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A B S T R A C T   

Diets with high carbohydrate (HC) was reported to have influence on appetite and intermediary 
metabolism in fish. To illustrate whether betaine could improve appetite and glucose-lipid 
metabolism in aquatic animals, mandarin fish (Siniperca chuatsi) were fed with the HC diets 
with or without betaine for 8 weeks. The results suggested that betaine enhanced feed intake by 
regulating the hypothalamic appetite genes. The HC diet-induced downregulation of AMPK and 
appetite genes was also positively correlated with the decreased autophagy genes, suggesting a 
possible mechanism that AMPK/mTOR signaling might regulate appetite through autophagy. The 
HC diet remarkably elevated transcriptional levels of genes related to lipogenesis, while betaine 
alleviated the HC-induced hepatic lipid deposition. Additionally, betaine supplementation tended 
to store the energy storage as hepatic glycogen. Our findings proposed the possible mechanism for 
appetite regulation through autophagy via AMPK/mTOR, and demonstrated the feasibility of 
betaine as an aquafeed additive to regulate appetite and intermediary metabolism in fish.   

1. Introduction 

Carbohydrates are the major energy-providing nutrients in commercial fish feed formulations due to its economic indispensability 
[1]. However, fish’s capacity to use carbohydrates are highly variable both between and within species, which is depended on the 
feeding habits [2]. Compared to omnivorous and herbivorous species, carnivorous fish have a high intolerance for carbohydrates in 
diets [2]. Consequently, high carbohydrate (HC) diets invariably induce growth retardation and atypical regulation of intermediary 
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metabolism, including the metabolic syndrome such as persistent postprandial hyperglycaemia and hepatic steatosis in aquatic ani-
mals [3,4]. Additionally, several reports have reported a reduction on food intake in carnivorous fish after being exposed to diet rich in 
carbohydrate [5,6]. Feed intake regulation is of great importance in maintaining energy balance, thus further exploration is required to 
reveal the mechanism underlying the appetite regulation in HC diet-induced reduction in feed intake. 

In fish, food intake regulation is a multifaceted process that involves diverse pathways in central nervous system (CNS), in which 
the hypothalamus acts as the primary regulatory center [7]. Similarly to mammals, the regulation of energy expenditure and food 
intake in fish relies on the detection of changes in nutrient levels by various sensing mechanisms in the hypothalamus [8,9]. Addi-
tionally, the food intake regulation is governed by two principal parts of neurons in the hypothalamus. One population is the orexi-
genic neuropeptides neuropeptide Y (NPY) and agouti-related neuropeptide (AGRP), which promote appetite. The other parts express 
the anorexigenic neuropeptides CART prepropeptide (CART) and pro-opiomelanocortin (POMC), which suppress food ingestion [7,8]. 
Research have shown that hyperglycemia may result in reduced food intake in fish and mammals fed a HC diet [5,6,10]. Nevertheless, 
the regulatory mechanisms in the hypothalamus of fish underlying the effect of HC diet on appetite regulation remain rarely 
understood. 

The hypothalamic AMP-activated protein kinase (AMPK)/mammalian target of rapamycin (mTOR) pathway serves as a sensor of 
energy and controller of cellular metabolism [11,12]. In mammals, the control of food intake by hypothalamic AMPK/mTOR signaling 
has gained significant attention as it acts as a connection between signals from peripheral and the regulation of central feeding 
behavior [13]. It has been reported that under conditions of nutrient deprivation, AMPK can be activated, leading to elevated 
orexigenic genes NPY/AgRP mRNA levels, and reduced anorexigenic genes CART/POMC mRNA levels [13,14]. Consequently, acti-
vation of hypothalamic AMPK and mTOR showed opposite roles in regulating food intake, as AMPK activation inhibit mTOR activity 
through direct phosphorylation at Thr2446 [11,12]. Emerging evidence has revealed that autophagy, a process that cells use to 
maintain their internal environment, is closely linked to the hypothalamus’ control of food intake [8,15,16]. In conditions of nutrient 
sufficiency, AMPK directly activates Ulk1, which is a homologue of yeast ATG1, to promote autophagy [17]. Studies showed that 
deleting autophagy related 7 (Atg7) in POMC neurons of mice demonstrated significant effects on food intake [18]. Therefore, it is 
plausible that regulating autophagy is a mechanism by which AMPK/mTOR signaling controls neuropeptide expression and feeding 
behavior in mammals. However, whether this mechanism applies to aquatic animals remains unclear. 

