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Chinese seabass (Lateolabrax maculatus) is a popular carnivorous fish with

delicious taste. Although the feed value of condensed tannins has been well

documented for L. maculatus, information about the effects of hydrolyzable

tannins (HTs) on the growth and health of L. maculatus is limited. This study was

conducted to assess the effects of dietary HTs on growth performance, body

composition, intestinal digestive enzyme activities, serum metabolites,

antioxidant and immune response, and intestine and liver morphology of L.

maculatus. A total of 640 fish were randomly divided into four groups with four

replicates per group and 40 fish per replicate. Four diets were prepared to

contain 0 (G0), 1 (G1), 2 (G2), and 4 (G4) g/kg of HTs. Fish were fed to apparent

satiation twice a day during the 56-day feeding trial. Results showed that the final

body weight, weight gain rate, specific growth rate, and feed intake were linearly

decreased (p< 0.001) as dietary HTs increased. All fish had similar (p > 0.05) whole

body compositions. Fish fed G2 and G4 had lower (p< 0.05) intestinal trypsin and

lipase activities than those fed G0 and G1, whereas G4 had higher (p< 0.05)

aspartate aminotransferase and alanine aminotransferase activities than G0.

Serum total antioxidant capacity and lysozyme were linearly decreased (p<

0.01), but the malondialdehyde concentration was linearly increased (p< 0.01)

as dietary HTs increased. Intestinal villi in G2 and G4 showed increased

deformation, and the vacuolation of liver cells began to appear in G1 and was

aggravated as dietary HTs increased. This study showed that HTs should be used

with caution due to their growth-inhibiting effect, and the dietary HT level for L.

maculatus is recommended to be less than 1 g/kg.
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Introduction

Hydrolyzable tannins (HTs), a group of plant secondary

metabolites widely existing in nature, are commonly composed of

gallic acid (3,4,5-trihydroxybenzoic acid) with a polyol core (usually

D-glucose) through ester bonds (Huang et al., 2018). It has been

reported that HTs may have the potential as a promising alternative

to in-feed antibiotics (Zhou et al., 2020). However, relevant research

and application of HTs in aquatic animals are limited (Guo et al.,

2019; Yao, 2020; Chen et al., 2021; Novriadi et al., 2021; Zhu

et al., 2021).

The biological activity of tannins depends on their dietary

concentration and animal species. For instance, Zhu et al. (2021)

reported that 0.1%–0.15% of dietary HTs improved growth

performance and intestinal histomorphology of pearl gentian

grouper (Epinephelus lanceolatus ♂ × Epinephelus fuscoguttatus

♀). However, Yao (2020) indicated that supplementation of HTs

exceeding 0.75% in grass carp (Ctenopharyngodon idellus) diets

significantly increased the feed coefficient, induced oxidative stress,

and caused structural damage to the intestine and liver. In contrast,

Chen et al. (2021) suggested that the inclusion of chestnut tannins

up to 0.9 g/kg in Litopenaeus vannamei diets did not affect growth

performance and digestive enzyme activities.
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Chinese seabass (Lateolabrax maculatus) is a popular

carnivorous fish with delicious taste and high economic value.

Our previous studies suggested that dietary condensed tannins

less than 1 g/kg did not alter growth and digestion but increased

antioxidant and immune capacities, improved intestinal health, and

enhanced the anti-stress capacity of Lateolabrax japonicus (Peng

et al., 2020a; Peng et al., 2020b; Peng et al., 2021a). However, the

effects of HTs on the growth and health of L. maculatus have not

been evaluated so far. This study was conducted to assess the effects

of HTs on growth performance, whole body compositions,

intestinal digestive enzyme activities, serum metabolites,

antioxidant and immune response, and intestine and liver

morphology of L. maculatus.
Materials and methods

Diet preparation

The ingredients and analyzed nutrient compositions of the

experimental diets are shown in Table 1. Four iso-nitrogenic and

iso-lipid diets were prepared to contain 0 (G0), 1 (G1), 2 (G2), and 4

(G4) g/kg of HTs (from Rhus chinensis, purity ≥ 96%) provided by
TABLE 1 Nutrient compositions (g/kg DM) of the experimental diets.

