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The purpose of this study was to investigate the effects of betaine supplementation in
high-carbohydrate diets on the antioxidant capacity and glycolipid metabolism of
juvenile largemouth bass (Micropterus salmoides). Six experimental diets were designed,
including a low-carbohydrate diet (8% starch, LC), a high-carbohydrate diet (20% starch,
HC), and four gradient betaine supplementation groups (designated as HCB1, HCB2,
HCB3, and HCB4 in turn) with 0.5%, 1.0%, 1.5%, and 2.0% betaine supplemented to the
high-carbohydrate diet, respectively. A total of 270 juvenile largemouth bass with an
initial body weight of 4.34%0.11 g were used for an 8-week feeding experiment. The
results showed that, compared with the LC group, the HC group exhibited significant
oxidative stress in the liver and disorders of glucose and lipid metabolism in juvenile
largemouth bass. However, betaine maintained the glycolipid metabolic homeostasis of
the organism by significantly down-regulating the transcriptional expression of key lipid
synthesis genes (ACC1 and FAS), inhibiting excessive hepatic lipid synthesis, reducing the
serum levels of glucose (GLU), triglycerides (TG), total cholesterol (TC), and low-density
lipoprotein cholesterol (LDL-C), and decreasing abnormal lipid accumulation. In
addition, the improvement in hepatic antioxidant capacity induced by betaine was mainly
associated with the Nrf2-Keap1 pathway, which significantly upregulated the
transcription of key antioxidant genes (SOD and GPX), elevated superoxide dismutase
(SOD) activity, and increased reduced glutathione (GSH) content. In conclusion, dietary
supplementation with 0.5% betaine not only enhances the growth performance but also
improves hepatic antioxidant capacity and maintains hepatic metabolic homeostasis of
juvenile largemouth bass under high-carbohydrate feeding conditions, providing more
comprehensive theoretical support for the research on betaine in carbohydrate diets for
carnivorous fish.

1. INTRODUCTION supplementation in commercial aquafeeds.* Moderate di-
etary carbohydrate supplementation can not only improve
feed utilization and growth performance of fish, but also
achieve protein-sparing effects and reduce ammonia nitro-
gen excretion into aquaculture water.>® On the contrary,
excessive dietary carbohydrates trigger metabolic disor-
ders, especially in carnivorous fish, as manifested by ele-
vated blood glucose, hepatic oxidative stress, and hepatic
steatosis.”® Nevertheless, effective nutritional regulation
strategies to counteract the wide-ranging adverse effects
of long-term high-carbohydrate feeding remain limited.
Therefore, it is imperative to explore feasible approaches to
mitigate the harmful effects of high-carbohydrate feeds on
fish.

The rapid development of intensive aquaculture, together
with the reduced supply of fishmeal, has led to a sharp in-
crease in fishmeal prices, which greatly raises the cost of
conventional aquafeeds.! Feed costs account for more than
60% of the total production costs in aquaculture.? Given
that animal protein is generally the most expensive en-
ergy source in aquafeeds, cost-effective non-protein en-
ergy sources (primarily carbohydrates and lipids) are used
as partial substitutes in feed formulation.3 Compared with
lipids, carbohydrates possess prominent advantages in
price and raw material accessibility, resulting in their over-
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To mitigate the adverse impacts of high-carbohydrate
diets on fish, previous studies have investigated the appli-
cation of functional feed additives. For instance, sodium
butyrate has been verified to alleviate hepatic lipid de-
position induced by high-carbohydrate feeds.!0 Similarly,
quercetin can attenuate excessive hepatic glycogen and
lipid accumulation, as well as reduce serum glucose levels
in fish fed high-carbohydrate diets.!! Betaine, a quaternary
ammonium alkaloid also known as trimethylglycine, was
first isolated from sugar beet molasses.12 Betaine possesses
antioxidant and anti-inflammatory properties, and exerts
beneficial regulatory effects on lipid, glucose, and homo-
cysteine metabolism.1314 Numerous mammalian studies
have confirmed that betaine plays an indispensable role
in hepatic physiological functions. In mammalian diabetic
models, betaine alleviates high-glucose-triggered oxidative
stress in granulosa cells by upregulating the transcriptional
expression of Nrf2, CAT, SODI and GPX genes.15 In obese
mouse models, betaine improves obesity induced by high-
fat and high-carbohydrate diets by enhancing glucose up-
take, suppressing gluconeogenesis, and reducing serum
glucose and hepatic triglyceride concentrations.!6 Mean-
while, existing research has also explored the regulatory
functions of betaine in glucose and lipid metabolism of fish.
For example, supplementation with 1% betaine in high-
carbohydrate diets alleviated hepatic lipid deposition and
shifted energy storage toward hepatic glycogen in man-
darin fish (Siniperca chuatsi).!” A study on blunt snout
bream (Megalobrama amblycephala) reported that dietary
supplementation of 1.2% betaine modulated glucose me-
tabolism by promoting glycolysis and inhibiting gluconeo-
genesis.!8 Although accumulating evidence has validated
the protective potential of betaine, the exact molecular
mechanisms underlying its hepatoprotective effects in fish
fed high-carbohydrate diets remain poorly characterized.
Specifically, further research is required to elucidate how
betaine maintains hepatic metabolic homeostasis in car-
nivorous fish subjected to long-term high-carbohydrate
feeding.

