mg C-NPs/kg diet with no significant differ-
ence between them (P > 0.05). Furthermore, feeding 
the fish with C-NP-containing diets significantly (P 
< 0.05) stimulated the LYZ activity and total Ig level 
over than the control group (Table 6). These immu-
nological parameters of fish fed with 45 and 60 mg 
C-NPs/kg diet were the highest with no significant (P 
> 0.05) difference between them.

Liver histology and intestinal histomorphometry

The liver of the control and C-NPs-fed fish in the pre-
sent study exhibited a normal structure, and no patho-
logical abnormalities were observed. The liver of the 
control fish consisted of compactly arranged hepato-
cytes, several blood capillaries, and hepatopancreas 
(Fig.  3). Marked improvements in hepatopancreatic 
structure were observed with the increase in levels 
of dietary C-NPs up to 45 mg/kg diet after which 
(60 mg C-NPs/kg diet) fat drops were found (Fig. 3). 
On the other hand, the mucosa and submucosa of 
the mid-intestine of Nile tilapia in the control group 
and in fish group fed with C-NPs diets had a normal 
histomorphology (Fig. 4). Significant increases in the 
density, length, and branching of intestinal villi were 
illustrated in all C-NP-fed fish groups compared with 
the control diet group. The intra-epithelial lympho-
cytes showed noticeable increases in the C-NP-sup-
plemented groups alongside the presence of lympho-
cytic aggregations in the propria submucosa of fish 
fed with 45 and 60 mg C-NPs/kg diet (Fig. 4). More-
over, significant improvements (P <0.05) in villus 
height/width (at the tip and crypt/villus junction) and 
absorption area were observed in fish groups fed with 
C-NPs diets in a dose-dependent manner (Table  7). 
Interestingly, the muscular thickness of the mid intes-
tine of Nile tilapia significantly increased as the levels 
of C-NPs increased up to 30–60 mg/kg diet with no 
significant difference among them (Table 7).

Discussion

Growth performance and digestive enzymes

The present study revealed that dietary C-NPs sig-
nificantly enhanced the growth performance of Nile 

Table 3   Activities of serum amylase, lipase, and protease of Nile tilapia (O. niloticus) fed with diets supplemented with various lev-
els of curcumin nanoparticles (C-NPs) for 60 days (n = 3)

Means having different letters in the same row are significantly different at P < 0.05

C-NPs levels (mg/kg diet) P value

0.0 (control) 15 30 45 60

Amylase (IU/L) 13.6 ± 0.99 d 16.4 ± 0.83 c 18.8 ± 1.25 b 21.4 ± 1.16 ab 22.7 ± 1.58 a 0.006
Lipase (IU/L) 21.7 ± 1.21 c 25.4 ± 0.99 b 31.5 ± 0.57 a 33.7 ± 1.56 a 34.1 ± 0.72 a <0.001
Protease (IU/L) 19.6 ± 0.38 d 24.6 ± 0.65 c 26.1 ± 0.67 b 28.7 ± 0.57 a 29.4 ± 1.26 a <0.001
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tilapia with optimum levels of 45–55 mg/kg diet. 
These results may be attributed to the significant 
enhancements of intestinal morphometry, leading to 
the enlarged gut surface area with increasing the villi 
width/height and subsequently improved the nutri-
ent absorption. Additionally, dietary C-NPs may 

increase the feed palatability, leading to increased 
feed intake, as observed in the present study. The 
same growth stimulating effects were previously 
reported by dietary supplementation of curcumin 
in crucian carp (Jiang et  al. 2016), rainbow trout 
(Akdemir et al. 2017; Enis Yonar et al. 2019), grass 
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Fig. 2   Relationship between various levels of curcumin nanoparticles (C-NPs) and serum amylase, lipase, and protease activities of 
Nile tilapia (O. niloticus)
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Table 4   Hematological parameters of Nile tilapia (O. niloticus) fed diets supplemented with various levels of curcumin nanoparti-
cles (C-NPs) for 60 days (n = 3)

RBCs Red blood cells; WBCs white blood cells
Means having different letters in the same row are significantly different at P < 0.05

C-NPs levels (mg/kg diet) P value

0.0 (control) 15 30 45 60

RBCs (1x106 uL) 3.12 ± 0.047 c 3.41 ± 0.084 b 3.73 ± 0.094 ab 3.84 ± 0.182 a 3.94 ± 0.201 a 0.021
Hemoglobin (mg/dL) 7.2 ± 0.48 b 9.3 ± 0.26 a 9.7 ± 0.13 a 10.3 ± 0.64 a 10.7 ± 1.29 a 0.015
Hematocrit (%) 38.2 ± 1.14 c 45.4 ± 1.75 b 51.0 ± 1.96 a 51.7 ± 2.61 a 51.9 ± 4.21 a 0.029
WBCs (×103 uL) 18.2 ± 0.98 c 22.4 ± 0.34 b 25.3 ± 3.14 ab 26.2 ± 3.39 a 27.9 ± 2.62 a 0.023
Lymphocytes (%) 65.4 ± 1.99 a 52.3 ± 2.89 b 51.1 ± 2.61 b 45.9 ± 1.39 c 43.9 ± 1.86 c <0.001
Neutrophils (%) 22.6 ± 1.05 c 29.3 ± 1.44 b 30.3 ± 0.69 b 32.9 ± 1.82 ab 35.9 ± 2.15 a 0.001
Monocytes (%) 11.3 ± 0.61 c 17.6 ± 1.21 b 19.2 ± 0.83 a 20.4 ± 1.22 a 21.1 ± 0.36 a <0.001

Table 5   Changes in hemato-biochemical parameters of Nile tilapia (O. niloticus) fed with diets supplemented with various levels of 
curcumin nanoparticles (C-NPs) for 60 days (n = 3)

AST aspartate aminotransferase; ALT alanine aminotransferase; ALP alkaline phosphatase
Means having different letters in the same row are significantly different at P < 0.05