Ingredients
Diets1

G0 G1 G2 G4

Fish meal 300 300 300 300

Casein 140 140 140 140

Soy protein concentrate 70 70 70 70

Wheat flour 200 200 200 200

Monocalcium phosphate 15 15 15 15

Fish oil 40 40 40 40

Soybean oil 20 20 20 20

Soy lecithin 20 20 20 20

Vitamin premix 1 1 1 1

Mineral premix 5 5 5 5

Choline chloride 5 5 5 5

Cellulose 184 183 182 180

Hydrolyzable tannins 0 1 2 4

Analyzed nutrients compositions

Dry matter 924 925 926 926

Crude protein 411 410 414 413

Crude lipid 68 70 68 68

Ash 72 72 72 71
1G0, basal diet; G1, G3, and G4, basal diet supplemented with 1, 2, and 4 g/kg of hydrolyzable tannins, respectively. One kilogram of diet provides the following: vitamin A, 3,230 IU; vitamin D3,
1,600 IU; vitamin E, 160 mg; vitamin K3, 4 mg; vitamin B1, 4 mg; vitamin B2, 8 mg; vitamin B6, 4.8 mg; vitamin B12, 0.016 mg; nicotinic acid, 28 mg; pantothenic acid calcium, 16 mg; biotin, 0.064
mg; folic acid, 1.285 mg; inositol, 40 mg; Ca, 1,150 mg; K, 180 mg; Mg, 45 mg; Fe, 50 mg; Zn, 40 mg; Mn, 9.5 mg; Cu, 7.5 mg; Co, 1.25 mg; I, 0.16 mg; Se, 0.25 mg; lysine, 28.5 g; methionine, 10.9 g;
leucine, 32.1 g; isoleucine, 18.2 g; phenylalanine, 18.2 g; valine, 21.6 g; tyrosine, 16.1 g; alanine, 21.1 g; arginine, 17.0 g; threonine, 16.6 g; glycine, 16.7 g; histidine, 8.0 g; serine, 18.1 g; glutamic acid,
74.6 g; aspartic acid, 32.9 g.
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Guangzhou Xingyu Biotechnology Co., Ltd. (Guangzhou, China).

HTs were dissolved in distilled water prior to being added to the

diet. All ingredients were ground by a pulverizer (Changzhou

Qungan Drying Equipment Co., Ltd., Changzhou, China) to pass

through a 60-mesh sieve, mixed thoroughly by a mixer (YHJ-50B,

Valva Mechanical Equipment Co., Ltd., Guangzhou, China),

extruded into 2-mm pellets by an F75 twin-screw extruder (South

China University of Technology Machinery Factory), dried at 55°C,

and stored at −20°C until use. Actual HT concentrations in the

experimental diets of G0, G1, G2, and G4 were 0, 1.0, 2.1, and 3.9 g/

kg, respectively, which were determined using the standard method

of spectrophotometry (National Standard of China, 2011).
Feeding management

This study was conducted in an indoor recirculating aquaculture

system located in the Aquatic Research Center of the Guangdong

Academy of Agricultural Sciences. A total of 640 L. maculatuswith an

initial average body weight of 10.9 g were selected and randomly

divided into four groups with four replicates per group and 40 fish per

replicate. Fish were fed to apparent satiation (about 5% of body

weight per day) twice (07:00 and 19:00) daily. During the 56-day

feeding trial, the water temperature was maintained at 25.5°C–28.5°C,

dissolved oxygen concentration >5 mg/L, pH 7.7 ± 0.3, and ammonia

and nitrite concentration<0.01 mg/L. The protocol (no. GDAASSC

2021-020) of this study was ethically approved by the Animal Care

and Use Committee of the Guangdong Academy of Agricultural

Sciences (Guangdong, China).
Sampling

At the end of the feeding trial, all fish were fasted for 24 h and

were anesthetized with 40 mg/L of MS-222 (Sigma, USA) (Peng

et al., 2022a) before sampling. The weight and number of fish in

each tank were recorded to calculate the final body weight, weight

gain rate, survival rate, specific growth rate, and feed coefficient.