Largemouth bass (Micropterus salmoides), also known as
California bass, was introduced into China in the 1980s and
has been widely cultivated owing to its fast growth rate,
strong environmental adaptability and high nutritional
value.l? According to the 2025 China Fishery Statistical
Yearbook, the annual output of largemouth bass in China
reached 938,509 tons, reflecting promising market
prospects for this species.20 As an obligate carnivorous fish,
the largemouth bass exhibits a limited capacity to utilize
dietary carbohydrates compared with omnivorous and her-
bivorous fish species. Dietary carbohydrate levels exceeding
15% lead to excessive hepatic glycogen and lipid accumu-
lation, suppress the activities of hepatic antioxidant en-
zymes, disrupt systemic health and hepatic metabolic
homeostasis, and ultimately trigger liver injury.2-22 In par-
ticular, dietary starch concentrations above 14.4% readily
induce metabolic liver disease (MLD) in largemouth bass.23
Therefore, the adverse effects caused by high-carbohydrate
diets severely limit the sustainable development of large-
mouth bass aquaculture. To date, the regulatory effects and
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underlying molecular mechanisms of betaine on hepatic
antioxidant capacity and glycolipid metabolism in large-
mouth bass remain poorly understood. In this study, an
8-week feeding trial was conducted by supplementing high-
carbohydrate diets with graded levels of betaine. We hy-
pothesized that optimal dietary betaine supplementation
could effectively enhance hepatic antioxidant capacity and
ameliorate high-carbohydrate-induced glucose-lipid meta-
bolic disorders in largemouth bass. The present study aims
to clarify the alleviative effects of betaine on high-carbo-
hydrate-triggered hepatic metabolic damage and provide a
theoretical basis for the application of betaine as a func-
tional feed additive to improve dietary carbohydrate uti-
lization efficiency and facilitate the healthy and efficient
culture of largemouth bass.

2. MATERIALS AND METHODS

2.1. FEED PREPARATION

The formulation of experimental diets is presented in Table
1. Fish meal, soy protein isolate, and wheat gluten were
used as dietary protein sources, fish oil served as the lipid
source, and corn starch was the carbohydrate source in this
experiment. The supplemental level of corn starch was ref-
erenced from previous studies.24-26 Six experimental di-
ets were formulated, including a low-carbohydrate diet (LC,
containing 8% corn starch), a high-carbohydrate diet (HC,
containing 20% corn starch), and four high-carbohydrate
diets supplemented with graded levels of betaine: 0.5%
(HCB1), 1.0% (HCB2), 1.5% (HCB3), and 2.0% (HCB4). The
supplemental dosages of betaine were determined accord-
ing to previous relevant studies.2”28 Briefly, all solid in-
gredients were sieved through a 60-mesh screen and accu-
rately weighed, followed by thorough blending via the serial
dilution method (mixing minor components with major raw
materials step by step). The homogeneous mixture was ex-
truded into pellets with a diameter of 5 mm using a pel-
let mill (CD4 x 1 TS, South China University of Technology,
Guangzhou, China). The obtained feed pellets were oven-
dried at 55 °C. After drying, all diets were labeled, hermet-
ically sealed, and stored at -20 °C for subsequent feeding
trials.

2.2. FISH AND FEEDING TRIAL

Juvenile largemouth bass were purchased from a commer-
cial fish farm in Zhangzhou City, Fujian Province, China. All
fish were acclimated for two weeks in circular 1200 L plastic
tanks at the Aquaculture Experimental Station of Jimei Uni-
versity. After the acclimation period, a total of 270 healthy
and uniform-sized juvenile largemouth bass with an initial
body weight of 4.34 + 0.11 g were randomly distributed into
18 experimental 65 L tanks. The feeding trial consisted of
six dietary treatments with three replicate tanks per group
and 15 fish per tank.

During the feeding trial, fish were hand-fed the corre-
sponding experimental diets twice daily (09:00 and 17:00)
to apparent satiation. Siphoning of residual feed and feces

241



Effects of dietary betaine supplementation on juvenile largemouth bass

Table 1. Formulation and chemical composition of the diets (% dry matter).

Ingredients LC HC HCB1 HCB2 HCB3 HCB4
Fish meal 35 35 35 35 35 35
Wheat gluten meal 10 10 10 10 10 10
Soy proteinisolate 20 20 20 20 20 20
Cornstarch 8 20 20 20 20 20
Fish oil 8 8 8 8 8 8
Lecithin 15 15 15 15 15 15
Choline chloride 0.3 0.3 0.3 0.3 0.3 0.3
Ca(H,PO,), 1 1 1 1 1 1
Vitamin premix? 1 1 1 1 1 1
Mineral premix? 1 1 1 1 1 1
Microcrystalline cellulose 14.2 2.2 1.7 1.2 0.7 0.2
Betaine® 0 0 0.5 1 15 2
Total 100 100 100 100 100 100
Crude protein 44.25 44.25 44.25 44.25 44.25 44.25
Crude lipid 12.25 12.25 12.25 12.25 12.25 12.25