To mitigate negative impact on feed intake and metabolic disturbances caused by the HC diet, several studies have investigated 
different strategies. One potential approach involves the use of betaine, which has been employed as a feed additive in the poultry 
industry to enhance growth, boost antioxidant defenses, and improve immune function in animals [19]. Notably, betaine has been 
shown to function as a feed attractant, promoting feed intake in aquatic animals, including the mandarin fish [20]. Betaine has also 
shown promise as a supplement for the treating or preventing type 2 diabetes in mice, as it improves glucose homeostasis and reduces 
lipid accumulation in the liver [21]. In black seabream (Acanthopagrus schlegelii), dietary betaine has been found to alleviate the high 
fat diet induced liver steatosis and inflammation [22]. In addition, betaine could regulate the fatty acids synthesis via mTOR pathway 
in zebrafish [23]. Therefore, we hypothesized that dietary betaine could alleviate the adverse effects on food intake and metabolic 
disorders, such as HC diet-induced hepatic steatosis in aquatic animals. Moreover, whether this regulation is via the AMPK/mTOR 
signaling pathway remains to be investigated. 

Mandarin fish (Siniperca chuatsi) is a kind of carnivorous freshwater fish with significant economic potential in Chinese aquacul-
ture. However, mandarin fish was reported to exhibit anorexia and hepatic steatosis after subjected to a diet rich in carbohydrates [6, 

Table 1 
Diet formulation.  

Ingredients (%) Experimental diet 

NC BET HC HC + BET 

Fish meal 70 70 70 70 
Corn starch 0 0 20 19 
Fish oil 3 3 3 3 
Vitamin mixa 2 2 2 2 
Mineral mixb 2 2 2 2 

Microcrystalline cellulose 20 19 0 0 
Carboxymethylcellulose sodium 3 3 3 3 
Betainec 0 1 0 1 

Proximate composition 
Moisture (%) 6.30 6.88 5.30 8.29 
Crude protein (%) 45.08 45.98 45.48 45.69 
Crude lipid (%) 8.02 7.84 8.10 8.05 
Ash (%) 16.11 15.83 16.09 15.59 
Energy (kJ/g) 15.66 15.60 18.96 18.78  

a Vitamin mix: produced by Guangdong Nutriera Group, (Guangzhou, China): Inositol 100; niacinamide 50; vitamin A 10; vitamin B1 6; vitamin B2 
5; vitamin B6 7.5; vitamin B12 (1%) 4; vitamin D3 5; vitamin K3 10; vitamin E (50%) 200; biotin (2%) 2.5; calcium pantothenate 20; ascorbyl calcium 
phosphate (35%) 500; folic acid 5; corn protein powder 75. 

b Mineral mix: produced by Guangdong Nutriera Group (Guangzhou, China): Zeolite 638; FeSO4⋅H2O 300; ZnSO4⋅H2O 200; CoCl2⋅6H2O (10% Co) 
5; NaCl 100; MnSO4⋅H2O 100; Na2SeO3 (10% Se) 67; KIO3 (10%) 80; CuSO4⋅5H2O 10. 

c Betaine: IB0150, Beijing Solarbio Science & Technology Co., Ltd (Beijing, China). 
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24]. Previous study has reported that including dietary betaine can reduce could mitigate the oxidative status and apoptosis induced by 
diet rich in high carbohydrate in mandarin fish [25]. Hence, this study aims to explore if dietary betaine usage could improve the HC 
diet-induced food intake reduction and metabolic disturbances in glucose and lipid metabolism. The findings might offer new insights 
for the mechanisms that regulate appetite regulation and metabolic homeostasis in aquatic animals fed a HC diet. 

2. Materials and methods 

2.1. Diets 

Diets containing fishmeal as the protein source and fish oil as the lipid source were formulated to have identical nitrogen and lipid 
content. The diets were divided into four groups based on their carbohydrate and betaine content, which were termed the NC, BET, HC, 
and HC + BET group. The addition level of betaine and HC diet in the diets were 1% and 20%, respectively. The betaine used in the 
study had a minimum purity of 98.0%. Table 1 presents the formulation of the experimental diets. All of the ingredients were subjected 
to a thorough grinding process and pelletized using a pelletizing machine. The formulated diets were then dried and stored at a 

Table 2 
Primers sequences selected for analysis.  