Feed intake was calculated as the gravimetric difference between

offered and residual diets. Uneaten feeds were collected from the

tank by siphoning and dried for the calculation of feed intake.

Six fish per tank were randomly selected to measure the body

weight and body length. The livers and intestines offish were separated

and weighed to calculate the condition factor, viscerosomatic index,

hepatosomatic index, and intestinesomatic index.

Three fish per tank were collected to determine the whole body

compositions of dry matter, crude protein, crude lipid, and ash.

The intestines from three randomly selected fish per tank were

obtained and stored at −80°C for subsequent determination of

digestive enzyme activities.

Six fish per tank were randomly selected to collect blood from

the tail vein of the fish. Blood samples were kept at room

temperature for 4 h and centrifuged at 3,500 r/min for 10 min.

The resultant serum was stored at −20°C for analyses of serum

metabolites and antioxidant and immune parameters.
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The intestines and livers of three selected fish per tank were

sampled, washed with 4°C normal saline, and fixed in the 4%

paraformaldehyde solution. Samples were sectioned into 5-mm
slices, stained with hematoxylin and eosin using standard

histological techniques, and examined under light microscopy

equipped with images analysis software (HALO v2.3).

After sampling, all of the remaining fish were euthanized under

approved animal care and use protocol.
Laboratory analyses

Nutrient compositions of the diets and fish, such as dry matter,

crude protein, crude lipid, and ash, were determined using the

Association of Official Analytical Chemists (AOAC, 1999) methods.

Serum metabolites were measured using an automatic biochemical

analyzer (Hitachi 7180, Tokyo, Japan).

Commercial kits (Nanjing Jiancheng Bioengineering Institute,

Nanjing, China) were used to analyze the trypsin (no. A080-2-2),

lipase (no. A054-1-1), amylase (no. C016-1-1), total antioxidant

capacity (no. A015-1), catalase (no. A007-1-1), superoxide

dismutase (no. A001-1-2), glutathione peroxidase (no. A005-1-2),

malondialdehyde (no. A003-1-2), alkaline phosphatase (no. A059-

2-2), immunoglobulin M (E025-1-1), and lysozyme (no. A050-1-1),

following the corresponding manufacturer’s instructions.
Data calculations and statistical analysis

Growth performance parameters were calculated according to

the formulas described by Peng et al. (2020a). The calculation

formulas are as follows:

Survival rate( % ) = (f inal f ish number)=(initial f ish number)� 100 ;

Weight gain rate( % ) = (f inal body weight(g) − initial body weight(g))=

initial body weight(g)� 100

;

Specif ic growth rate( % =d) = (ln f inal body weight(g) −

ln initial body weight(g))=days(d)� 100

;

Feed intake(g=f ish) = feed consumed(g)=(initial f ish number +

f inal f ish number)=2

;

Feed coef f icient = feed intake(g)=(f inal body weight(g) −

initial body weight(g))

;

Condition factor = body weight(g)=body length3(cm3) ;

Viscerosomatic index(% ) = visceral weight(g)=body weight(g)� 100
;

Hepatosomatic index(% ) = hepatopancreas weight(g)=

body weight(g)� 100

;
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Intestinesomatic index(% ) = intestine weight(g)=body weight(g)� 100

Data were analyzed by one-way ANOVA using SPSS 17.0 with

tank as the statistical unit. Duncan’s method was used for multiple

comparisons when the data met the homogeneity of variance,

whereas Dunnett’s T3 test method was utilized for multiple

comparisons when the homogeneity of variance was not satisfied.