C-NPs levels (mg/kg diet) P value

0.0 (control) 15 30 45 60

Glucose (mg/dL) 113.9 ± 4.58 a 91.3 ± 3.95 b 89.6 ± 5.65 b 85.3 ± 5.59 bc 81.9 ± 4.96 c 0.001
Total cholesterol (mg/dL) 192.5 ± 2.41 a 195.4 ± 2.11 a 180.0 ± 1.82 b 174.2 ± 5.61 c 174.3 ± 2.58 c 0.033
Triglyceride (mg/dL) 152.2 ± 5.86 a 147.1 ± 8.67 a 143.9 ± 8.83 a 113.0 ± 3.88 b 115.7 ± 9.49 b 0.008
Total protein (g/dL) 4.06 ± 0.042 d 4.90 ± 0.211 c 5.25 ± 0.181 bc 5.57 ± 0.285 ab 5.95 ± 0.086 a <0.001
Albumin (g/dL) 2.68 ± 0.352 c 3.23 ± 0.035 b 3.53 ± 0.131 ab 3.59 ± 0.196 a 3.98 ± 0.074 a 0.009
Globulin (g/dL) 1.38 ± 0.316 c 1.67 ± 0.197 b 1.72 ± 0.195 b 1.98 ± 0.263 a 1.97 ± 0.252 a 0.035
AST (IU/L) 12.4 ± 0.61 12.3 ± 0.54 12.2 ± 0.25 12.2 ± 0.24 12.3 ± 0.29 0.983
ALT (IU/L) 41.9 ± 0.81 42.1 ± 0.88 42.8 ± 1.19 42.4 ± 0.94 42.5 ± 0.67 0.966
ALP (IU/L) 30.7 ± 0.29 31.0 ± 0.27 31.6 ± 0.97 30.4 ± 0.53 31.0 ± 0.32 0.841

Table 6   Serum antioxidants and immunological responses of Nile tilapia (O. niloticus) fed with diets supplemented with various 
levels of curcumin nanoparticles (C-NPs) for 60 days (n = 3)

MDA Malondialdehyde; SOD superoxide dismutase; CAT​ catalase; GPx glutathione peroxidase; LYZ lysozyme; total Ig total immu-
noglobulin
Means having different letters in the same row are significantly different at P < 0.05

C-NPs levels (mg/kg diet) P value

0.0 (control) 15 30 45 60

MDA (nmol/dL) 2.18 ± 0.115 a 1.91 ± 0.106 ab 1.75 ± 0.075 bc 1.59 ± 0.71 cd 1.51 ± 0.112 d 0.004
SOD (IU/L) 13.4 ± 0.41 d 16.3 ± 1.42 c 18.4 ± 0.91 b 21.3 ± 0.94 a 22.6 ± 1.21 a <0.001
CAT (IU/L) 10.1 ± 0.29 d 12.5 ± 0.61 c 14.4 ± 0.69 b 15.3 ± 0.73 ab 15.7 ± 0.49 a <0.001
GPx (IU/L) 19.3 ± 0.36 c 22.7 ± 0.51 b 25.4 ± 0.35 a 26.5 ± 0.55 a 26.7 ± 0.61 a <0.001
LYZ (μg/mL) 1.37 ± 0.024 d 1.78 ± 0.285 c 2.18 ± 0.125 b 2.47 ± 0.208 ab 2.64 ± 0.176 a <0.001
Total Ig (mg/mL) 18.9 ± 0.64 d 22.4 ± 0.49 c 25.3 ± 0.57 b 28.6 ± 1.28 a 29.2 ± 0.99 a <0.001
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carp, Ctenopharyngodon idella (Ming et  al. 2020), 
common carp, Cyprinus carpio (Abdel-Tawwab 
and Abbass 2017; Giri et  al., 2019), Nile tilapia, O. 
niloticus (Priyadarsini 2014; Mahmoud et  al. 2017; 
Mohamed et al. 2020), and Mozambique tilapia, Ore-
ochromis mossambicus (Sruthi et  al. 2018). Mogh-
adam et al. (2021) fed Pacific white shrimp (Penaeus 
vannamei) with diets containing 0.0, 75, 150, and 
300 mg of curcumin nanomicelles (NMC) per kg 
diet for 63 days. They found that diet containing 150 
mg NMC/kg diet showed the highest performance of 
Pacific white shrimp.

Curcumin is a polyphenolic compound extracted 
from turmeric and may act as a growth-stimulator 
for beneficial gut bacteria (acting in a prebiotic-like 
manner), which can inhibit the growth of pathogenic 
bacteria (Gessner et  al. 2017). The enhancements in 
fish performance may also be attributed to the diges-
tion-enhancing properties of curcumin. In this regard, 
the incorporation of C-NPs in diets of Nile tilapia 
stimulated the activities of serum amylase, lipase, and 
protease. The activities of digestive enzymes in fish 
serum or gut were higher in fish fed with curcumin 
when compared with the control (Midhun et  al. 

Fig. 3   Photomicrograph 
(×400, H&E stain) of 
hepatopancreas of Nile tila-
pia (O. niloticus) fed with 
different levels of curcumin 
nanoparticles (C-NPs) for 
60 days: 0.0 (the control) 
(A), 15 (B), 30 (C), 45 (D), 
and 60 mg/kg diet (E). Plate 
A shows the normal struc-
ture of hepatopancreas cells 
in the control group. Plate B 
shows the normal structure 
with slight improvement 
of hepatopancreas cells. 
Plate C shows moderate 
improvement in the hepato-
pancreatic structure. Plate 
D shows a normal structure 
with marked improvement 
in hepatopancreatic cells 
structure. Plate E shows 
a marked improvement 
in hepatopancreatic cells 
structure with some fat 
deposition (FD)
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Fig. 4   Photomicrograph 
(×400, H&E stain) of the 
mid-intestine of Nile tilapia 
(O. niloticus) fed with dif-
ferent levels of curcumin 
nanoparticles (C-NPs): 0.0 
(the control) (A), 15 (B), 30 
(C), 45 (D), and 60 mg/kg 
diet (E). Plate A shows nor-
mal histological structures 
of intestinal villi, crypt, and 
tunica muscularis with nor-
mal epithelium, goblet cells, 
and lamina propria. Plate 
B shows a normal structure 
with slight improvement in 
the structure of several villi 
cells. Plate C shows moder-
ate improvement in the 
intestinal structure. Plate D 
shows a normal structure 
with marked improvement 
in the intestinal structure. 
Plate E shows a marked 
improvement in the intesti-
nal structure

Table 7   Intestinal morphology of Nile tilapia (O. niloticus) fed with diets supplemented with various levels of curcumin nanoparti-
cles (C-NPs) for 60 days (n = 3)

