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A 63-day feeding trial with 640 juvenile L. maculatus was conducted to assess the effects of dietary CT on serum metabolites, antioxidant and immune response, liver histomorphology and glycometabolism enzyme activities of fish. Four diets were formulated to contain 0 (T1), 1 (T2), 2 (T3), and 2 g/kg of CT plus 4 g/kg of polyethylene glycol (PEG) (T4). PEG specifically binds with CT to neutralize CT activity. Fish were randomly distributed into 16 tanks (4 tanks per group and 40 fish per tank) and were fed to apparent satiation twice daily. Results indicated that fish fed T2 and T3 had lower (P<0.05) concentrations of serum albumin, total cholesterol and triacylglycerol, but higher (P<0.05) alanine aminotransferase activity than T1 and T4. T3 had lower (P<0.05) serum glucose but higher (P<0.05) insulin concentrations than other groups. Fish fed T2 and T3 had higher (P<0.05) liver superoxide dismutase, catalase, lysozyme and immune globulin M than T1 and T4. Compared with T1 and T4, hepatocytes in T2 and T3 were shown to have obvious vacuolar degeneration along with different degree of inflammatory cell infiltration. Fish fed T2 and T3 had higher (P<0.05) values of eosinophilic infiltrate and necrosis and greater (P<0.05) pyruvate kinase, but lower (P<0.05) glucokinase activities than those of fish fed T1 and T4. All parameters were similar (P>0.05) between T1 and T4. In summary, dietary CT up to 2 g/kg reduced serum lipid and glucose concentrations, enhanced liver antioxidant and immune response, improved glucose utilization but of L. maculatus. CT induced liver injury of L. maculatus which provided a caution for its application in aquaculture.
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Introduction

Chinese seabass (Lateolabtax maculatus), an important commercial fishery species in China, whose production was nearly 200,000 tons and the annual output value exceed 3 billion yuan in 2020 according to the data from China Fishery Statistics Yearbook (Fishery Administration of Ministry of Agriculture and Rural Affairs, 2021). In recent years, the ever-increasing breeding density of L. maculatus driven by commercial interests compels fish under stress or in sub-health state for a long time, which threats to fish health and food safety. On the other hand, since antibiotics were completely banned, challenges including metabolic disorders, disease and oxidative stress faced by intensive breeding have increased severely. Therefore, there is an urgent need to find new alternatives to antibiotics to maintain healthy and sustainable development of aquaculture.

Condensed tannins (CT) is a kind of polyphenol compound which widely exists in the plant kingdom (Peng et al., 2016). CT was regarded as a promising alternative to antibiotics owing to its strong antioxidant, anti-inflammatory and antibacterial activities and etc. (Huang et al., 2018). However, limited information is available about the evaluation of effects of CT on physiology and health of fish. It has been reported that the biological activity of CT is closely associated with its dietary concentrations (Waghorn, 2008). Our recent studies showed that dietary CT less than 1 g/kg did not affect growth performance but improved stress resistance of L. maculatus (Peng et al., 2020a; Peng et al., 2022a; Peng et al., 2022b). In contrast, other studies documented that dietary CT exceeded 1 g/kg induced intestinal injury of shrimp (Litopenaeus vannamei) (Peng et al., 2021a) and impaired immune function of grass carp (Ctenopharyngodon idella) (Li et al., 2020). Furthermore, dietary CT up to 1 g/kg was observed to reduce the serum lipid and glucose levels of L. maculatus (Peng et al., 2020a), whereas this has not been assessed for high concentration of CT.

Although CT enhanced antioxidant and immune capacity and improved physical health of L. maculatus, dietary CT exceeded 1 g/kg may have adverse effects on fish, including growth inhibition and cellular damage according to the observations by previous studies. To verify this hypothesis, this study is conducted to assess the effects of dietary CT on serum metabolites, antioxidant and immune response, liver histomorphology and glycometabolism enzyme activities of L. maculatus to provide a rational for the application of CT in fish diets.