A polynomial comparison was used to analyze the linear and

quadratic responses to the HT concentrations. Significant was

declared at p< 0.05, and the significant trend was set at 0.05< p< 0.10.
Results

Growth performance and whole
body composition

All fish had similar (p > 0.05) survival rates, initial body weight,

feed coefficient, condition factor, and viscerosomatic index

(Table 2). The final body weight, weight gain rate, specific growth

rate, feed intake, and intestinesomatic index were linearly decreased

(p< 0.05), but the hepatosomatic index was linearly increased (p =

0.046) as dietary HT concentrations increased. Compared with G0

and G1, G2 and G4 had lower (p< 0.05) final body weight, weight

gain rate, specific growth rate, feed intake, and intestinesomatic

index but higher (p< 0.05) hepatosomatic index. All fish had similar

(p > 0.05) whole body compositions of dry matter, crude protein,

crude lipid, and ash (Table 3).
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Intestinal digestive enzyme activities

Fish in G2 and G4 had lower (p< 0.05) intestinal trypsin and

lipase activities than those of fish in G0 and G1 (Table 4). All fish

had similar (p > 0.05) intestinal amylase activity.
Serum metabolites

S e rum a spa r t a t e am ino t r an s f e r a s e and a l an i n e

aminotransferase activities were increased (p< 0.05) as dietary HT

concentrations increased from 0 to 4 g/kg and reached significance

at the level of 4 g/kg (G4) (Table 5). Compared with G0 and G1, G2

and G4 had higher (p< 0.05) high-density lipoprotein cholesterol

concentrations. All fish had similar (p > 0.05) albumin, globulin,

total cholesterol, triacylglycerol, blood urea nitrogen, glucose, and

low-density lipoprotein cholesterol among groups.
Serum antioxidant and immune response

The total antioxidant capacity was linearly increased (p< 0.001),

but malondialdehyde content was linearly decreased (p = 0.008) as

dietary HT concentrations increased from 0 to 4 g/kg and reached

significance at the levels of 2 and 4 g/kg (G2 and G4) (Table 6). The

G4 had higher (p< 0.05) lysozyme activity than G0. All fish had

similar (p > 0.05) catalase, superoxide dismutase, glutathione

peroxidase, alkaline phosphatase activities, and immune globulin

M content irrespective of the treatments.
TABLE 2 Effect of dietary hydrolyzable tannins on the growth performance of Lateolabrax maculatus.

Items
Diets1 SEM2 p-Value3

G0 G1 G2 G4 P L Q

Survival rate, % 97.8 96.7 98.9 98.9 2.22 0.752 0.477 0.747

Initial body weight, g 10.9 10.9 10.9 10.9 0.01 0.395 0.540 0.495

Final body weight, g 85.4a 82.9a 70.2b 64.3b 2.87 <0.001 <0.001 0.386

Weight gain rate, % 681.3a 659.5a 542.4b 487.9b 26.11 <0.001 <0.001 0.386

Specific growth rate, %/day 3.7a 3.6a 3.3b 3.2b 0.06 <0.001 <0.001 0.257

Feed intake, g/fish 81.1a 84.7a 70.9b 63.0b 3.17 0.001 <0.001 0.066

Feed coefficient 1.1 1.2 1.2 1.2 0.06 0.208 0.100 0.178

Condition factor, g/cm3 1.9 1.8 1.8 1.8 0.05 0.373 0.085 0.815

Viscerosomatic index, % 9.3 9.1 9.3 9.2 0.44 0.263 0.106 0.268

Hepatosomatic index, % 1.1b 1.1b 1.2a 1.2a 0.08 0.076 0.046 0.127

Intestinesomatic index, % 0.6a 0.6a 0.5b 0.5b 0.04 0.078 0.045 0.119
1G0, basal diet; G1, G3, and G4, basal diet supplemented with 1, 2, and 4 g/kg of hydrolyzable tannins, respectively.
2SEM, mean standard error.
3P, overall effect; L, linear effect; Q, quadratic effect.
a,bDifferent letters within a row indicate significant differences (p< 0.05).
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Histomorphology of intestine and liver

The intestinal villi in G0 and G1 were observed to be arranged

orderly with no obvious deformation and degeneration (Figure 1),

whereas the intestinal villi in G2 and G4 were shown to have

different degrees of deformation as reflected by the atrophic villus.

