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Abstract:  

This paper was designed to study metabolomic characters of the high-fat diet (HFD)-induced hyperlipemia and the 

intervention effects of Mangiferin (MG). In this study, we aimed to investigate the intervention of MG on rats with 

hyperlipemia induced by HFD and explore the possible mechanisms of hyperlipemia. Urine metabolic profiles were 

analyzed using ultra-performance liquid chromatography/electrospray ionization quadruple time-of-flight mass 

spectrometry (UPLC-ESI-QTOF-MS) coupled with the principal component analysis (PCA) and partial least 

squares-discriminate analysis (PLS-DA) models, Heatmap and metabolism pathway analysis. PCA was applied to 

study the trajectory of urinary metabolic phenotype of hyperlipemia rat after administration of MG. VIP-plot of 

orthogonal PLS-DA was used for discovering potential biomarkers to clarify mechanism of MG. Biochemical 

analyses indicate MG can alleviate the hyperlipemia damage. Twenty significantly changed metabolites (potential 

biomarkers) were found to be reasonable in explaining the action mechanism of MG. The effectiveness of MG on 

hyperlipemia is proved using the established metabolomic method and the regulated metabolic pathways involve TCA 

cycle, taurine and hypotaurine metabolism, glyoxylate and dicarboxylate metabolism, glycine and serine and 

threonine metabolism, glycerophospholipid metabolism, primary bile acid biosynthesis etc. The results indicated that 

MG has a favourable protective effect on HFD-induced hyperlipemia by adjust the metabolic disorders. It also 

suggests that the metabolomic technology is a powerful approach for elucidation of the action mechanisms of MG. 

Keywords:  
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1. Introduction 

Hyperlipidemia is a well-known major risk factor for several diseases, such as atherosclerosis, coronary heart disease 

(CHD),
 
hepatic steatosis and diabetes,

 
and is now becoming more common, because of the imbalanced energy dietary 

habit [1].
 
If hyperlipemia was diagnosed timely, and with proper dietary alterations and medications treatment, it can 

be well regulated and controlled [2].
 
However, anti-hyperlipidemia drugs (such as statin and fibrate, etc.) caused a 

number of adverse effects, including dementia risk, muscle-related adverse effects, low plasma vitamin D levels, 

creatin kinase elevations, derangements in hepatic function, etc [3].
 
Thus, the management of hyperlipidemia is still a 

major challenge with respect to patients who are intolerant to the adverse effects of these classic hypolipidemic drugs 

[4]. Phytochemicals are attracting increasing attention because of their health benefits and their relatively lower 

toxicity and might be suitable for long-term supplementation.
 
Mangiferin (MG), a classic phytochemicals, is an active 

phytochemical present in various plants including Mangifera indica L,
  
Anemarrhena asphodeloides Bge  and etc. It 

has efficiently action for hyperlipemia rats [5,6]. However, pharmacological effects of MG against hyperlipemia 

focus on molecular biological techniques and biochemical analysis, and there are no reports on effect of MG on the 

urinary LC-MS-based metabolic profiling of hyperlipemia. 

Metabolomics, a sensitive and novel techonlogy, the small molecules global qualitative and quantitative measurement 

in biofluids, shows great promise as a means to identify biomarkers of drug efficacy. It has shown considerable 

potential in many applications involving disease diagnosis, studying global effects of genetic manipulation, drug 

metabolism and natural product discovery, etc [7-13].
 
Drug discovery and development is a field of considerable 

interests,
 
the metabolic profiling can provide a global view of abundance changes of endogenous metabolites in 

monitoring cellular responses to perturbations of drug treatment [14].
 
Owing to its high chromatographic resolution, 

high sensitivity, and rapid separation, ultra-performance liquid chromatography (UPLC) coupled with mass 

spectrometry (MS) has been used widely in the systematic characterisation of drug targets, thereby helping to reduce 

the typically high attrition rates in discovery projects [15-21].
 
