': fishes

Article

Effects of High Dietary Carbohydrate Levels on Growth
Performance, Enzyme Activities, Expression of Genes Related
to Liver Glucose Metabolism, and the Intestinal Microbiota of
Lateolabrax maculatus Juveniles

Luzhe Zheng '?, Zhanzhan Wang 34, Bo Zhang 2, Lulu Yan 2, Pengfei Wang 2, Chao Zhao 2, Heizhao Lin %7,

Lihua Qiu ?* and Chuanpeng Zhou

check for
updates

Citation: Zheng, L.; Wang, Z.; Zhang,
B.; Yan, L.; Wang, P.; Zhao, C.; Lin, H,;
Qiu, L.; Zhou, C. Effects of High
Dietary Carbohydrate Levels on
Growth Performance, Enzyme
Activities, Expression of Genes
Related to Liver Glucose Metabolism,
and the Intestinal Microbiota of
Lateolabrax maculatus Juveniles. Fishes
2023, 8,431. https://doi.org/
10.3390/ fishes8090431

Academic Editor: Marina Paolucci

Received: 8 July 2023
Revised: 15 August 2023
Accepted: 16 August 2023
Published: 23 August 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

3,4,%

College of Fisheries and Life Sciences, Dalian Ocean University, Dalian 116023, China

Key Laboratory of Fishery Resources Development and Utilization in South China Sea, South China Sea
Fisheries Research Institute, Ministry of Agriculture and Rural Affairs, Guangzhou 510300, China

Key Laboratory of Aquatic Product Processing, Ministry of Agriculture and Rural Affairs, South China Sea
Fisheries Research Institute, Chinese Academy of Fishery Sciences, Guangzhou 510300, China

Key Laboratory of Efficient Utilization and Processing of Marine Fishery Resources of Hainan Province,
Sanya 572426, China

Shenzhen Base of South China Sea Fisheries Research Institute, Chinese Academy of Fishery Sciences,
Shenzhen 518121, China

Correspondence: giugroup_bio@outlook.com (L.Q.); chpzhou@163.com (C.Z.)

Abstract: The present study was conducted to investigate the effects of high dietary carbohydrate
levels on growth performance, enzyme activities, and gene expressions related to liver glucose
metabolism and the intestinal microbiota of Lateolabrax maculatus juveniles. Two experimental diets
with levels of carbohydrates (20% and 30%, named the NCD group and the HCD group, respectively)
were designed to feed L. maculatus (initial weight 9.45 + 0.03 g) for 56 days. The results showed that,
compared with the NCD group, the condition factor (CF) was significantly elevated in the HCD group
(p < 0.05). The plasma advanced glycosylation end products (AGEs), glycated serum protein (GSP),
total cholesterol (TC), triglycerides (TG), high-density lipoprotein (HDL), low-density lipoprotein
(LDL), and glutamate aminotransferase (AST) were significantly higher in the HCD group than those
in the NCD group (p < 0.05). The intestinal lipase, chymotrypsin, and a-amylase in the HCD group
were significantly higher than those in the NCD group (p < 0.05). The liver superoxide dismutase
(SOD), total antioxidant capacity (T-AOC), and catalase (CAT) were significantly lower in the HCD
group than in the NCD group (p < 0.05). The liver malondialdehyde (MDA) and hexokinase (HK)
levels were significantly higher than those in the NCD group (p < 0.05). In the histopathological
findings, liver cells in the HCD group appeared to have many vacuoles, and the number of lipid
droplets increased. Compared with the NCD group, the relative expression of liver glucokinase
(GK) and glycogen synthetase kinase-3 (GSK3p) genes in the HCD group was significantly increased
(p <0.05), while the relative expression of phosphoenolpyruvate carboxykinase (PEPCK) and glycogen
phosphorylase (GP) genes in the HCD group was significantly reduced (p < 0.05). High-throughput
16S rRNA gene sequencing showed that high dietary carbohydrate intake changed the composition
and structure of the intestinal microbiota. At the phylum level of the intestinal microbiota, high
dietary carbohydrates decreased the relative abundance of Firmicutes and increased the relative
abundance of Proteobacteria and Bacteroidetes. At the genus level of the intestinal microbiota, high
carbohydrates decreased the relative abundance of Bacillus and increased the relative abundance
of Photobacterium and Paraclostridium. From the results of this experiment on L. maculatus, high
carbohydrates led to increased condition factor and liver glycogen, lipid deposition, decreased
antioxidant capacity of the liver, increased relative abundance of harmful intestinal microorganisms,
and disrupted glucose metabolism.
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Key Contribution: This experiment investigated the effects of high dietary carbohydrate levels
on growth performance, intestinal and liver enzyme activities, expression of genes related to liver
glucose metabolism, and the intestinal microbiota of Lateolabrax maculatus juveniles.

1. Introduction

For living organisms, carbohydrates provide energy and organic carbon [1]. A car-
bohydrate source is regarded as the most economical energy source for artificial feed. In
addition, including carbohydrates in the diet has a protein-sparing effect, lowers ammonia
nitrogen excretion, and minimizes water pollution, all of which contribute to the feed
industry’s sustainable growth. Fish, however, have a restricted capacity to use dietary
carbohydrates. Usually, hyperglycemia shows up after glucose loading or carbohydrate
intake [2]. Carnivorous fish exhibit limited utilization of carbohydrates as a result of their
shorter intestine, inadequate secretion of x-amylase, a low count of insulin receptors, and
the absence of inhibition in postprandial gluconeogenesis [3]. However, the metabolic vari-
ations among fish remain inadequately characterized, thus necessitating an investigation
into the dietary carbohydrates” mechanism of metabolic regulation in fish.

