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Abstract A 12-week experiment was conducted 
to explore the effects of betaine and/or TMAO on 
growth, hepatic health, gut microbiota, and serum 
metabolites in Megalobrama amblycephala fed with 
high-carbohydrate diets. The diets were as follows: 
CD group (control diet, 28.5% carbohydrate), HCD 
group (high-carbohydrate diet, 38.2% carbohydrate), 
HBD group (betaine-added diet, 38.3% carbohy-
drate + 1.2% betaine), HTD group (TMAO-added 
diet, 38.2% carbohydrate + 0.2% TMAO), and HBT 
group (diet added with both betaine and TMAO, 
38.2% carbohydrate + 1.2% betaine + 0.2% TMAO). 
The results showed that the hepatosomatic index 
(HSI); whole-body crude fat; hepatic lipid accumula-
tion; messenger RNA expression levels of gk, fpbase, 

g6pase, ahas, and bcat; serum branched-chain amino 
acids (BCAAs); ratio of Firmicutes-to-Bacteroidetes; 
and abundance of the genus Aeromonas were all sig-
nificantly increased, while the abundance levels of the 
genus Lactobacillus and phyla Tenericutes and Bacte-
roidetes were drastically decreased in the HCD group. 
Compared with the HCD group, the HSI; whole-body 
crude fat; hepatic lipid accumulation; expression lev-
els of fbpase, g6pase, pepck, ahas, and bcat; circulat-
ing BCAA; ratio of Firmicutes-to-Bacteroidetes; and 
abundance levels of the genus Aeromonas and phyla 
Tenericutes and Bacteroidetes were significantly 
downregulated in the HBD, HTD, and HBT groups. 
Meanwhile, the expression levels of pk were drasti-
cally upregulated in the HBD, HTD, and HBT groups 
as well as the abundance of Lactobacillus in the HBT 
group. These results indicated that the supplementa-
tion of betaine and/or TMAO in high-carbohydrate 
diets could affect the hepatic lipid accumulation and 
glycometabolism of M. amblycephala by promoting 
glycolysis, inhibiting gluconeogenesis and biosynthe-
sis of BCAA, and mitigating the negative alteration 
of gut microbiota. Among them, the combination of 
betaine and TMAO had the best effect.
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Introduction

Dietary carbohydrates was directly relevant to the sus-
tainability of aquaculture, and which was economically 
indispensable in farmed fish species with commercial 
feeds due to their low cost and high abundance, saving 
protein and reducing the catabolism of lipids (Kam-
zlam et  al. 2017; Prisingkorn et  al. 2017). However, 
fishes were generally considered to have poor ability 
of utilizing carbohydrate and are low glucose intoler-
ant (Callet et al. 2020; Wang et al. 2021a). Excess high-
carbohydrate diets could negatively impact fish health 
through metabolic disturbances and stress responses 
such as hyperglycemia (Kamzlam et  al. 2017; Lin 
et al. 2018), lipid deposition (Boonanuntanasarn et al. 
2018; Liu et  al. 2018), and liver damage (Prathomya 
et al. 2017; Wang et al. 2019). It had been reported that 
supplementation of betaine in high-carbohydrate diets 
could reduce liver lipid accumulation in Megalobrama 
amblycephala (Wang et al. 2019). In addition, dietary 
berberine could ameliorate glucose metabolism disor-
der and attenuate hyperglycemia of M. amblycephala 
exposed to a high-carbohydrate diet (He et  al. 2021). 
Some studies for Micropterus salmoides indicated that 
supplementation of bile acids in high-carbohydrate diet 
could improve growth performance and glucose and 
lipid metabolism and could alleviate metabolic syn-
dromes (Guo et al. 2020; Yu et al. 2019). These reports 
suggested that the specific exogenous supplementation 
had the potential to alleviate negative impacts caused by 
high-carbohydrate diet. Therefore, it had attracted more 
and more attention to find a new candidate to improve 
carbohydrate use in fish.

Trimethylamine N-oxide (TMAO) was an 
osmolyte and frequently found in a variety of 
marine biota (Lidbury et al. 2014), in which TMAO 
was known to protect against the adverse effects 
of temperature, salinity, osmolarity, hydrostatic 
pressure, or urea (Velasquez et  al. 2016; Seibel 
and Walsh 2002; Yancey 2005). It was mainly 
formed from the metabolites of choline, carnitine, 
and betaine in the diet, which was absorbed and 
transformed to trimethylamine (TMA) by the 
gut microbiota (Wang et  al. 2019), then TMA 
is converted into TMAO in the liver by flavin-
containing monooxygenase 1 (FMO1) and FMO3 
(Coutinho-Wolino et al. 2021; Gatarek and Kaluzna-
Czaplinska 2021; Subramaniam and Fletcher 2018). 
The levels of TMAO, as an early biomarker of 

adipose dysfunction and non-alcoholic fatty liver 
disease (NAFLD), were positively associated with 
the visceral adiposity index and the fatty liver index 
and NAFLD (Barrea et al. 2018, 2019). After TMAO 
is orally consumed, it exhibits a fast turnover in the 
circulation with the majority being eliminated by 
urine (Taesuwan et  al. 2017). TMAO had a special 
flavor and could improve nerve excitability by 
stimulating the olfactory organs of aquatic animals 
as a new type of aquatic animal food attractant (Yi 
et  al. 2021). TMAO had a strong feeding attraction 
effect on Oreochromis mossambicus, and the 
optimal TMAO level was 0.2% (Sun et  al. 2005). 
Moreover, the food intake, growth performances, 
body composition, and digestive ability of Hucho 
taimen were all improved by the supplementation 
of 0.2% TMAO (Wang et al. 2011, 2012). However, 
to the best of our knowledge, there were few studies 
investigating the molecular mechanism of TMAO 
regulating glycolipid metabolism so far.