It is a more effective approach by computational 

integration of different knowledge sources and unprecedent opportunities are provided by plentiful metabolomic data 

for drug target identification[22]. 

The core idea of metabolomics is to determine the metabolites of relatively low-weight molecular, then to transform 

the data of metabolic profiles into useful information by pattern recognition tools, and to revealing the essence of 

diseases and assessing therapeutic effects of drug [23-26]. In the current study, we performed a urinary metabolomics 

study on MG treatment for hyperlipemia rats with multivariate statistics by ultra-performance liquid 

chromatography/electrospray ionization quadruple time-of-flight mass spectrometry (UPLC-ESI-QTOF-MS), and 

then identified the reliable biomarkers of hyperlipemia. This is the first study that obtains a systematic view of 

dissection of the urinary LC-MS-based metabolic profiling of MG as an effective treatment for hyperlipemia.  
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2. Materials and Methods 

2.1. Chemicals and reagents 

Acetonitrile (chromatographic grade) was purchased from Honeywell Burdick & Jackson (Muskegon, MI, USA). 

Formic acid (HPLC-grade) was obtained from Beijing Reagent Company (Beijing, China). Deionized water was 

prepared by Ultra Clear System in our laboratory (Siemens Water Technologies, Nuremberg, Germany). Leucine 

enkephalin was purchased from Sigma–Aldrich (St. Louis, MO, USA). All other reagents were HPLC grade. The 

assay kits for total cholesterol (TC), triglyceride (TG), high-density lipoprotein cholestrol (HDL-C), low-density 

lipoprotein cholesterol (LDL-C) were purchased from BioSino Bio-technology and Science Inc (Beijing, China). MG 

(>95%, HPLC) were purchased from Nanjing zelang pharmaceutical technology company (Nanjing, China). 

2.2. Animal treatments 

Sixty six 7-wk-old male SD rats (weighting 200 ± 20 g) were purchased from the Vital River Laboratory Animal 

Technology (Beijing, China). All rats were allowed to acclimatize in communal plastic cages for a week before the 

experiment begining. Temperature and relative humidity were regulated at 21 ± 2◦C and 55 ± 5%, respectively. A 

cycle of 12 h light/12 h dark was established. A 12-h light/12h dark cycle was established, free access to standard diet 

and drinking water. 

After a week of acclimatization, animals were randomly assigned to 2 groups: normal control group (NC, n =20), 

high-fat group (HF, n =46). Rats from the NC group were fed a normal diet, while rats in the HF group were fed a 

high-fat diet (HFD: 15% lard, 10% sucrose, 1% cholesterol and 74% standard chow.). After 5 weeks of feeding with 

these diets, the rats of the HF group were randomly divided into 2 groups: a high-fat control group (HF, n=20), a MG 

treatment group (HF+MG, n=20). MG was given by oral gavage in 0.5% carboxymethyl cellulose (CMC) buffer 

solution for 13 weeks, the dosages were 300mg/kg/day. Rats in the NC and HF groups were given by gavage with an 

equivalent volume of 0.5% CMC buffer. The rats were given an oral accurate volume of 1 mL/100 g of each rat. The 

rats in the NC group were fed the normal diet continuously, and rats in the other groups were fed the high-fat diet 

until the end of the experiment. To determine effect of MG treatment on hyperlipemia in high-fat-fed rats, we chose 

dynamic observation point at 5 and 11 week (before MG treatment, after 6 weeks MG treatment). At the every time 

point, six rats were sacrificed from each group randomly. After 13 weeks of MG treatment, all rats were sacrificed. 

The detailed experimental protocol was shown in Fig.S1. 