Materials and Methods


Diet Preparation

Condensed tannins (purity ≥99.5%) was extracted from grape seed and purified according to the method described by Peng et al. (2022a). Polyethylene glycol (PEG, MW 3350, Sigma) specifically binds with CT to neutralize CT activity (Peng et al., 2016). Therefore, comparison between diets with and without PEG supplementation would define the effects of CT. In total of four isoproteic and isolipidic diets (Table 1) were formulated to contain 0 (T1), 1 (T2), 2 (T3), and 2 g/kg of CT plus 4 g/kg of PEG (T4). PEG was added to diet by spraying 30 g/mL of PEG solution onto CT to achieve a CT-to-PEG ratio of 1:2 (Makkar et al., 1995). All ingredients were smashed to pass through a 320 μm sieve, mixed thoroughly and then extruded into 2 mm pellets, dried at 55 °C and stored at -20°C until use.


Table 1 | Ingredients and proximate composition (g/kg DM) of experimental diets.





Experimental Design and Feeding Trial

A 63-day feeding trial was carried out using 640 disease-free L. maculatus provided by a commercial fish farm in Zhangzhou, Fujian, China. Fish with a mean initial body weight of 2.75 (± 0.03) g were randomly distributed into 16 tanks (four tanks per diet and 40 fish per tank) and were fed to apparent satiation twice daily (08:00 and 20:00). Water temperature was 26.5 ± 1.0°C, dissolved oxygen > 5.0 mg/L, pH was 7.7 ± 0.3, salinity was 1‰, ammonia nitrogen and nitrite < 0.01 mg/L, and the photoperiod regime was 12 h light and 12 h dark. The protocol (no. SC20210402) of this study was approved by the Animal Care and Use Committee of Guangdong Academy of Agricultural Sciences (Guangzhou, China).



Sampling

Before sampling, fish were fasted for 24 h and anesthetized with 40 mg/L of tricaine methanesulfonate (Sigma, USA). Blood were collected from the caudal veins of twelve fish per tank, kept at 25°C for 30 min, and centrifuged at 8000 × g for 10 min. The resultant serum was determined for the serum metabolite concentrations. Livers of six fish per tank were randomly collected, of which three livers were analyzed for antioxidant and immune parameters, and another three livers were used for histological examination following the procedures described by Peng et al. (2021a). Livers of three fish per tank were randomly collected for measuring glycometabolism enzyme activities.



Laboratory Analyses

The crude protein, crude lipid and ash contents of the experimental diets were measured using AOAC method (AOAC, 1999). Serum metabolites, including albumin (ALB), globulin (GLOB), total cholesterol (TCHO), triacylglycerol (TG), alanine aminotransferase (ALT), aspartate aminotransferase (AST), high density lipoprotein cholesterol (HDLC), low density lipoprotein cholesterol (LDLC), glucose (GLU), insulin (INS) and glucagon (GLG), and liver antioxidant and immune parameters, including total antioxidant capacity (TAOC), superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GPx), malondialdehyde (MDA), lysozyme (LZM), immune globulin M (IgM) and complement 3 (C3), and liver glycometabolism enzyme activities, including phosphofructokinase (PFK), pyruvate kinase (PK) and glucokinase (GK) were determined using commercial kits provided by Nanjing Jiancheng Bioengineering Institute (Nanjing, China) according to corresponding manufacture’s instructions.

For liver histological analysis, score were attributed to histological changes according to the degree of intensity: 0 (absence of change), 1 (mild change, corresponding to <25% of the organ area), 2 (moderate change, 25% to 50% of the organ area) and 3 (severe alteration, >50% of the organ area) following the method described by Schwaiger et al. (1997) modified by Brum et al. (2018). The following hepatic changes were evaluated: nucleus hypertrophy, hepatocyte hypertrophy, eosinophilic infiltrate, lymphocytic infiltrate, necrosis, karyolysis, karyorrhexis and pyknosis.



Data Calculations and Statistical Analysis

All data were subjected to a one-way analysis of variance using SPSS 17.0 analysis software for Windows followed by the Duncan’s multiple-range test with tank as statistical unit and treatment as fixed effect. Differences were regarded as significance when P<0.05 and the results are presented as means ± standard error.




Results


Serum Metabolites

Fish fed T2 and T3 had lower (P < 0.05) ALB, TCHO and TG, but higher (P < 0.05) ALT than those of fish fed T1 and T4 (Table 2). T3 had lower (P < 0.05) ALB, and similar (P > 0.05) TCHO and TG, and higher (P < 0.05) ALT than T2. T4 had similar (P > 0.05) ALB, TCHO, TG and ALT than T1. T3 had lower (P < 0.05) GLU but higher (P < 0.05) INS than other groups. GLU and INS were similar (P > 0.05) among T1, T2 and T4. All fish had similar (P > 0.05) GLOB, AST, HDLC, LDLC and GLG among groups.