a. Vitamin premix: Thiamine 25 mg, Pyridoxine Hydrochloride 20 mg, Riboflavin 45 mg, VB, 0.1 mg, VK5 10 mg, Inositol 800 mg, Niacin 200 mg, Pantothenic Acid 60 mg, Biotin 1.2
mg, Folic Acid 20 mg, VD35 mg, Vitamin A Acetate 32 mg, Ethoxyquin 150 mg, a-Tocopherol 120 mg.
b. Mineral premix: CuSO,-5H,0 20 mg/kg, Na,SeO(1%) 50 mg/kg, KI, 100 mg/kg, CoCl, (1%) 100 mg/kg, ZnSO,-H,0 150 mg/kg, MgSO,-H,0 4000 mg/kg, MnSO,-4H,0 50 mg/kg,

FeSO,H,0 260 mg/kg.

c. Betaine was purchased from Shanghai Jizhi Biochemical Technology Co., Ltd., purity >98%.

was conducted 30 min after each feeding. Approximately
30% of the tank water was replaced daily after the after-
noon siphoning procedure. A recirculating aquaculture sys-
tem was used throughout the trial. Dissolved oxygen (DO),
water temperature, pH, ammonia nitrogen and nitrite ni-
trogen were monitored daily to maintain stable water qual-
ity conditions: dissolved oxygen > 7 mg/L, water tempera-
ture 25 = 2 °C, pH 6.7-7.2, ammonia nitrogen < 0.1 mg/L,
and nitrite nitrogen < 0.08 mg/L.

2.3. SAMPLE COLLECTION

After an 8-week feeding trial, all experimental largemouth
bass were subjected to a 24 h fasting period. Fish were anes-
thetized with 150 mg/L eugenol aqueous solution. All fish
survived the entire feeding period, resulting in a 100% sur-
vival rate. Each replicate tank initially contained 15 fish,
and all individuals were counted and weighed to determine
growth performance parameters, including weight gain rate
(WGR), specific growth rate (SGR), feed conversion ratio
(FCR), and hepatosomatic index (HSI). The calculation for-
mulas for these indicators followed previous studies con-
ducted in our laboratory.2? For subsequent biochemical and
molecular analyses, eleven fish were randomly selected
from each replicate tank, and both blood and liver samples
were collected from the same individual fish. Whole blood
was kept at 4 °C for 20 h and subsequently centrifuged
(3000 x g, 10 min, 4 °C) to isolate serum. The harvested
serum samples were stored at -80 °C for subsequent serum
biochemical analysis. After blood collection, liver tissues
from the same fish were dissected and collected to deter-
mine antioxidant enzyme activities and to conduct quanti-
tative real-time PCR (qRT-PCR) analysis.
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2.4. DETERMINATION OF SERUM AND HEPATIC
ANTIOXIDANT INDICES

Serum and liver samples prepared as described above were
used to measure antioxidant parameters. All antioxidant
indices in serum and liver were determined using com-
mercial assay kits purchased from Nanjing Jiancheng Bio-
engineering Institute, and all operations were conducted
strictly in accordance with the manufacturer’s protocols.

The hepatic antioxidant biomarkers detected included
total antioxidant capacity (T-AOC, Cat. No. A015-2-1),
catalase (CAT, Cat. No. A007-1-1), malondialdehyde (MDA,
Cat. No. A003-1-2), superoxide dismutase (SOD, Cat. No.
A001-3-2), and reduced glutathione (GSH, Cat. No.
A006-2-1).

2.5. ANALYSIS OF HEPATIC GLYCOMETABOLIC ENZYME
ACTIVITIES

The liver samples obtained above were used to determine
the activities of glycometabolic enzymes. All enzyme ac-
tivities were quantified using commercial assay kits sup-
plied by Nanjing Jiancheng Bioengineering Institute, and
all experimental procedures were performed strictly follow-
ing the manufacturer’s instructions.The hepatic glycometa-
bolic enzymes measured were hexokinase (HK, Cat. No.
A077-4-1), phosphofructokinase (PFK, Cat. No. A129-1-1),
and pyruvate kinase (PK, Cat. No. A076-1-1).

2.6. DETERMINATION OF SERUM BIOCHEMICAL
PARAMETERS

The serum samples prepared as described above were used
to detect serum biochemical indices. All commercial assay
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Table 2. Primer sequence of the reference and target genes

Gene Forward primer (5’-3') Reverse primer (5’-3)

B-actin GGACACGGAAAGGATTGACAG CGGAGTCTCGTTCGTTATCGG
Keap1 TATTTCCGTCAGTCCCTCAG GGCAGCCAGCAGTTGTTC
Nrf2 CTGGTCCGAGACATACGC CTCAGCAGACGCTCCTTC
CAT GTTCCCGTCCTTCATCCACT CAGGCTCCAGAAGTCCCACA
SOD CCCCACAACAAGAATCATGC TCTCAGCCTTCTCGTGGA
GPX CCCTGCAATCAGTTTGGACA TTGGTTCAAAGCCATTCCCT
FAS TGTGGTGCTGAACTCTCTGG CATGCCTAGTGGGGAGTTGT
ACC1 ATCCCTCTTTGCCACTGTTG GAGGTGATGTTGCTCGCATA
PPAR-a CCACCGCAATGGTCGATATG TGCTGTTGATGGACTGGGAAA
GK GGGTTTTACCTTCTCCTTTC GGTGGCTACTGTGTCATTCA
PFK CTGGCTGAGCTCGTAAAG GTGCCGCAGAAGTCGTTG