Liver cells in G0 and G1 were evenly distributed with obvious nuclei

(Figure 2), but the vacuolation of liver cells appeared in G1 and was

aggravated in G4.
Discussion

Currently, the effects of dietary HTs on the growth performance

of aquatic animals have been evaluated in a few species, e.g., L.

vannamei (Guo et al., 2019; Novriadi et al., 2021), pearl gentian

grouper (Zhu et al., 2021), obscure puffer (Takifugu fasciatus) and

C. idellus (Yao, 2020), and Oreochromis niloticus (Buyukcapar et al.,

2011). However, limited information is available about the effects of

HTs on the growth performance of L. maculatus. This study showed

that dietary HTs exceeding 2 g/kg had negative effects on the growth

of L. maculatus. This was consistent with the observation by Yao

(2020) in that 0.75% of HTs did not alter the growth performance of

C. idellus but that 1.75% of HTs significantly increased the feed

coefficient of fish. Yao (2020) also documented that T. fasciatus

could tolerate 0.75% dietary HTs without influencing the growth

performance of fish, but 1.25% of HTs significantly impaired

digestion and metabolism of protein. Similarly, Buyukcapar et al.

(2011) reported that supplementation of 5 g/kg of HTs in the O.

niloticus diet did not alter growth performance, but 15 and 25 g/kg

of HTs had an adverse effect on the growth performance of fish. In
Frontiers in Marine Science 05
this study, the growth-inhibiting effect of HTs on L. maculatus is

likely attributable to the poor palatability and depressed digestion

induced by dietary HTs. Tannins were regarded as anti-nutritional

factors owing to their astringent taste and digestive inhibition effect

due to their capacity to bind and precipitate proteins (Peng et al.,

2018). Thus, the effects of HTs on the growth of fish may partly

depend on their dietary concentrations. However, it is interesting to

find that the same dietary concentration of HTs had different

biological activities on the growth performance of aquatic

animals. For instance, this study showed that 2 g/kg of HTs

reduced the growth of L. maculatus, whereas Zhu et al. (2021)

indicated that 2 g/kg of HTs did not alter the growth of pearl

gentian grouper. On the contrary, Guo et al. (2019) reported that 2

g/kg of HTs increased the growth rate of L. vannamei. This

information indicates that the effects of HTs on the growth

performance of aquatic animals depended on both dietary HT

concentrations and aquatic animal species.

Intestinal digestive enzyme activity is an important index

reflecting the physiological digestive function of animals.

Activities of the digestive enzymes directly affect the digestibility

of nutrients and therefore influence the growth of aquatic animals.

This study showed that a high dose of HTs inhibited the digestion of

protein and lipids. Tannins are known to bind or interfere with

protein and digestive enzymes, forming tannin–protein complexes

and thereby reducing protein digestibility and digestive enzyme

activities (Yao et al., 2019). It has also been reported that tannins

bind to digestive enzymes by altering their spatial structure and

inhibiting their activity (Yao, 2020). Al-Mamary et al. (2001)

observed that 0.79% of dietary tannin significantly reduced

intestinal trypsin and lipase activities of rabbits. In this study, the

decreased activities of trypsin and lipase may also be attributed to
TABLE 4 Effect of dietary hydrolyzable tannins on the intestinal digestive enzyme activities of Lateolabrax maculatus.

Items
Diets1 SEM2 p-Value3

G0 G1 G2 G4 P L Q

Trypsin, U/mg protein 2542.8a 2558.9a 1871.5b 1645.6b 143.9 <0.001 <0.001 0.283

Lipase, U/mg protein 53.0a 48.1a 41.8b 37.7b 8.71 0.036 0.052 0.933

Amylase, U/mg protein 0.6 0.5 0.6 0.6 0.23 0.902 0.886 0.579
1G0, basal diet; G1, G3, and G4, basal diet supplemented with 1, 2, and 4 g/kg of hydrolyzable tannins, respectively.
2SEM, mean standard error.
3P, overall effect; L, linear effect; Q, quadratic effect.
a,bDifferent letters within a row indicate significant differences (p< 0.05).
TABLE 3 Effect of dietary hydrolyzable tannins on the whole body composition (g/100 g body weight) of Lateolabrax maculatus.