Table 2 | Serum metabolites of L. maculatus fed experimental diets.





Liver Antioxidant and Immune Parameters

Fish fed T2 and T3 had higher (P < 0.05) SOD, CAT, LZM and IgM than those of fish fed T1 and T4 (Table 3). T3 had higher (P < 0.05) SOD and CAT, but similar (P > 0.05) LZM and IgM than T2. T4 had similar (P > 0.05) SOD, CAT, LZM and IgM than T1. All fish had similar (P > 0.05) TAOC, GPx, MDA and C3 among groups.


Table 3 | Liver antioxidant and immune parameters of L. maculatus fed experimental diets.





Liver Histomorphology

As shown in Figure 1, hepatocytes in T1 and T4 were loose, polyhedral in shape with vacuolated cytoplasm, and no obvious inflammatory cell infiltration was detected. However, hepatocytes in T2 and T3 were shown to have obvious vacuolar degeneration along with different degree of inflammatory cell infiltration.




Figure 1 | Liver histomorphology (haematoxylin-eosin stain, × 400) of L. maculatus fed experimental diets. T1, basal diet; T2, basal diet supplemented with 1 g/kg of condensed tannins; T3, basal diet supplemented with 2 g/kg of condensed tannins; T4, basal diet supplemented with 2 g/kg of condensed tannins and 4 g/kg of polyethylene glycol.



Fish fed T2 and T3 had higher (P < 0.05) values of eosinophilic infiltrate and necrosis than those of fish fed T1 and T4 (Table 4). T4 had similar (P > 0.05) values of eosinophilic infiltrate and necrosis than T1. All fish had similar (P > 0.05) values of nucleus hypertrophy, lymphocytic infiltrate, karyolysis, karyorrhexis and pyknosis among treatments.


Table 4 | Liver histological indices of L. maculatus fed experimental diets.





Liver Glycometabolism Enzyme Activity

All fish had similar (P < 0.05) PFK activity among groups (Figure 2). The PK activity was ranked as T1<T2<T3 (P < 0.05), and was similar (P > 0.05) between T1 and T4. Fish fed T2 and T3 had lower (P < 0.05) GK activity than T1 and T4. T4 had similar (P > 0.05) GK activity than T1.




Figure 2 | Liver glycometabolism enzyme activities of L. maculatus fed experimental diets. PFK, phosphofructokinase; PK, pyruvate kinase; GK, glucokinase. T1, basal diet; T2, basal diet supplemented with 1 g/kg of condensed tannins; T3, basal diet supplemented with 2 g/kg of condensed tannins; T4, basal diet supplemented with 2 g/kg of condensed tannins and 4 g/kg of polyethylene glycol. (a-c) Different lowercase letters above the bars denote significant differences among diets (P < 0.05).