M. amblycephala was a herbivorous freshwater 
fish with fast growth rate and low farming cost and 
had been the sixth largest freshwater cultured fish 
in China (Wang et al. 2021b; He et al. 2021). It was 
possible to supplement more starch to its diets for 
saving costs because of its relative tolerance to car-
bohydrate. Therefore, it was necessary to look for 
glucose-lowering substances to alleviate the meta-
bolic problems caused by the high-carbohydrate 
feed of M. amblycephala (He et  al. 2021). Betaine 
was a natural compound derived from animals and 
plants and was widely used as a food attractant in 
aquaculture (Kasumyan and Døving 2003; Sun et al. 
2018). It had stable properties, small dosage, and 
low price and could be produced on a large scale. 
Similar as TMAO, betaine also played a role in the 
osmoregulation. Meanwhile, betaine could protect 
animals from nutritional fatty liver and is a highly 
competitive liver protection substance (Ge et  al. 
2016; Chen et  al. 2021). Furthermore, previous 
studies in our lab had suggested that betaine sup-
plementation could decrease the disruption of liver 
function and overall fat deposition in a high-carbo-
hydrate diet (Xu et al. 2018). At the same time, the 
optimum betaine supplementation was 1.2% (Wang 
et  al. 2020), and it was consistent with the previ-
ous report (Adjoumani et al. 2017). However, there 
were few studies investigating the combined effects 
of betaine and TMAO on hepatic lipid accumulation 
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and glucose metabolism, and the molecular mech-
anisms behind these alterations were not fully 
clarified. Thus, this study aimed to explore the 
long-term effects of betaine and/or TMAO supple-
mentation on the growth performance, body compo-
sition, health of liver, gut microbe composition, and 
serum metabolite alteration in M. amblycephala fed 
with high-carbohydrate diets. It is helpful for under-
standing the underlying mechanism of glycolipid 
metabolism controlled by betaine and/or TMAO, 
finding effective approaches to improve its carbohy-
drate utilization, and promoting the development of 
low-protein and high-energy feed for fish.

Materials and methods

Fish and diets

Healthy 4-month-old M. amblycephala (n = 600; aver-
age weight = 5.00 ± 0.50  g) were obtained from the 
experimental base of the Huazhong Agricultural Uni-
versity, Wuhan, China; distributed into six plastic 
tanks (25.00 ± 1.00 °C; dissolved oxygen of > 5.0 mg/l 
was kept); and fed the control diet during the acclima-
tion period (14 days). Then, a total of 450 healthy fish 
that could feed normal diets stably were selected and 
divided into five treatments. Each treatment contained 
three plastic tanks (stocking density = 30 fish per tank) 
with 300 L water capacity each tank, water temperature 
of 25 ± 1.00 °C, dissolved oxygen of 9 ± 1.00 mg/l, and 
nitrate of 0.01 ± 0.01 mg/l, and the photoperiod is natu-
ral. The study consisted of the following five diets: CD 
group (control diet, 28.5% carbohydrate), HCD group 
(high-carbohydrate diet, 38.2% carbohydrate), HBD 
group (betaine-added diet, 38.3% carbohydrate + 1.2% 

betaine), HTD group (TMAO-added diet, 38.2% 
carbohydrate + 0.2% TMAO), and HBT group (diet 
added with both betaine and TMAO, 38.2% carbo-
hydrate + 1.2% betaine + 0.2% TMAO). The detailed 
description of the ingredients and the composition of 
the diets are shown in Table 1. The carbohydrate con-
tent of diets was determined by the 3,5-dinitrosalicylic 
acid method (Yin et al. 2007). The period of the rear-
ing trial was 12 weeks, during which the fry was fed 
twice daily quantitatively (the weight of each feeding 
was 1–2% of body weight), and the water was replaced 
daily from 25 to 50% in each tank.

Serum, liver, and intestinal content sampling

At the end of the 12-week trial, fish from each tank 
were anesthetized with 150  mg/l tricaine methanesul-
fonate buffered with sodium bicarbonate (MS-222; 
Sigma, USA) (Collymore et  al. 2013; Welker et  al. 
2007) and 15 specimens were sampled randomly. The 
body weight and body length of fish were measured. 
Blood samples were collected from the caudal vein and 
centrifuged at 3000 × g at 4 °C for 10 min to separate 
the serum, which then stored at − 80  °C for analysis. 
After dissection, the weights of the viscera and liver 
were measured. Livers were divided into 2 parts: one 
part of the liver was placed in 10% paraformaldehyde 
solution for subsequent histological and lipid analy-
sis, and the other part was kept at − 80  °C for RNA 
extraction. The intestinal contents were collected into 
sterile tubes and frozen in liquid nitrogen, then stored 
at − 80 °C for DNA extraction and intestinal microbial 
composition analysis.

Analysis of growth performance

The growth performance parameters were calculated as 
follows:

Weight gain rate (WGR,%) = 100 × (f inal body weight − initial body weight)∕initial body weight

Specif ic growth rate (SGR,%∕day) = 100 × (lnf inal weight − lninitial weight)∕days of the experiment

Feed conversionratio (FCR) = total feed intake∕total weight gain
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Condition factor (CF,%) = 100 ×
[

f inal body weight∕(f inal body length)3
]

Hepatosomatic index (HSI,%) = 100 × (f inal liver weight∕f inal body weight)