All rats in the experiment were fasted for 12h before sacrifice, and then were anesthetized by pentobarbital. Blood 

samples were taken from the inferior vena cava. Serum was obtained by centrifuging the blood at 3000 rpm for 15 

min at 4℃. Portions of livers were immersed in 10% neutral buffered formaldehyde for histological observation. The 

MG treatment on urinary metabolic study was divided into 3 time points, including 5, 10, 14 and 18 weeks (0, 5, 9 

and 13 weeks after MG treatment). At the indicated time points, 24 h all rats urinary samples obtained from each 

groups were collected, respectively; then immediately centrifuged at 12,000 rpm and 4◦C for 15 min, and the 

Page 4 of 30Molecular BioSystems

M
ol

ec
ul

ar
B

io
S

ys
te

m
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 

supernatant was stored at −80◦C until measurement. Fecal samples in each group were collected at 5, 11, 18 weeks. 

TC, TG, HDL-C, and LDL-C content were measured using an enzymatic kit (Applygen Technologies) following the 

manufacturer's instructions. Histological observation was performed in a blinded fashion by a experienced 

gastrointestinal pathology professor using the NAFLD histological scoring system [27]. The experimental procedures 

were approved by the Animal Care and Ethics Committee at Harbin Medical University (approval number: 

HMU-E-2013-08562).  

 

2.3. Metabolic profiling 

2.3.1. Sample preparation 

Urine samples were dissolved  at room temperature prior to analysis, diluted 1:1 (v/v) with deionized water, vortexed 

for 60s, and then centrifugation at 12,000 rpm for 15 minutes. The clear supernatant was then transferred to an 

autosampler vials and kept at 4°C. A 2uL aliquot was made into the column in each run. 

2.3. 2. UPLC conditions 

UPLC-ESI-QTOF-MS measurement was performed on a 1.8 µm T3 column (ACQUITY (HSS); Waters Corp., 

Milford, MA, USA) coupled to equipped Mass Spectrometer with the positive ion mode (ESI
+
), the negative ion 

mode (ESI
-
) (Waters Corporation, Manchester, UK) and a UPLC system (ACQUITY UPLC; Waters Corp., USA).The 

auto sampler and column temperatures were kept in 4°C and 35°C, respectively. The flow rate of the mobile phase 

was 350µL /min. 0.1% formic acid were contained in the mobile phase (solution A [water] and solution 

B[acetonitrile] ). The sample analytes were eluted from the column with a gradient elution. The elution gradient was 

as follow: 0.5–6 min, 2–25% buffer B; 6–9 min, 35–70% buffer B; 9–10.5 min, 70–98% buffer B; 10.5–12 min, 98% 

buffer B; 12–18 min, 2% buffer B. 

2.3. 3. Mass spectrometry conditions 

The analytical parameters were as follows: capillary voltage, 3000v(ESI
+
) and 2800 V (ESI

-
),and the sample cone 

voltage was40 V; collision energy, 6 eV; source temperature was set at 100°C; desolvation gas (nitrogen) flow, 600 

L/h (ESI
+
) and 650L/h (ESI

-
); desolvation gas temperature of 320°C was used; cone gas (nitrogen) flow of 50 L/h was 

set; collision gas,argon; MCP detector voltage, 2550V (ESI
+
) and 2200 V (ESI

-
). 0.48 seconds was set in the Q-TOF 

mass acquisition rate with an interscan delay of 0.1 second.From 50 to 1000 m/z was set at the scan mass range.In 

centroid mode, the Q-TOF MS/MS data were collected by the lock spray frequency to ensure accuracy and 

reproducibility. A concentration of 200 pg/ml leucine-enkephalin was used as lock mass in ESI
+ 

and ESI
-
.The lock 

spray frequency was set at 8 seconds, and the lock mass data were averaged over 10 scans for correction. 

2.3.4. Identification of biomarkers and metabolic pathway analysis 

The UPLC-ESI-QTOF-MS raw data were analyzed by MarkerLynx Application Manager 4.1 (Waters Corporation, 

Milford, MA, USA). The identities of the specific metabolites were confirmed by comparison of their mass spectra 
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and chromatographic retention times with those obtained using commercially available reference standards. 