Genes Sequence from 5′-3′ Accession number 

beta-actin (β-actin) F: TGCGTGACATCAAGGAGAAGC XM_044169301.1 
R: GAGGAAGGAAGGCTGGAAGAG 

ribosomal protein L13a (rpl13a) F: CACCCTATGACAAGAGGAAGC MK770673 
R: TGTGCCAGACGCCCAAG 

amp-activated protein kinase (AMPK) F: GGGATGCAAACCAAGATG XM_044175461.1 
R: ACAGACCCAGAGCGGAGA 

mammalian target of rapamycin (mTOR) F: GCATCAACGAGAGCACCA XM_044211707.1 
R: CGCTTCAAAATTCATAACCG 

unc-51 like autophagy activating kinase 1 (ulk1) F: GTGCCTGCCCAGTTTCCC XM_044195569.1 
R: GCAGGTTCTGTTCCATACGCT 

beclin 1 (becn1) F: AGGAGGTGAAGAGCGATAAGG XM_044167873.1 
R: CCAGGCGACGGTTGTGA 

microtubule-associated protein 1 light chain 3b (lc3b) F: AGAGCAGCACCCCAGCAA XM_044194970.1 
R: CGTTGACCAGCAGGAAGAAA 

autophagy related 4c (atg4c) F: TCAGCACCAGCGATTTCCC XM_044200084.1 
R: GCGGGGTATTTCTCCTTCG 

neuropeptide y (npy) F: GTTGAAGGAAAGCACAGACA EF554594 
R: GCTCATAGAGGTAAAAGGGG 

agouti gene-related protein 2 (agrp2) F: GAGCCAAGCGAAGACCAGA MK770670 
R: GCAGCACGGCAAATGAGAG 

pro-opiomelanocortin a (pomca) F: CTGTCAGGAGCTCAACTCTG MN818827 
R: AGGAAGGGAGGATGAAGGAG 

cocaine and amphetamine regulated transcript (cart) F: CGAACCTAACCAGTGAGAAG MN818823 
R: GGGACAGTCGCACATCTT 

glucokinase (gk) F: CTGCGTTTAGAGACCCACGA MW140068.1 
R: TTCACCAGCATCACACGGAA 

6-phosphofructokinase (pfk) F: GCTACCATCAGCAACAACG XM_044218098.1 
R: GCCACAGAATCCACCCAT 

pyruvate kinase (pk) F: CGCCCTCGCTGTCCTATTA XM_044207998.1 
R: TGCCGAAGTTGACCCTGTTG 

glucose-6-phosphatase (g6pca1) F: CTTATGACTTTCTATTTCCTGTCGTTTG XM_044177989.1 
R: GTTCTTGTCTTCTCTCTTTCCCTTG 

fructose-1,6-bisphosphatase 1b (fbp1b) F: TCCCAGTTCCACACCTGACA XM_044175013.1 
R: GTTAGCGATCCCAGCCTTCC 

phosphoenolpyruvate carboxykinase (pepck) F: CTGAGTTTGTGAAGAGAGCGG XM_044176969.1 
R: GTCCTTTGGGTCTGTGCGT 

glycogen synthase kinase (gsk) F: CTCGGTGTGTCTTTCCACGA XM_044171890.1 
R: GCTGCCGCTCATATCTCTGT 

glycogen phosphorylase (gp) F: CTCAGAACAAAACCTGCCCAC XM_044165888.1 
R: CCGCAACATTCTCCACTCCC 

sterol regulatory element binding protein (srebp1) F: CTCCCTCCTTTCTGTCGGCTC XM_044180668.1  
R: TCATTTGCTGGCAGTCGTGG 

acetyl-CoA carboxylase (accα) F: TATGCCCACTTACCCAAATGC XM_044221969.1  
R: TGCCACCATACCAATCTCGTT 

fatty acid synthase (fas) F: ATGGAAATCACCCCTGTAATCTT XM_044177556.1 
R: CTTATCTGACTACGGAATGAATCG 

lipoprotein lipase (lpl) F: TTACCCCAATGGAGGCACTT XM_044199514.1 
R: CGGACCTTGTTGATGTTGTAG 

peroxisome proliferator-activated receptor-a (pparα) F: GGGTGTGCTCAGACAAGGCT XM_044185657.1 
R: GTTGCGGTTCTTCTTTTGGAT  
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temperature of − 20 ◦C until further use. 