Table 1  Compositions and nutrient concentrations in the five diets

a Diet with 28.5% carbohydrate
b Diet with 38.2% carbohydrate
c Diet with 38.3% carbohydrate + 1.2% betaine
d Diet with 38.2% carbohydrate + 0.2% TMAO
e Diet with 38.2% carbohydrate + 1.2% betaine diet + 0.2% TMAO
f Industry standard mineral and vitamin premix for herbivorous fish was provided by the Beijing Yujing Biotechnology Co., Ltd. 
(Beijing, China). Mineral premix (mg/kg of diet):  MgSO4, 3380  mg;  Na2HPO4, 2153.33  mg;  K2HPO4, 5913.33  mg; Fe citrate, 
733.33 mg; Ca lactate, 8060 mg; Al(OH)3, 6.67 mg;  ZnSO4, 86.67 mg;  CuSO4, 2.67 mg;  MnSO4, 20 mg; Ca(IO3)2, 6.67 mg; and 
 CoSO4, 26.67 mg. Vitamin premix (mg/kg of diet): β-carotene, 32.12 mg, vitamin C, 230 mg; vitamin  D3, 3.24 mg; menadione 
 NaHSO3·3H2O (vitamin  K3), 15.28 mg; dl-α-tocopherol acetate (vitamin E), 12.68 mg; thiamine nitrate (vitamin  B1), 19.24 mg; 
riboflavin (vitamin  B2), 64.12  mg; pyridoxine HCl (vitamin  B6); 15.28  mg; cyanocobalamin (vitamin  B12), 0.04  mg; d-biotin, 
1.92 mg; inositol, 1283.04 mg; niacin (nicotinic acid), 256.56 mg; Ca pantothenate, 89.34 mg; folic acid, 4.8 mg; choline chloride, 
2623.12 mg; and ρ-aminobenzoic acid, 127.76 mg
g TMAO (purity > 98.0%) was provided by Guangdong Kangda Biotechnology Co., Ltd. (Guangdong, China)

Item Groups

CDa HCDb HBDc HTDd HBTe

Ingredients (%)
  Fish meal 11.00 11.00 11.00 11.00 11.00
  Soybean meal 29.60 24.00 24.00 24.00 24.00
  Cottonseed meal 5.00 5.00 5.00 5.00 5.00
  Rapeseed meal 15.00 15.00 15.00 15.00 15.00
  Wheat shorts 19.00 33.00 33.00 33.00 33.00
  Wheat bran 5.00 5.00 5.00 5.00 5.00
  Soybean oil 2.00 2.00 2.00 2.00 2.00
  Lysine 0.30 0.30 0.30 0.30 0.30
  Methionine 0.10 0.10 0.10 0.10 0.10
  Monocalcium phosphate 1.00 1.00 1.00 1.00 1.00
  Choline chloride 0.20 0.20 0.20 0.20 0.20
  Carboxymethyl cellulose 1.00 1.00 1.00 1.00 1.00
   Premixf 1.00 1.00 1.00 1.00 1.00
  Betaine 0.00 0.00 1.20 0.00 1.20
   TMAOg 0.00 0.00 0.00 0.20 0.20
  Zeolite 9.80 1.40 0.20 1.20 0.00
  Total 100.00 100.00 100.00 100.00 100.00

Approximate composition (%)
  Crude protein 30.05 ± 0.18 30.44 ± 1.19 30.31 ± 0.35 30.05 ± 0.85 30.41 ± 0.42
  Crude lipid 11.58 ± 0.39 11.24 ± 0.15 11.61 ± 0.51 11.56 ± 0.33 11.23 ± 0.07
  Carbohydrate 28.59 ± 0.28 38.25 ± 0.22 38.37 ± 0.27 38.23 ± 0.20 38.22 ± 0.01
  Crude ash 16.88 ± 0.04 8.89 ± 0.01 7.70 ± 0.02 8.57 ± 0.05 7.65 ± 0.02
  Moisture 10.06 ± 0.02 8.77 ± 0.26 8.90 ± 0.15 9.10 ± 0.10 8.85 ± 0.11
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Analysis of proximate composition in whole fish

Ten fish from each replicate were used for the 
proximate composition analysis of whole fish with 
the official method of AOAC: Official Methods 
of Analysis (1995) (Cunniff et  al. 1995). Mois-
ture, crude protein, crude fat, and crude ash of 
whole body and diets were measured as previously 
described (Zhou et al. 2015a).

Histopathological and oil red O staining analyses of 
liver

Paraffin sections of liver were stained with hema-
toxylin–eosin (HE) and oil red O by Wuhan Ser-
vicebio Technology Co., Ltd. (Wuhan, China). 
Briefly, hepatic tissues were immersed in 10% 
paraformaldehyde, paraffin embedded, sliced, and 
dehydrated. Sections were subjected to HE stain-
ing, then liver tissue morphology and unstained 
areas of fat vacuoles were observed under a light 
microscope with × 200 magnification (Olympus, 
Tokyo, Japan). Morphological and pathological 
analyses of HE staining were conducted. For oil 
red O staining, liver tissues were made into frozen 
sections, dried in the air, stained with oil red solu-
tion, and sealed with glycerin gelatin, and finally, 
the grease drops were observed under a micro-
scope with × 200 magnification (Olympus, Tokyo, 
Japan). The Olympus Image-Pro Plus 6.0 software 
was used to conduct the quantitative analysis and 
calculate the oil red O–stained areas.

Analysis of gut microbiota

Total genomic DNA of gut microbiota was obtained 
using the hexadecyltrimethylammonium bro-
mide extraction method. The quantity and qual-
ity of extracted DNA were measured using a Nan-
oDrop 2000 spectrophotometer (Thermo Scientific, 
Delaware, USA) and agarose gel electrophoresis, 

Viscerosomatic index (VSI,%) = 100 × (f inal viscera weight∕f inal body weight)

Survival rate (SR,%) = 100 × (f inal number of f ish∕initial number of f ish)

respectively. The extracted DNA was subjected to 
PCR amplification of the bacterial 16S ribosomal 
DNA (rDNA) V3–V4 region using the forward 
primer 338F (5′-ACT CCT ACG GGA GGC AGC 
A-3′) and the reverse primer 806R (5′-GGA CTA 
CHVGGG TWT CTAAT-3′). Pyrosequencing of 16S 
rDNA was performed using the Illumina MiSeq 
platform with MiSeq Reagent Kit v3 at Shang-
hai Personal Biotechnology Co., Ltd. (Shanghai, 
China). The Quantitative Insights Into Microbial 
Ecology (QIIME) v1.8.0 pipeline was employed 
to process the sequencing data (QIIME allows the 
analysis of high-throughput community sequenc-
ing data) and operational taxonomic unit (OTU) 
analysis under a 97% similar level (Edgar  2010). 
Sequence data analyses were mainly performed 
using QIIME and R packages (v3.2.0).

