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(HFD, HFHCD) resulted in a higher average weight than 
HCD, but high-carbohydrate diets (HCD, HFHCD) caused 
signs of liver damage. HCD has resulted in elevated 
metabolites in energy pathways, leading to further distur-
bances in creatine pathway. Excess of carbohydrate and 
lipid metabolism products in the HFHCD group appears 
to have caused “congestion” of the TCA cycle, causing a 
significant decline in the numbers of amino acids enter-
ing the cycle, which in turn resulted in elevated levels of 
seven amino acids in this group. Gut microbiota metabo-
lites (TMA) exhibited a strong positive correlation with the 
carbohydrate content and a negative correlation with the fat 
content in diets.
Conclusion These results provide an important insight 
into the diet-affected metabolic disorders that often lead 
to financial losses in the aquaculture of Megalobrama 
amblycephala.

Graphical Abstract 
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Abstract 
Introduction High-fat and high-carbohydrate diets cause 
a number of metabolic disorders in mammals. However, lit-
tle is known about metabolomic changes caused by dietary 
imbalances in fish.
Objectives The objective of this study was to assess the 
impacts of high-fat diet (HFD), high-carbohydrate diet 
(HCD) and high-fat-high-carbohydrate diet (HFHCD) 
on metabolites in a farmed cyprinid fish Megalobrama 
amblycephala.
Methods We have employed the 1H NMR-based metabo-
lomic approach to measure the concentrations of metabo-
lites in plasma and liver of four different diet groups: HFD, 
HCD, HFHCD and control. Multivariate statistical analyses 
were used to determine significantly changed metabolites 
between all group-pairs.
Results All three test diets have affected metabolic pro-
files, phenotypes and clinical chemistry. High-fat diets 
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1 Introduction

Oxidation of carbohydrates and triglycerides provides the 
energy for metabolic activities of cells in animal organisms. 
Their metabolic pathways are highly interconnected, mostly 
by converging at the TCA cycle, but also via a large num-
ber of precursors and byproducts. High-fat and high-carbo-
hydrate diets cause increased levels of hepatic lipogenesis 
(Koteish and Diehl 2001), and hence are an important com-
ponent of the etiology of obesity and hepatic steatosis (Asai 
et al. 2014).

Megalobrama amblycephala is a predominantly her-
bivorous cyprinid fish native to China, with a fast-growing 
yearly output that currently places it among the top seven 
species in the Chinese aquaculture production (Food and 
Agriculture Organization of the United Nations 2013). 
The aquaculture of this species has also been affected by 
the global trend in aquatic animal feed production to use 
high levels of carbohydrates and fat in order to reduce 
the amount of costly protein in the feed (Gao et al. 2009; 
Li et  al. 2013, 2014; Ren et  al. 2015; Wang et  al. 2015). 
This often causes a number of metabolic disorders, such as 
hepatic steatosis and weakened immune responses, result-
ing in high mortality and lower market value of the farmed 
fish (Li et al. 2012, 2013; Zhou et al. 2013).

As the products of carbohydrate and fat metabolisms are 
moved by blood through the body, the effects of imbalanced 
diets and associated metabolic disorders can be assessed 
by measuring the concentrations of their by-products in 
blood (Figueiredo-Silva et  al. 2012; Ge et  al. 2016; Hor-
ton et al. 1995; Polakof et al. 2011; Yamashita et al. 2001). 
Nutritional metabolomics studies provide a mechanism 
to use biochemical pathways to study the impact of diet 
on the incidence of metabolic disorders and diseases (An 
et al. 2013; Duan et al. 2013; Jiang et al. 2013; Jung et al. 
2012; Kim et  al. 2010). Metabolomics can be employed 
to investigate the metabolic changes in a holistic manner 
(systems biology) (Dunn et al. 2011), as well as in specific 
organs (Ong et  al. 2009). Even though metabolomics has 
been widely applied in nutritional studies in fish (Akhtar 
et al. 2016; Kullgren et al. 2010; Schock et al. 2012; Zhao 
et al. 2014), metabolomic approach has not yet been used 
to study the impacts of diet on obesity and hepatic stea-
tosis in fish. Hence, the impacts of the excess of the two 
main energy-providing diet components, carbohydrates 
and fat, on the fish metabolome remain poorly understood. 
The excess of these might result in imbalances in the cen-
tral cellular energy pathway, which might be also reflected 
on a number of related metabolic pathways that share pre-
cursors with it. Hence, in order to better understand the 
diet-induced metabolic disorders that often plague the 
aquaculture of M. amblycephala, we have undertaken a 
comparative metabolomic analysis of plasma and liver of 

fish fed four different diets: control, high-fat diet (HFD), 
high-carbohydrate diet (HCD), and high-fat-high-carbohy-
drate diet (HFHCD). To be able to assess the footprint of 
each diet on the metabolic profile, we have compared the 
three experimental diets to the control diet. Furthermore, 
as carbohydrates and triglycerides could exhibit unique 
interactions in metabolic pathways, we have also compared 
the metabolic profiles among the three experimental diets: 
HFD versus HCD, HFD versus HFHCD, and HCD versus 
HFHCD. Once we have identified the significantly changed 
metabolites between group-pairs, categorization of these 
altered metabolites into metabolic pathways will lead to a 
better understanding of the connection between diet and 
metabolic disorders in M. amblycephala.