Items
Diets1 SEM2 p-Value3

G0 G1 G2 G4 P L Q

Dry matter 37.6 37.9 36.8 37.4 2.01 0.488 0.192 0.450

Crude protein 17.9 17.9 18.6 17.7 0.41 0.262 0.982 0.163

Crude lipid 9.7 9.6 9.5 9.6 0.42 0.984 0.798 0.838

Ash 4.5 4.5 4.5 4.6 0.12 0.775 0.380 0.717
1G0, basal diet; G1, G3, and G4, basal diet supplemented with 1, 2, and 4 g/kg of hydrolyzable tannins, respectively.
2SEM, mean standard error.
3P, overall effect; L, linear effect; Q, quadratic effect.
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the injured intestine as reflected by the intestinal morphology

analysis of L. maculatus because intestinal damage induced by

dietary factors could directly result in decreased activities of

trypsin and lipase (Zhang et al., 2012). Conversely, some studies

have shown that dietary HTs at low dietary concentrations

increased the activities of some intestinal digestive enzymes. For

instance, Li et al. (2021) indicated that 0.2 and 0.4 g/kg of HTs in

broilers diets increased intestinal trypsin and lipase activities. Sun

et al. (2014) and Liu et al. (2020) reported that 0.1% of HTs

increased the digestive enzyme activities of piglets. Yao et al.

(2019) documented that 0.75%–1.75% of dietary HTs increased

the intestinal trypsin activity of C. idellus. Moreover, Chen et al.
Frontiers in Marine Science 06
(2021) suggested that dietary HTs from chestnuts up to 0.09% did

not alter intestinal digestive enzyme activities.

Serum metabolites reflect the physiological state of animals, and

their concentrations are indicative of animals’ health status.

Increased activities of serum aspartate aminotransferase and

alanine aminotransferase are generally related to liver damage

(Peng et al., 2022a; Peng et al., 2022b). This study showed that 2

and 4 g/kg of HTs caused liver damage of L maculatus. This was also

reflected by the vacuolation of liver cells in the morphological

analysis of fish. High-density lipoprotein cholesterol is responsible

for transporting cholesterol from extrahepatic tissues to the liver

and promoting the metabolism of blood lipids. In this study, dietary
TABLE 6 Effect of dietary hydrolyzable tannins on the serum antioxidant and immune response of Lateolabrax maculatus.

Items
Diets1 SEM2 p-Value3

G0 G1 G2 G4 P L Q

Antioxidant parameters

Total antioxidant capacity, U/ml 0.4b 0.5b 0.7a 0.8a 0.03 0.001 <0.001 0.005

Catalase, U/ml 5.3 5.4 5.3 5.1 1.11 0.882 0.900 0.452

Superoxide dismutase, U/ml 94.7 94.7 91.6 95.5 3.11 0.777 0.364 0.678

Glutathione peroxidase, U/ml 197.4 205.4 210.9 197.1 8.71 0.364 0.431 0.125

Malondialdehyde, nmol/ml 7.3a 7.1a 4.9b 3.7b 2.08 0.017 0.008 0.293

Immune parameters

Alkaline phosphatase, U/ml 5.5 5.6 5.8 5.1 0.75 0.555 0.547 0.260

Immune globulin M, mg/ml 3.6 3.3 3.4 3.5 0.44 0.675 0.530 0.875

Lysozyme, U/ml 150.0b 177.8ab 194.4ab 233.3a 19.51 0.016 0.002 0.696
1G0, basal diet; G1, G3, and G4, basal diet supplemented with 1, 2, and 4 g/kg of hydrolyzable tannins, respectively.
2SEM, mean standard error.
3P, overall effect; L, linear effect; Q, quadratic effect.
a,bDifferent letters within a row indicate significant differences (p< 0.05).
TABLE 5 Effect of dietary hydrolyzable tannins on the serum metabolites of Lateolabrax maculatus.