Quantification of metabolites in serum

The contents of related metabolites in serum were 
measured under the high-performance liquid chro-
matography-tandem mass spectrometry (HPLC–MS/
MS) on the Ultimate3000 (Dionex, Sunnyvale, USA)-
API 3200 Q-TRAP (AB Sciex, Framingham, MA, 
USA) system. Chromatographic analyses were per-
formed by the Beijing Mass Spectrometry Medical 
Research Co. Ltd. (Beijing, China). In general, 50 µl 
of protein precipitant (containing NVL) was added to 
50  µl of serum, mixed thoroughly, and centrifuged. 
The supernatant (10  µl) was mixed with 50  µl of 
methanol borate buffer thoroughly (for amino acids, 
the above solution was mixed with 20  µl of diethyl 
ethoxymethylenemalonate). This solution (50 µl) was 
analyzed by HPLC–MS/MS. Chromatographic sepa-
rations were performed on an MS Lab C18 column 
(150 × 4.6 mm, 5 µm). The mobile phase A was 0.1% 
formic acid in water (v/v), and the organic mobile 
phase B was 0.1% ammonium formate in acetonitrile 
(v/v) with pH 5.8. Solvent was delivered to the col-
umn at a flow rate of 1 ml/min. The gradient elution 
program was as follows: 0 min, 90% A and 10% B; 
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1.4 min, 90% A and 10% B; 1.5 min, 40% A and 60% 
B; 3.4 min, 40% A and 60% B; 3.5 min, 5% A and 
95% B; 5.9 min, 5% A and 95% B; 6.0 min, 90% A 
and 10% B; and 10.0  min, 90% A and 10% B. The 
sample injection size was 5  µl, and the flow rate 
was 1  ml/min. The mass spectrometry analysis was 
performed on an API 4000 Q-TRAP (Biosystems, 
USA). In the multiple reaction monitoring mode, 
nitrogen gas was used as the collision gas. The con-
ditions for mass spectrometry detection were as fol-
lows: mode, positive ion mode; curtain gas pressure, 
20 psi; ion spray voltage, 4800 V; collision gas pres-
sure, medium; nebulizer gas pressure, 55 psi; turbo 
gas temperature, 500 °C; collision cell exit potential, 
2  V; and entrance potential, 10  V. Data were pro-
cessed using Analyst software version 1.5.1 (Applied 
Biosystems).

Analysis of real-time PCR

Total RNA was extracted from liver tissues 
using TRIzol reagent (Takara, Japan), and 
the concentration, qualification, and quality 
were measured on the NanoDrop 2000 
spectrophotometer (Thermo Scientific, Delaware, 
USA) and by agarose gel electrophoresis. Qualified 
RNA reversely transcribed into cDNA by using a 
synthesis kit (Takara, Japan). Quantitative reverse 
transcription PCR was performed using the ChamQ 
Universal SYBR qPCR Master Mix (Vazyme, 
China) to determine the messenger RNA (mRNA) 
expression levels. β-Actin (F:CGG ACA GGT CAT 
CAC CAT TG; R:CGC AAG ACT CCA TAC CCA 

AGA) was used as the reference gene to analyze the 
mRNA, and the relative levels of gene expression 
were calculated by the  2−ΔΔCt method (Adjoumani 
et al. 2017). Three enzyme genes, namely pyruvate 
carboxylase (pc), acetohydroxy acid synthase 
(ahas), and branched-chain aminotransferase 
(bcat), were selected in the KEGG database for 
expression pattern analyses. Primers of these genes 
were designed by Primier 5 software (Primier 
Biosoft, USA). Primers for this experiment are 
shown in Table 2.

Statistical analysis

GraphPad Prism 8.0 was used for data analy-
ses and figure editing. Data were expressed as 
mean ± standard deviation. Statistical significance 
of the data was analyzed using one-way analysis 
of variance (ANOVA) followed by the least sig-
nificant difference (LSD) multiple comparison test 
(differences were significant if P < 0.05 and were 
extremely significant if P < 0.01).

Results

Growth performance and whole-body composition

WGR, SGR, FCR, CF, and SR had no significant dif-
ference among all groups (P > 0.05), but the HSI of 
the HCD group was significantly higher than that of 
other experimental groups (P < 0.05, Table  3). The 

Table 2  Primer sequences of target genes designed for qPCR

gk glucokinase, pfk1 6-phosphofructokinase-1, pk pyruvate kinase, pc pyruvate carboxylase, pepck phosphoenolpyruvate carbox-
ykinase, fbpase fructose 1,6-biphosphatase, g6pase glucose 6-phosphatase, ahas acetohydroxy acid synthase, bcat branched-chain 
aminotransferase

Target gene Primer sequence (5′–3′) Primer sequence (3′–5′) Reference/accession number

gk TCT GGC ATG TGA GAG TGT GTC TTC AGT TCC TCT TGA CAA CGGC Xu et al. (2018)
pfk1 CTG AGC AGT AAG ATG GGC GT CAC GGC CTG GTT TCC TGA TA Xu et al. (2018)
pk GGG CTG GTT AAA GGG TGC GCG GGT TAG GCT GGEGATA Gao et al. (2012)
pc ATC CGG TCA TCC CAC CAG TA CTC CAC GCT GAA GAG GTT GT NM_001328356.1
pepck TCA GAG CCA TCA ACC CAG AG GTC CAT GCC TTC CCA GTA AA Gao et al. (2012)
fbpase TAC CCA GAT GTC ACA GAA T CAC TCA TAC AAC AGC CTC A KJ743995.1
g6pase AAC GGT GAG TTG GCC GTT TA CGC GTG ACA TCA CCG TTT TC Gao et al. (2012)
ahas GTG GCC ATT CAA GGT GAT GC CCA CAC GGT GCA AAA CAC TC NM_200666.2
bcat AGC TTT CCT CCA CTT GCC TC GTC ACT TGG GGT TCG TCC AT NM_200064.1

Fish Physiol Biochem (2024) 50:59–7564
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HBT group had significantly lower VSI than the 
HCD group (P < 0.05). For the results of whole-body 
composition, there were no differences in moisture, 
ash, and crude protein among all groups (P > 0.05), 
whereas the crude fat of the HCD group was signifi-
cantly higher than that of other experimental groups 
(P < 0.05).