The liver serves as the primary site for glucose metabolism in fish, encompassing
various processes such as glycolysis, gluconeogenesis, the pentose phosphate pathway,
glycogen synthesis, and glycogenolysis. The regulation of glucose production and stor-
age is influenced by hormonal and nutritional factors, which are contingent upon the
expression and activity levels of crucial enzymes involved in the gluconeogenic and gly-
colytic pathways. Both the loss of glycemic control in coho salmon (O. kisutch) given
a streptozotocin injection and insulin production by Atlantic hagfish (Myxine glutinosa)
induced by glucose demonstrate the existence of a glucose homeostasis system in fish [4,5].
Glycolysis, gluconeogenesis, glycogen synthesis, and glycogenolysis are all involved in
the control of homeostasis glucose [6]. As a result of increased 6-phosphofructo-1-kinase
(FBP), pyruvate kinase (PK), and glucokinase (GK) activity, the glycolytic pathway is up-
regulated in the liver of many carnivorous fish species during postprandial settings. In
earlier studies, carbohydrates had an impact on the gut microbiota and the transcription
of genes involved in glucose metabolism. According to a previous study on Megalobrama
amblycephala, neither the number of dietary carbohydrates nor the timing of the samples had
an impact on the transcription of phosphoenolpyruvate carboxylase (PEPCK). However,
the transcriptions of GK, PK, and glycogen synthase (GS) were considerably greater in the
high-carbohydrates group than in the control group, whereas the transcriptions of FBP
were the opposite [3]. High carbohydrate levels were found to enhance the prevalence of
the hazardous microorganisms Vibrio, Photobacterium, and Mycoplasma in Trachinotus
ovatus studies [7]. Glycogen synthase (GS) and glycogen phosphorylase are two important
enzymes that control the accumulation of glycogen with regard to glycogen metabolism;
increased hepatic glycogen after dietary carbohydrate consumption has been documented
in certain fish. According to previous studies, after consuming a high-carbohydrate diet,
the hepatic glycogen levels were increased by inducing glycogen synthesis and inhibiting
glycogenolysis [8,9]. However, the exact mechanism by which a high-carbohydrate diet
affects crucial glucose metabolism enzymes and thus results in abnormalities of glucose
metabolism in Lateolabrax maculatus is still not fully understood and warrants further study.

Animals’ bodies require intestinal microflora, which also plays a crucial physiological
function in the host’s immunological antagonism and the absorption of nutrients [8]. The
consumed feed served as the major source of gut flora [10]. Numerous studies have demon-
strated a connection between diseases and metabolic disorders and excessive carbohydrate
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intake [11]. Studies on the impact of dietary carbohydrate levels on the health of fish guts,
however, are few [11].

The spotted sea bass (L. maculatus), a carnivorous fish that belongs to the family Mo-
ronidae (Perciformes), has distinctive conspicuous black spots on the side of its body [12].
Since the creation of the genus Lateolabrax, it has been regarded as a congeneric species
alongside Lateolabrax japonicus. The L. maculatus has a larger geographic range than
L. japonicus, extending from the Bohai Sea to the Indo-Chinese peninsula [13]. Due to
its broad adaptability, quick growth, and high market demand, the cultivation of L. mac-
ulatus is becoming more widespread. According to the 2022 China Fisheries Statistical
Yearbook, 199,106 tons of this fish are produced in China [14]. In light of this, the authors of
this study examined the effects of increased carbohydrate intake on growth performance,
plasma biochemical indices, intestinal and liver enzyme activities, liver glucose metabolism
gene expression, and intestinal microflora in L. maculatus.

2. Materials and Methods
2.1. Experimental Design and Diet Formulation

The formulation and chemical composition of the experimental diets are presented
in Table 1. The protein sources mainly include fish meals and casein. The lipid source is
mainly fish oil. The carbohydrate source is mostly cornstarch. A normal carbohydrate
diet and a high carbohydrate diet (NCD: 20%; HCD: 30%) were formulated as two dietary
carbohydrate levels for L. maculatus. The ingredients were ground through a 40-mesh
screen. Minerals and vitamins were mixed by the progressive enlargement method [15].
For the premixed dry ingredients, we added lipid and distilled water to a feed mixer
and thoroughly mixed until homogenous [16]. The 2.5-mm-diameter pellets were wet-
extruded by a pelletizer (F-26, South China University of Technology, Guangzhou, China)
and air-dried. All diets in plastic bags were sealed and stored at —20 °C.

Table 1. Formulation and nutrient compositions of experimental diets. (%).

Diets
Items
NCD HCD

Fish meal 40 40
Casein 20 20

Corn starch 20 30

Dextrin 0 0

Glucose 0 0
Microcrystalline cellulose 10.5 0.5
Fish oil 6.5 6.5
Vitamin premix ? 0.5 0.5
Mineral premix b 0.5 0.5
Choline chloride 0.5 0.5

Soy lecithin 1 1
Betaine 0.2 0.2
Antioxidant 0.1 0.1
Carboxymethyl-cellulose 0.2 0.2

Proximate analysis

Dry material 94.3 94.3
Crude protein 429 43.0
Crude lipid 115 115
Crude ash 74 75
Nitrogen-free extract 20.4 30.2
Energy 18.2 19.9