Databases (HMDB, KEGG) were used in the interpretation of the implicated pathways of biomarkers. Database 

source (KEGG, SMPD, METLIN) were used in the interactions, construction, and pathway analysis of potential 

biomarkers, then identified the affected metabolic pathways visualization and analysis.  

2.4. Data analysis   

All datas are presented as mean±SD. The analysis of covariance (ANCOVA) was performed by SPSS (version 16.0; 

Beijing Stats Data Mining Co. Ltd., China). Test, P<0.05 were considered the level of statistical significance. 

 

3. Results  

3.1 Effect of MG on serum metabolites 

Hyperlipidemia, characterized by increased TG, TC, LDL-C levels and decreased HDL-C levels.
 
The TG, TC, HDL-C, 

LDL-C levels were measured (Figure 1a, 1b, 1c, 1d). After 5 weeks, the TG, TC, LDL-C levels increased significantly 

in the HF group as compared to the NC group, whereas the HDL-C concentrations decreased significantly. After 11, 

18 weeks, the TG, TC, LDL-C levels in the HF+MG group were obviously decreased and HDL-C were significantly 

increased compared to the HF group. These results suggest that the rats from the HF group are subject to significant 

hyperlipemia after 5 weeks, 11 weeks and 18 weeks in the high fat diet feeding, while the HF+MG group showed 

well recover from 11 to 18 weeks. 

3.2 Effect of MG on liver lipid and histopathology 

Rats in the HF group had significantly higher TG, TC levels and liver fatty droplets accumulation than rats in the NC 

group. MG treatment significantly decreased TG, TC levels and liver fatty droplets accumulation in rats fed a HFD 

(Figure 1e, 1f, 2a, 2b, 2c). H&E-stained also indicated the obvious inflammation and hepatic injury in the HF group 

than the NC and HF+MG group (Figure 2b). 

3.3 Effect of MG on fecal TG, TC 

HF group rats had significantly higher fecal lipid concentrations compared with the NC rats (Figure 1g, 1h). The lipid 

levels of fecal samples collected from the HF+MG group were significantly higher than rats in the HF groups 

(P<0.05). 

3.4 Metabolomic Analysis 

3.4.1. LC-MS analysis of metabolic profiling  

An initial overview of the quality of the analytical run was obtained by analysis of the sample dataset that included 

the QC injections. The stability of the metabolomics platform was excellent throughout the run, and was sufficient to 

ensure the data quality for further global metabolomics analysis. The general clustering trends were reaserched and 

depicted in NC and HF rats. The PLS-DA scores plot presented that (for the first two components, R
2
Y = 0.9141 

(ESI
+
) and Q

2
 = 0.8218 (ESI

+
); R

2
Y = 0.5867(ESI

-
) and Q

2
 = 0.0860 (ESI

-
); Figure 3a, 3b, 3c, 3d and attached list 2) 
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the rats of the NC and HF group could be separated into significant clusters, with remarkalbe metabolic perturbations 

between the NC group and HF group (Fig S2). 

Urinary metabolic profiling of the hyperlipemia rats was performed by a metabolic trajectory analysis using PCA and 

PLS-DA from 1 to 18 weeks. The metabolic trajectory scores were set at dynamic and continuous in urinary 

metabolites during the initiation and progression of hyperlipemia (Figure 4a, 4b and Fig S3). The above results 

suggested three different developmental stages for the progression of hyperlipemia modle, including three clear stage, 

such as the development early stage from 1 to 5weeks, the middle development stage from 6 to 14 weeks and the late 

development stage from 15 to 18 weeks. 