2  Materials and methods

2.1  Chemicals

Analytical grade sodium chloride,  NaH2PO4·2H2O, and 
 K2HPO4·3H2O were purchased from Sinopharm Chemi-
cal Reagent Co. Ltd. (Shanghai, China); deuterium oxide 
(D2O, 99.9% D) and sodium 3-trimethylsilyl [2,2,3,3-2H4]- 
propionate (TSP) from Sigma-Aldrich Inc. (USA); and 
sodium azide  (NaN3) from Tianjin Fu Chen Chemicals 
Reagent Factory (China). NMR tubes were purchased from 
NORELL, Inc. (Marion, USA).

2.2  Experimental fish, diets and sample collection

Juvenile M. amblycephala were obtained from the 
Huazhong Agricultural University (Wuhan, China) 
fish breeding base. The fish were placed in a fiberglass 
tank and fed a commercial feed during the acclimation 
period (14 days), at the end of which they were randomly 
divided into 12 tanks (n = 45). Three tanks (n = 135) were 
randomly assigned to each diet group (3 replicates x 4 
diet-groups): control (C; containing 8.0% fat and 26.7% 
carbohydrates), high fat diet (HFD; containing 12.2% fat 
and 27.8% carbohydrates), high carbohydrate diet (HCD; 
containing 8.3% fat and 34.1% carbohydrates) and high 
fat high carbohydrate diet (HFHCD; containing 10.4% fat 
and 30.9% carbohydrates) (Table S2). Water temperature 
was controlled (25 ± 0.5 Cº). The fish (average weight at 
the beginning of the experiment = 48.13 ± 0.27  g) were 
fed by hand to satiation twice daily for 56  days. The 
amount of food intake and uneaten feed were recorded 
and collected daily. At the end of the experiment, after a 
12-hour fast, the fish were anesthetized, weighed, and sac-
rificed. Fifteen specimens per each group were selected 
randomly to collect blood and liver samples. Ten blood 
and liver samples were randomly selected for clinical 



1H NMR-based metabolomics approach reveals metabolic alterations in response to dietary…

1 3

Page 3 of 13 17

chemistry measurements, histopathological examinations 
and metabolomics analysis, and five samples were kept as 
reserve. Blood samples (n = 10) were obtained following 
the standard protocol, using sodium heparin as anticoagu-
lant. Each sample was divided into two tubes: for clinical 
chemistry measurements and metabolomics analysis. All 
blood samples were centrifuged immediately after collec-
tion and supernatant stored at −80 °C. Liver tissue sam-
ples (n = 10) were weighed and each individual sample 
divided into two tubes: one to be fixed in 10% formalin 
for histopathological examination, and the other one to be 
immediately flash-frozen with liquid nitrogen and stored 
at −80 °C until used for metabolomics analysis.

2.3  Clinical chemistry analysis and histopathological 
assessment

Serum biochemistry parameters were examined for lipid 
content and liver damage diagnostic (Li et al. 2012) with 
commercial kits produced by Jiancheng Bioengineer-
ing Institute (Nanjing, China) using a TECAN analyzer. 
The measured serum parameters included alanine ami-
notransferase (ALT), aspartate aminotransferase (AST), 
triglycerides (TG), low-density lipoprotein (LDL) cho-
lesterol, high-density lipoprotein (HDL) cholesterol, and 
total cholesterol (tChol). Formalin-fixed liver tissues 
were embedded in paraffin wax, sectioned (3–4  μm), 
and stained using the hematoxylin and eosin method to 
assess the damage and fat droplet accumulation in liver. 
Microscopic assessment was carried out by a qualified 
pathologist.

2.4  Preparation of plasma and liver samples 
for the NMR analysis

Each plasma sample (170  μL) was mixed with 340  μL 
phosphate buffer (45 mM, pH 7.47, 50%  D2O) containing 
0.9% NaCl in a 5 mm NMR tube and used directly for the 
NMR analysis. Liver tissues (about 50 mg) were homog-
enized in cold methanol and water (v/v = 2:1) using a 
Qiagen Tissue-Lyser (Retsch GmBH, Germany). The 
supernatant (550  µL) was collected after centrifugation 
(16 099  g, 4 °C, 10  min). The extraction was repeated 
thrice using the same procedure. The supernatants col-
lected from the above procedure were mixed together and 
freeze-dried after the removal of methanol in vacuo. Then 
the residue was dissolved in 600 μL of phosphate buffer 
(0.15 M, pH 7.38, 80%  D2O) containing 0.001% TSP and 
0.01%  NaN3. The supernatant (550  μL) was transferred 
into a 5 mm NMR tube.