Means having different letters in the same row are significantly different at P < 0.05

C-NPs levels (mg/kg diet) P value

0.0 (control) 15 30 45 60

Villus length (μm) 131.0 ± 8.59 d 152.8 ± 9.26 c 184.6 ± 12.16 b 189.3 ± 11.53 ab 213.6 ± 10.86 a 0.001
Villus width (μm) 65.5 ± 4.19 c 72.5 ± 2.75 b 75.8 ± 2.13 b 82.0 ± 3.17 a 83.5 ± 3.83 a <0.001
Muscular thickness 

(μm)
21.3 ± 1.40 c 25.7 ± 1.99 b 29.0 ± 1.32 a 31.9 ± 1.38 a 32.6 ± 1.33 a <0.001

Absorption area 
(μm2)

8580.5 ± 601.2 c 11078.0 ± 1026.8 b 13992.7 ± 891.9 b 15522.6 ± 1296.2 
ab

17835.6 ± 861.1 a <0.001
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2016; Jiang et al. 2016; Sruthi et al. 2018). In simi-
lar studies, increasing the digestive enzymes activities 
resulted in improving the growth performance of Nile 
tilapia fed with graded levels of cinnamon nanopar-
ticles (Abdel-Tawwab et  al. 2018a) and cinnamalde-
hyde nanoemulsion (Abd El-Hamid et al. 2021).

Hemato‑biochemical assays

Hemato-biochemical parameters are important tools 
commonly used in evaluating fish health status, 
nutritional status as well as the adaptation capability 
of fish to the external environment (Abdel-Tawwab 
2016; Adeshina et al. 2019). The results revealed that 
the RBCs count, Hb concentration, and Ht level in 
C-NPs-fed fish were significantly higher than those 
of the control group. These results showed that the 
dietary C-NPs had positive effects on the hematologi-
cal parameters of Nile tilapia without anemia symp-
toms. These findings can be linked to the promotion 
of erythropoiesis and hemosynthesis, indicating the 
enhancement of fish health. These results agree with 
previous researches, which reported that dietary 
inclusion of curcumin enhances the hematological 
parameters, including WBCs counts, in different fish 
species (Mişe Yonar et  al. 2013; Priyadarsini, 2014; 
El-Barbary 2018; Enis Yonar et  al. 2019; Mohamed 
et al. 2020).

Lymphocytes and monocytes percentages signifi-
cantly (P > 0.05) increased; meanwhile neutrophils 
percentage significantly (P > 0.05) decreased as 
C-NPs levels in diets increased (Table 4). Monocytes 
are referred to as macrophages and are responsible 
for the processing and presenting antigens to lympho-
cytes, linking the innate and adaptive immune system 
(Zachary et al. 2018; Pereira et al. 2020). The higher 
presence of circulating monocytes and lymphocytes 
in C-NPs-fed fish is associated with the improved 
immunomodulatory properties. Similar results were 
observed by Sahu et  al. (2008) in Labeo rohita fed 
a diet supplemented with turmeric, C. longa. Pereira 
et  al. (2020) found that feeding Nile tilapia on diets 
with turmeric hydrolate resulted in a significant 
increase of monocytes and lymphocytes in relation to 
the control group.

AST and ALT are critical aminotransferases in the 
liver, reflecting the liver status (Murray et al. 2003). 
The C-NPs inclusion in diets for Nile tilapia did not 
significant (P > 0.05) affect serum AST, ALT, and 

ALP activities. These results suggest that fish in the 
present study were unstressed. Abdelkhalek et  al. 
(2021) demonstrated significant decreases in serum 
AST and ALT activity in fish fed on curcumin-sup-
plemented diets. Moghadam et  al. (2021) reported 
that the levels of ALT and AST decreased in P. van-
namei fed with different dosages of NMC additives 
compared with the control especially at the treatment 
of 150 mg NMC/kg diet. In other studies used phy-
togenic materials, Abd El-Hamid et al. (2021) found 
no significant (P > 0.05) differences in serum AST 
and ALT levels in fish fed diets with different levels 
of cinnamaldehyde nanoemulsion. Abdel-Latif et al. 
(2020) reported that activities of serum ALT, AST, 
and ALP levels were not significantly (P < 0.05) 
differed in fish fed with different levels of oregano 
essential oil as compared to the control group.

Significant (P < 0.05) reductions in the levels of 
glucose, total cholesterol, and triglycerides were 
found in Nile tilapia fed with C-NPs diets as com-
pared with the control group. In this regard, Sruthi 
et  al. (2018) reported that the blood glucose levels 
significantly decreased in fish fed with curcumin-
enriched diets compared with the control. They sug-
gested that curcumin promoted the glucose uptake 
and glycogenesis, reducing the blood glucose level. 
The current study also suggests that curcumin may 
play a modulatory role in the activity of enzymes 
involved in lipid homeostasis, reducing the total cho-
lesterol and triglyceride levels. These results may be 
because curcumin limits the cholesterol biosynthesis 
and lowers the plasma and hepatic cholesterol con-
centrations (Shin et al. 2011). Additionally, curcumin 
modulates hepatic gene expression, inhibits choles-
terol biosynthesis via down-regulation of major lipo-
genic factors (Kang and Chen 2009; Shin et al. 2011; 
Zhao et al. 2011), stimulates bile acid secretion, and 
enhances the clearance of cholesterol as bile (Kim 
and Kim 2010; Prakash and Srinivasan 2011).