Histopathological and oil red O staining of liver

The hepatic hematoxylin–eosin-stained sections 
(Fig.  1A–E) illustrated the whole staining of the CD 
group was uniform with a regular and round nucleus, 
whereas the liver sections of the HCD group were 
severely damaged including swollen hepatocytes with 
fat vacuoles and liver cell nucleus becoming abnormal 
and/or absent. Some slightly damaged and disappearing 
nuclei could be observed in the hepatocytes of the 
HBD, HTD, and HBT groups, but these symptoms 
were not as severe as those in the HCD group. 
According to photomicrographs of oil red O staining 
in × 200 magnification (Fig. 1F–J), the accumulation of 

liver lipid for fish fed with HCD diet was significantly 
higher (P < 0.05) than that of all the other groups 
(Fig.  1K). Comparing with that in the HCD group, 
the accumulation of lipid droplets was significantly 
reduced in the HBD, HTD, and HBT groups (P < 0.05). 
Simultaneously, the accumulation of lipid droplets of 
the HBT group was significantly lower than that of the 
HBD and HTD groups (P < 0.05). These results were 
consistent with the above results of growth performance 
and whole-body composition, suggesting that the 
addition of betaine and/or TMAO alleviated hepatic 
steatosis and liver fat accumulation caused by high-
carbohydrate diets.

Gut microbial community composition

The alpha diversity indices, including Good’s cover-
age index (P = 0.23), Shannon-Weiner index (P = 0.17), 
Simpson index (P = 0.19), and Pielou´s evenness index 
(P = 0.21), were not different among all these groups 
(Fig.  2E). Fusobacteria was an absolutely dominant 
phylum in all groups, and the top five phyla were 

Table 3  Growth performance and whole-body composition of M. amblycephala fed with different experimental diets

Data are presented as mean ± SE. Values within the same row having different uppercase letters are significantly different (P < 0.05)
FW final weight, WGR  weight gain rate, SGR specific growth rate, FCR feed conversion ratio, CF condition factor, HSI hepatoso-
matic index, VSI viscerosomatic index, SR survival rate
a Diet with 28.5% carbohydrate
b Diet with 38.2% carbohydrate
c Diet with 38.3% carbohydrate + 1.2% betaine
d Diet with 38.2% carbohydrate + 0.2% TMAO
e Diet with 38.2% carbohydrate + 1.2% betaine diet + 0.2% TMAO

CDa HCDb HBDc HTDd HBTe

Diets
  FW (g) 14.96 ± 0.57 14.09 ± 0.58 15.18 ± 1.22 14.36 ± 0.61 14.73 ± 0.46
  WGR (%) 191.27 ± 3.01 180.18 ± 12.28 193.52 ± 17.17 184.92 ± 12.17 193.33 ± 13.40
  SGR (%/day) 1.18 ± 0.01 1.07 ± 0.02 1.18 ± 0.07 1.15 ± 0.04 1.18 ± 0.05
  FCR 2.17 ± 0.05 2.35 ± 0.28 2.15 ± 0.12 2.14 ± 0.08 2.08 ± 0.11
  CF (%) 2.11 ± 0.10 2.06 ± 0.04 2.16 ± 0.22 2.11 ± 0.11 2.02 ± 0.06
  HSI (%) 1.51 ± 0.06A 1.70 ± 0.05C 1.58 ± 0.02AB 1.53 ± 0.03AB 1.50 ± 0.02AB

  VSI (%) 8.00 ± 0.23AB 8.52 ± 0.26C 8.12 ± 0.10AC 8.18 ± 0.21AC 7.77 ± 0.13A

  SR (%) 97.78 ± 3.85 95.56 ± 1.93 96.67 ± 3.34 97.78 ± 1.92 98.89 ± 1.92
Whole-body composition (%)
  Moisture (%) 68.04 ± 0.80 67.12 ± 0.26 67.12 ± 0.26 67.31 ± 0.65 67.34 ± 0.27
  Crude protein (%) 16.09 ± 0.79 16.51 ± 0.14 17.05 ± 0.77 16.56 ± 0.62 16.43 ± 0.21
  Crude fat (%) 12.02 ± 0.34A 13.29 ± 0.32C 12.45 ± 0.33AB 12.22 ± 0.20AB 12.30 ± 0.16AB

  Ash (%) 3.21 ± 0.05 3.29 ± 0.12 3.42 ± 0.08 3.27 ± 0.03 3.34 ± 0.04
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Fusobacteria, Tenericutes, Bacteroidetes, Proteobac-
teria, and Firmicutes (Fig.  2A). Compared with those 
in the CD group, Tenericutes and Bacteroidetes were 

sharply decreased in the HCD groups (P < 0.05) and 
their abundance levels were recovered again for the 
supplementation of betaine and/or TMAO in the HBD, 

Fig. 1  Hematoxylin–eosin (A–E) and oil red O (F–J) staining 
of hepatic tissues of Megalobrama amblycephala fed with dif-
ferent experimental diets. A, F Fish fed CD (28.5% carbohy-
drate). B, G Fish fed HCD (38.2% carbohydrate). C, H Fish 
fed HBD (38.3% carbohydrate + 1.2% betaine). D, I Fish fed 
HTD (38.2% carbohydrate + 0.2% TMAO). E, J Fish fed HBT 
(38.2% carbohydrate + 1.2% betaine diet + 0.2% TMAO). K 

The quantitative results of the oil red O staining, presented as 
the means ± SD for each group, where different lowercase let-
ters above the bars indicate a significant difference (P < 0.05). 
Photomicrographs in × 200 magnification. Arrows represent 
the examples of (a) a normal liver cell with a regular, round 
nucleus; (b) swollen hepatocytes with fat vacuoles; (c) an 
abnormal liver cell nucleus; and (d) an absent liver cell nucleus
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Fig. 2  The relative abundance and analysis of the top 10 phyla 
(A, B), relative abundance and analysis of the top 20 genera 
(C, D), and alpha diversity of the intestinal microbiota (E) 

in Megalobrama amblycephala. Data were presented as the 
means ± SD for each group, where different lowercase letters 
above the bars indicate a significant difference (P < 0.05)