2.5  NMR spectroscopic analysis

All plasma NMR spectra were acquired at 298  K on 
a Bruker AVance III 600  MHz NMR spectrometer 
(600.13  MHz for 1H frequency) equipped with a cryo-
genic probe (Bruker Biospin, Germany). 1D 1H NMR 
spectra were acquired using the Carr-Purcell-Meiboom-
Gill (CPMG) pulse sequence (RD-90°-(τ-180°-τ)n-ACQ), 
where τ = 350  ms and n = 100. For liver extract samples, 
we used the first increment of the NOESY pulse sequence 
(RD-90°-t1-90°-tm-90°-acquisition;  t1 = 4 μs,  tm = 100 ms). 
A total of 64 transients for all samples were collected into 
32 K data points over a spectral width of 20 ppm with 90° 
pulse length adjusted to about 10 ms.

For resonance assignment purpose, a series of two-
dimensional (2D) NMR spectra were acquired and pro-
cessed as previously described (Dai et al. 2010a, b). These 
included 1H-1H correlation spectroscopy (COSY), 1H-1H 
total correlation spectroscopy (TOCSY), 1H J-resolved 
spectroscopy (JRES), 1H13C heteronuclear single-quantum 
correlation spectroscopy (HSQC), and 1H-13C heteronu-
clear multiple bond correlation (HMBC) 2D NMR spectra 
(Supplementary data Fig. S2).

2.6  NMR spectral data analysis

The free induction decays were multiplied by an expo-
nential window function with the line-broadening factor 
of 1  Hz prior to Fourier Transformation. Each spectrum 
was corrected for phase and baseline deformation manu-
ally using Topspin 2.1 (Bruker Biospin) and the chemical 
shift of alpha-glucose was calibrated at δ 5.23. The spec-
tral region between δ  0.5–8.5 was integrated into bins 
with a width of 0.004  ppm using AMIX v3.9.2 package 
(Bruker Biospin). Some unwanted signals, such as water 
(δ 4.55–5.15) and urea resonance (δ 5.56–5.96), were 
removed. The areas of all bins were then normalized to the 
probabilistic quotient. Multivariate statistical analysis was 
undertaken as described in Qiu et  al. (2016). The models 
were constructed using the partial least square discriminant 
(PLS-DA) and orthogonal projection to the latent structure-
discriminant analysis (OPLS-DA) with Unit Variance (UV) 
scaling, and validated with a seven-fold cross-validation 
method using SIMCA-P1 v 12.0 (Umetrics, Sweden). The 
significance of the OPLSDA model was also validated by 
CV-ANOVA. Differences were considered statistically sig-
nificant at the p < 0.05 level. Metabolites exhibiting sig-
nificantly different concentrations in different group-pairs 
were visualized in score plots. To assist the biological 
interpretation of the loadings generated from the model, 
the loadings were first back-transformed and then plotted 
with colour-coded OPLS-DA coefficients in MATLAB 7.1. 
The colour code corresponds to the absolute value of the 
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OPLS-DA correlation coefficient |r|, which indicates the 
contribution of the corresponding variable to the group 
separation. In these loadings plots, hot-colored (the red end 
of the spectrum) metabolites contributed more significantly 
to the intergroup differences than cold-colored (blue) ones. 
The cutoff value (|r|>0.602) used in this study was based 
on the discrimination significance value (p < 0.05), which 
was determined according to the test for significance of the 
Pearson’s product-moment correlation coefficient (n = 10, 
p < 0.05). Kyoto Encyclopedia of Genes and Genomes 
database (KEGG) was used to associate metabolites with 
metabolic pathways. To evaluate the validity of the PLS-
DA models, a permutation test (n = 200) was used. Mean-
while, the  R2 value and the difference between  R2 and  Q2 
were used to evaluate the possibility of over-fit models (Qiu 
et al. 2016).

3  Results and discussion

We have studied the impacts of four different diets on 
metabolomic profiles of plasma and liver of juvenile Mega‑
lobrama amblycephala. The significantly impacted metab-
olites were associated with several metabolic pathways, 
including glycolysis, TCA cycle, gut microbiota metabo-
lism, purine metabolism, histidine metabolism, one carbon 
metabolism and amino acids metabolism.

3.1  Phenotypes and clinical chemistry 
of the experimental fish

The three imbalanced diets induced metabolic changes 
that affected the phenotypes and clinical chemistry of 
the experimental fish (Table  1). High-fat diets (HFD and 
HFHCD) resulted in higher average final weight, which 
is in good agreement with studies on mice (Jung et  al. 