To investigate the effect of MG supplementation on the urinary metabolic profiling of hyperlipemia rats, the 

hyperlipemia rats were supplied with the MG (300mg/kg ) after week 5. Thus, MG can inhibit hyperlipemia from the 

middle development stage to the late development stage. The PCA and PLS-DA score plots indicated that the MG rats 

gradually clustering trend with the NC rats, and significantly deviated from the HF rats (Figure 4c, 4d and Fig S4). 

MG continuous supplementation untill 13 weeks, the MG rats clusters were completely discriminated from the HF 

rats, and were recovered gradually to the normal levels( Figure 4e, 4f and Fig S4). 

OPLS-DA models were performed to identify the difference in metabolites between the NC and HF rats. The 

OPLS-DA score plots are shown in Figure 5a and 5b.The mass spectrometry signals responsible for discriminating 

variables were selected primarily according to their variable importance in projection values (VIP>4) (Figure 5c, 5d) 

and S-plot by OPLS-DA (Figure 5e, 5f). Following the OPLS analysis, potential markers were extracted from S-plots, 

and markers were chosen based on the above protocol, were plotted at the top or bottom of the S plot. The OPLS-DA 

loading S-plot (Figure 5g, 5h), a plot of the covariance versus the correlation in conjunction with the variable trend 

plots, allows easier visualization of the data. The discriminating variables obtained from the OPLS-DA models were 

further validated by the Wilcoxon test (P<0.05). Although hundreds of discriminating variables were selected as 

potential markers, only a small percentage was shared across different time points. The real biomarkers should be 

changed following the progression of hyperlipemia, therefore, only the biomarkers with regular change trends were 

considered as potential biomarkers. Based on the above protocol, 20 potential biomarkers associated with 

hyperlipemia were selected. The results were shown in the Table 1 with their corresponding retention time, accurate 

molecular mass, ion mode, related trends and information on the structural identification of these potential 

biomarkers. 

In the 20 potential hyperlipemia biomarkers, 15 biomarkers were upregulated and 5 biomarkers were downregulated 

in the HF rats. To illustrate the identification of metabolites, we took the follow ion (retention time tR= 0.66 min, m/z 

124.0064) as an example to be described below (Figure 6a). According to the protocol detailed above, the ion has a 

high VIP value. This ion may contain an odd number of nitrogen atoms because its precise molecular weight is 

124.0064, and its molecular formula was speculated to be C2H6NO3S based on the analysis of its elemental 
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composition and fractional isotope abundance. The main fragment ions that were analyzed via the MS/MS screening 

were observed at m/z 124, 265, 106, 95, 80, and 65, which could be the [M-H]- of lost–NH3, -CH3N, -C2H6N, -C2H5N, 

respectively. Finally, based on a database search, the ion was determined to be taurine.  

3.4.2. Effect of MG on identification and quantitation of potential metabolites biomarkers 

The relative mean height intensity of different metabolites of the NC rats, MG rats vs HF rats were shown in Figure 

6b and 6c. The parallels heatmap visualization (Figure 6d, 6e) for the rats that treated with HF+MG and HF groups 

could be achieved the distinct segregation. The results indicated that the potential biomarkers were changed 

remarkable between the MG rats and the HF rats following the visual changes in the rats urinary metabolic profiling. 

According to the parametric t-test, compared with the alterations of hyperlipemia relative metabolites, most of them 

were reset to a healthier level and were reversed after MG supplementation. For example, the peak area of the 

biomarker with m/z 407.2779 in the MG rats decreased significantly at the end of week 5 and disappeared at the end 

of weeks 10. This was the representative hyperlipemia biomarker. If there were still significant differences in the peak 

areas of biomarkers between the HF+MG and NC rats after MG supplementation for 5 weeks, these biomarkers 

should be excluded from the biomarker list. The supposed molecular formulas were searched in Chemspider, KEGG 

and other databases, then the possible chemical structures were identified by comparing the possible chemical 

constitutions, MS/MS spectra and/or retention time against the reference standards.  