Discussion


Serum Metabolites

In this study, PEG specifically binds with CT to neutralize CT activity, therefore comparison between diets with and without PEG supplementation would define the effects of CT. This is a typical method used in previous studies (Huang et al., 2015; Peng et al., 2016; Peng et al., 2018; Peng et al., 2021b). Serum metabolites are one of the best non-invasive means for evaluating health condition, as they are stable end-products of biochemical processes in animals. The serum metabolite profiles in this study suggest that dietary CT partly affected physiological metabolism processes of L. maculatus as reflected by the corresponding variation parameters. ALB is synthesized mainly in liver which is the predominant protein filtered by the glomerulus and the major serum protein targeted to oxidant stress in fish (Liu et al., 2018). Generally, injured liver cause decreased concentration of serum ALB (Zhang et al., 2018). Conversely, increased serum ALT activity is commonly related to liver damage or hepatocyte necrosis (Wang et al., 2014). Therefore, the decreased serum ALB concentrations along with increased ALT activities in L. maculatus fed CT-treated diets indicated CT induced liver injury of fish. This finding suggested that inclusion of CT in fish diet should be cautious, and the liver damage induced by CT should be considered in their application. It is recommended that the supplemental level of CT in L. maculatus diets should be less than 1 g/kg. Blood TCHO and TG indexes are critical factors affecting lipid accumulation which has been commonly proved in fish studies (Torstensen et al., 2011; Jiang et al., 2015; Peng et al., 2020a). In this study, the decreased serum concentrations of TCHO and TG in fish fed CT-treated diets indicated that CT decreased blood lipid content. Similarly, the lipid-lowing effect of CT has been previously observed in Nile tilapia (Oreochromis niloticus) (Aiura and Carvalho, 2007), Chinese seabass (L. maculatus) (Peng et al., 2020a) and grass carp (Ctenopharyngodon idellus) (Yao et al., 2022). INS plays a key role in maintaining glucose homeostasis and a negative correlation between INS and GLU was generally observed in fish (Brauge et al., 1994; Liang et al., 2017; Peng et al., 2020b). Declined GLU concentration along with increased INS level in L. maculatus fed diet containing 2 g/kg of CT indicated that CT may decrease blood glucose level by stimulating insulin secretion. Peng et al. (2020b) documented that CT improved glucose utilization of L. maculatus by the promotion of glycolysis and inhibition of gluconeogenesis. This may account for the hypoglycemic activity of CT as observed in this study. Furthermore, dietary CT was reported to decrease serum GLU concentration of sheep, owing to CT induced pancreatic β-cell regeneration (Peng et al., 2016).



Antioxidant and Immune Response and Histomorphology of Liver

Condensed tannins has been shown to possess strong antioxidant activity both in vitro and in vivo studies (Beninger and Hosfield, 2003; Peng et al., 2020a; Peng et al., 2021a; Peng et al., 2022a). In this study, dietary CT increased liver SOD and CAT activities. Antioxidant enzymes such as SOD and CAT play a key role in alleviating oxidative stress by scavenging reactive oxygen species (Peng et al., 2022a). SOD catalyzes the dismutation of superoxide anion free radical and plays an important role in defensing oxidant stress (Paulton et al., 2012). CAT protects cells from oxidative damage via catalyzing hydrogen peroxide decomposition (Peng et al., 2016). Our previous studies also showed that dietary CT improved antioxidant enzymes activities of L. maculatus by activating the Keap1-Nrf2/ARE signaling pathway (Peng et al., 2020a; Peng et al., 2020c). LZM is a key defense protein in innate immune system which plays a critical role in defending pathological change (Brott and Clarke, 2019). IgM is regarded as the first antibody responded to an antigen (Semple et al., 2018). In this study, the increased liver LZM and IgM in fish fed CT-treated diets suggested that CT enhanced immune response of L. maculatus. This is similar with our previous observation by Peng et al. (2020a). Generally, CT was regarded as an immunopotentiator (Huang et al., 2018) which enhanced immune function by inhibiting the activation of signaling pathways, such as mitogen activated protein kinases (MAPKs) and nuclear factor kappa B (NF-κB) (Peng et al., 2020d). It has been reported that the biological activity of CT is closely associated with their dietary concentrations (Waghorn, 2008). Previously, Peng et al. (2020a) documented that dietary CT up to 1 g/kg enhanced antioxidant and immune capacity of L. maculatus. This study indicated that CT up to 2 g/kg in L. maculatus diet still has significantly antioxidant and immune activities.

As is known to us, histological change is an important aspect in the understanding of pathological alteration related to nutritional intervention in fish (Shi et al., 2017). Although CT was documented to alleviate the stress-induced damage to the liver of fish (Peng et al., 2022b), our recent study reported that no obvious degeneration and inflammatory cell infiltration were observed in the liver of L. maculatus fed diets containing CT less than 1 g/kg (Peng et al., 2020a). However, this study indicated that dietary CT exceed 1 g/kg injured the liver of L. maculatus accompanied by obvious vacuolar degeneration and inflammatory cell infiltration along with increased values of eosinophilic infiltrate and necrosis, suggesting that effects of CT on liver histomorphology depend on the concentrations of CT in diets. In this study, the histomorphology observation is also consistent with the results of serum metabolites, as reflected by the decreased serum ALB concentrations and the increased ALT activities of fish fed CT-treated diets. This is the first study indicating that dietary CT induced liver damage of fish which provided a caution for the application of CT in aquaculture.