Items
Diets1 SEM2 p-Value3

G0 G1 G2 G4 P L Q

Albumin, g/L 15.0 14.9 16.1 14.7 1.21 0.663 0.973 0.446

Globulin, g/L 28.7 30.0 31.1 31.9 1.52 0.339 0.085 0.844

Total cholesterol, mmol/L 4.9 4.9 5.3 5.2 0.37 0.556 0.277 0.893

Triacylglycerol, mmol/L 5.4 5.4 5.3 5.3 0.36 0.956 0.662 0.862

Aspartate aminotransferase, U/L 95.0b 123.3ab 126.0ab 136.7a 14.8 0.022 0.062 0.113

Alanine aminotransferase, U/L 17.0b 22.7ab 28.0ab 34.3a 4.67 0.038 0.006 0.926

Blood urea nitrogen, mmol/L 0.8 0.8 0.8 0.7 0.06 0.241 0.213 0.169

Glucose, mmol/L 11.3 10.3 9.8 10.5 1.66 0.717 0.437 0.423

Low-density lipoprotein cholesterol, mmol/L 0.3 0.3 0.4 0.4 0.04 0.374 0.226 0.963

High-density lipoprotein cholesterol, mmol/L 0.9b 0.9b 1.0a 1.0a 0.01 <0.001 <0.001 0.608
1G0, basal diet; G1, G3, and G4, basal diet supplemented with 1, 2, and 4 g/kg of hydrolyzable tannins, respectively.
2SEM, mean standard error.
3P, overall effect; L, linear effect; Q, quadratic effect.
a,bDifferent letters within a row indicate significant differences (p< 0.05).
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HTs at 2 and 4 g/kg promoted the metabolism of blood lipids. A

similar observation was also reported by Cong et al. (2021) that 1 g/

kg of HTs significantly increased serum high-density lipoprotein

cholesterol concentrations of broilers.

Total antioxidant capacity is the sum of the antioxidant capacities

of individual bioactive substances. Malondialdehyde is the product of
Frontiers in Marine Science 07
polyunsaturated fatty acid peroxidation, and therefore, the serum

concentration of malondialdehyde directly reflects the level of lipid

peroxidation and the degree of endogenous oxidative damage (Abdel-

Latif et al., 2023). Lysozyme is an important immune factor, and it

has been considered one of the basic biochemical characteristics in

assessing the immune state of fish. In this study, HTs enhanced the
FIGURE 2

Effect of dietary hydrolyzable tannins on the liver histological appearance (×200) of Lateolabrax maculatus. G0, basal diet; G1, G3, and G4, basal diet
supplemented with 1, 2, and 4 g/kg of hydrolyzable tannins, respectively.
FIGURE 1

Effect of dietary hydrolyzable tannins on the intestinal histological appearance (×100) of Lateolabrax maculatus. G0, basal diet; G1, G3, and G4, basal
diet supplemented with 1, 2, and 4 g/kg of hydrolyzable tannins, respectively.
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antioxidant and immune response of L. maculatus. Zhu et al. (2021)

reported that 0.1% and 0.15% of HTs improved the antioxidant and

immune capacities of pearl gentian grouper. Novriadi et al. (2021)

also indicated that 0.2% of HTs increased the serum lysozyme activity

of L. vannamei. Tannins possess various biological activities

including antimicrobial, antioxidant, and immunomodulatory

(Peng et al., 2020b) and hence could be used to partly activate the

antioxidant and immune systems.

The observation of tissue morphology directly reflects the

histological changes caused by adverse factors (Shi et al., 2017).

This study showed that supplementation of 2 and 4 g/kg of HTs in

L. maculatus diets resulted in vacuolation of the liver and atrophy of

the intestinal villi. Similarly, Peng et al. (2021b) reported that

dietary tannins at 1–4 g/kg induced intestinal villus damage of L.

vannamei. Peng et al. (2022a) also suggested that 1 and 2 g/kg of

tannins caused liver damage of L. maculatus as reflected by the

obvious vacuolar degeneration and inflammatory cell infiltration. In

this study, the negative effect of HTs on intestinal morphology may

have affected intestinal development because 2 and 4 g/kg of HTs

reduced intestinesomatic index of L. maculatus.
Conclusion

Dietary HTs at 2 and 4 g/kg reduced feed intake, inhibited

intestinal trypsin and lipase activities, induced damage to the

intestine and liver, and therefore decreased the growth performance

of L. maculatus. Supplementation of HTs did not alter the whole body

composition but rather improved the antioxidant and immune

response of fish. HTs should be used with caution due to their

growth-inhibiting effect, and the appropriate dietary HT levels for L.

maculatus are recommended to be less than 1 g/kg.
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