The antioxidant activity and lipid peroxidation

The antioxidant system is greatly related to health 
and immunity, and several studies have described a 
positive relation between the antioxidant activity and 
immune response of fish and shellfish. SOD, CAT, 
and GPx as main endogenous enzymes of this system, 
preserve the cells from oxidative stress and catalyse 
the reactive oxygen species (ROS) into less reactive 
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forms (Livingstone 2001; Abdel-Tawwab and Wafeek 
2017; Hoseinifar et  al. 2021). Additionally, MDA is 
the product of lipid peroxidation and indicates the 
oxidative damages to the lipids. The findings of this 
study indicate that feeding Nile tilapia with C-NPs 
significantly increased SOD, CAT, and GPx activi-
ties along with significant decreases in MDA levels. 
These results indicate to the antioxidant activity of 
C-NPs. It is known that curcumin could scavenge 
free radicals and stimulating antioxidant parameters 
(Manju et al. 2012; Xu et al. 2018). Another mecha-
nism for antioxidant properties of curcumin is the 
transcription induction of antioxidant enzymes by 
activating the nuclear factor erythroid 2 (Nrf2) sign-
aling pathway, which is involved in the free radical 
scavenging (Kwak et al. 2004). On the other hand, the 
antioxidant properties of curcumin could be linked to 
its high content of polyphenols, which act as hydro-
gen or electron donors and has the capability to sta-
bilize unpaired electrons and terminate Fenton reac-
tions (Bishayee et al. 2011). Moreover, polyphenolic 
compounds are nitrosation reaction inhibitors and can 
prevent oxidative damage via reactive oxygen species 
scavenging and enhancing the SOD and GPx activi-
ties (Moskaug et al. 2005). In a similar study, Mogh-
adam et al. (2021) found significant increases of SOD 
and CAT activities coupled with lower MDA levels in 
P. vannamei fed with different dosages of NMC addi-
tives especially at the treatment of 150 mg NMC/kg 
diet. Previous studies demonstrated that dietary sup-
plementation of curcumin significantly enhanced the 
antioxidant activity of Nile tilapia (Mahmoud et  al. 
2017), crucian carp (Jiang et al. 2016), common carp 
(Yonar 2018), and rainbow trout (Enis Yonar et  al. 
2019).

Immunological responses

Serum TP, which is made up of ALB and GLO, is 
often measured as an indicator associated with the 
health and immune status in aquatic animals and their 
increases displays a more robust innate immune sta-
tus. LYZ is the first-line barrier of the defense sys-
tem, and it causes lysis of bacteria and activation of 
the complement system and phagocytes (Magnadottir 
2010). Serum immunoglobulins are a major compo-
nent of the vertebrate humoral immune system, and 
they play a vital role in immune processes, such as 
phagocytosis, opsonization, and neutralization of 

pathogenic bacteria, viruses, and toxins in the host 
body (Cuesta et  al. 2004; Magnadottir 2010). The 
present results indicated noticeable increases in TP, 
ALB, GLO, LYZ, and total Ig levels in fish fed with 
C-NPs, and this finding are associated with the induc-
tion of the humoral immunity of Nile tilapia. In a 
similar study, Moghadam et  al. (2021) reported that 
feeding P. vannamei on NMC-enriched diets showed 
higher levels of LYZ, TP, and ALB than the control 
group. Positive effects of curcumin on the innate 
immunity of different fish species were previously 
found (Mahmoud et al. 2017; Enis Yonar et al. 2019). 
Jagetia and Aggarwal (2007) observed that dietary 
curcumin enhanced the fish immunity by activating 
macrophages and neutrophils. Antony et  al. (1999) 
also stated that curcumin increases the production 
of cytokines, which play key roles in regulating the 
immunity response.

Liver histology and intestinal histomorphometry

The hepatopancreatic and intestinal tissues in all 
experimental groups in the present study showed nor-
mal histological structures with no evident inflam-
matory responses, suggesting the absence of toxic 
influences of C-NPs on fish tissues. Marked improve-
ments in hepatopancreatic structure were observed 
with the increase in levels of dietary C-NPs up to 
45 mg/kg diet after which (60 mg C-NPs/kg diet) fat 
drops were found. In this regard, Manju et al. (2012) 
found no histological changes in the liver of Anabas 
testudineus fed with 5 and 10 g/kg diet of curcumin. 
Conversely, in the study of El-Barbary (2018), Nile 
tilapia fed with 20 g per kg diet of curcumin exhibited 
the degeneration of vacuoles in hepatocytes and large 
accumulation of hemosiderin around blood vessels. 
Therefore, the effects of curcumin on fish are depend-
ent on its levels, feeding period, fish species, and fish 
size.

The intestine is the main site for nutrient absorp-
tion in fish, and it is where nutrients are transported 
into and out of the intestinal enterocytes by specific 
transporters located at the brush-border and basolat-
eral membranes (Broer 2008; Nicholson et al. 2012; 
Abdel-Tawwab et  al. 2018b; Adeshina et  al. 2019; 
Abdel-Latif et  al. 2020). In regard to the intestinal 
histomorphometry, the dietary supplementation of 
C-NPs to Nile tilapia significantly enhanced the villi 
length/width and absorption area in the mid-intestine 
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in a dose-dependent manner. However, long villi 
are usually associated with outstanding gut health, 
great nutrient, and absorption efficiency, leading to 
improved performance (Sklan et  al. 2004; Trushen-
ski 2015; Huerta-Aguirre et al. 2019). These findings 
suggest that dietary C-NPs may reduce gut inflam-
mation and subsequently exert positive effects on gut 
health, nutrient absorption, and thereby the growth 
of Nile tilapia. Giannenas et al. (2010) reported that 
the administration of phenolic compounds, such as 
curcumin, may reduce gut inflammation, leading to 
improvement of nutrient digestibility and metabo-
lism. Namagirilakshmi et  al. (2010) and Kosti et  al. 
(2018) reported that dietary turmeric significantly 
increased the intestinal villi length/width than the 
control diet. A positive correlation between villus 
height/width and fish growth was previously reported 
(Abdel-Tawwab et al. 2018b; Adeshina, et al. 2019). 
The enhancement of gut morphology increases the 
nutrient uptake, which improves the feed utilization 
and growth performance of numerous fish species 
(Abdel-Tawwab et  al. 2018b; Adeshina et  al. 2019; 
Abdel-Latif et al. 2020; Abdel-Tawwab et al. 2021).

Conclusions

The current study showed that dietary C-NPs posi-
tively enhanced the growth performance, digestive 
enzymes, hemato-biochemical indices, antioxidant 
status, and humoral immunity of Nile tilapia. These 
results indicate that C-NPs can be considered as a 
beneficial dietary supplement for Nile tilapia with 
optimum inclusion levels of 45–55 mg/kg diet.

Code availability  Not applicable.

Author contribution  Mohsen Abdel-Tawwab: conceptual-
ization, formal analysis, writing original draft, and follow up 
publication. El-Sayed Hemdan Eissa: conceptualization, meth-
odology, and investigation. Wesam A. Tawfik: preparation of 
nanomaterials. Heba E. Abd Elnabi: imaging and reading his-
topathology slides. Saadea Saadony: preparing histopathology 
samples and slides. Walaa K. Bazina: conceptualization, meth-
odology, and investigation. Ragaa A Ahmed: conceptualiza-
tion, methodology, and investigation.