2.2. Fish and feeding trail 

The research was performed at the Pearl River Fisheries Research Institute Chinese Academy of Fishery Sciences (Guangzhou, 
China), using an indoor rearing system. A detailed description of the experimental procedure is given in previous publications by Li 
et al. (2023). In brief, juvenile mandarin fish (Siniperca chuatsi), already adapted to consuming artificial diets, were acclimated to the 
rearing environments for two weeks. Following a 24-h fast, 300 healthy mandarin fish (initial weight, 23.73 ± 0.05 g) were assigned to 
four groups at random. The fish experiment involved groups of three tanks, each with 25 fish, in triplicate. Then, fish were fed to 
apparent satiation twice daily, using the four experimental diets at 08:30 and 16:00. Unconsumed food was collected with a siphon 20 
min after feeding, then oven-dried to correct for ingested amounts. During the eight-week rearing period, regular monitoring was 
conducted on water quality parameters, including temperature (maintained at 27.0–28.5 ◦C), total ammonia nitrogen (<0.1 mg/L), 
dissolved oxygen (4.6–5.5 mg/L), and pH (7.0–8.5). 

2.3. Sampling procedure 

After an 8-week feeding trial, MS-222 (60 mg/L, Sigma, USA) was used to the anesthetize the fish. The number and weight of fish 
were recorded before sampling. Blood was obtained from three randomly selected fish from each tank using 0.02% heparin sodium 
(Aladdin, China)-rinsed sterile syringe. The supernatant was carefully collected after being centrifuged in sterile centrifuge tubes 
(4000 rpm for 10 min). One portion of the liver was fixed by 4% formaldehyde for histological analysis, while the other part of liver 
tissue was immediately removed on ice and stored at a temperature of − 80 ◦C for future use. 

2.4. Biochemical and enzymatic analysis 

The levels of plasma triglycerides (TG), high-density lipoprotein cholesterol (HDL-C), and low-density lipoprotein cholesterol (LDL- 
C) were detected with commercial-available kits following the manufacturer’s instructions (A110-1-1, A112-1, and A113-1, Nanjing 
Jiancheng Bioengineering Institute, China). The liver enzyme activities including the acid phosphatase (ACP) and alkaline phosphatase 
(AKP) were detected using commercially available kits (A060-2-2, A059-2-2, Nanjing Jiancheng Bioengineering Institute, China). The 
TG and cholesterol (T-CHO) levels were measured in the plasma and liver of mandarin fish using commercial kits (A111-1-1, Nanjing 
Jiancheng Bioengineering Institute, China). 

2.5. Oil-red O staining analysis 

In order to observe the fat droplets accumulation in the liver, sections of liver were made using neutral Oil Red O (Wako Pure 
Chemicals, Japan) staining, and the protocal was the same as in previous studies [26]. Briefly, fixed livers were sectioned and 
embedded in TissueTek OCT compound (Sakura Finetek, Japan). Then, the samples were snap-frozen with liquid nitrogen-cooled 
isopentane and cut into 5 mm sections using a cryostat. After undergoing staining and rinsing steps, observations were performed 
using an optical microscope (Olympus BX41, Olympus Corporation). 

2.6. RT-PCR analysis 

The TRizol reagent (Invitrogen, Carlsbad, USA) was utilized for liver tissue RNA extraction in accordance with the manufacturer’s 
instructions. The RNA concentration was measured using Implen NanoPhotometer (Implen Inc, Germany). The integrity of the RNA 
was detected by 1% agarose electrophoresis. Subsequently, cDNA was synthesized using a Takara reverse transcription kit (Takara, 
China). Table 2 presents the primer sequences that used in this experiment. β-actin and rpl13α were applied as the reference genes. 
Quantitative real-time PCR was carried out in triplicate on a Light Cycler®96-Time PCR instrument (Roche, Switzerland). The 20 μL 
reaction systems comprised of diluted first-strand cDNA product (2 μL), 2 × SYBR Premix Ex TaqII (10 μL), forward/reverse primer 
(0.8 μL of each), and sterilized ddH2O (6.4 μL). The qRT-PCR cycling procedure were set as follows: 95 ◦C for 5 min, 45 cycles of 95 ◦C 
for 15 s, and 60 ◦C for 1 min. Pfaffl’s mathematical model was used to calculate the relative gene expression [27]. 