2 Vitamin premix (mg/kg diet): VB1 25, VB2 45, VB12 0.1, VK3 10, VC 2000, inositol 800, nicotinic acid 200, folic
acid 1.2, biotin 32, VD3 5, VE 120, ethoxyquin 150, pantothenic acid 500, avicel 14.52. ® Mineral premix (mg/kg
diet): NaF 4, KI 1.6, CoCl,e6H,0 (1%) 100, CuSO,e5H,0 20, FeSO,eH,0 160, ZnSO,eH,0 100, MnSO4eH,O
120, MgSO4e7H,0 2400, Ca(H,PO4),eH,O 6000, NaCl 200.
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2.2. Animal Rearing and Feeding Trial

L. maculatus was obtained from Shenzhen Long Qi Zhuang Industrial Development
Co., Ltd. (Shenzhen, China). Fish were adapted for 14 days in polythene cages and fed
commercial diets of L. maculatus (Guangdong Yuequn Marine Life Research and Develop-
ment Co., Ltd., Jieyang, China). Then, similar-sized fish (average weight, 9.45 + 0.03 g)
were randomly distributed into six cages (1.0 m x 1.0 m x 1.5 m) at a rate of 25 fish per
cage. One of two experimental diets was randomly assigned to fish in each cage, and each
diet was tested triplicate. Fish were fed two times daily to apparent satiation (6:00 and
18:00 h) for 56 days. During experiments, the pH and the water temperature were 7.63-8.44
and 28.2-32.3 °C, respectively; the salinity and the dissolved oxygen were 25%. and greater
than 5.1 mg/L, respectively.

2.3. Sampling

After completing the feeding experiment, we weighed the fish after a whole day of
starvation. The diluted MS-222 was used for fish that were anesthetized (Sigma, St. Louis,
MO, USA). Three fish were sampled randomly from each cage for sampling. Intraperitoneal
lipids and individual liver viscera were all quickly separated. Blood was collected from
the caudal vein. Intestinal and liver were peeled from each L. maculatus, and the samples
were quickly frozen in nitrogen and stored at —80 °C until analyses. Three fish were
sampled randomly from each cage to obtain intestinal samples, which were immediately
fixed in a 4% paraformaldehyde solution. Three fish were sampled randomly from each
cage to obtain liver samples, which were immediately fixed fish liver sections in neutral-
buffered formalin.

2.4. Measurements of Liver Glycogen

The liver glycogen content is determined by the colorimetric method using commercial
assay kits (Beijing Huaying Biotechnology Research Institute, Beijing, China, Serial Number:
HY-M0023).

2.5. Biochemical Parameters

We measured plasma glucose using the glucose oxidase method [17,18]. Insulin
(INS), plasma lactate (LD), pyruvate (PA), glycated serum protein (GSP), and Advanced
Glycation End Products (AGES) levels were determined by means of an enzyme-linked
immunosorbent assay (ELISA) using the Huawei Delong DR-200BS Enzyme Labeling
Analyzer. Determinations of total cholesterol (TC), triglycerides (TG), high-density lipopro-
tein (HDL), low-density lipoprotein (LDL), glutamate aminotransferase (AST), alanine
aminotransferase (ALT), intestinal digestive enzymes (lipase, x-amylase, chymotrypsin),
tissue protein, total antioxidant capacity (T-AOC), superoxide dismutase (SOD), catalase
(CAT), and malondialdehyde (MDA) were determined using an automatic biochemical
analyzer (Myriad BS-420 Automatic Biochemical Instrument). The liver lipid peroxidation
product (MDA), antioxidant enzymes (T-AOD, SOD, CAT), hexokinase (HK), and phos-
phoenolpyruvate carboxykinase (PEPCK) were all determined using commercial assay
kits (Beijing Huaying Biotechnology Research Institute, Beijing, China, Serial Number:
HY-MO0003, HY-60021, HY-M0018, HY-M0001, HY-60087, HY-NE286).

2.6. Intestinal and Liver Histology

The intestine samples were fixed and dehydrated in a hierarchical series of ethyl
alcohol embedded in paraffin, sliced into 5-pm thick sections, which use hematoxylin
and eosin to stain (H&E). The intestine villus height was measured by Case Viewer, with
ten values for each group. Liver and intestinal morphology were examined using a light
microscope (Olympus CKX41 microscope, Tokyo, Japan). Liver samples were fixed in
10% buffered formalin, dehydrated in a graded ethanol series, and embedded in paraffin.
Sections series of 4 um were stained with hematoxylin and eosin (H&E). Oil Red O staining
was performed as described in a previous study [19,20].
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2.7. Real-Time PCR

Bass liver RNA was extracted using the Fore gene RNA kit, RNA quality was measured
with 1% agarose gel electrophoresis, RNA concentration was measured with Nanodrop
2000 (Thermo Fisher Scientific, Waltham, MA USA), and RNA was reverse transcribed
into cDNA using a kit (Evo M-MLV RT Kit with g DNA Clean for qPCR II (Accurate
Biotechnology)) and stored at —20 °C. The real-time PCR amplification system (10 pL)
consisted of 2 x SYBR Green Pro Taq HS Premix 5 uL, cDNA template 4.5 puL, upstream
primer 0.25 puL, and downstream primer 0.25 pL. In this study, B-actin was selected as
the internal reference, and the relative expression of the target gene was calculated using
the 2724t method. The real-time PCR primer sequences of the gene of interest and the
reference gene B-actin are shown in Table 2.

Table 2. Primers used in the present study.