2012) and humans, where overfeeding on fat has resulted 
in much higher weight gain (90–95%) and lower energy 
expenditure than overfeeding on carbohydrates (Horton 
et  al. 1995). Hence, the lower weight of the HCD group 
(which was still higher than the control group), could be a 
consequence of a higher metabolic rate (in comparison to 
high-fat diets), induced by high-carbohydrate diet, result-
ing in higher energy requirements (Horton et  al. 1995). 
However, in comparison to HFD, high-carbohydrate diets 
(HCD and HFHCD) caused stronger signs of liver damage 
and higher levels of metabolic disruption. Clinical chem-
istry results showed that, in comparison to other diets, 
the HFHC diet resulted in significantly (p < 0.05) altered 
LDL (higher) and HDL (lower) values in serum. This sug-
gests that HFHC diet caused elevated levels of cholesterol 
synthesis in liver and its subsequent release into blood as 
HDL and LDL. High levels of LDL are a predictor of sev-
eral chronic diseases, whereas HDL (so called “good cho-
lesterol”) can reduce LDL levels in blood. AST value was 
elevated in the HCD group and ALT was elevated in both 
high-carbohydrate groups (HCD and HFHCD). High ALT 
and AST levels are an indication of liver damage (Peng 
et al. 2011), but high AST levels might also be an indica-
tion of changes in the TCA cycle and amino acids metabo-
lism (further discussed in Sect. 3.3.1). Interestingly, neither 
of the two parameters was significantly different between 
the control and HFD groups. This absence of liver dam-
age markers was also observed in HFD-fed rats (Xie et al. 
2010). Histological analyses found that liver cells of fish 
from the control diet group had large and round nuclei, and 
exhibited very mild accumulation of small lipid droplets. 
HFD led to a moderate accumulation of lipid droplets and 
swelling hepatocytes, with irregular nucleus located at the 
periphery of the cell. HCD and HFHCD groups exhibited 
large lipid droplets with swollen hepatocytes and nuclear 
degeneration (Fig. 1). This is in good agreement with high 

Table 1  Phenotypes and 
plasma biochemical parameters 
of fish fed control, high-fat 
(HFD), high-carbohydrate 
(HCD) and high-fat-high-
carbohydrate (HFHCD) diets

Values are presented as means ± SD of three replicates. Values within the same row with different super-
scripts are significantly different (p < 0.05)

Parameters Treatments

Control HFD HCD HFHCD

Initial weight (g) 48.15 ± 0.55a 48.15 ± 0.36a 48.11 ± 0.22a 48.11 ± 0.11a

Final weight (g) 65.28 ± 2.95a 72.74 ± 1.54b 68.53 ± 2.78ab 71.63 ± 4.01b

Weight gain (%) 35.56 ± 5.14a 51.07 ± 2.24b 42.42 ± 5.13ab 48.90 ± 8.54b

HSI (%) 1.40 ± 0.14b 1.26 ± 0.11a 1.52 ± 0.13c 1.35 ± 0.08ab

TG (mmol/L) 0.86 ± 0.19a 0.86 ± 0.25a 0.71 ± 0.16a 0.89 ± 0.22a

TCHOL (mmol/L) 6.98 ± 2.11a 6.77 ± 1.18a 5.62 ± 0.84a 5.79 ± 1.09a

LDL (mmol/L) 1.94 ± 0.95a 2.50 ± 0.67a 2.70 ± 1.25a 3.66 ± 0.97b

HDL (mmol/L) 3.75 ± 1.64a 4.01 ± 0.84b 4.07 ± 0.70b 2.87 ± 0.99a

AST (mmol/L) 35.42 ± 17.21a 36.83 ± 10.67a 44.55 ± 15.53b 36.50 ± 8.89a

ALT (mmol/L) 8.43 ± 5.79a 8.29 ± 5.10a 12.55 ± 7.57b 13.49 ± 8.97b
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lipid accumulation observed in livers of human subjects 
administered high fructose diet (Schwarz et  al. 2015), as 
well as in high-carbohydrate diet-fed fish (Oreochromis 
niloticus), probably as a result of de novo lipid synthesis in 
liver (Hemre et al. 2002; Shimeno et al. 1993).

3.2  Diet-induced metabolomics changes

1H NMR-inferred metabolite profiles in plasma and 
liver extracts from the four groups are shown in support-
ing information Figure S1. The assignments were fur-
ther confirmed individually with data from a series of 2D 
NMR spectra including COSY, TOCSY, JRES, HSQC and 
HMBC (Fig. S2). 1H and 13C NMR spectra indicated 47 
detectable abundant metabolites on the basis of the KEGG 
database and the available literature data (Allen et al. 2015; 
An et al. 2013; Duan et al. 2013; Jiang et al. 2013). These 
included lipoproteins, lipids, organic acids (e.g. TCA inter-
mediates), a variety of amino acids, carbohydrates (e.g. 
glucose) and microbial metabolism-associated metabolites 

(e.g. trimethylamine) (Table S1). In order to infer the com-
parative metabolomic changes among the four diets, mul-
tivariate data analysis was conducted on the OPLS-DA 
models of plasma and liver extracts. CV-ANOVA analysis 
of the OPLS-DA model score plots of metabolites indicates 
significant (p < 0.05) differences in metabolites in five out 
of six group pairs in plasma (control versus HCD, control 
versus HFHCD, HFD versus HCD, HFD verus HFHCD 
and HCD versus HFHCD), and two out of six in liver (con-
trol vs. HCD and HFD vs. HCD) (Fig. 2). However, as the 
p values for the control vs. HFD pair in plasma (0.059, Fig. 
S3) and HFD versus HFHCD pair in liver (0.053, Fig. S4) 
were barely above the chosen significance threshold (0.05), 
it can be safely presumed that the differences between these 
two groups were also substantial. Results of the PLS-DA 
model score plots and permutation tests (Supplementary 
data: Fig. S5) indicated good quality of the model, as  R2 
and  Q2 values of the real model were always larger than  R2 
and  Q2 values from the permutation tests (Eriksson et  al. 
2008).