2.7. Statistical analysis 

Statistical analysis was conducted using SPSS 22.0 software (SPSS Inc., USA). One-way ANOVA analysis was conducted, and 
Duncan’s multiple comparisons test was carried out to compare between the groups. The comparisons test was performed between the 
NC and HC groups, as well as between the HC and HC + BET groups. Results are showed as mean ± standard error of the mean (SEM). P 
value < 0.05 indicated statistically significant. 
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3. Results 

3.1. Plasma lipid metabolites and enzyme activities in the liver 

The impacts of dietary betaine on plasma lipid metabolites and liver function enzyme activities are summarized in Table 3. The 
results suggested that the HC group had significantly higher plasma TG levels compared to those of the NC group (P < 0.05). No 
remarkable variations were found in plasma T-CHO, LDL-C, and HDL-C levels between all groups (P > 0.05). Nevertheless, the fish in 
the HC + BET groups showed significantly higher plasma T-CHO levels compared to the fish in the HC group (P < 0.05). In terms of 
liver function indicators including AKP and ACP in the liver of mandarin fish, no significant variations were found between all groups 
(P > 0.05). 

3.2. Feed intake and hypothalamic gene expression involved in appetite regulation 

As shown in Fig. 1A, the application of betaine in the HC diet significantly increased the feed intake (FI) of mandarin fish than the 
HC group (P < 0.05). Between the other groups, no remarkable variations in FI were observed (Fig. 1A; P > 0.05). For the tran-
scriptional mRNA levels in the hypothalamus, the HC diet resulted in a significant reduction in AMPK, lc3b and atg4c mRNA levels in 
mandarin fish than the NC group (Fig. 1B and C; P < 0.05). While the hypothalamic mTOR, ulk1, and becn1 mRNA levels remained 
consistent between all groups (Fig. 1B and C; P > 0.05). Additionally, the HC diet significantly lowered the npy mRNA levels but 
elevated the pomcα and cart mRNA levels in the hypothalamus (Fig. 1D; P < 0.05). On the other hand, as compared to the HC group, 
dietary betaine usage in the HC diet significantly increased the npy and agrp2 mRNA levels while decreased the cart mRNA levels in the 
HC + BET group (Fig. 1D; P < 0.05). 

3.3. Glucose and glycogen metabolism in the liver 

Fig. 2 presents the hepatic mRNA levels of the regulators and genes related to glucose metabolism in mandarin fish. The HC diet 
significantly increased hepatic AMPK and mTOR mRNA levels in mandarin fish than the NC diet (Fig. 2A; P < 0.05). Compared with the 
HC group, the hepatic mRNA level of mTOR diminished significantly in the HC + BET group (Fig. 2A; P < 0.05). 

For genes involved in glycolysis, the HC group showed significantly higher pfk and pk mRNA levels, while the BET group showed 
higher hepatic gk mRNA levels, as compared to the NC group (Fig. 2B; P < 0.05). In addition, the HC diet group stimulated higher 
transcriptional levels for gluconeogenesis-related genes, including g6pca1, fbp1b, and pepck in mandarin fish (Fig. 2C; P < 0.05). 
Compared to the HC group, dietary betaine usage significantly decreased the hepatic g6pca1 mRNA levels in mandarin fish (Fig. 2C; P 
< 0.05). Moreover, the HC + BET group had significant higher glycogen levels in the liver than the HC group (Fig. 2D; P < 0.05). 
Similarly, in the HC group, both gsk and gp mRNA levels were significantly higher than in the NC group in the liver of mandarin fish 
(Fig. 2D; P < 0.05). Additionally, hepatic gp mRNA levels were significantly decreased by betaine supplementation in the HC diet, in 
comparison to the HC diet alone (Fig. 2D; P < 0.05). 

3.4. Lipid contents and associated metabolic events in the plasma and liver 

The HC diet showed significantly higher liver TG contents than the NC group (Fig. 3A). In comparison to the NC group, the lipid 
droplets and relative areas as shown by the Oil Red O staining images, which represent the portion of liver lipid droplets in mandarin 
fish, increased significantly in the HC group, (Fig. 3B and C; P < 0.05). 

Hepatic mRNA levels of genes related to lipogenesis such as srebp1, accα and fas were significantly increased in the HC group 
(Fig. 4A; P < 0.05). Conversely, the HC + BET diet suppressed the transcriptional level of the aforementioned genes (Fig. 4A; P < 0.05). 
The lpl and pparα mRNA levels were both stimulated in the HC group for lipid catabolism, as compared to the NC group (Fig. 4B and C; 
P < 0.05). In addition, the HC + BET group had significantly lower pparα mRNA levels than the HC group (Fig. 4C; P < 0.05). Despite 
the higher accα and lpl mRNA levels in the BET group than NC group, no remarkable variations were found between the other groups. 