3.4.3. Effect of MG on metabolic pathway analysis  

In order to identify whether our observations of changes in the metabolites in the setting of MG treatment effect in 

fact reflected coordinate changes in defined metabolic pathways, MetPA software was used to identify network 

pathway. The detailed construction of the metabolism pathways of the Figure S5a-g and Table S1 is the pathway 

impact value calculated from pathway topology analysis 0.10 was set for the impact threshold value, then above this 

threshold, potential targets pathway were filtered out. Results suggested that these target pathways showed the 

remarkable perturbations over the time-course of MG treatment and could contribute to development of MG 

treatment effect. 

 

4. Discussion 

As shown by our experiments, HFD can produce the metabolic stress response, which resulted in dramatic alterations 

in hyperlipemia metabolism, but MG can regulate the change well. The change in the biochemical parameters and 

histology observation is consistent with the changes in the metabolic profiles in the serum and liver. The serum and 

liver TG, TC, LDL-C levels increased significantly in the HF group than in the NC group and HF+MG group (Figure 

1; Figure 2). The PLS-DA scores plot presented that the NC rats and HF rats could be separated into significant 

clusters, the HF+MG rats gradualed clustering trend with the NC rats.  

Metabolomic approach have been utilized to further describe metabolic changes in the throughout experiment. 20 
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specific metabolites (Table 1) were relevant for the MG target discovery and the MG pathway-specific expression 

profiles researches, which indicated that unusual metabolism regulation occurred in the hyperlipemia rats. 

Identification and validation of MG target is the essential first step in MG research and development. The MG target 

is specific to a disease condition, which is a key molecule involved in a signaling pathway or particular metabolic. 

More importantly, we found that MG gradualed regulation hyperlipemia by significantly activiting 6 interconversions 

metabolic pathways, such as taurine and hypotaurine metabolism, glyoxylate and dicarboxylate metabolism, glycine 

and serine and threonine metabolism, TCA cycle, glycerophospholipid metabolism, primary bile acid biosynthesis. 

Among which, the TCA cycle is the central to energy metabolism in this network. The MG treatment designed to 

adjust the pathway function by regulation a key molecule or improve the influenced normal pathway by promoting 

specific molecules in the diseased state, and can change the global metabolic system by the above targets.
 
In the 

present study, the biological relationships between the potential biomarkers and MG treatment effects of hyperlipemia 

rats are discussed according to the pathways shown in Figure 7. 

The first pathway is taurine and hypotaurine metabolism. Taurine, one of the important asulphonic amino acids, is 

found ubiquitously in all mammalian tissues. Taurine, is the second most abundant in skeletal muscles and the central 

nervous system after glutamate, is higher than any other amino acids in the other tissues.
28

 Taurine has several 

important physiological activities, such as bile acid conjugation, antioxidant activity, anti-inflammatory activity, 

maintenance of normal mitochondrial function, osmoregulation, neuromodulation, and ATP production. 
29

 Taurine 

also was originally described to inhibit lipid peroxidation. 
30

 At present, taurine has been demonstrated to inhibit the 

lipid accumulation in the liver. 
31

 Moreover, taurine has been shown to decrease LDL cholesterol, accelerate 

cholesterol degradation and HDL levels elevation among individuals fed a high fat diet. 
32

 Furthermore, taurine also 

reduces plasma triglyceride levels.
33

 Overall, the increased in taurine in this study indicate that hyperlipemia could 

result the lipid accumulation of HF rats.  