PK CTCTTTCATCCGCAAAGC AATTCCCAGGTCACCACG

GS CAGAGGCCAACGACTCACTC TGTGTGGTAAAGACCGTTGC
G6PASE TGCCACAGATTTGTCAGAGC GTCCATTTCAGCCACATCCT

kits for the determination of glucose (GLU, Cat. No.
A154-1-1), aspartate aminotransferase (AST/GOT, Cat. No.
C010-2-1), alanine aminotransferase (ALT/GPT, Cat. No.
C009-2-1), total cholesterol (TC/T-CHO, Cat. No.
A111-1-1), triglyceride (TG, Cat. No. A110-1-1), high-den-
sity lipoprotein cholesterol (HDL-C, Cat. No. A112-1-1),
and low-density lipoprotein cholesterol (LDL-C, Cat. No.
A113-1-1) were purchased from Nanjing Jiancheng Bio-
engineering Institute. All detection operations were carried
out strictly in accordance with the manufacturer’s proto-
cols.

2.7. QUANTITATIVE REAL-TIME PCR (QRT-PCR)

Total RNA was isolated from hepatic tissues with the
SteadyPure RNA Extraction Kit (Accurate Biotechnology
(Hunan) Co., Ltd., Hunan, China). Purified total RNA was
reverse-transcribed into cDNA using the Evo M-MLV RT
Mix Kit with gDNA Clean for qPCR Ver.2 (Accurate Biotech-
nology (Hunan) Co., Ltd., Nanjing, China).

Quantitative real-time PCR (qRT-PCR) amplification was
carried out on a real-time PCR instrument using the SYBR
Green Premix Pro Taq HS qPCR Kit (Accurate Biotechnology
(Hunan) Co., Ltd., Nanjing, China) as fluorescent dye. Each
amplification reaction was prepared in a total volume of 20
pL, and three technical replicates were arranged for each
sample. Melting curve analysis was performed on the Light-
Cycler®480 II after amplification. Primer sequences of
genes are presented in Table 2.

2.8. DATA ANALYSIS AND GRAPH PREPARATION

Statistical analysis of experimental data was performed us-
ing SPSS 25.0 software. The normality and homogeneity
of variances of the data were verified by Shapiro-Wilk test
and Levene’s test, respectively. One-way analysis of vari-
ance (ANOVA) was applied to compare differences among
all experimental groups. When significant differences were
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detected, Duncan’s multiple range test was used for post
hoc multiple comparisons. All experimental results are pre-
sented as mean * standard deviation (SD), and significant
differences between groups are indicated by different su-
perscript letters (P < 0.05). Experimental tables were com-
piled in Microsoft Excel 2019, and graphs were generated in
GraphPad Prism 10.6.

3. RESULTS

3.1. EFFECTS OF BETAINE ON GROWTH PERFORMANCE,
SERUM BIOCHEMICAL AND ANTIOXIDANT INDICES OF
LARGEMOUTH BASS

Growth performance data of largemouth bass fed betaine-
supplemented diets have been reported in our previous
publication.2? Compared with the HC group, dietary sup-
plementation with 0.5% betaine significantly elevated WGR
and SGR, while markedly reduced FCR of largemouth bass
(P < 0.05). In addition, betaine supplementation signifi-
cantly decreased HSI relative to the HC group (P < 0.05).
The serum biochemical parameters of largemouth bass in
response to dietary betaine are presented in Table 3. Com-
pared with the LC group, the HC group exhibited signifi-
cantly higher serum AST activity, as well as increased con-
centrations of GLU, TG, TC and LDL-C (P < 0.05). Relative
to the HC group, all HCB treatments showed remarkable
reductions in serum AST activity, GLU, TG, TC and LDL-C
levels (P < 0.05). Meanwhile, serum ALT activity was sig-
nificantly lower in the HCB4 group than that in the HC
group (P < 0.05). No significant intergroup difference was
observed in serum HDL-C concentration (P > 0.05).