Liver Glycometabolism Enzyme Activity

As the main control center for glycogenesis, glycogenolysis, glycolysis and gluconeogenesis, liver plays a critical role in the regulation of glucose metabolism. Among the glycometabolism enzymes, the PK and GK are critical indicators to diagnose the glucose metabolism in the liver of fish (Peng et al., 2020b). It has been reported that PK is a major enzyme that participates in the last step of glycolysis (Lu et al., 2018), whereas GK promotes glycogen synthesis in the liver (Li et al., 2015). In this study, the increased PK and decreased GK activities in the liver of L. maculatus fed CT-treated diets suggested that CT promotes glucose utilization of fish. This is similar with the observation by Peng et al. (2020b) that CT improved glucose utilization of L. maculatus due to its positive effects on the activity and gene expression of glycometabolism enzymes. As is well known to us, most carnivorous fish have a low glucose tolerance and poor utilization of carbohydrate (Tan et al., 2009). Our previous study reported that high dietary carbohydrate induced hyperglycemia and abnormal of liver glucose metabolism, and therefore depressed the growth of L. maculatus (Peng et al., 2020b). Results of this study provide a new insight for improving the glucose utilization of fish by application of CT in fish diet. Despite the reason why CT improved glucose utilization of fish is not fully understood, CT and its precursors were reported to accelerate the absorption rate of glucose and promote the synthesis of glycogen by up-regulating gene expression of GLUT-2 (a primary glucose transporter) (Cordero-Herrera et al., 2014) and inhibiting hepatic GK activity (Huang et al., 2013). Howsoever, the findings of this study provided a new explanation from a different perspective to reveal the underlying mechanism regarding CT improve the glucose utilization of fish. Further study is still needed to elucidate the mechanism by which CT improve the glycometabolism of L. maculatus.




Conclusion

In conclusion, dietary CT up to 2 g/kg reduced serum lipid and glucose concentrations, enhanced liver antioxidant and immune response, and improved glucose utilization of L. maculatus. However, dietary CT at 1 and 2 g/kg induced liver injury of L. maculatus which provided a caution for their application in aquaculture. It is recommended that the supplemental level of CT in L. maculatus diets should be less than 1 g/kg. Further study is still needed to elucidate the mechanism by which CT improve the glycometabolism of fish.
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OEBPS/Images/table2.jpg
ltems Diets

T T2 T3 T4
ALB, g/l 18.2 + 0.74% 12.6  0.50° 9.7 £0.44° 17.0 + 0.62%
GLOB, g/L 296 +2.15 30.4 +2.63 30.0+1.13 287 +1.19
TCHO, mmol/L 4.6 +0.24° 3.0 +0.32° 2.8+0.28° 4.4 +0.20°
TG, mmol/L 5.6+0.19° 35+0.28° 36+032° 5.3 +0.30°
ALT, UL 305 +2.72° 54.8 + 3.94° 74.8 +1.38% 28.2 + 4.09°
AST, UL 144.0 + 17.50 146.0 + 19.57 152.8 + 19.94 157.8 = 11.15
HDLC, mmol/L 0.9 +0.01 0.9 +0.01 0.8 +0.03 0.9 +0.02
LDLC, mmol/L 0.2 +0.02 0.2 +0.02 0.2 +0.02 0.2+0.01
GLU, mmol/L 9.9+0.61° 9.5 +0.52° 5.3 +0.40° 9.0 +0.43°
INS, pg/mL. 320.5 + 14.34° 318.0 = 17.56° 428.6 = 15.52° 344.2 + 11.41°
GLG, ng/mL. 15+0.12 1.4 £0.06 15+0.14 15£0.11

T1, basal diet; T2, basal diet supplemented with 1 g/kg of condensed tannins; T3, basal diet supplemented with 2 g/kg of condensed tannins; T4, basal diet supplemented with 2 g/kg of
condensed tannins and 4 g/kg of polyethylene glycol.
ALB, albumin; GLOB, globulin; TCHO, total cholesterol; TG, triacylglycerol; ALT, alanine aminotransferase; AST, aspartate aminotransferase; HDLC, high density lipoprotein cholesterol;
LDLC, low density lipoprotein cholesterol; GLU, glucose; INS, insulin; GLG, glucagon.
ab.c\1eans with different letters differ (P < 0.05).
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™ T2 T3 T4