Gene Forward Sequence (5'-3) Reverse Sequence (5'-3) Purpose
GK TGACAAGGGTATCCTGCTCAACT TTCCAACAATCATCCCAACTTCA RT-gPCR
PFK GGCAAACCCATCTCCTCAACT GTCCCTGAGCGAGTGCTAACC RT-qPCR
PK GCTCGACTACAAGAACATTACCAAA GTCCTGGATGTCCTTATCTGAAACA RT-qPCR
PC CAAACGTCCCTTTCCAGATGC CTTAGAGCGCCGATCAGAAGC RT-gPCR
FBP TGACGAACCTGCTCAACTCCA ACTGCCATACAGCGCATAACC RT-qPCR
PEPCK GGCAGATCGTCTCATTCGGTAG TGCCTTGGTCGTCAAACTTCAT RT-qPCR
G6Pase CTCCTTCGCTGTCGGCTTCT CTGCTGCTCTTCTTGGTCTCG RT-qPCR
GSK3p GAGATAAGGATGGCAGCAAGGTA CTCTGTAGACAGTCTCGGGAACG RT-qPCR
GP CATTGAGAAACTCGACTGGGACA GCAACTCCATTGACAGCGTGA RT-qPCR
G6PD ACGTGGTGCTGGGTCAGTATGT TCTTGCTCATCATCTTGGCGTA RT-qPCR
B-actin CAACTGGGATGACATGGAGAAG TTGGCTTTGGGGTTCAGG RT-qPCR

2.8. Intestinal Microbiota Communities

We used Hi Pure Soil DNA Kits (Magen, Guangzhou, China) to extract microbial DNA.
We used PCR to amplify the 165 rDNA V4 region of the ribosomal RNA gene, using primers
Arch519:CAGCMGCCGCGGTAA; Arch915R: GTGCTCCCCCGCCAATTCCT. In triplicate,
we used a 50 pL mixture containing 5 pL of 10 x KOD Buffer, 5 uL of 2.5 mM dNTPs,
1.5 pL of each primer (5 uM), 1 pL. of KOD Polymerase, and 100 ng of template DNA
for PCR reactions. The AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union
City, CA, USA) was used for amplicons extracted from 2% agarose gels. The ABI Step
One Plus Real-Time PCR System (Life Technologies, Foster City, CA, USA) was used to
quantify. According to the standard protocols, purified amplicons were pooled in equimolar
quantities and paired-end sequenced (2 x 250) on an [llumina platform.

2.9. Statistical Analysis

Statistical analysis was performed using IBM SPSS Statistics 26.0 software (IBM
Corporation, Somers, NY, USA) to determine differences using an independent sample
t-test. Normality and homoscedasticity assumptions were confirmed prior to any sta-
tistical analysis. Significant differences in values between the NCD and HCD groups
(p < 0.05) are indicated by an asterisk above the histogram. All results are indicated as the
mean =+ standard error.

3. Results
3.1. Growth Performance

Compared with the NCD group, the CF and liver glycogen were significantly increased
in the HCD group (p < 0.05) (Table 3). The survival rate (SR), weight gain rate (WGR),
specific growth rate (SGR), and viscerosomatic index (VSI) in the HCD group decreased,
and there was no significant difference between the two groups (p > 0.05). The feed
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coefficient (FCR), hepatosomatic index (HSI), carcass index (CI), and visceral adipose index
(VAI) increased, and there was no significant difference between the two groups (p > 0.05).

Weight gain rate (WGR, %) = (final weight (g) — initial weight (g))/initial weight (g)
x 100

Specific growth rate (SGR, %-d~1) = (In final weight — In initial weight)/days x 100

Feed coefficient (FC) = total feed consumption/(final gross weight — initial gross
weight)

Hepatosomatic index (HSI) = liver weight/body weight x 100
Viscerosomatic index (VSI) = visceral weight/body weight x 100
Condition factor (CF) = body weight (g) x 100/body length (ecm®)

Survival rate (SR, %) = terminal number/initial mantissa x 100

Carcass index (CI, %) = carcass weight/body weight x 100

Visceral adipose index (VAI, %) = (visceral adipose weight (g)/whole body weight
(g)) x 100

Feed conversion ratio (FCR) = feed intake (g)/(final weight (g) — initial weight (g)
x 100

Table 3. Effects of different dietary carbohydrate levels on the growth performance of L. maculatus.

Items Groups
NCD HCD
Initial weight (g) 9.40 + 0.06 9.50 + 0.00
Final weight (g) 76.50 £ 2.57 81.33 + 1.63
Survival rate (SR, %) 90.67 £+ 3.53 84.00 £ 8.00
weight gain rate (WGR) (%) 641.63 £+ 56.24 616.33 + 51.79
Specific growth rate
SGR (% /d) 3.56 +0.14 3.51+0.13
Feed conversion ratio (FCR) 1.01 £0.04 1.02 £+ 0.05
Condition factor (CF, %) 1.92 +0.07 271 +0.12*%
Viscerasomatic index (VSI, %) 9.26 + 0.53 9.03 + 0.44
Hepatosomatic index (HSI, %) 0.98 + 0.08 1.03 £0.10
Carcass index (CI, %) 63.07 £1.23 64.41 + 0.60
Visceral adipose index
(VAL %) 4.46 +0.70 5.63 £ 0.86
Liver glycogen(mg/g) 9.68 £ 0.05 12254+ 0.31*

Data are expressed as mean + SE. Significant differences between the values obtained in the NCD and HCD
groups (p < 0.05) are marked with an asterisk by t-test.
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3.2. Plasma Metabolites Levels

AGEs, GSP, TC, TG, HDL, LDL, and AST in the HCD group were significantly higher
than those in the NCD group (p < 0.05) (Table 4). Compared with the NCD group, INS, LD,
PA, GLU, and ALT increased in the HCD group, and there was no significant difference
between the two groups (p > 0.05).