The serum antioxidant capacity of largemouth bass fed
experimental diets are summarized in Table 4. Compared
with the LC group, the HC group exhibited significantly
lower SOD activity, T-AOC and GSH content (P < 0.05). Rel-
ative to the HC group, T-AOC was markedly elevated in the
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Table 3. Effects of betaine on serum biochemistry of largemouth bass

Groups
Items
LC HC HCB1 HCB2 HCB3 HCB4
AST(U/L) 202.41£54.64> 537.76+185.572 319.37+52.85P 314.82+86.66P 279.88+15.57P 246.19+8.32P
ALT(U/L) 110.39+1.782 115.48+2.952 113.79+3.86? 111.36+2.542 115.5+6.452 69.07+0.67P
GLU(mmol/L) 4.77+0.33P 8.28+0.63? 5.62+0.62b 5.88+1.59P 5.73+0.82P 4.79+0.49>
TG(mmol/L) 5.88+0.44b 6.96+0.722 5.63+0.45P 5.66+0.51P 5.35+0.48P 5.70+0.66P
TC(mmol/L) 4.06+0.28¢ 6.63+0.632 3.61+0.5¢ 3.94+0.65¢ 5.11+0.49b 3.69+0.37¢
LDL-C(mmol/L) 2.130.61P 3.37+0.542 2.14+1.06P 2.17+0.05P 1.49+0.3P 1.32+0.36P
HDL-C(mmol/L) 5.08+0.982 4.53+0.86? 4.56+0.892 4.46+1.092 4.77+0.652 5.29+0.832
Note: Values were presented as mean * SD of triplicate groups (n=3), with different superscripts in row denoting significantly different (P<0.05).
Table 4. Effects of betaine on serum antioxidant capacity of largemouth bass
ltems Groups
LC HC HCB1 HCB2 HCB3 HCB4
T-AOC (mmol/L) 1.55+0.022 1.51+0.01P 1.56+0.012 1.51+0.03P 1.53+02b 1.53+0.013P
CAT (U/mL) 0.43+0.082 0.32+0.06? 0.41+0.12 0.38+0.142 0.34+0.072 0.36+0.042
MDA (nmol/mL) 17.15+0.73P 21.11+1.222 20.49+0.672 20.28+1.072 19.65+1.462 19.65+0.242
SOD(U/mL) 11.94+0.72b¢ 9.39+0.74 11.86+0.67¢ 13.58+1.412P 12.60+0.65P 14.77+0.472
GSH (umol/mL) 28.13+0.86° 18.49+0.46¢ 22.96+0.23° 25.20+0.332b 26.62+5.032P 23.25+0.45P
Note: Values were presented as mean+SD of triplicate groups (n=3), with different superscripts in row denoting significantly different (P<0.05).
Table 5. Effects of betaine on hepatic antioxidant capacity of largemouth bass
ltems Groups
LC HC HCB1 HCB2 HCB3 HCB4
T-AOC (mmol/g) 1.21+0.012 1.2+0.012 1.21+0.012 1.2+0.00? 1.2+0.012 1.21+0.022
CAT (U/mgprot) 2.47+0.122 2.47+0.12 2.83+0.112 2.62+0.242 2.83+0.632 2.21+0.782
MDA (nmol/mgprot) 0.27+0.14bc 1.26+0.362 0.15+0.02¢ 0.55+0.23b 0.51+0.09bc 0.92+0.172
SOD (U/mgprot) 64.00+14.82 25.07+3.2¢ 69.46+6.79P 53.08+6.61P 129.59+25.482 115.94+7.612
GSH (umol/gprot) 46.46%11.12 30.54+1.46P 44.46+0.322 49.33+6.712 4328+8.22 46.09+4.762

Note: Values were presented as mean+SD of triplicate groups (n=3), with different superscripts in row denoting significantly different (P<0.05).

HCBI1 group, and SOD activity as well as GSH concentration
were significantly increased across all HCB treatments (P <
0.05). No significant intergroup differences were detected
in serum CAT activity and MDA content (P > 0.05).

3.2. EFFECTS OF BETAINE ON HEPATIC ANTIOXIDANT
CAPACITY OF LARGEMOUTH BASS

The hepatic antioxidant capacity of largemouth bass is pre-
sented in Table 5. Compared with the LC group, the HC
group showed significant reductions in hepatic SOD activity
and GSH content, accompanied by a remarkable increase in
MDA concentration (P < 0.05). Relative to the HC group, he-
patic MDA levels were significantly decreased in the HCBI1,
HCB2 and HCB3 groups (P < 0.05). Additionally, all HCB
treatments possessed substantially higher hepatic SOD ac-
tivity and GSH content (P < 0.05). No statistical difference
was observed in hepatic CAT activity among all experimen-
tal groups (P > 0.05).

The mRNA expression levels of hepatic antioxidant-re-
lated genes are shown in Figure 1. Compared with the LC
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group, the HC group displayed significant downregulation
of hepatic antioxidant genes including CAT, SOD and GPX
(P < 0.05). By contrast, betaine supplementation markedly
upregulated the mRNA expression of SOD and GPX (P <
0.05). The Nrf2-Keapl pathway serves as the core regula-
tory cascade to sustain intracellular redox balance. In the
present study, the HC group exhibited significantly lower
Keapl transcription and remarkably higher Nrf2 mRNA
abundance relative to the LC group (P < 0.05). Supplemen-
tal betaine markedly downregulated Keapl mRNA expres-
sion and upregulated Nrf2 transcription (P < 0.05).