Nucleus hypertrophy 0 0 0 0
Eosinophilic infiltrate 0.4 +0.12° 1.5+ 0220 2.3 +0.58 0.5+0.11°
Lymphocytic infiltrate 0.2 +0.07 0.3+ 0.03 0.3 +0.10 0.3+0.08
Necrosis 0.3 +0.04° 1.2+ 0.10° 15+0.22% 0.4 £0.18°
Karyolysis 0.1 £0.02 0.2+ 0.04 0.1 +£0.01 0.1 +£0.06
Karyorrhexis 0.3+0.10 0.2+ 0.08 0.3 +0.04 0.2 +0.07
Pyknosis 0.1 £0.05 0.1+£0.08 0.1 +0.08 0.1 £0.05

T1, basal diet; T2, basal diet supplemented with 1 g/kg of condensed tannins; T3, basal diet supplemented with 2 g/kg of condensed tannins; T4, basal diet supplemented with 2 g/kg of
condensed tannins and 4 g/kg of polyethylene glycol.
ab.c Means with different letters differ (P < 0.05).
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™
Antioxidant parameters
TAOC, U/mg protein 0.6 +0.06
SOD, U/mg protein 309.3 + 11.10°
CAT, U/mg protein 65.5 +1.10°
GPx, U/mg protein 475 £ 4.64
MDA, nmol/mg protein 0.7 £0.15
Immune parameters
LZM, U/mg protein 20.7 + 2.42°
IgM, pg/mg protein 44.4 +1.58°
C3, ug/mg protein 32.8+1.98

T2

0.6 +0.06
450.2 + 30.75°
99.4 +7.42°
52.1 + 4.05
0.6 +0.08

34.4 £ 2.19°
57.9 + 3.63%
33.5+0.13

Diets

T3

0.6 £ 0.04
546.0 + 20.70%
167.1 +2.74%

46.9+2.18

0.5 +0.10

36.6 + 0.90
58.3 +2.91%
329+3.10

T4

0.6 £0.06
300.9 + 9.43°
62.1 +3.44°

47.5+£1.96

07+0.14

206+ 1.78°
46.3 + 0.66°
31.3+1.11

T1, basal diet; T2, basal diet supplemented with 1 g/kg of condensed tannins; T3, basal diet supplemented with 2 g/kg of condensed tannins; T4, basal diet supplemented with 2 g/kg of

condensed tannins and 4 g/kg of polyethylene glycol.

TAOC, total antioxidant capacity; SOD, superoxide dismutase; CAT, catalase; GPx, glutathione peroxidase; MDA, malondialdehyde; LZM, lysozyme, IgM, immune globuiin M, C3,

complement 3.
ab.c \eans with different letters differ (P < 0.05).
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™ T2 T3 T4
Ingredients
Fish meal 180 180 180 180
Casein 180 180 180 180
Soy protein concentrate 160 160 160 160
High gluten 280 280 280 280
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 2 2 2 2
Mineral premix 5 5 5 5
Choline chloride 5 5 5 5
Vitamin C ester 15 15 15 15
Lysine 0.3 03 0.3 0.3
Methionine 22 22 22 22
Betaine 5 5 5 5
Zeolite powder 30 30 30 30
Cellulose 54.0 53.0 52.0 48.0
Condensed tannins 0 1 2 2
Polyethylene glycol 0 0 0 4
Proximate composition
Dry matter 937 932 938 932
Crude protein 430 425 426 425
Crude lipid 100 96 98 98
Ash 94 92 94 93

T1, basal diet; T2, basal diet supplemented with 1 g/kg of condensed tannins; T3, basal diet supplemented with 2 g/kg of condensed tannins; T4, basal diet supplemented with 2 g/kg of
condensed tannins and 4 g/kg of polyethylene glycol.

One kilogram of diiet provided: VA 3,230 IU, VD 1,600 IU, VE 160 mg, VK34 mg, VB; 4 mg, VB, 8 mg, VBg 4.8 mg, VB, 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, | 0.16 mg, Se 0.25 mg.
Polyethylene glycol was added to the T4 diet by spraying 30 g/mL of PEG solution onto condensed tannins during mixing so as to achieve 1 CT: 2 PEG ratio in the diet. PEG specifically
binds with condensed tannins to neutralize CT activity (Peng et al., 2016).
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