Table 4. Effects of different dietary carbohydrate levels on plasma biochemistry of L. maculatus.

Items Groups
NCD HCD

AGES (mg/L) 37.49 + 0.98 40.74 £ 0.48*
INS (uIlU/mL) 15.51 4+ 0.46 16.58 £ 0.08
LD (mmol/L) 2.50 £0.24 3.23 £0.20
PA (mmol/L) 0.14 £+ 0.00 0.20 4 0.02

GSP (umol/L) 236.60 + 7.93 267.56 + 6.87 *
TC (mmol/L) 4.08 £0.23 5.88 +0.32*
TG (mmol/L) 5.59 4+ 0.22 6.68 & 0.10 *
HDL (mmol/L) 1.88 4 0.02 2.72 +£0.05*
LDL (mmol/L) 0.93 £+ 0.01 1.35 £+ 0.00 *
GLU (mmol/L) 13.18 - 0.14 13.24 4+ 0.06

AST(U/L) 4322 +1.23 56.05 £+ 0.70 *
ALT(U/L) 10.55 £ 0.24 11.25 £ 0.54

Data are expressed as mean =+ SE. Significant differences between the values obtained in the NCD and HCD
groups (p < 0.05) are marked with an asterisk by ¢-test.

3.3. Intestinal and Liver Enzyme Activities

The intestinal lipase, x-amylase, and chymotrypsin in the HCD group were sig-
nificantly higher than those in the NCD group (p < 0.05) (Table 5). The liver SOD, T-
AOC, and CAT in the HCD group were significantly lower than those in the NCD group
(p < 0.05), and MDA was significantly higher than that in the NCD group (p < 0.05) (Table 6).
The liver HK was significantly higher than that in the NCD group (p < 0.05). There was no
significant difference in PEPCK between the two groups (p > 0.05) (Table 7).

Table 5. Effects of different dietary carbohydrate levels on digestive enzyme activities in the intestines
of L. maculatus.

Items Groups
NCD HCD
Lipase (U/mg. Protein) 12.85 £ 0.17 2546 £ 0.75*
Chymotrypsin (U/me. 37.47 + 0.66 40.72 + 0.68 *
Protein)
a-Amylase (U/g.protein) 15.26 £ 0.42 20.87 £ 0.82 *

Data are expressed as mean + SE. Significant differences between the values obtained in the NCD and HCD
groups (p < 0.05) are marked with an asterisk by ¢-test.

Table 6. Effects of high dietary carbohydrate level on liver antioxidant indexes of L. maculatus.

Groups
Items
NCD HCD
SOD (U/mg. Protein) 437 £0.01 4.134+0.07*
T-AOC (U/mg.protein) 0.24 £ 0.01 0.18 £0.01 %
CAT (U/mg. protein) 2.56 £+ 0.04 2.24 +£0.03*
MDA (nmol/mg. protein) 0.27 £ 0.01 0.35 £ 0.00 *

Data are expressed as mean =+ SE. Significant differences between the values obtained in the NCD and HCD
groups (p < 0.05) are marked with an asterisk by ¢-test.
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Table 7. Effects of different dietary carbohydrate levels on glucose metabolism enzyme activities in
the liver of L. maculatus.

Groups
Items
NCD HCD
HK 0.37 £ 0.01 0.62 £ 0.00 *
PEPCK 8.09 £ 0.21 8.35 +0.18

Data are expressed as mean =+ SE. Significant differences between the values obtained in the NCD and HCD
groups (p < 0.05) are marked with an asterisk by ¢-test.

3.4. Intestinal Morphology and Liver Morphology

Compared with the NCD group, the HCD group’s height uniformity and integrity of
the intestinal villi were compromised, and there was a tendency for the intestinal villi to
shorten and the spacing of the villi to increase (Figure 1b). The villus height in the HCD
group was significantly lower than that in the NCD group (p < 0.05) (Table 8).

Figure 1. Micrographs of transverse HE-stained gut sections fed diets (NCD and HCD) in L. maculatus
for 8 weeks (x40). Normal carbohydrate diets (NCD, (a)), high carbohydrate diets (HCD, (b)). VH:
Villus height.

Table 8. Effects of different dietary carbohydrate levels on villus height in the intestinal of L. maculatus.

Groups
NCD HCD

Villus height 27.85 £1.76 21.02 £ 1.68 *

Data are expressed as mean =+ SE. Significant differences between the values obtained in the NCD and HCD
groups (p < 0.05) are marked with an asterisk by t-test.

Items

The high carbohydrate effects on liver morphology and liver lipid content in L. mac-
ulatus are shown in Figure 2. In the NCD group, which had a complete structure and
uniform shape, the density of nuclei in hepatocytes was uniform and numerous (Figure 2a).
In the HCD group, the liver vacuoles increased, cell boundaries were blurred, and the
number of nuclei decreased (Figure 2b). Compared with the NCD group, in the HCD group,
the number of lipid droplets in the oil red O stained under high carbohydrate conditions
increased, and the lipid droplets became larger (Figure 2¢,d).
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Figure 2. Micrographs of L. maculatus liver HE-stained sections and oil-red o-stained sections fed
diets (NCD and HCD) for 8 weeks (x20). Red frame: The boundaries of hepatocytes are blurred.
Normal carbohydrate diets (NCD, (a,c)), high carbohydrate diets (HCD, (b,d)).