Table 3 
Plasma metabolites and liver enzyme activities in mandarin fish.  

Items NC BET HC HC + BET NC vs HC HC vs HC + BET 

Plasma 
TG (mmol/L) 1.84 ± 0.18 2.27 ± 0.19 2.33 ± 0.26 2.38 ± 0.27 * ns 
T-CHO (mmol/L) 2.41 ± 0.11 2.62 ± 0.09 2.33 ± 0.10 2.51 ± 0.11 ns ns 
LDL-C (mmol/L) 5.03 ± 0.76 6.08 ± 0.53 4.86 ± 0.35 6.28 ± 0.67 ns ns 
HDL-C (mmol/L) 2.32 ± 0.11 2.39 ± 0.08 2.42 ± 0.10 2.05 ± 0.22 ns ns 
Liver 
T-CHO (mmol/gprot) 0.19 ± 0.01 0.16 ± 0.01 0.20 ± 0.01 0.29 ± 0.02 ns * 
AKP (U/L/gprot) 180.27 ± 13.35 192.93 ± 27.22 192.33 ± 25.69 233.23 ± 11.53 ns ns 
ACP (U/L/gprot) 2078.35 ± 66.16 1956.23 ± 74.49 1947.63 ± 58.38 2101.32 ± 102.95 ns ns  
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4. Discussion 

4.1. AMPK/mTOR might regulate appetite through autophagy in the hypothalamus of mandarin fish 

The AMPK/mTOR signaling pathway is known to function as a fuel gauge that modulate cellular energy status and regulate food 
intake in the hypothalamus of mammals [11]. AMPK and mTOR may be regulators of autophagy through direct phosphorylation of 
Ulk1, a homologue of yeast ATG1 and an autophagy-initiating kinase [11,17]. In general, autophagy is a process that degrades cellular 
components to maintain essential activity and viability under nutrient limitation. Therefore, hypothalamic autophagy can be 
considered a nutrient-responsive processes that regulates food intake [16]. In fish, it has been demonstrated that the activation or 
inhibition of mTOR signaling can restrain or trigger food intake by modifying the anorexigenic POMC protein levels [28]. The HC diet 
has also been reported to reduce ingestion in fish including rainbow trout (Oncorhynchus mykiss Walbaum) and mandarin fish [5,6]. In 
this study, although no significant variations concerning feed intake (FI) were found between mandarin fish fed the NC and HC diet, 
some events linking the gene expression of AMPK/mTOR signaling, autophagy and appetite regulation and the phenotype of feed 
intake displayed positively related to some extent. In mice, the 5-aminoimidazole-4-carboxamide ribonucleotide stimulated the 
activation of AMPK by intracerebroventricular administration, resulting in a significant increase in food intake [13]. In current 
research, the HC diet significantly inhibited the AMPK transcript levels in mandarin fish hypothalamus than the NC diet treatment. In 
addition, the inhibition of AMPK by the HC diet led to upregulation of anorexigenic genes cart and pomc and downregulation of 
orexigenic genes npy in the hypothalamus, resulting in inhibition of appetite in mandarin fish. Importantly, such inhibition of appetite 
regulation was positively correlated with the decreased mRNA levels of lc3b and atg4c, which is related to autophagy. Taken the 
decreased mRNA levels of AMPK together, it suggests that the AMPK/mTOR signaling pathway may modulate appetite genes through 
autophagy in the mandarin fish hypothalamus. 

Betaine is a well-known feeding stimulant for fish, and it is commonly used to enhance the flavor of chemical substances in feed, 
thereby increasing feed intake [29]. Dietary supplementation of betaine at an appropriate level has been reported to enhance feed 
intake in various aquatic species, such as grass carp (Ctenopharyngodon idella), black seabream (Acanthopagrus schlegelii), and Nile 
tilapia (Oreochromis niloticus) [21,30,31]. In this study, compared to the HC group, a stimulation of food intake was observed in the HC 