Funding  Open access funding provided by The Science, 
Technology & Innovation Funding Authority (STDF) in coop-
eration with The Egyptian Knowledge Bank (EKB).

Data availability  Data of the present article are available 
under request.

Declarations 

Ethical approval  All applicable international, national, and/
or institutional guidelines for the care and use of fish were fol-
lowed by the authors.

Consent for publication  All authors review and approve the 
manuscript for publication.

Conflict of interest  The authors declare no competing inter-
ests.

Open Access  This article is licensed under a Creative Com-
mons Attribution 4.0 International License, which permits 
use, sharing, adaptation, distribution and reproduction in any 
medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Crea-
tive Commons licence, and indicate if changes were made. The 
images or other third party material in this article are included 
in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your 
intended use is not permitted by statutory regulation or exceeds 
the permitted use, you will need to obtain permission directly 
from the copyright holder. To view a copy of this licence, visit 
http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

Abd El-Hamid MI, Ibrahim SM, Eldemery F, El-Mandrawy 
SAM et  al (2021) Dietary cinnamaldehyde nanoemul-
sion boosts growth and transcriptomes of antioxidant and 
immune related genes to fight Streptococcus agalactiae 
infection in Nile tilapia (Oreochromis niloticus). Fish 
Shellfish Immunol 113:96–105

Abdelkhalek N, El-Adl M, El-Ashram A, Othman M et  al 
(2021) Immunological and antioxidant role of curcumin in 
ameliorating fipronil toxicity in Nile tilapia (Oreochromis 
niloticus). Aquac Res 52(6):2791–2801

Abdel-Latif HMR, Abdel-Tawwab M, Khafaga AF, Dawood 
MAO (2020) Dietary oregano essential oil improved the 
growth performance via enhancing the intestinal morphom-
etry and hepato-renal functions of common carp (Cyprinus 
carpio L.) fingerlings. Aquaculture 526:735432

Abdel-Tawwab M (2016) Effect of feed availability on suscep-
tibility of Nile tilapia, Oreochromis niloticus (L.) to envi-
ronmental zinc toxicity: growth performance, biochemi-
cal response, and zinc bioaccumulation. Aquaculture 
464:309–315

Abdel-Tawwab M, Abbass FE (2017) Turmeric powder, 
Curcuma longa L., in common carp, Cyprinus carpio 
L., diets: growth performance, innate immunity, and 

Fish Physiol Biochem (2022) 48:585–601598

http://creativecommons.org/licenses/by/4.0/


1 3
Vol.: (0123456789)

challenge against pathogenic Aeromonas hydrophila 
infection. J World Aquac Soc 48:303–312

Abdel-Tawwab M, Abdel Razek N, Abdel-Rahman AM (2019) 
Immunostimulatory effect of dietary chitosan nanopar-
ticles on the performance of Nile tilapia, Oreochromis 
niloticus (L.). Fish Shellfish Immunol 88:254–258

Abdel-Tawwab M, Adeshina I, Jenyo-Oni A, Ajani EK, Emikpe 
BO (2018a) b Growth, physiological, antioxidants, and 
immune response of African catfish, Clarias gariepinus 
(B.), to dietary clove basil, Ocimum gratissimum, leaf 
extract and its susceptibility to Listeria monocytogenes 
infection. Fish Shellfish Immunol 78:346–354

Abdel-Tawwab M, Samir F, Abd El-Naby AS, Monier MN 
(2018b) a Antioxidative and immunostimulatory effect 
of dietary cinnamon nanoparticles on the performance of 
Nile tilapia, Oreochromis niloticus (L.) and its susceptibil-
ity to hypoxia stress and Aeromonas hydrophila infection. 
Fish Shellfish Immunol 78:346–354

Abdel-Tawwab M, Shukry M, Farrag FA, El-Shafai NM, 
Dawood MAO, Abdel-Latif HMR (2021) Dietary 
sodium butyrate nanoparticles enhanced growth, diges-
tive enzyme activities, intestinal histomorphometry, 
and transcription of growth-related genes in Nile tilapia 
juveniles. Aquaculture 536:736467

Abdel-Tawwab M, Wafeek M (2017) Fluctuations in water 
temperature affected waterborne cadmium toxicity: 
hematology, anaerobic glucose pathway, and oxidative 
stress status of Nile tilapia, Oreochromis niloticus (L.). 
Aquaculture 477:106–111

Adeshina I, Jenyo-Oni A, Emikpe BO, Ajani EK, Abdel-Tawwab 
M (2019) Stimulatory effect of dietary clove, Eugenia 
caryophyllata, bud extract on growth performance, 
nutrient utilization, antioxidant capacity, and tolerance of 
African catfish, Clarias gariepinus (B.), to Aeromonas 
hydrophila infection. J World Aquac Soc 50:390–405

Aebi H (1984) Catalase in vitro. Methods Enzymol 
105:121–126

Akdemir F, Orhan C, Tuzcu M, Sahin N, Juturu V, Sahin K 
(2017) The efficacy of dietary curcumin on growth per-
formance, lipid peroxidation and hepatic transcription 
factors in rainbow trout Oncorhynchus mykiss (Walbaum) 
reared under different stocking densities. Aquac Res 
48:4012–4021

Alagawany M, Farag MR, Abdelnour SA, Dawood MAO, 
Elnesr SS, Dhama K (2021) Curcumin and its different 
forms: a review on fish nutrition. Aquaculture 532:736030

Allain CC, Poon LS, Chan CSG et  al (1974) Enzymatic 
determination of total serum cholesterol. Clin Chem 
20:470–475

Antony S, Kuttan R, Kuttan G (1999) Immunomodulatory 
activity of curcumin. Immunological Investigations 
28:291–303

Bancroft JD, Gamble M (2013) The hematoxylin and eosin. 
In: Suvarna SK, Layton C, Bancroft JD (eds) Theory and 
practice of histological techniques, 7th edn. Churchill Liv-
ingstone, Edinburgh, New York, USA, pp 179–220

Belfield A, Goldberg D (1971) Colorimetric determination of 
alkaline phosphatase activity. Enzyme 12:561–566