Fig. 3  The relative expression levels of liver genes (A–I) and 
concentrations of serum metabolites (J–L) related to glyco-
metabolism for Megalobrama amblycephala fed with differ-
ent experimental diets. Expression values were evaluated by 
qPCR and normalized using β-actin as the reference gene. Val-
ues (means ± SE) embedded in the figure with different letters 

indicate a significant difference (P < 0.05). gk, glucokinase; 
pfk1, 6-phosphofructokinase-1; pk, pyruvate kinase; pc, pyru-
vate carboxylase; pepck, phosphoenolpyruvate carboxykinase; 
fpbase, fructose 1,6-biphosphatase; g6pase, glucose 6-phos-
phatase; ahas, acetohydroxy acid synthase; bcat, branched-
chain aminotransferase
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HTD, and HBT groups (P < 0.05) (Fig. 2B). In the HCD 
group, there was a significant increase in the Firmicutes-
to-Bacteroidetes ratio compared to that in the CD, HBD, 
HTD, and HBT groups (P < 0.05) (Fig. 2B). Based on 
the results of genera, Cetobacterium was the most abun-
dant, and Flavobacterium and Aeromonas were the 
second and third, respectively (Fig.  2C). Compared to 
the CD, HBD, HTD, and HBT groups, the HCD group 
showed to have significantly greater abundance of the 
genus Aeromonas (P < 0.05) (Fig. 2D). Simultaneously, 
the genus Lactobacillus was significantly more abun-
dant in the CD and HBT groups than in the HCD, HBD, 
and HTD groups (P < 0.05) (Fig. 2D).

Metabolites and related gene expression levels of 
glucose metabolism

Compared with the CD group, the mRNA expression of 
glucokinase (gk, Fig. 3A) in the HCD group was increased 
significantly (P < 0.05), and it was not significantly 
different among the HCD, HBD, HTD, and HBT groups 
(P > 0.05). There were no greater differences in the mRNA 
expression levels of 6-phosphofructokinase-1 (pfk1, 
Fig. 3B) and pyruvate carboxylase (pc, Fig. 3D) among all 
the treatments (P > 0.05). The pyruvate kinase (pk, Fig. 3C) 
mRNA expression of the HCD group was significantly 
lower than that of the HBD, HTD, and HBT groups 
(P < 0.05), whereas the expression of phosphoenolpyruvate 
carboxykinase (pepck, Fig.  3E) in the HCD group was 
significantly higher than that in the HBD, HTD, and 
HBT groups (P < 0.05). The expression levels of fructose 
1,6-biphosphatase (fbpase, Fig. 3F), glucose 6-phosphatase 
(g6pase, Fig.  3G), acetohydroxy acid synthase (ahas, 
Fig.  3H), and branched-chain aminotransferase (bcat, 
Fig. 3I) in the HCD group were significantly higher than 
those in the other groups (P < 0.05).

Furthermore, according to serum metabolites of M. 
amblycephala (Fig. 3J–L), high-carbohydrate diets in the 
HCD group resulted in significantly higher concentrations 
of valine, isoleucine, and leucine than those in the CD 
group (P < 0.05), while their concentrations were remark-
ably reduced in the HBD, HTD, and HBT groups com-
pared to that in the HCD group (P < 0.05).

Discussion

In the present study, the influence of dietary carbo-
hydrate levels on WGR, SGR, FCR, and CF of fish 

exerted a little difference. On the one hand, this result 
might be due to the fact that M. amblycephala had 
better utilization of carbohydrates than most carnivo-
rous and omnivorous species (Shi et al. 2018); on the 
other hand, the supplementation of betaine and/or 
TMAO might be another reason that it could alleviate 
negative impacts of liver health caused by high-car-
bohydrate diets and was ultimately beneficial to the 
growth of fish. Hence, as reported earlier (Shi et  al. 
2020, 2018; Prathomya et al. 2017), high dietary car-
bohydrate did not lead to negative effect on growth 
performance for M. amblycephala in this research. 
Furthermore, both HSI and VSI were also increased 
when dietary carbohydrate was increased, while the 
supplementation of betaine and/or TMAO alleviated 
them in the current study. Similarly, previous inves-
tigations had provided compelling evidence that 
high-carbohydrate diets often resulted in increasing 
lipid accumulation and indicative symptoms of liver 
damage in M. amblycephala, including negative liver 
health indices, reduction and disappearance of nuclei, 
symptoms of steatosis, and a high number of lipid 
droplets (Prisingkorn et al. 2017; Zhou et al. 2015b). 
But, the TMAO-supplemented diets significantly 
reduced fat belching and the number of fat droplets 
in rainbow trout (Rørvik et  al. 2015). And, betaine 
supplementation also ameliorated hepatic injury by 
decreased liver histopathological alterations in acute 
and chronic animal models of hepatic injury (Heidari 
et al. 2018). This was also supported by the fact that 
fish fed with betaine could reduce the accumulation 
of fat in the body and liver and notably improved 
liver health parameters (Xu et  al. 2018). Therefore, 
the reduction of HSI and VSI was reasonable in M. 
amblycephala when the high-carbohydrate diets were 
supplemented with betaine and/or TMAO.