3.3. EFFECTS OF BETAINE ON GLUCOSE METABOLISM IN
LARGEMOUTH BASS

The activities of key glycolytic enzymes in largemouth bass
are shown in Table 6. Compared with the LC group, signif-
icantly elevated activities of HK, PFK and PK were detected
in the HC group (P < 0.05). Compared with the HC group,
no significant differences were observed in the activities of
HK, PFK, and PK in the HCB group(P > 0.05).
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Figure 1. Effects of betaine on hepatic antioxidant gene expression of largemouth bass.

All data are presented as mean * standard deviation (SD) with three biological replicates (n=3). Different lowercase letters in the figures indicate significant differences (P < 0.05).

Table 6. Effects of betaine on the activities of key enzymes involved in glycolysis in largemouth bass

Groups
Items
LC HC HCB1 HCB2 HCB3 HCB4
HK(nmol/mg) 2.62+0.58P 4.34+1.182 4.62+0.192 4.01+0.232 4,18+1.132 4.08+0.212
PFK(U/mg) 11.09+1.85b 17.75+3.762 19.3+0.712 16.81+1.782 19.52+6.132 18.65+1.242
PK(U/g) 5.32+1.66P 10.27+2.342 13.75+0.582 8.9+2.913b 12.98+3.392 11.21+£3.242

Note: Values were presented as mean#SD of triplicate groups (n=3), with different superscripts in row denoting significantly different (P<0.05).
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Figure 2. Effects of betaine on the expression of key glycolysis genes in largemouth bass. All data are presented
as mean * standard deviation (SD) with three biological replicates (n=3). Different lowercase letters in the figures

indicate significant differences (P < 0.05).

The mRNA expression levels of key glycolysis-related
genes are shown in Figure 2. Relative to the LC group,
the HC group exhibited significant upregulation of GK, PFK
and PK gene transcripts (P < 0.05). Compared with the HC
group, dietary supplementation with 0.5%-1.5% betaine
numerically reduced PFK expression without statistical sig-
nificance (P > 0.05), whereas 2% betaine supplementation
markedly downregulated PFK transcription (P < 0.05).

The transcriptional profiles of genes involved in gluco-
neogenesis and glycogen synthesis that are regulated by be-
taine are shown in Figure 3. Compared with the LC group,
the hepatic mRNA expression of G6PASE was significantly
down-regulated in the HC group (P < 0.05). The GS expres-
sion level showed an upward trend in the HC group, but the
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difference was not statistically significant (P > 0.05). Com-
pared with the HC group, 2% dietary betaine supplementa-
tion significantly reduced GS mRNA expression (P < 0.05).

3.4. EFFECTS OF BETAINE ON LIPID METABOLISM IN
LARGEMOUTH BASS

The mRNA expression levels of lipid metabolism-related
genes in largemouth bass are shown in Figure 4. Compared
with the LC group, the HC group exhibited significant up-
regulation of ACCI and FAS genes (P < 0.05). In contrast,
dietary betaine supplementation markedly downregulated
the transcriptional levels of ACCI and FAS (P < 0.05). No
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Figure 3. Effects of betaine on the expression of gluconeogenic genes and glycogen synthesis genes in
largemouth bass. All data are presented as mean * standard deviation (SD) with three biological replicates (n=3).
Different lowercase letters in the figures indicate significant differences (P < 0.05).
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Figure 4. Effects of betaine on hepatic lipid metabolism gene expression in largemouth bass. All data are
presented as mean * standard deviation (SD) with three biological replicates (n=3). Different lowercase letters in

the figures indicate significant differences (P < 0.05).

significant intergroup difference was found in the gene ex-
pression of PPAR-« across all treatments (P > 0.05).

4. DISCUSSION

4.1. EFFECT OF BETAINE ON ANTIOXIDANT CAPACITY
OF LARGEMOUTH BASS

The antioxidant defense system is essential for maintaining
cellular integrity and normal metabolism in fish, whereas
nutritional imbalance may disrupt this system and trigger
oxidative stress.30 The Nrf2-Keapl signaling pathway
serves as the core cascade governing antioxidant responses
in organisms, stimulating the transcription of antioxidant
genes and subsequently enhancing the activities of antiox-
idant enzymes.3! Antioxidant enzymes scavenge reactive
oxygen species (ROS) to alleviate oxidative damage.32 Total
antioxidant capacity (T-AOC) reflects the overall antioxi-
dant status of organisms, and glutathione (GSH), a vital
non-enzymatic antioxidant, is widely used to evaluate in
vivo redox homeostasis.3334 In the present study, signifi-
cantly lower SOD activity and GSH content, as well as el-
evated MDA levels, were detected in the serum and liver
of the HC group; meanwhile, serum T-AOC was markedly
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reduced. These findings indicated that high-carbohydrate
diets induced oxidative stress in largemouth bass, which
was consistent with previous research.10 Nevertheless, all
betaine supplementation groups exhibited significantly
higher SOD activity and GSH concentrations in both serum
and liver compared with the HC group, and dietary supple-
mentation with 0.5%-1.5% betaine significantly decreased
hepatic MDA levels, demonstrating the beneficial effects
of betaine on hepatic antioxidant capacity. Betaine down-
regulated hepatic Keapl transcription while upregulating
the mRNA abundance of Nrf2, as well as the antioxidant
genes SOD and GPX. As a master transcription factor and
regulatory protein for numerous antioxidant enzymes, up-
regulated Nrf2 expression can boost antioxidant enzyme
activities, reduce ROS accumulation, and alleviate cellular
oxidative stress.35 Nrf2 initiates the transcriptional cascade
of antioxidant genes via negative regulation of Keap13°.
Accordingly, we proposed that betaine functions through
the same mechanism: modulating the Nrf2-Keap1 pathway
to upregulate antioxidant gene expression and enzyme ac-
tivities, ultimately improving the antioxidant capacity of
largemouth bass. Previous studies on aquatic animals have
mainly focused on the growth-promoting effects of betaine,
with limited investigations into its antioxidant proper-
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ties.36 Collectively, our results revealed that betaine could
enhance systemic antioxidant capacity via activating the
Nrf2-Keapl signaling pathway.