Bernfeld P (1955) Enzymes of carbohydrate metabolism. 
Methods Enzymol 1:149–158

Bishayee A, Bhatia D, Thoppil RJ, Darvesh AS, Nevo E, 
Lansky EP (2011) Pomegranate-mediated chemopre-
vention of experimental hepatocarcinogenesis involves 
Nrf2-regulated antioxidant mechanisms. Carcinogenesis 
32(6):888–896

Boyd CE, Tucker CS (2012) Pond aquaculture water quality 
management. Kluwer Academic Publishers, Boston, MA, 
USA

Broer S (2008) Amino acid transport across mammalian intes-
tinal and renal epithelia. Physiol Rev 88:249–286

Brown BA (1980) Hematology: principles and procedures. Lea 
and Febiger, Philadelphia, PA, USA

Carvalho DM, Takeuchi KP, Geraldine RM, de Mdura CJ, 
Tdrres MCL (2015) Production, solubility and antioxidant 
activity of curcumin nanosuspension. Food Science and 
Technology (Campinas) 35(1):115–119

Cuesta A, Meseguer J, Esteban MA (2004) Total serum immu-
noglobulin M levels are affected by immunomodulators in 
seabream (Sparus aurata L.). Vet Immunol Immunopathol 
101:203–210

Dawood MA, Abdel-Tawwab M, Abdel-Latif HM (2020) 
Lycopene reduces the impacts of aquatic environmen-
tal pollutants and physical stressors in fish. Rev Aquac 
12:2511–2526

Dawood MAO, Koshio S, Esteban MA (2018) Beneficial roles 
of feed additives as immunostimulants in aquaculture: a 
review. Rev Aquac 10:950–974

Doumas BT, Watson WA, Biggs HG (1971) Albumin standards 
and the measurement of serum albumin with bromcresol 
green. Clin Chim Acta 31:87–96

Dytham C (2011) Choosing and Using Statistics: A Biologist ’s 
Guide. Blackwell Science Ltd., London

El-Barbary MI (2018) Impact of garlic and curcumin on the 
hepatic histology and cytochrome P450 gene expression 
of afltoxicosis Oreochromis niloticus using RTPCR. Turk 
J Fish Aquat Sci 18:405–415

Ellis AE (1990) Lysozyme assays. In: Stolen JS (ed) Tech-
niques in fish immunology. SOS publication, Fair Haven, 
pp 101–103

El-Sayed A-FM (2019) Tilapia Culture, the 2nd edition. Aca-
demic Press, Elsevier Science Publishing Co. Inc., San 
Diego, USA.

Enis Yonar M, Mişe Yonar S, İspir Ü, Ural MŞ (2019) Effects 
of curcumin on haematological values, immunity, antioxi-
dant status and resistance of rainbow trout (Oncorhynchus 
mykiss) against Aeromonas salmonicida subsp. achromo-
genes. Fish Shellfish Immunol 89:83–90

FAO (2018) The state of world fisheries and aquaculture 
2018 – Meeting the sustainable development goals. FAO, 
Rome, Italy

Fossati P, Prencipe L (1982) Serum triglycerides determined 
colorimetrically with an enzyme that produces hydrogen 
peroxide. Clin Chem 28:2077–2080

Gessner DK, Ringseis R, Eder K (2017) Potential of plant 
polyphenols to combat oxidative stress and inflammatory 
processes in farm animals. J Anim Physiol Anim Nutr 
101(4):605–628

Ghalandarlaki N, Alizadeh AM, Ashkani-Esfahani S (2014) 
Nanotechnology-applied curcumin for different diseases 
therapy. BioMed Res Intern 2014:394264

Fish Physiol Biochem (2022) 48:585–601 599



1 3
Vol:. (1234567890)

Giannenas I, Pappas IS, Mavridis S, Kontopidis G, Skoufos 
J, Kyriazakis I (2010) Performance and antioxidant sta-
tus of broiler chickens supplemented with dried mush-
rooms (Agaricus bisporus) in their diet. Poultry Sci 
89(2):303–311

Giri SS, Sukumaran V, Park SC (2019) Effects of bioactive 
substance from turmeric on growth, skin mucosal immu-
nity and antioxidant factors in common carp, Cyprinus 
carpio. Fish Shellfish Immunol 92:612–620

Hani U, Shivakumar HG (2014) Solubility enhancement and 
delivery systems of curcumin a herbal medicine: a review. 
Current Drug Delivery 11:792–804

Henry RJ (1964) Colorimetric determination of total protein. 
Clinical Chemistry. Harper and Row Publ, New York, 
USA.

Hewlings SJ, Kalman DS (2017) Curcumin: a review of its’ 
effects on human health. Foods 6:92

Hoseinifar SH, Yousefi S, Van Doan H, Ashouri G et al (2021) 
Oxidative stress and antioxidant defense in fish: the impli-
cations of probiotic, prebiotic, and synbiotics. Rev Fish 
Sci Aquac 29:198–217

Huerta-Aguirre G, Paredes-Ramos KM, Becerra-Amezcua MP, 
Hernández-Calderas I, Matadamas-Guzman M, Guzmán-
García X (2019) Histopathological analysis of the intes-
tine from Mugil cephalus on environment reference sites. 
In: Gómez-Oliván L (ed) Pollution of Water Bodies in 
Latin America. Springer, Cham. pp. 319 –328. https://​doi.​
org/​10.​1007/​978-3-​030-​27296-8_​18

Jagetia GC, Aggarwal BB (2007) “Spicing Up” of the immune 
system by curcumin. J Clin Immunol 27:19–35

Jiang J, Wu X, Zhou X, Feng L, Liu Y, Jiang W, Wu P, Zhao 
Y (2016) Effects of dietary curcumin supplementation on 
growth performance, intestinal digestive enzyme activities 
and antioxidant capacity of crucian carp Carassius aura-
tus. Aquaculture 463:174–180

Kakran M, Sahoo NG, Tan I, Li L (2012) Preparation of nano-
particles of poorly water-soluble antioxidant curcumin by 
antisolvent precipitation methods. J Nanoparticle Res Ar 
14:757. https://​doi.​org/​10.​1007/​s11051-​012-​0757-0

Kang Q, Chen A (2009) Curcumin inhibits srebp-2 expres-
sion in activated hepatic stellate cells in  vitro by reduc-
ing the activity of specificity protein-1. Endocrinol 
150:5384–5394