3.5. Liver Transcription of Genes Related to Glucose Metabolism

The mRNA levels of GK in the HCD group increased compared to the NCD group
(p < 0.05) (Figure 3). The transcription of phosphofructokinase 1 (PFK) and pyruvate
kinase (PK) was not affected by dietary carbohydrate levels (p > 0.05). The mRNA levels
of PEPCK were significantly reduced in the HCD group compared with the NCD group
(p < 0.05) (Figure 4). The transcription of pyruvate carboxylase (PC), glucose-6 phosphatase
(G6pase), and fructose-1,6-bisphosphatase (FBP) was not affected by dietary carbohydrate
levels (p > 0.05). Compared with the NCD group, the mRNA levels of glycogen synthase
kinase33 (GSK3p) in the HCD group were significantly increased (p < 0.05) (Figure 5). The
mRNA levels of glycogen phosphorylase (GP) were significantly reduced (p < 0.05). The
transcription of glucose 6-phosphate dehydrogenase (G6PD) was not affected by dietary
carbohydrate levels (p > 0.05).
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Figure 3. Effect of fed diets (NCD and HCD) on relative levels of liver glycolysis mRNA in L.
maculatus. Glucokinase (GK, (a)), pyruvate kinase (PK, (b)), phosphofructokinase (PFK, (c)). Data are
expressed as mean =+ SE. Significant differences between the values obtained in the NCD and HCD
groups (p < 0.05) are marked with an asterisk by t-test.
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Figure 4. Effect of fed diets (NCD and HCD) on relative levels of liver gluconeogenesis mRNA
in L. maculatus. Pyruvate carboxylase (PC, (a)), fructose 1, 6-bisphosptase (FBP, (b)), phospho-
enolpyruvate carboxykinase (PEPCK, (c)), glucose-6-phosphatase (Gé6pase, (d)). Data are expressed as
mean + SE. Significant differences between the values obtained in the NCD and HCD groups
(p < 0.05) are marked with an asterisk by ¢-test.
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Figure 5. Effects of fed diets (NCD and HCD) on the relative level of liver glycogen synthesis,
glycogen decomposition, and pentose phosphate pathway mRNA in L. maculatus. Glycogen synthase
kinase-3f3 (Gsk3p, (a)), glycogen phosphorylase (GP, (b)), glucose-6-phosphate dehydrogenase (G6PD,
(c)). Data are expressed as mean =+ SE. Significant differences between the values obtained in the
NCD and HCD groups (p < 0.05) are marked with an asterisk by t-test.
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Relative Abundance

3.6. Intestinal Microbiota Community Structures

The main intestinal phylum levels of L. maculatus are Firmicutes, Proteobacteria, and
Bacteroidetes are shown in Figure 6. The relative abundance of the intestinal microbiota
varied, and the total number of OTUs increased as the level of carbohydrates increased
(Table 9). Compared with the NCD group, the relative abundance of Firmicutes in the HCD
group decreased. The relative abundance of Proteobacteria and Bacteroidetes increased.
The genera of intestinal dominance in L. maculatus juveniles are Bacillus, Paraclostridium,
and Photobacterium (Figure 7). As carbohydrate levels increased, the relative abundance
of intestinal flora changed. Compared with the NCD group, the relative abundance of
Bacillus in the HCD group decreased, whereas the relative abundance of Paraclostridium
and Photobacterium increased. The principal coordinate analysis confirmed no similarity in
the composition of intestinal microorganisms between the two groups, indicating that high
carbohydrates affected the composition of L. maculatus intestinal microbiota (Figure 8).

1004
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m Bacteroidetes
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Figure 6. Phylum-level microbiota composition of the intestinal microbiota.

Table 9. Effects of fed diets (NCD and HCD) on the intestinal microbiota of L. maculatus.

Items NCD HCD
OTUs 845 973
ACE index 254.23 £+ 45.18 272.29 £79.40
Chaol index 240.62 + 43.97 259.29 +77.16
Simpson index 0.42 £ 0.05 0.76 = 0.03 *
Shannon index 1.68 +0.15 2.76 £0.33*
Coverage rate 0.9995 0.9995

Data are expressed as mean =+ SE. Significant differences between the values obtained in the NCD and HCD
groups (p < 0.05) are marked with an asterisk by ¢-test.
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Figure 8. Principal component analysis and principal coordinates analysis of intestinal microbiota.

4. Discussion

As one of the three main sources of energy, carbohydrates are also one of the least
expensive. Carbohydrates are added to the feed and utilized effectively, lowering feed
costs and reducing the need for protein [21]. High-carbohydrate diets have been linked
to low disease resistance, slow growth, and high mortality in fish, according to earlier
research [22]. In the current study, the CF in the HCD group was noticeably higher than that
in the NCD group, which was comparable to hybrid snakehead [23]. The growth balance
was evaluated using the CF [24]. Therefore, it is hypothesized that the rise in CF shows that
increased carbohydrate levels might promote lipid deposition. The SR, WGR, SGR, and
VSl in the HCD group dropped, indicating that a 30% cornstarch level could negatively
affect the growth of L. maculatus and cause some nutritional stress, similar to what occurs
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in Micropterus salmoides [25]. These findings suggested that the inability of fish to efficiently
utilize carbohydrates may be related to their congenital diabetes [26]. Specifically in the
liver or abdominal cavity, carbohydrates are transformed into glycogen through glycogen
synthesis or lipid through lipid synthesis [27]. High carbohydrate intake improved liver
glycogen, HSI, CI, and VAI in the current study. Similar results were seen for HSI and
hepatic glycogen in other fish species, including Nile tilapia and M. amblycephala [3,28].
The steady rise in HSI, glycogen, or lipid is thought to be the outcome of either glycogen
deposition or lipid deposition in L. maculatus.