In accordance with the abovementioned reports 
(Prisingkorn et  al. 2017; Zhou et  al. 2015b; Heidari 
et  al. 2018; Xu et  al. 2018), according to HE and 
oil red O stains of hepatic tissues, there were large 
lipid droplets, cellular swelling, partial necrosis, and 
severe steatosis in M. amblycephala fed with high-
carbohydrate diets, while the hepatic cells showed 
less degeneration and necrosis, and the degree of 
hepatocyte hypertrophy and intracellular lipid drop 
accumulation were reduced when high-carbohydrate 
diets were supplemented with betaine and/or TMAO. 
Furthermore, oil red O staining of the hepatic tis-
sue revealed a much higher number of red-stained 
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hepatocytes and higher oil red O–stained areas in the 
HCD group than in the other groups. These results 
had been confirmed in previous studies that betaine 
inhibited hepatic fat accumulation (Adjoumani et  al. 
2017; Xu et al. 2018; Zhang et al. 2019). Therefore, 
we concluded that these hepatocyte symptoms were 
significantly reduced and even completely abolished 
for M. amblycephala in betaine and/or TMAO inter-
vention circumstances.

Moreover, the whole-body crude lipid was 
changed significantly in the present study: high die-
tary carbohydrate of the HCD group resulted in the 
increase of crude lipid compared to the CD group, but 
this phenomenon was recovered by the supplementa-
tion of betaine and/or TMAO. According to previous 
research, high-carbohydrate diets could increase the 
synthesis of glycogen and fat in fish (Li et al. 2019; 
Prisingkorn et al. 2017), thus enhancing lipid deposi-
tion in tissue (Enes et  al. 2008; Shi et  al. 2020). In 
addition, the diets with optimal TMAO reduced back-
fat thickness and tended to increase lean percentage 
of pork (Overland et  al. 1999). Dietary betaine sup-
plementation significantly inhibited the white fat pro-
duction and reduced intramyocellular lipid accumula-
tion in a high-fat diet (HFD)-induced obese mice (Du 
et al. 2018). Thereby, the result of whole-body crude 
lipid was consistent with the previous reports (Du 
et  al. 2018; Overland et  al. 1999; Prisingkorn et  al. 
2017) and our foregoing results that both hepatic lipid 
accumulation and liver health parameters were nota-
bly improved for M. amblycephala when high-carbo-
hydrate diets were supplemented with betaine and/or 
TMAO.

A tremendous amount of gut microbiota inhab-
ited the intestines of animals, which was associated 
with various physiological and metabolic diseases, 
such as obesity, diabetes, and nonalcoholic fatty liver 
(Guo et  al. 2021; Uittenbogaart et  al.  2019). How-
ever, the gut microbiota was susceptible to changes 
by many influencing factors, including environmen-
tal factors and dietary nutrients, and the latter was 
one of the most important factors (Tomasello et  al. 
2014; Maslowski and Mackay 2011). Although the 
top five phyla of the current study were all the core 
gut microbiota of fish as previously reported (Bere-
ded et  al. 2022; Fogarty et  al. 2019), Tenericutes 
and Bacteroidetes were drastically decreased in the 
HCD group and recovered again in the HBD, HTD, 
and HBT groups compared to the CD group. The 

result confirmed the abovementioned view that die-
tary nutrients could affect the intestinal microbial 
composition (Tomasello et  al. 2014; Maslowski and 
Mackay  2011) and indicated the supplementation 
of betaine and/or TMAO could recover the changes 
caused by high-carbohydrate diets.

In this study, compared to other groups, there was 
a greater increase in the Firmicutes-to-Bacteroidetes 
ratio and a significant decrease of Bacteroidetes for 
juvenile M. amblycephala in the HCD group. But, 
they were recovered to the levels of control group 
when betaine and/or TMAO were supplemented to 
high-carbohydrate diets. Since Bacteroidetes was 
related to many metabolic activities involving the 
fermentation of carbohydrates (Zhang et  al. 2016) 
and the higher Firmicutes-to-Bacteroidetes ratio in 
the gut microbiota was associated with the efficient 
absorption of food energy (Murphy et  al. 2010), it 
was deduced that the influence of high-carbohydrate 
diets on M. amblycephala might be conducted by 
remolding its gut microbiota to regulate carbohydrate 
metabolism and energy absorption. Simultaneously, 
the restoration of Bacteroidetes and Firmicutes-to-
Bacteroidetes ratio in the HBD, HTD, and HBT 
groups indicated the supplementation of betaine and/
or TMAO could alleviate or remove the alteration of 
gut microbiota caused by high carbohydrate.

A high-starch or high-carbohydrate diets caused 
disturbances in the intestinal microbiota and 
increased the abundance of conditioned bacterial 
pathogens (e.g., Aeromonas sp.) of Oncorhynchus 
mykiss (Geurden et  al. 2014) and Trachinotus 
ovatus (Zhao et  al. 2020). Except for the increased 
abundance of the genus Aeromonas, the abundance 
of beneficial bacteria (the genus Lactobacillus) was 
also decreased for Micropterus salmoides fed with 
a high-starch diet, which impaired the intestinal 
function of fish (Huang et al. 2021; Zhang et al. 2020; 
Zhou et  al. 2020). Similarly, in the current study, 
the abundance levels of the genera Aeromonas and 
Lactobacillus in the HCD group were significantly 
increased and decreased respectively compared 
with those in the CD group, whereas Lactobacillus 
abundance was recovered in the HBT group as well 
as Aeromonas abundance in the HBD, HTD, and 
HBT groups. These results suggested that the high-
carbohydrate diets caused the increase of harmful 
bacteria and the decrease of beneficial bacteria in 
fish intestine, and indicated that the supplementation 

Fish Physiol Biochem (2024) 50:59–75 69



1 3
Vol:. (1234567890)

of dietary betaine and/or TMAO could mitigate the 
gut negative change caused by high-carbohydrate 
diets in M. amblycephala.