Kim M, Kim Y (2010) Hypocholesterolemic effects of cur-
cumin via upregulation of cholesterol 7a-hydroxylase in 
rats fed a high fat diet. Nutr Res Pract 4:91–95

Korni FMM, Khalil F (2017) Effect of ginger and its nanopar-
ticles on growth performance, cognition capability, immu-
nity and prevention of motile Aeromonas septicaemia in 
Cyprinus carpio fingerlings. Aquac Nutr 23:1492–1499

Kosti D, Dahiya DS, Dalal R, Vinus P (2018) Effect of supple-
menting different levels of turmeric powder on Ileal mor-
phology in laying hens. Intern J Current Microbiol Appl 
Sci 7(7):1524–1532

Kurita T, Makino Y (2013) Novel curcumin oral delivery sys-
tems. Anticancer Res 33:2807–2821

Kwak M-K, Wakabayashi N, Kensler TW (2004) Chemopre-
vention through the Keap1–Nrf2 signaling pathway by 
phase 2 enzyme inducers. Mut Res/Fund Mol Mechan 
Mut 555(1):133–148

Livingstone DR (2001) Contaminant-stimulated reactive oxy-
gen species production and oxidative damage in aquatic 
organisms. Mar Poll Bull 42:656–666

Magnadottir B (2010) Immunological control of fish diseases. J 
Mar Biotechnol 12:361–379

Mahfouz ME (2015) Ameliorative effect of curcumin on afla-
toxin B1-induced changes in liver gene expression of Ore-
ochromis niloticus. Mol Biol 49(2):275–286

Mahmoud HK, Al-Sagheer AA, Reda FM, Mahgoub SA, 
Ayyat MS (2017) Dietary curcumin supplement influence 
on growth, immunity, antioxidant status, and resistance to 
Aeromonas hydrophila in Oreochromis niloticus. Aqua-
culture 475:16–23

Manju M, Akbarsha MA, Oommen OV (2012) In vivo protec-
tive effect of dietary curcumin in fish Anabas testudineus 
(Bloch). Fish Physiol Biochem 38: 309–318.

McCord JM, Fridovich I (1969) Superoxide dismutase an enzy-
mic function for erythrocuprein (hemocuprein). J Biol 
Chem 244:6049–6055

Midhun SJ, Arun D, Edatt L, Sruthi MV, Thushara VV, Oom-
men VO, Sameer Kumar VB, Divya L (2016) Modulation 
of digestive enzymes, GH, IGF-1 and IGF-2 genes in the 
teleost, tilapia (Oreochromis mossambicus) by dietary 
curcumin. Aquac Intern 24:1277–1286

Ming J, Ye J, Zhang Y, Xu Q, Yang X, Shao X, Qiang J, Xu P 
(2020) Optimal dietary curcumin improved growth per-
formance, and modulated innate immunity, antioxidant 
capacity and related genes expression of NF-κB and 
Nrf2 signaling pathways in grass carp (Ctenopharyngo-
don idella) after infection with Aeromonas hydrophila. 
Fish Shellfish Immunol 97:540–553

Mişe Yonar S, Yonar ME, Yöntürk Y, Pala A (2013) The 
effect of curcumin on some haematological parameters 
in rainbow trout (Oncorhynchus mykiss, Walbaum, 
1792). BIBAD - Res J Biol Sci 1(15):59–61

Moghadam H, Sourinejad I, Johari SA (2021) Growth perfor-
mance, haemato-immunological responses and antioxi-
dant status of Pacific white shrimp Penaeus vannamei 
fed with turmeric powder, curcumin and curcumin 
nanomicelles. Aquac Nutr 27:2294–2306

Moghadamtousi SZ, Kadir HA, Hassandarvish P, Tajik H, 
Abubakar S, Zandi K (2014) A review on antibacterial, 
antiviral, and antifungal activity of curcumin. BioMed 
Res Intern 2014:186864

Mohamed AA, El-Houseiny W, El-Murr A, Ebraheim LLM, 
Ahmed AI, Abd ElHakim YM (2020) Effect of hexava-
lent chromium exposure on the liver and kidney tissues 
related to the expression of CYP450 and GST genes of 
Oreochromis niloticus fish: role of curcumin supple-
mented diet. Ecotoxicol Environ Saf 188:109890

Moniruzzaman M, Min T (2020) Curcumin, curcumin nano-
particles and curcumin nanospheres: a review on their 
pharmacodynamics based on monogastric farm ani-
mal, poultry and fish nutrition. Pharmaceutics 12:447. 
https://​doi.​org/​10.​3390/​pharm​aceut​ics12​050447

Moskaug J, Carlsen H, Myhrstad MC, Blomhoff R (2005) 
Polyphenols and glutathione synthesis regulation. Am J 
Clin Nutr 81:277–283

Murray RK, Granner DK, Mayes PA, Rodwell VW (2003) 
Harper’s illustrated biochemistry, 26th Edition, 
McGraw-Hill, Medical Publishing Division. p 818.

Fish Physiol Biochem (2022) 48:585–601600

https://doi.org/10.1007/978-3-030-27296-8_18
https://doi.org/10.1007/978-3-030-27296-8_18
https://doi.org/10.1007/s11051-012-0757-0
https://doi.org/10.3390/pharmaceutics12050447


1 3
Vol.: (0123456789)

Nair M, Jayant RD, Kaushik A, Sagar V (2016) Getting into 
the brain: potential of nanotechnology in the manage-
ment of NeuroAIDS. Adv Drug Del Rev 103:202–217

Namagirilakshmi S, Selvaraj P, Nanjappan K, Jayachandran 
S, Visha P (2010) Turmeric (Curcuma longa) as an alter-
native to in-feed antibiotic on the gut health of broiler 
chickens. Tamil Nadu J Vet Anim Sci 6(3):148–150

Nicholson JK, Holmes E, Kinross J, Burcelin R, Gibson G, 
Jia W, Pettersson S (2012) Host-gut microbiota meta-
bolic interactions. Science 336(6086):1262–1267

Ohkawa H, Ohishi N, Yagi K (1979) Assay for lipid perox-
ides in animal tissues by thiobarbituric acid reaction. 
Analytical Biochem 95:351–358

Paglia DE, Valentine WN (1967) Studies on the quantita-
tive and qualitative characterization of erythrocyte glu-
tathione peroxidase. J Lab Clin Med 70:158–169