Taurine in body is provided by diet (especially fish and seafood), but also main derived endogenously from 

biosynthesis in liver. The biosynthesis of taurine is species-dependent, with hepatic synthesis being very active in 

rats.
34

 In this synthesized process, cysteine sulfinic acid decarboxylase (CSAD) is the rate-limiting enzyme in the de 

novo biosynthesis of taurine. 
35

 The taurine is excreted by urine and bile acid conjugates. In according to the 

following primary bile acid biosynthesis, taurine in HF group wasn’t enough by diet providing, then the CSAD 

activity was improved for taurine lack, whereas which wasn’t enough to counteract the taurine lack too. Overall, 

taurine was decreased in HF group. Some studies indicated that reduced taurine levels were observed in HFD-induced 

obese mice,
36

 which may also be the obesity-associated changes. 
37

 In this study, the intensity of urine taurine was 

significantly decreased in the HF group compared with the intensity in the NC group, indicating that hyperlipemia 

could promoted the CSAD activity. Urine taurine increases after MG administration, suggesting that MG can 

normalize the CSAD activity and counteract the negative effect of hyperlipemia on taurine formation.  
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The second pathway is glyoxylate and dicarboxylate metabolism. Glycine is the important intermediate of glyoxylate 

and dicarboxylate metabolism. Glycine and glyoxylate can be mutual conversed by glutamate--glyoxylate 

aminotransferase in the glyoxylate and dicarboxylate metabolism. Glycine can also come from choline following a 

series of demethylation reactions. 
38

 In this study, the decreased choline indicated in the HF group that the more 

choline converted to the glycine, thus the glycine was increased. Choline normalized cholesterol metabolism ,was 

sufficient to prevent lipids accumulation development and improve liver function in Pemt/Ldlr knockout mice fed a 

high-fat diet. 
39

 The decreased choline suggested that more lipids were accumulated in the liver in the HF group, but 

the increased choline in the HF+MG group indicated that MG can protected the liver function and inhibited the lipids 

accumulation in the liver. 

Glycine is required for the biosynthesis of glutathione (GSH), protein, purines and DNA/histone methylation. GSH, a 

tripeptide comprising cysteine, glycine, and glutamate, is required to maintain the redox balance. The major function 

of GSH is to reduce soluble hydrogen peroxide and alkyl peroxides in tissues. GSH can be converted to glutamate 

and then a-keto-glutarate, a-Ketoglutarate is an anaplerotic intermediate that refuels the citrate cycle. 
40

 The pathway 

is a contributor of TCA intermediates; it is responsible for approximately half of the anaplerotic flux to the TCA cycle. 

Glycine also fuels heme biosynthesis and thus sustains oxidative phosphorylation.
41

 Citric acid is the one of TCA 

intermediates. Glycine and Citric acid is significantly increased in the HF group than the NC and HF+MG group in 

the urine, which indicated hyperlipemia can disturb GSH synthesis and the TCA cycle, on the contrary MG can 

regulate it well. 

The third pathway is glycine and serine and threonine metabolism. Glycine, a nonessential amino acid, is the most 

simple structure in the body. Glycine and serine is the important intermediate of glycine and serine and threonine 

metabolism. Glycine is generated from serine and threonine by the enzyme serine hydroxymethyltransferase, 

threonine dehydrogenase and glycine C-acetyltransfer-ase in the glycine and serine and threonine metabolism. 
42

 

Serine and glycine are biosynthetically linked, and together provide the essential proteins, nucleic acids, and lipids 

that are crucial to body health. Glycine has been shown to protect hepatocyte against hypoxia,
43

 inhibited the lipids 

accumulation in the liver.
44

 The significantly increased glycine in the HF group than the NC and HF+MG group in the 

urine, which indicated hyperlipemia can disturb glycine and serine mutually conversion in the body, so that glycine 

was increased. But MG can improve the mutually conversion of glycine and serine. Tyr-Ala-Phe can provide tyrosine 

and phenylalanine, then phenylalanine can form phenylacetate, which is a dietary polyphenols.
40

 Phenylacetylglycine 

is typically produced from glycine conjugation with phenylacetate.
45

 The urinary increased phenylacetylglycine 

indicated that abnormal lipids accumulation in the tissues.
46

 