Fig. 1. Effects of dietary betaine on feed intake and associated gene expressions in hypothalamus of mandarin fish. (A) FI, feed intake; (B) mRNA 
levels of AMPK and mTOR in the hypothalamus; (C) transcriptional expression of autophagy genes in the hypothalamus; (D) transcriptional 
expression of appetite genes in the hypothalamus. Data are expressed as mean ± SEM (n = 6). * indicates significant difference between groups (P <
0.05). AMPK: AMP-activated protein kinase; mTOR: mammalian target of rapamycin; ulk1: unc-51 like autophagy activating kinase 1; becn1: beclin 
1; lc3b: microtubule-associated protein 1 light chain 3b; atg4c: autophagy related 4c; npy: neuropeptide y; agrp2: agouti gene-related protein 2; 
pomca: pro-opiomelanocortin a; cart: cocaine and amphetamine regulated transcript. 
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+ BET diet group of mandarin fish. Accordingly, the orexigenic genes npy and agrp2 mRNA levels was significantly stimulated, and the 
anorexigenic genes cart mRNA levels was significantly suppressed in the hypothalamus of mandarin fish. These findings indicate that 
dietary supplementation of betaine affects the transcriptional expression of appetite genes in the hypothalamus, thereby improving 
feed intake of mandarin fish. These results further support the feed-enhancing effects of betaine in aquatic species. 

Fig. 2. Effects of dietary betaine on glucose and glycogen metabolism in the liver of mandarin fish. (A) mRNA levels of AMPK and mTOR in the 
liver; (B) hepatic glycolysis gene expression; (C) hepatic gluconeogenesis gene expression; (D) hepatic glycogen and associated metabolic genes. 
Data are expressed as mean ± SEM (n = 6). * indicates significant difference between groups (P < 0.05). gk: glucokinase; pfk: 6-phosphofructoki-
nase; pk: pyruvate kinase; g6pca1: glucose-6-phosphatase; fbp1b: fructose-1,6-bisphosphatase 1b; pepck: phosphoenolpyruvate carboxykinase; gsk: 
glycogen synthase kinase; gp: glycogen phosphorylase. 
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4.2. The HC diet stimulated hepatic glucose metabolism and induced lipid deposition in mandarin fish 

Dietary carbohydrates, when provided at an appropriate level, can promote growth, save protein, and provide metabolic in-
termediates for aquatic animals [1,3]. Nevertheless, prolonged ingestion of high carbohydrate diets can lead to metabolic disorders in 

Fig. 3. Effects of dietary betaine on plasma triglycerides and lipid deposition in the liver of mandarin fish. (A) TG: triglycerides in plasma; (B) 
photomicrographs of representative Oil Red O stained liver sections; (C) relative area of lipid droplets (LD). Lipid droplets was red-colored and 
nuclei was blue-colored. Data are expressed as mean ± SEM (n = 6). * indicates significant difference between groups (P < 0.05). 

Fig. 4. Effects of dietary betaine on lipid metabolism in the liver of mandarin fish. (A) expression of lipogenesis genes in the liver; (B) expression of 
lipolysis gene in the liver; (C) expression of gene related to fatty acid β-oxidation in the liver. Data are expressed as mean ± SEM (n = 6). * indicates 
significant difference between groups (P < 0.05). srebp1: sterol regulatory element binding protein; accα: acetyl-CoA carboxylase; fas: fatty acid 
synthase; lpl: lipoprotein lipase; pparα: peroxisome proliferator-activated receptor-a. 
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glucose homoeostasis in aquatic species [32]. As a typical carnivorous fish species, mandarin fish are thought to have a restrained 
ability to efficiently utilize the dietary carbohydrates [25,33]. Despite the HC diet-induced oxidative status and apoptotic responses, it 
also significantly elevated the hepatic AMPK and mTOR mRNA levels in mandarin fish. Moreover, the HC diet significantly increased 
the hepatic glycolysis-related gene mRNA levels, such as pfk, and pk in mandarin fish. Accompanied with the activated glycolysis, 
significantly higher hepatic transcriptional expression of g6pc1, fbp1b, and pepck were observed in mandarin fish of the HC diet group. 
Generally, a diet rich in carbohydrates always stimulates the glycolysis process to convert glucose to pyruvate, releasing ATP for 
energy expenditure for fish [3,34]. Due to the limited capability to regulate the hepatic glucose metabolism, carnivorous fish were 
particularly unable to inhibit gluconeogenesis when consumed a high-carbohydrate diet [35]. Therefore, the activated glycolysis and 
gluconeogenesis pathways could be considered typical glucose metabolic activities in mandarin fish exposed to the HC diet. In this 
study, the glycogen levels in the liver were stable between the NC and HC diet group, which could be ascribed to increased levels of 
glycogen synthesis regulated by glycogen synthase kinase (gsk) as well as increased glycogen catabolism regulated by glycogen 
phosphorylase (gp). Consequently, the HC diet stimulated molecular event related to glucose metabolism but maintained a constant 
glycogen level in the liver of mandarin fish. 