The key enzymes are glucokinase (gk), phosphof-
ructokinase-1 (pfk1), and pyruvate kinase (pk) in the 
glycolytic pathway as well as pyruvate carboxylase 
(pc), phosphoenolpyruvate carboxykinase (pepck), 
fructose 1,6-bisphosphatase (fpbase), and glucose 
6-phosphatase (g6pase) in the gluconeogenesis path-
way (Hamanaka and Chandel 2012; Litwack 2018; 

Matschinsky 1996). Additionally, acetohydroxy acid 
synthase (ahas) is the key enzyme and branched-
chain aminotransferase (bcat) is the common enzyme 
and catalyzes the final step in the branched-chain 
amino acid (BCAA) biosynthetic pathway (Do et al. 
2018; Liang et  al. 2021). In the current study, the 
mRNA expression levels of gk, fbpase, g6pase, ahas, 
and bcat in the HCD group were significantly higher 
than those of the CD group, but the expression levels 
of pfk1, pk, pc, and pepck were not greatly changed 

Fig. 4  Overview of glycometabolism pathway in Megalo-
brama amblycephala fed with different experimental diets. Up 
arrow indicates a significant increase, down arrow indicates a 
significant decrease, and horizontal arrow indicates a nonsig-
nificant change or unchanged concentration. Red arrows (HCD 
compared to CD), blue arrows (HTD compared to HCD), 
orange arrows (HBD compared to HCD), and purple arrows 
(HBT compared to HCD) indicate the direction of the change 
in the concentration of a metabolite. Up arrow indicates a sig-
nificant increase, down arrow indicates a significant decrease, 
and horizontal arrow indicates a nonsignificant change or 
unchanged concentration. The region selected in the blue box 
represents that the reaction occurs through the corresponding 

enzyme ahas or bcat. Glu, glucose; G-6-P, glucose 6-phos-
phate; F-6-P, fructose 6-phosphate; F-1,6-P, fructose 1,6-bis-
phosphate; PEP, phosphoenolpyruvate; PA, pyruvic acid; 
OAA, oxaloacetic acid; ALT, 2-acetolactate; AHB, 2-aceto-
2-hydroxybutanoate; MOPA, 3-methyl-2-oxopentanoic acid; 
MOBA, 3-methyl-2-oxobutanoic acid; MOPT, 4-methyl-2-ox-
opentanoate; Val, valine; Ile, isoleucine; Leu, leucine; gk, glu-
cokinase; pfk1, 6-phosphofructokinase-1; pk, pyruvate kinase; 
pc, pyruvate carboxylase; pepck, phosphoenolpyruvate car-
boxykinase; fpbase, fructose 1,6-biphosphatase; g6pase, glu-
cose 6-phosphatase; ahas, acetohydroxy acid synthase; bcat, 
branched-chain aminotransferase
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(Fig.  4). Simultaneously, the serum concentrations 
of valine, isoleucine, and leucine were drastically 
increased in the HCD group (Fig.  4). These results 
indicated that long-term high-carbohydrate intake 
resulted in the two kinds of alterations: one was that 
it promoted liver gluconeogenesis synthesis, which 
was also observed in Siberian sturgeon (Liang et  al. 
2017), and the other was that fish tried their best to 
maintain the homeostasis of glucose, which led to 
promoting the glycolysis and increasing the plasma 
BCAA levels. Similarly, high dietary carbohydrates 
could significantly increase glucokinase activity in 
liver for European sea bass and gilthead sea bream 
(Liang et  al. 2017), which was consistent with our 
results.

Furthermore, compared with the HCD group, the 
expression levels of fbpase, g6pase, pepck, ahas, 
and bcat were significantly downregulated and the 
expression of pk was drastically upregulated in the 
HBD, HTD, and HBT groups, but gk, pfk1, and pc 
were not greatly changed (Fig.  4). Simultaneously, 
the serum concentrations of valine, isoleucine, and 
leucine were significantly decreased (Fig. 4). These 
results indicated that the supplementation of betaine 
and/or TMAO in high-carbohydrate diets could not 
only inhibit liver gluconeogenesis and biosynthesis 
of BCAA but also promote glycolysis by the regu-
lation of abovementioned metabolites and enzyme 
gene expression levels, which finally made most 
intermediate metabolites forming oxaloacetic acid 
(OAA) that can enter the mitochondrial tricarbox-
ylic acid (TCA) cycle directly. Thus, the dietary car-
bohydrates were converted into energy and protected 
fish liver from the high glycogen under the actions 
of betaine and/or TMAO.

Plasma BCAA concentrations were positively 
correlated with insulin resistance and severity of 
NAFLD (Gaggini et  al. 2018; Grzych et  al. 2020; 
Muhammed et  al. 2019). The high-fructose diets 
could activate hepatic carbohydrate-responsive 
element-binding proteins (Kim et  al. 2016), which 
upregulated the branched-chain keto acid dehydro-
genase kinase (BDK) and downregulated the pro-
tein phosphatase m1K (PPM1K). And, the increased 
BDK-to-PPM1K ratio contributed to the obesity-
linked rise in circulating BCAA (White et al. 2018). 
In the present study, the serum BCAA concentra-
tions were increased and the symptoms of hepato-
cyte steatosis and lipid accumulation were found in 

the HCD group, while the BCAAs were recovered 
and the hepatic symptoms were alleviated or elimi-
nated in the HBD, HTD, and HBT groups. The 
results were in line with the foregoing reports and 
indicated high carbohydrates could increase the cir-
culating BCAAs that were positively correlated with 
hepatic lipid accumulation. Meanwhile, the dietary 
supplementation of betaine and/or TMAO could 
restore the BCAA concentrations and hepatic symp-
toms of lipid accumulations caused by high carbo-
hydrates in M. amblycephala. In addition, compared 
with the HBD and HTD groups, the HSI and VSI 
and the accumulation of lipid droplets were all low-
est in the HBT group, and the latter was signifi-
cantly lower than that of the HBD and HTD groups 
(Fig. 1K), whereas the genus Lactobacillus was sig-
nificantly more abundant in the HBT group than in 
the HBD and HTD groups (Fig. 2D). Therefore, the 
HBT group had the best effect.

Conclusion

Overall, these results of the current study demonstrated 
that the supplementation of betaine and/or TMAO in 
high-carbohydrate diets could affect the hepatic lipid 
accumulation and glycometabolism of M. amblyceph-
ala by promoting hepatic glycolysis, inhibiting gluco-
neogenesis and biosynthesis of circulating BCAA, and 
mitigating the negative alteration of gut microbiota 
caused by high-carbohydrate diets. Among them, the 
combination of betaine and TMAO had the best effect.
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