Fig. 1  Representative photographs of hematoxylin-eosin staining 
histopathological assessment of livers of fish fed four different diets 
for 56 days: control (a), high-fat (b), high-carbohydrate (c), and high-
fat-high-carbohydrate (d) diet. a Small lipid droplets asterisk and 
large nuclei (visible as a purple spot within each cell); b moderate 

lipid droplets asterisk and swelling hepatocytes with irregular nucleus 
located at the periphery of the cell (arrow); c, d large lipid droplets 
asterisk, with swollen hepatocytes and nuclear degeneration (head 
arrow). Scale bar 24.92 µm. (Color figure online)
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3.3  Specific pathways affected 
by the high-carbohydrate diet

In comparison to the HFHCD group, α/β-glucose, TMA, 
inosine, succinate and hypoxanthine levels were signifi-
cantly higher in plasma of the HCD group, whereas his-
tidine was suppressed (Fig.  2; Table  2). In liver samples, 
adenosine monophosphate (purine metabolism) and an 
unknown metabolite were lower in HCD in comparison to 
HFD (Fig. 2L(B)). In plasma, apart from inosine, and along 
with tyrosine and creatine, all those metabolites were also 
higher in comparison to HFD group. In comparison to the 
control group, α/β-glucose and creatine were elevated in 
the HCD group. In liver samples, adenosine monophos-
phate (purine metabolism) and three unknown metabo-
lites were all lower in the HCD in comparison to control 
group (Fig. 2L(A)). None statistically significant (p > 0.05) 
changes were found between control/HFD, control/

HFHCD, HFD/HFHCD and HCD/HFHCD group pairs in 
liver. The ten known metabolites were associated with the 
following metabolic processes: glycolysis (α-/β-glucose), 
gut microbiota metabolism (TMA), creatine metabolism 
(creatine), purine metabolism (AMP, inosine and hypox-
anthine), histidine metabolism (histidine) and TCA cycle 
(succinate and tyrosine) (Fig. 2; Table 2).

Energy pathways: glycolysis, TCA cycle and creatine 
pathway

Three out of these seven metabolites are associated with 
metabolic pathways involved in energy homeostasis (TCA 
and glycolysis). High levels of TCA intermediates in asso-
ciation with high carbohydrate diet were also observed in 
studies on mice (Jung et al. 2012). α- and β-D glucose in 
glycolysis pathway are metabolized into pyruvate, and then 
enter the TCA cycle (An et  al. 2013), so elevated levels 
of these two metabolites in the HCD group are probably 
a reflection of high activity in the glycolysis pathway in 

Fig. 2  1H NMR data-derived OPLS-DA scores plots (left) and the 
corresponding loading plots (right). Only the six diet-group pairs 
with significant differences (|r| > 0.602) in metabolite concentrations 
in plasma (P) and liver (L) are shown. P(A) Control (filled square) 

versus HCD (filled triangle), P(B) Control versus HFHCD (filled dia‑
mond ), P(C) HFD (filled circle) versus HCD, P(D) HF versus HFHCD, 
P(E) HCD versus HFHCD, L(A) Control versus HCD, L(B) HFD versus 
HCD
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comparison to control and HFD diets. Similar observation 
was made in humans, where high level of dietary glucose 
has resulted in increased carbohydrate oxidation (Yki-
Järvinen et  al. 1987). HCD diet also resulted in elevated 
tyrosine levels in comparison to HFD diet. Tyrosine is a 
precursor to succinate (via fumarate), which then enters 
the TCA cycle (Fig. 4). Hence, somewhat predictably, high 
carbohydrate diet has predominantly affected the metabo-
lites involved in the TCA cycle.

Fish, in contrast to mammals, have limited ability to 
metabolize glucose for energy purposes, even though they 
possess the entire enzymatic machinery necessary for car-
bohydrate utilization. Excess glucose can be stored in liver 
as glycogen or fatty acids via de novo lipogenesis (DNL) 
(Hemre et  al. 2002). Excess energy can also be stored as 
phosphocreatine, which acts as energy reserve used to 
regenerate the ATP. Hence, creatine, with its cell energy 
shuttle function, is a critical component of the mainte-
nance of cellular energy homeostasis (Owen and Sunram-
Lea 2011). High creatine levels observed in the HCD-fed 

fish could be a metabolic response to energy stress, which 
could also account for lower growth rates in this group 
(Wagner et al. 2014). Oxaloacetate (a TCA cycle metabo-
lite) is a precursor for creatine via l-aspartate, arginine 
and guanidinoacetate (GAA) (Wyss and Daouk 2000). In 
agreement with the hypothesis of the increased creatine 
synthesis from the TCA cycle precursors are also the ele-
vated AST levels (the enzyme that catalyzes the first reac-
tion in this chain: oxaloacetate to l-aspartate, which also 
yields α-ketoglutarate in TCA cycle) in the HCD group 
(Table  2). GAA is biosynthesized from arginine and gly-
cine in kidney, and then transported to liver, where cre-
atine is biosynthesized via the methylation of GAA by the 
GAMT enzyme. Creatine is subsequently released into the 
blood system and transported by blood to the tissues that 
may require it (Wyss and Daouk 2000). The connection of 
aspartate and energy metabolism was also observed in an 
echinoderm, Apostichopus japonicus, where aspartate lev-
els significantly decreased after thermal stress, which was 
associated with the replenishment of a TCA intermediate, 