Pereira MO, Moraes AV, Rodhermel JCB, Hess JD, Alves L, 
Chaaban A, Jatobá A (2020) Supplementation of Cur-
cuma longa hydrolate improves immunomodulatory 
response in Nile tilapia reared in a recirculation aquacul-
ture system. Arq Bras Med Vet Zoot 72(5):1805–1812

Prakash UN, Srinivasan K (2011) Fat digestion and absorp-
tion in spice pretreated rats. J Sci Food Agri 92:503–510

Prasad S, Tyagi AK, Aggarwal BB (2014) Recent develop-
ments in delivery, bioavailability, absorption and metabo-
lism of curcumin: the golden pigment from golden spice. 
Cancer Res Treat 46:2–18

Priyadarsini KI (2014) The chemistry of curcumin: from extrac-
tion to therapeutic agent. Molecules 19:20091–20112

Reitman S, Frankel S (1957) A colorimetric method for the 
determination of serum glutamic oxalacetic and glutamic 
pyruvic transaminases. Am J Clin Pathol 28:56–63

Ross NW, Firth KJ, Wang A, Burka JF, Johnson SC (2000) 
Changes in hydrolytic enzyme activities of naive Atlan-
tic salmon Salmo salar skin mucus due to infection with 
the salmon louse Lepeophtheirus salmonis and cortisol 
implantation. Dis Aquat Org 41:43–51

Sahu S, Das BK, Mishra BK, Pradhan J, Samal SK, Sarangi 
N (2008) Effect of dietary Curcuma longa on enzy-
matic and immunological profiles of rohu, Labeo rohita 
(Ham.), infected with Aeromonas hydrophila. Aquac Res 
39:1720–1730

Shihabi ZK, Bishop C (1971) Simplified turbidimetric assay 
for lipase activity. Clin Chem 17:1150–1153

Shin SK, Ha TY, McGregor RA, Choi MS (2011) Long-term 
curcumin administration protects against atherosclerosis 
via hepatic regulation of lipoprotein cholesterol metabo-
lism. Mol Nutr Food Res 55(12):1829–1840

Siviero A, Gallo E, Maggini V, Gori L, Mugelli A, Firenzu-
oli F, Vannacci A (2015) Curcumin, a golden spice with a 
low bioavailability. J Herbal Med 5:57–70

Siwicki A, Anderson D (1993) Nonspecific defense mecha-
nisms assay in fish: II. Potential killing activity of neu-
trophils and macrophages, lysozyme activity in serum 
and organs and total immunoglobulin level in serum. 
In: Siwicki A, Anderson D, Waluga J (eds) Fish Disease 
Diagnose. Olsztyn, Poland, pp 105–112

Sklan D, Prag T, Lupatsch I (2004) Structure and function of 
the small intestine of the tilapia Oreochromis niloticus× 
Oreochromis aureus (Teleostei, Cichlidae). Aquac Res 
35:350–357

Sruthi V, Nair AB, Arun D, Thushara VV, Sheeja CC, Vijayas-
ree AS et  al (2018) Dietary curcumin influences leptin, 
growth hormone and hepatic growth factors in tilapia 
(Oreochromis mossambicus). Aquaculture 496:105–111

Trinder P (1969) Determination of blood glucose using 4-amino 
phenazone as oxygen acceptor. J Clin Pathol 22:246

Trushenski J (2015) 8 - Nutritional impacts on fish mucosa: 
dietary considerations. In: Beck BH, Peatman E (eds) 
Mucosal Health in Aquaculture. Academic Press, San 
Diego, pp 199–209

van Kampen EJ, Zijlstra WG (1961) Recommendations for hae-
moglobinometry in Human blood. Br J Haematol 13:71

Xu XY, Meng X, Li S, Gan RY, Li Y, Li HB (2018) Bioactiv-
ity, health benefits, and related molecular mechanisms of 
curcumin: current progress, challenges, and perspectives. 
Nutrients 10(10):1553

Yonar ME (2018) Chlorpyrifos-induced biochemical changes 
in Cyprinus carpio: ameliorative effect of curcumin. Eco-
toxicol Environ Saf 151:49–54

Yossa R, Verdegem M (2015) Misuse of multiple comparison 
tests and underuse of contrast procedures in aquaculture 
publications. Aquaculture 437:344–350

Younus N, Zuberi A, Mahmoood T, Akram W, Ahmad M 
(2020) Comparative effects of dietary micro- and nano-
scale chitosan on the growth performance, non-specific 
immunity, and resistance of silver carp Hypophthalmich-
thys molitrix against Staphylococcus aureus infection. 
Aquac Intern 28:2363–2378

Zachary JF, Mcgavin D, Mcgavin MD (2018) Supplementation 
of Curcuma longa hydrolate improves immunomodula-
tory response in Nile tilapia reared in a recirculation aqua-
culture system. Bases da patologia em veterinária, Rio de 
Janeiro: Elsevier Brazil, 1805-1812

Zhao J, Sun X, Ye F, Tian WX (2011) Suppression of fatty acid 
synthase, differentiation and lipid accumulation in adipo-
cytes by curcumin. Mol Cell Biochem 351:19–28

Publisher’s note  Springer Nature remains neutral with regard 
to jurisdictional claims in published maps and institutional 
affiliations.

Fish Physiol Biochem (2022) 48:585–601 601


	Dietary curcumin nanoparticles promoted the performance, antioxidant activity, and humoral immunity, and modulated the hepatic and intestinal histology of Nile tilapia fingerlings
	Abstract 
	Introduction
	Materials and methods
	C-NPs preparation
	Experimental diets and fish rearing
	Tissues and blood sampling
	Hematological parameters
	Biochemical assays
	Digestive enzymes activities
	Antioxidant and immunity biomarkers
	Hepatic histology and intestinal histomorphometry
	Statistical analysis

	Results
	Growth indices and digestive enzymes activities
	Hematological parameters
	Biochemical parameters
	Antioxidant and immunity biomarkers
	Liver histology and intestinal histomorphometry

	Discussion
	Growth performance and digestive enzymes
	Hemato-biochemical assays
	The antioxidant activity and lipid peroxidation
	Immunological responses
	Liver histology and intestinal histomorphometry

	Conclusions
	Code availability 
	References