4.2. EFFECTS OF BETAINE ON SERUM BIOCHEMISTRY OF
LARGEMOUTH BASS

Serum biochemical parameters are core indicators that re-
flect substance metabolism, organ function and overall
health status in fish. Alanine aminotransferase (ALT) and
aspartate aminotransferase (AST) are intracellular enzymes
synthesized in hepatocytes and serve as critical biomarkers
for hepatic parenchymal injury. Their serum levels are
widely applied to evaluate liver functional health in fish.37
In the present study, the high-carbohydrate diet signifi-
cantly increased serum AST activity in juvenile largemouth
bass, indicating that excessive dietary carbohydrate exerted
adverse impacts on hepatic health. Nevertheless, dietary
betaine supplementation markedly reduced serum AST ac-
tivity and decreased the HSI of fish fed high-carbohydrate
diets, suggesting that betaine could alleviate high-carbo-
hydrate-induced liver damage in largemouth bass. These
findings are consistent with previous studies conducted in
rats.38 The protective effect of betaine on hepatocytes may
account for this improvement. As an essential osmopro-
tectant and methyl donor, betaine accumulates intracellu-
larly to stabilize the structure of biological macromolecules
and maintain cellular enzyme activities.3 Long-term feed-
ing with high-carbohydrate diets commonly leads to post-
prandial hyperglycemia in carnivorous fish.40 In this study,
the high-carbohydrate diet induced a significant elevation
in serum glucose (GLU) concentration in largemouth bass,
which was in agreement with previous reports.4! Excessive
carbohydrate intake also significantly increased serum TG,
TC and LDL-C levels. Serum TC content is a key marker of
cholesterol metabolism in fish, and elevated TC may ex-
acerbate vascular lipid deposition and impair fish health.
High-density lipoprotein cholesterol (HDL-C) facilitates
the transport of cholesterol from peripheral tissues to the
liver for further metabolism, whereas LDL-C mediates the
delivery of cholesterol from the liver to peripheral tis-
sues.42 Accordingly, the increased serum TG, TC, and LDL-
C levels observed in the HC group indicated that excessive
carbohydrate intake could induce abnormal lipid deposition
in largemouth bass, which corroborates previous findings
in largemouth bass studies.#3 Notably, dietary betaine sup-
plementation effectively reversed these metabolic abnor-
malities by significantly decreasing serum GLU, TG, TC and
LDL-C levels. These results demonstrated the positive regu-
latory effects of betaine on glucose and lipid metabolism in
largemouth bass. The hypoglycemic effect and insulin sen-
sitivity-improving function of betaine have been well doc-
umented in rodent models of type 2 diabetes.** The reduc-
tion in serum TG induced by betaine may be attributed to
the enhanced hepatic phosphatidylcholine synthesis, which
promotes the export of hepatic triglycerides.4> The present
findings further validate the potential of betaine as a func-
tional additive to improve hepatic metabolic health in fish.
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4.3. EFFECTS OF BETAINE ON GLYCOLIPID METABOLISM
IN LARGEMOUTH BASS