Table 2  Significantly different metabolites between group pairs in plasma (P) and liver (L) extracts, with corresponding correlation coefficients

Correlation coefficient values indicating significantly different (|r| > 0.6020) metabolite levels between pairs of groups are bolded
With left group as the control and right group as the test group, positive values indicate an increase in the amount of metabolite in the test group, 
whereas negative values indicate a decrease
Blank fields mean that the differences were too small to be reliably measured
CD control diet, HFD high-fat diet, HCD high-carbohydrate diet, HFHCD high-fat-high-carbohydrate diet, AMP adenosine monophosphate
CD\HFD pair is not shown as no significant differences were found (p > 0.05)
a Marks group pairs with significantly different (p < 0.05) metabolites in both plasma and liver samples
b The available information about the unknown metabolites (U1, U2 and U3) is included in Table S1

Metabolic pathway Metabolites CD versus  HCDa CD versus 
HFHCD

HFD versus  HCDa HFD versus 
HFHCD

HCD 
versus 
HFHCD

Amino acids Isoleucine (P) 0.74
Leucine (P) 0.66
Valine (P) 0.73
Glutamine (P) 0.77

One carbon Methionine (P) 0.72
Glycolysis β-Glucose (P) 0.72 0.74 −0.66

α-Glucose (P) 0.79 0.80 −0.70
TCA cycle Succinate (P) 0.64 −0.74

Tyrosine (P) 0.68 0.70 0.67
Gut microbiota Trimethylamine (P) 0.57 0.96 0.65 0.98 −0.81
Creatine pathway Creatine (P) 0.70 0.66
Histidine Histidine (P) 0.69 0.64 0.72
Purine AMP (L) −0.76 −0.79

Inosine (P) 0.22 −0.59 0.48 -0.54 −0.78
Hypoxanthine (P) −0.56 0.75 −0.86

Unknownb U1 (L) −0.71
U2 (L) −0.86 −0.74
U3 (L) −0.69
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oxaloacetate, as well as the synthesis of α-ketoglutarate via 
aspartate transamination reactions (Shanware et  al. 2011; 
Shao et  al. 2015). Similarly, a decrease of creatinine in 
creatine pathway in response to a decrease in l-aspartate 
mammals, have limited zebrafish (Zhao et al. 2014).

3.3.1  Purine metabolism

HCD intake was also associated with the decrease in aden-
osine monophosphate (AMP) in liver, in comparison to 
both control (r = −0.76) and HFD (r =−0.79) groups. A 
possible explanation is that AMP can be converted to ino-
sine (via IMP), which was elevated in the plasma of HCD 
group in comparison to both HFD (r = 0.48) and control 
(r = 0.22) groups (Table 2). Hypoxanthine was elevated in 
the plasma of HCD group in comparison to both high fat 
diets (HFD and HFHCD), but not in comparison to the con-
trol group, which indicates that this metabolite decreases in 
association with high-fat diets. A very similar observation 
was made for inosine, but it was significantly elevated only 
in comparison to the HFHCD group (Table  2). This is in 
very good agreement with the observed high purine catabo-
lism as a result of HFD-induced oxidative stress in rats (An 
et al. 2013), wherein inosine (a product of nucleotide deg-
radation) is converted into hypoxanthine, which is then fur-
ther transformed into xanthine (Fig. 4). Xanthine oxidase, 
which is known to be an indicator of oxidative stress (Erdei 
et  al. 2006), catalyzes further oxidation of hypoxanthine 
(Fig. 4) (An et al. 2013; Shi et al. 2013). However, as the r 
values of plasma inosine and hypoxanthine in the HFHCD 
group were very close to the chosen cut-off value (|0.602|) 
in comparison to the control (−0.59, −0.56, respectively; 
Table  2), and only for plasma inosine in comparison to 
HFD group (−0.54), it can be safely presumed that the 
differences in these metabolites were substantial between 
these two groups. These results suggest that the HFHC diet 
has induced oxidative stress and associated xanthine oxi-
dase activity (Erdei et al. 2006), which has led to reduced 
inosine and hypoxanthine levels (An et al. 2013).

Heightened energy metabolism associated with high-
carbohydrate diet (Horton et  al. 1995) appears to have 
led to an increase of downstream metabolites in purine 
catabolism, resulting in statistically significant differ-
ences between HFD and HCD groups. Elevated levels of 
hypoxanthine are probably a consequence of disruption of 
its oxidization into xanthine. As the reaction requires the 
coenzyme  NAD+ as an oxidizing agent (electron trans-
fer reaction), this could be a consequence of the insuffi-
cient supply of  NAD+ (Duan et  al. 2013). Another possi-
ble explanation for the elevated hypoxanthine levels could 
be the up-regulation of purine-nucleoside phosphorylase 
(which converts inosine to hypoxanthine) in association 

with HCD observed in other experiments in our lab (tran-
scriptome analysis, unpublished data).