In addition, glucose and lipid metabolism are closely interconnected processes in the liver, which is important for converting 
redundant dietary carbohydrates into triglycerides [36]. Ingestion of a high-carbohydrate diet has been reported to lead to hepatic 
lipid deposition in various fish species, including grass carp (Ctenopharyngodon idella), gibel carp (Carassius gibelio), as well as mandarin 
fish [3,4,24]. Consistent with this, compared to mandarin fish fed a NC diet, those fed HC diets showed significantly higher plasma TG 
levels and lipid droplets in their livers. The sterol regulatory element binding proteins 1 (srebp1) is reported to be crucial regulator of 
lipid anabolism in fish by converting excess glucose into fatty acids [37]. Additionally, the lipoprotein lipase (lpl) is responsible for 
hydrolyzing triglycerides, while the nuclear receptor peroxisome proliferator-activated receptor alpha (pparα) initiates degradation of 
fatty acids through fatty acid β oxidation. Although significantly higher lpl and pparα mRNA levels of lipid catabolic genes were 
observed in the HC group, the upregulated srebp1, accα, and fas mRNA levels ultimately contributed to liver lipid deposition in 
mandarin fish. Thus, the HC diet induced lipogenesis via upregulating srebp1 signaling and stored the excess dietary carbohydrate 
through hepatic lipid deposition in mandarin fish. 

4.3. Betaine usage in the HC diet altered the energy storage form in the liver of mandarin fish 

Recently, there has been growing evidence that dietary betaine has hepatoprotective effects in both mammals and fish, as it reduces 
fat accumulation and alleviates hepatic steatosis [22,38]. In black seabream (Acanthopagrus schlegelii), dietary betaine supplemen-
tation worked as a lipid-lowering substance to alleviate high-fat diet-induced liver steatosis and mitigate inflammatory responses in 
fish [22]. In blunt snout bream (Megalobrama amblycephala), dietary betaine reduced liver lipid accumulation by improving bile acid 
metabolism [32]. In this study, significantly lower srebp1, accα and fas mRNA levels was found in fish fed HC + BET diet in comparison 
to the HC diet. Subsequently, the significantly lower lipid droplets levels as evidenced by the Oil-Red O staining confirmed the results 
that dietary betaine alleviated the HC-diet induced liver lipid deposition in mandarin fish. Generally, glycogen and lipid are deposited 
as energy storage in fish in response to excess dietary carbohydrate, depending on their feeding habits and nutrition [4]. For instance, 
golden pompano (T. ovatus) and largemouth bass (Micropterus salmoides) exhibit storage of liver glycogen with increasing dietary 
carbohydrates [39,40]. But, overload amounts of ingested glucose could also be converted into lipid storage in the body of some fish 
species [3,4]. This study suggested that incorporating betaine into the HC diet led to accumulation of the hepatic glycogen, as 
compared to fish fed the HC diet alone. This might be attributed to the reduced catabolism of glycogen, as evidenced by the decreased 
hepatic mRNA levels of gp in mandarin fish. Therefore, dietary betaine may alter the energy storage to hepatic glycogen rather than 
lipid, thus alleviating the HC diet-induced hepatic lipid over-deposition in mandarin fish. 

5. Conclusion 

Overall, we explored the impacts and regulatory mechanisms of dietary betaine on appetite regulation and glucose-lipid inter-
mediary metabolism in mandarin fish. The findings revealed that betaine (at a concentration of 1%) enhanced appetite in mandarin 
fish fed a HC diet. This regulatory effect is likely mediated through the AMPK/mTOR signaling pathway, which targets autophagy in 
the mandarin fish hypothalamus. In addition, the HC diet stimulated both glycolysis and gluconeogenesis, contributing to the 
maintenance of stable levels of hepatic glycogen in mandarin fish. Meanwhile, the incorporating betaine into the HC diet relieved the 
HC-induced hepatic lipid deposition and led to changes of the energy storage form. As a conclusion, the findings suggest that betaine 
can serve as a viable additive for aquafeed to regulate intermediary metabolism in aquatic species. 
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