An essential biomarker for assessing the body’s health is the blood indicator [27].
Many fish species (mostly carnivorous fish) exhibit chronic postprandial hyperglycemia
after being fed digestible carbohydrates, which stimulates INS secretion [27]. In the present
study, high carbohydrate intake caused higher INS. Reducing sugars (like glucose, for
example) and free amino groups on proteins, lipids, and nucleic acids intensify their non-
enzymatic glycosylation process, which results in the formation of irreversible Maillard
products AGEs [29]. In mice, AGEs disrupted the metabolism of glucolipids and enhanced
the inflammatory reaction [30]. GSP is a glycated protein with ketamine bonds created
by a non-enzymatic glycation process between blood glucose and the amino group at the
N-terminus of albumin and other protein molecules [31]. High-carbohydrate stimulation
on M. amblycephala results in an increase in GLU, AGEs, and GSP, which is similar to the
findings of the present study [32]. The glycolysis cycle produces PA, which can be changed
into lactic acid [33]. High carbohydrate intake in the current study increased plasma PA.
The balance of lipid metabolism depends on the transport of TC by HDL and LDL to organs
such as the liver [34]. As a result, an increase in TC levels will likewise cause an increase in
HDL and LDL levels. In the present study, elevated levels of TC, TG, HDL, and LDL levels
in the HCD group suggested that high carbohydrate intake increased the production of
lipids. This result is in line with the previous investigation into M. amblycephala [3]. The liver
contains the enzymes AST and ALT, which are only released into the bloodstream in the
event that the cell membranes and mitochondria of the liver are damaged [35]. In this study,
high carbohydrate intake led to a rise in AST and ALT values. These findings suggested
that L. maculatus’s liver health had been negatively impacted by a high-carbohydrate diet.

The organism’s ability to absorb and use nutrients can be seen in the activity of intesti-
nal digestive enzymes. Chymotrypsin is a proteolytic enzyme released by the pancreas and
can reflect how an organism uses proteins [36,37]. In the present study, the chymotrypsin
activity of the HCD group was significantly higher than that in the NCD group, and this
finding demonstrated that raising the level of carbohydrates promoted L. maculatus to use
protein. Similar findings were presented in a previous study on C. carpio songpu, which
discovered that the protease activity in the low-starch group was significantly lower than
that of the high-starch group [36]. The study of Phoxinus lagowskii Dybowski showed that
both omnivorous fish and herbivorous fish have a promoting effect on protease activity
after the ingestion of high-carbohydrate feed [38]. In the study of S. meridionalis, carbo-
hydrates slightly changed the activity of the protease activity. According to research on
S. meridionalis, the variations in amylase activity at different carbohydrate levels were
not statistically significant [39]. In contrast, the results of the present study indicated
that amylase activity was significantly higher in the HCD group than in the NCD group,
which is comparable with those found in Acanthopagrus schlegelii, Pseudosciaena crocea, and
carp [40-42]. According to these findings, high dietary carbohydrate promotes glucose
metabolism. One of the intestinal digestive enzymes, lipase, is involved in lipid synthe-
sis [43]. In the current study, lipase activity was significantly higher in the HCD group than
in the NCD group. Given that the findings were consistent with the elevated TC and TG
levels in the plasma and the lipid accumulation in the liver in our investigation, we assume
that a high-carbohydrate diet may promote lipid synthesis in L. maculatus. A similar result
was obtained on Phoxinus lagowskii Dybowski [38]. However, studies on A. schlegelii and S.
meridionalis have demonstrated that intestinal lipase activity is not significantly affected
by dietary carbohydrate levels [42,44]. There is disagreement on how dietary carbohy-



Fishes 2023, 8, 431

14 of 19

drates affect lipase, and there are no reliable results. This topic might be further studied in
the future.

SOD and CAT are crucial enzymes in the body’s first line of defense against the pro-
duction of free radicals and other reactive chemicals in cells. Free radicals cause a number
of diseases as they accumulate in the body [45]. MDA, the end product of polyunsaturated
fatty acid (PUFA) degradation, is a marker of lipid peroxidation [46]. The body’s antioxi-
dant system can be evaluated for functionality using T-AOC [47]. In this study, SOD, CAT,
and T-AOC activities were significantly lower in the HCD group compared to the NCD
group, although the MDA level was the opposite. It was hypothesized that high levels
of carbohydrates would limit the body’s ability to produce antioxidants and result in a
significant amount of the harmful chemical MDA. This result is similar to the research on
M. amblycephala [16].

The first key enzyme in glycolytic and metabolic pathways is hexokinase (HK) [48].
In the present study, the activity of HK in the HCD group was significantly higher, in-
dicating that high dietary carbohydrate intake may promote the glycolysis response. A
similar result was also obtained in a previous study on Pelteobagrus vachelli [49]. However,
previous studies on common carp and Dicentrarchus labrax revealed that the presence of
carbohydrates has no impact on the activity of HK [50,51]. This could be due to the fact that
hexokinase, which is virtually saturated, cannot react to slight fluctuations in blood glucose
levels [52]. As a rate-limiting enzyme, PEPCK is a phosphoenolpyruvate carboxykinase
that participates in the reaction of gluconeogenesis [53]. Similar to the findings for rainbow
trout [54], the activity of PEPCK in this study was unaffected by dietary carbohydrate
intake. However, some studies suggest that as carbohydrate levels rise, PEPCK activity
declines [55]. When evaluating glucose metabolism, it is essential to consider not just diet
composition but also feeding habits, life stage, and size, among other factors [27].