3.3.2  Specific pathways affected by the HFHC diet

Among the eight metabolites significantly elevated in the 
HFHCD group, TMA (gut microbiota metabolism) and 
histidine (AA) were shared among all three group-pairs 
(HFHCD/control, /HFD and /HCD) (Table 2). Apart from 
these two metabolites, HFHCD/control and HFHCD/HFD 
group pairs also shared tyrosine (AA). The five metabolites 
significantly elevated only in comparison to the HFD group 
were also all amino acids: isoleucine, leucine, valine, glu-
tamine (amino acids metabolism) and methionine (one-car-
bon metabolism) (Table 2). In liver samples, there were no 
statistically significant changes in control versus HFHCD, 
HFD versus HFHCD and HCD versus HFHCD group-pairs 
(p > 0.05).

3.3.3  Amino acids metabolism

Hence, HFHCD intake caused a significant increase in 
seven different AAs. Three of these (leucine, isoleucine 
and valine) were branched-chain AAs (BCAAs), which are 
among the nine essential amino acids. BCAAs can contrib-
ute to the energy metabolism by expanding the pool of TCA 
cycle intermediates (anaplerosis) (Wagner et al. 2014) and 
entering the gluconeogenesis (Shimomura et al. 2004). The 
remaining four, glutamine, histidine, methionine and tyros-
ine, can also contribute to the TCA cycle (Figs. 3, 4). Via 
glutamate, glutamine is as a precursor of an intermediate 
in the TCA cycle, α-ketoglutarate, (Shanware et  al. 2011; 
Yelamanchi et  al. 2016). Glutamate is also an important 
precursor in the amino acids metabolism, as well as a prod-
uct of histidine catabolism, which is the only metabolite 
that was consistently (in all pairwise group comparisons) 
induced by (and only by) the HCHFD (Table  2; Fig.  4). 
As AAs normally enter the TCA cycle (via the TCA cycle 
intermediates) and gluconeogenesis (via acetyl CoA and 
pyruvate) only in the absence of a sufficient amount of 
dietary carbohydrates, high concentration of these seven 
amino acids in the plasma of fish fed HFHC diet could 
be a consequence of the “congestion” of TCA cycle as a 
result of the excess of the products of carbohydrate and 
lipid metabolisms, leading to significantly reduced num-
bers of amino acids entering the cycle (Bunthawiyuwat 
2003). However, the excess of five of these amino acids 
(BCAAs, glutamine and methionine) in the HFHCD group 
only in comparison to HFD group is intriguing, as they did 
not appear to be significantly different in the remaining two 
HFHCD pairs (…/HCD and …/control) (Table  2). This 
implies that the concentration of these five amino acids 
was lower in the plasma of the HFD group in comparison 
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to HCD and control diet groups, which was also observed 
in high-fat diet fed rats (An et  al. 2013; Xie et  al. 2010). 
A possible explanation could be that a small ratio of car-
bohydrates in the high-fat diet has resulted in amino acids 
being used for gluconeogenesis (via pyruvate) (An et  al. 
2013). This hypothesis is further supported by the elevated 
glutamine level in the HFHCD group, as it is in agreement 
with the observation that glutamine levels increase together 
with the LDL levels in atherosclerosis (An et al. 2013).

3.3.4  Histidine and one‑carbon metabolism

It should be noted that these amino acids partake in other 
metabolic pathways as well, which can also influence their 
levels. Histidine is a precursor to histamine, which can 
accelerate lipolysis (Kim et  al. 2010; Yoshimatsu et  al. 
2002). Methionine, which was elevated in the HFHCD in 
comparison to HFD, plays an important role in the one-
carbon metabolism. Methionine production is essential for 
most biological methylation reactions that use S-adenosyl-
methionine (SAM) as the methyl donor (Lever and Slow 
2010). As high homocysteine and low SAM levels have 
been associated with some chronic coronary (atheroscle-
rosis) and hepatic (nonalcoholic fatty liver) diseases (Jiang 
et al. 2013; Peng et al. 2011; Xie et al. 2010), increased lev-
els of plasma methionine could be also a consequence of 

Fig. 3  Relationships among the metabolic pathways of glucose, 
amino acids and fatty acids

Fig. 4  High-fat-high-carbohydrate diet-induced changes in metabolic 
pathways. Metabolites in green were significantly changed. Metabo-
lites in non-italicized black font did not show significant differences, 

whereas italicized font indicates the metabolite was not measured. 
(Color figure online)
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an inbuilt self-protection mechanism, wherein homocyst-
eine is rapidly re-methylated to methionine by the BHMT 
enzyme (Fig.  4). This conversion could also lead to low 
SAM concentrations. It is known that a high-methionine 
diet induces atherosclerosis in rabbits. Disturbances in lipid 
peroxidation and antioxidant activities are a possible mech-
anisms of its atherogenic influence (Toborek et  al. 1995). 
Atherosclerosis begins with damage to the endothelium of 
arteries caused by the LDL (so-called “bad cholesterol”). 
High methionine levels in plasma lead to enhanced uptake 
and synthesis of cholesterol by the liver and its release into 
the blood in the form of LDL (Lever and Slow 2010). High 
plasma levels of LDL cholesterol observed in the HFHCD 
group (Table 1) are in agreement with this scenario.