The liver is one of the primary organs governing glucose
metabolism in vertebrates. Hexokinase (HK), phosphofruc-
tokinase (PFK), and pyruvate kinase (PK) serve as rate-lim-
iting and key enzymes involved in the glycolytic pathway,
whereas glucose-6-phosphatase (G6Pase) is a critical en-
zyme for de novo hepatic glucose synthesis.4 In the pre-
sent study, the HC group exhibited significantly elevated
activities of HK, PFK, and PK. Meanwhile, the high-carbo-
hydrate diet significantly upregulated the hepatic mRNA
expression of GK, PFK, and PK in largemouth bass. GK
initiates hepatic glucose phosphorylation and acts as an
essential upstream gene for glycolysis; PFK mediates an
irreversible rate-limiting step and determines the overall
glycolytic flux; PK catalyzes the terminal reaction of the
glycolytic pathway.4” The synchronous overexpression of
GK, PFK, and PK observed in this study indicated that ex-
cessive dietary carbohydrates persistently activated hepatic
glycolytic gene transcription in largemouth bass. Consis-
tent with our results, previous studies have reported that
high-carbohydrate diets upregulated glycolytic gene ex-
pression in the liver of yellow catfish (Pelteobagrus ful-
vidraco).#8  Additionally, the high-carbohydrate diet
markedly downregulated hepatic G6Pase expression in
largemouth bass, which may represent a physiological neg-
ative feedback compensatory mechanism. This adaptive re-
sponse suppresses endogenous glucose synthesis to coun-
teract continuous exogenous glucose overload. Dietary
supplementation with 2% betaine significantly reduced the
transcriptional level of PFK, whereas 0.5%-1.5% betaine
exerted no significant effect on PFK expression. Neverthe-
less, betaine supplementation did not alter PFK enzyme
activity. In addition to transcriptional regulation, PFK ac-
tivity is modulated by multiple post-translational mech-
anisms, including allosteric modulation, phosphorylation
modification, endogenous activation, and intracellular en-
ergy homeostasis.4? Therefore, 2% betaine effectively alle-
viated high-carbohydrate-induced upregulation of PFK at
the transcriptional level without altering its enzymatic ac-
tivity. Hepatic glucose metabolism is tightly coupled with
lipid metabolism. Excess hepatic glucose is predominantly
converted into lipids via intermediate metabolic pathways,
while only a small portion is used for glycogen synthesis.>0
Acetyl-CoA carboxylase 1 (ACC1) and fatty acid synthase
(FAS) are core enzymes for lipogenesis. Specifically, ACCI
catalyzes the carboxylation of acetyl-CoA to malonyl-CoA,
which is further converted to palmitic acid and subse-
quently esterified into triglycerides by FAS.5! Glycogen syn-
thase (GS) is a key functional gene responsible for glycogen
synthesis by encoding glycogen synthase protein.>2 In this
study, the high-carbohydrate diet significantly upregulated
hepatic ACCI and FAS expression and increased serum
triglyceride levels, while no significant difference was ob-
served in GS expression among groups. These results in-
dicated that elevated dietary carbohydrates altered glucose
metabolic patterns in largemouth bass, redirecting glucose
flux toward glycolysis and lipogenesis rather than glycogen
synthesis. Similar findings have been reported in grass carp
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(Ctenopharyngodon idella), in which high-carbohydrate di-
ets enhanced glycolysis and lipogenesis without affecting
glycogen synthesis.>3 In contrast, betaine supplementation
significantly downregulated the hepatic expression of li-
pogenic genes (ACCI and FAS) in fish fed high-carbohydrate
diets. Consistent with our results, a previous study in gibel
carp (Carassius auratus gibelio) demonstrated that 0.4% be-
taine reduced hepatic lipid deposition by suppressing the
transcription of lipogenic ACC and FAS genes.5* Collec-
tively, these findings suggested that betaine mitigates ab-
normal lipid accumulation by inhibiting lipogenesis,
thereby maintaining hepatic lipid metabolic homeostasis.
Importantly, previous studies regarding the metabolic reg-
ulation of betaine have mainly focused on herbivorous and
omnivorous fish species, while relevant research on car-
nivorous fish remains limited. As a typical carnivorous fish
with inherent carbohydrate intolerance, largemouth bass
exhibits distinct glycolipid metabolic characteristics com-
pared with herbivorous and omnivorous fish. In this con-
text, the present study further complements the molecular
mechanism by which betaine regulates hepatic glycolipid
metabolism in carnivorous fish, greatly improving the
species specificity and theoretical significance of existing
research. Nevertheless, the precise post-translational regu-
latory mechanisms and molecular pathways underlying be-
taine-modulated hepatic glycolipid metabolism in fish still
require further in-depth exploration in future studies.

5. CONCLUSION

In conclusion, high-carbohydrate diets induce hepatic ox-
idative stress and disordered glycolipid metabolism in ju-
venile largemouth bass. Dietary betaine supplementation
effectively improves hepatic antioxidant capacity and
maintains hepatic metabolic homeostasis through syner-
gistic regulation of multiple signaling pathways. Specif-
ically, betaine inhibits excessive hepatic lipogenesis by
markedly downregulating the transcription of key lipogenic
genes (ACCI and FAS), thereby reducing serum triglyceride,
total cholesterol, and low-density lipoprotein cholesterol
levels and alleviating abnormal lipid accumulation to sta-
bilize systemic lipid metabolism. In terms of antioxidant
regulation, betaine upregulates the mRNA transcription of
the Nrf2-Keap1 signaling pathway and its downstream an-
tioxidant genes, which may enhance hepatic antioxidant
enzyme activities and protect hepatocytes from oxidative
damage. Based on the growth performance indicators ob-
tained in this study, the optimal dietary betaine supple-
mentation level for juvenile largemouth bass under high-
carbohydrate feeding conditions was determined to be
0.5%. Notably, this study only investigated alterations at
the transcriptional level. Further validation at the protein
level, as well as proteomic analysis, is therefore required to

confirm the functional activation and nuclear translocation
of the Nrf2-Keapl pathway. Nevertheless, the core molec-
ular targets and pivotal signaling pathways responsible for
betaine-mediated lipid metabolic regulation under high-
carbohydrate stress remain to be further explored. Future
studies are required to fully elucidate the comprehensive
molecular mechanism by which betaine alleviates high-car-
bohydrate-induced lipid metabolic disorders in fish.
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