In fish species, the intestine is the primary site for digestion and absorption site [56].
The villi height and muscular layer thickness are indicators of the intestine’s capacity
for absorption and digestion [57]. In the present study, the intestinal villi’s height was
reduced, increasing the villi’s spacing in the high-carbohydrate group. This indicated that
excessive carbohydrate levels changed the morphology of the gut and therefore reduced
its capacity for digestion and absorption. The decrease in SR, WGR, and SGR in the HCD
group correlated with the shortening of the intestinal villi, which decreases the contact area
of food with the intestinal villi and weakens intestinal digestion. Similar results were also
discovered in previous studies on M. amblycephala [58] and gilthead sea bream [59]. The
liver, a crucial organ for the metabolism of glucose in fish species, deposits glycogen and
lipids when dietary carbohydrate intake is excessive [60]. According to previous studies,
high dietary carbohydrate intake led to pathologic symptoms including lipid droplet
vacuolation with displaced nuclei and cytoplasm loss [61-63]. Similar to the present study,
the liver cells in the HCD group showed many vacuoles. In line with this, oil red O
staining revealed a significant rise in lipid droplets in the HCD group. These findings
suggested that liver injury in L. maculatus may occur from high carbohydrate-induced liver
lipid accumulation.

In almost all types of organisms, the metabolic pathway and anaerobic energy source
known as glycolysis has evolved [64]. GK is a special type of hexokinase that, strictly
speaking, operates on liver glucose as the initial and limiting step in the storage of excess
glucose. It occurs in several species [7,9]. In the current study, the expression of GK genes
was up-regulated by high carbohydrates. Similar to this, previous studies revealed that the
expression of the GK gene is induced by carbohydrate levels and positively linked with
the rise in carbohydrate levels in C. carpio, T. ovatus, and O. mykiss [52,65,66]. According to
the results of the current study, high carbohydrate levels had no effect on the expression of
PFK genes, which is in line with the previous findings of O. mykiss [67]. However, in Sparus
aurata, PFK gene expression increased as carbohydrate levels rose [68].

The liver can replenish and restore glycogen by gluconeogenesis, which can keep
plasma glucose steady [69]. G6pase is mostly found in fish livers, where it is highly active
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but is inactive in the hearts and muscles of fish [70]. In previous studies, the expression of
the Gé6pase gene was affected by high dietary carbohydrate intake in Erythroculter ilishae-
formis [71]. High dietary carbohydrate intake did not, however, have an impact on the
expression of the G6pase gene in the current study. Similarly, the earlier study found that
feeding rainbow trout different starches had no impact on the expression of the Gé6pase
gene in the liver [66]. The rate-limiting enzyme, FBP, is involved in the second step of
the gluconeogenesis reaction. According to some earlier studies, dietary carbohydrates
cannot regulate the activity or gene expression of PEPCK and FBP [56,72]. In the present
study, high carbohydrate intake had no effect on FBP gene expression. Similarly, pre-
vious studies on O. mykiss and M. salmoides found that the FBP gene in the liver was
unaffected by dietary carbohydrates [56,73]. In the current study, the expression of the
PEPCK gene was significantly reduced in the HCD group, which is consistent with the
results of Cyprinus carpio [67]. GSK3-f is an essential gene in glycogen synthesis, and GP
is a key gene for glycogenolysis [74]. Glucose is stored in liver cells as glycogen, which
can be then broken down and converted to glucose and released into the blood [75]. In the
present study, high-carbohydrate diets promoted hepatic glycogen synthesis and inhibited
hepatic glycogenolysis in L. maculatus. Similar results were observed in recent work in
Ctenopharyngodon idella, where gene expression related to glycogen synthesis was signifi-
cantly increased in the high-carbohydrate group [9]. In prior work on Leiocassis longirostris,
GP gene expression in the high-carbohydrate group was likewise significantly reduced [9].

Animals’ digestive tracts contain intestinal microbiota that are stable and can regulate
the metabolisms of glycolipids [76]. Numerous factors, including fish species, physiological
status, feed, and aquatic habitat, have an impact on the intestinal microbiota of fish [77]. In
the present study, it was discovered that L. maculatus’s intestinal microbial composition
was considerably changed by high carbohydrate levels. Similarly, changes in the intestinal
microbiota of T. ovatus were caused by dietary starch levels [7]. In line with the findings of
cobia [78], the number of phyla Bacteroides gradually rose as the level of carbohydrates
increased in our study. Proteobacteria are common in water, soil, flora, and fauna and are
members of the Gram-negative phylum. They are pathogens of the digestive system [79,80].
In the current study, Proteobacteria grew more in the HCD group. This suggests that
L. maculatus’s susceptibility to diseases was heightened by its high-carbohydrate diet.
Similarly, dietary carbohydrates dramatically increased the relative abundance of the
Proteobacteria phylum in previous studies on the pearl gentian grouper and T. ovatus [7,81].
Gram-negative bacteria, Photobacterium damselae, cause septicemic diseases in aquaculture,
including sea bass (Dicentrarchus labrax) and sea bream (Sparus aurata) [10]. In the current
study, Photobacterium levels rose in the HCD group, indicating that L. maculatus is more
prone to developing photomycosis when subjected to high dietary carbohydrates.

5. Conclusions

From the results of this experiment on the L. maculatus, high carbohydrates led to
increased condition factor and liver glycogen, lipid deposition, decreased antioxidant
capacity of the liver, increased relative abundance of harmful intestinal microbes, and
disrupted glucose metabolism.
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