3.4  Metabolic pathways affected by both HCD 
and HFHCD diets

3.4.1  Energy pathways

HFHCD induced tyrosine elevation in comparison to the 
control and HFD groups, whereas there were no significant 
differences in comparison to the HCD group. Tyrosine was 
also significantly elevated by the HCD in comparison to 
HFD, but not in comparison to the control group. In mice, 
elevated tyrosine levels were also associated with HCD, 
but not with HFD (Jung et al. 2012). This further indicates 
“congestion” of the TCA cycle as a result of the excess of 
carbohydrates, leading to a significantly reduced amount of 
tyrosine entering the cycle (Bunthawiyuwat 2003) (Figs. 3, 
4). Similarly, in humans, high-fructose diet can suppress 
gluconeogenesis, resulting in the products of carbohy-
drate and fat metabolism directly entering the TCA cycle 
(Schwarz et al. 2015).

3.4.2  Gut microbiota metabolism.

Trimethylamine (TMA, a byproduct of the gut microbiota 
metabolism) levels were also elevated in both high-carbo-
hydrate diet groups (HCD and HFHCD; Table 2). TMA is 
a gaseous product of the bacterial metabolism in guts (Al-
Waiz et al. 1992), which is then absorbed and metabolized 
in liver to trimethylamine-N-oxide (TMAO; Fig. 4) (Wang 
et al. 2011). TMAO was found in high levels in some fresh-
water fish, such as tilapia and Nile perch (Lates niloticus) 
(Anthoni et al. 1990). Our results support a previous find-
ing (Li et al. 2016) that the activity of gut microbiota is in 
a strong positive correlation with the amount of carbohy-
drates in diet As both HC diets (HCD and HFHCD) exhib-
ited elevated TMA levels in comparison to the HFD, and 
as TMA levels were also significantly induced by the HCD 
in comparison to the HFHCD, this indicates that high fat 
content in a diet has interfered with the TMA production by 

gut microbiota. This is in agreement with the decrease in 
total gut bacteria levels associated with HFD diet-induced 
obesity observed previously in mice (Jung et  al. 2012; 
Kim et  al. 2010). In animal models (Dumas et  al. 2006), 
as well as in humans (Spencer et al. 2011), gastrointestinal 
microbes (GI) can disrupt the bioavailability of choline to 
the host by converting choline to methylamine, thus caus-
ing the development of non-alcoholic fatty liver disease. 
However, the same GI microbes that are believed to cause 
choline deficiency in mammals have been reported as dom-
inant microbiota in another herbivorous fish, grass carp, fed 
high cellulose diet (Ni et  al. 2014). Somewhat inconsist-
ently, in comparison to the control, TMA levels were only 
significantly elevated by the HFHCD, and not by HCD. 
However, as the r value for this metabolite (0.57) between 
control and HCD groups was very close to the selected cut-
off value (0.602), it can be safely presumed that differences 
in the levels of this metabolite between these two groups 
were also substantial (Table 2).

4  Conclusions

The excess energy availability in the fish fed high-carbohy-
drate diet has led to increased levels of a number of metab-
olites in the central metabolic energy pathway and elevated 
creatine levels. High-fat-high-carbohydrate diet appears to 
have led to the “congestion” of the TCA cycle, elevated a 
number of amino acids. This excess energy has then caused 
further elevation in metabolites associated with one-carbon 
metabolism through high re-methylation, eventually lead-
ing to oxidative stress. Clinical chemistry and histological 
analyses also support this conclusion. Hence, the results of 
our study indicate that in M. amblycephala high carbohy-
drate diet leads to a disruption of the TCA cycle and energy 
homeostasis, and generally causes much stronger metabolic 
disturbances than high fat diet. Furthermore, in comparison 
to HFD, high carbohydrate diets also caused stronger signs 
of liver damage and high levels of LDL, which can be a 
predictor of several chronic diseases. Finally, high fat diets 
resulted in higher average final weight in comparison to 
HCD. This indicates that M. amblycephala is very efficient 
in metabolizing fatty acids, both for producing the energy 
via acetyl CoA entering the central metabolic energy path-
way and for directly storing it in fat deposits as energy 
reserve. However, similar to humans (Hellerstein 1999), it 
appears to be less efficient in de novo lipogenesis, result-
ing in lower final weight. Unsurprisingly (Ni et al. 2014), 
there was a strong positive correlation between the gut 
microbiota metabolism and the amount of carbohydrates 
in the diet. Hence, it would be interesting to test in future 
studies whether high TMA production by gut microbiota 
can also disrupt the bioavailability of choline and cause 
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the development of non-alcoholic fatty liver disease in M. 
amblycephala. Regardless, these results confirm the suita-
bility of metabolomics for studying diet-induced metabolic 
disorders that often lead to substantial financial losses in 
the aquaculture of M. amblycephala . A thorough under-
standing of these metabolic changes is an important step 
towards understanding the progression of diseases caused 
by dietary imbalances.
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