Serine can convert tryptophan, then form xanthurenic acid by the enzyme catalysis. High excretion of urinary 

xanthurenic acid during inflammation has been observed in children with infections. Alternatively, xanthurenic acid 

may be involved in the induction of immune tolerance toward research assistantship (RA) presumably. A recent study 
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showed that xanthurenic acid contributed to the induction of immune tolerance during allergen immunotherapy in a 

mouse model of allergic asthma.
47 

In this study, the increased xanthurenic acid in the HF group, indicated that 

hyperlipemia can resulted the inflammation and damage in the liver, which is confirmed with histology observation in 

this study (Figure 2b). The level of xanthurenic acid in urine decreases after MG administration, suggesting that MG 

can inhibited inflammation progression. 

The fourth pathway is citrate cycle (TCA cycle). TCA is the vital importance for the survival of life, and plays an 

important role in gluconeogenesis, transamination, deamination and lipogenesis.
48

 Acetyl-CoA is the starting point for 

the TCA cycle, and obtained from various sources.
49

 Citric acid, succinic acid and fumaric acid is the important 

intermediate of the TCA cycle. Citrate was converted from Acetyl-CoA by citrate synthetase. In this study, 

acetyl-CoA can be impaired by many pathways (taurine and hypotaurine metabolism, glyoxylate and dicarboxylate 

metabolism, glycine and serine and threonine metabolism, glycerophospholipid metabolism and primary bile acid 

biosynthesis, tryosine metabolism), and the increased N-Acetyle-D-galactosamine and the decreased 

6-(2-hydroxycyclopentyl) hexanoic acid and nonanoic acid all can disturbed the acetyl-CoA formation. Ascorbic acid 

can formated citric acid by oxidation activity, a decrease in the ascorbic acid level may indicate a change in an 

organism’s antioxidant capacity. Succinoadenosine can be degradated and formed from succinic acid by adenosine 

succinic acid enzymes. Recently, some studies have indicated that the disturbed TCA cycle can result in the abnormal 

lipid metabolism. The increased urinary citric acid excretion has also been reported for obesity accompanied with 

insulin resistance.
50 

Urinary levels of citric acid were significantly increased in lipids accumulation.
51

 Therefore, the 

increased citric acid, fumaric acid and succinoadenosine in the urine indicated that hyperlipemia disturbed the citric 

acid , fumaric acid and succinoadenosine entering to the TCA cycle, which resaulted that the TCA cycle was 

disrupted and the lipids were accumulated in the serum and liver in the HF group. The intensity of citric acid 

statistically decreased in the HF+MG groups compared with the HF group, indicated MG can regulated the 

hyperlipemia impaired. It may be due to MG can normalize TCA cycle by regulating its important enzymes (such as, 

citrate synthase, isocitrate dehydrogenase and a-ketoglutarate dehydrogenase) and can also normalize the TCA cycle 

by regulating other metabolisms. 

The fifth pathway is glycerophospholipid metabolism. Lysophosphatidylcholines (LysoPCs, LPC) is identified in 

urine in this study, which is the intermediate of glycerophospholipid metabolism. LPC are products or metabolites of 

phosphatidylcholines (PCs), which are structural components of animal cell membranes. LPC level can be a clinical 

diagnostic indicator that reveals pathophysiological changes. In the global view, combined with specific TG in the HF 

rats, the specific molecular lipids were better predictors than HDL-C in the hyperlipemia disease.
52

 LysoPC is present 

at high concentrations in oxidized LDL, and formed by the reaction of phospholipase A2.
53

 About half of the fatty 

acids in LDL are polyunsaturated fatty acids, mainly linoleic acid with minor amounts of docosahexaenoic acid and 

arachidonic acid that can be oxidized by a series of factors.
54

 LPC were negatively associated with liver fat and were, 
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in combination with saturated TG, included in the lipid signature predictive of nonalcoholic fatty-liver disease and 

liver-fat content. In the present study, the significantly increased LysoPC in the urine in the HF group indicated that 

hyperlipemia can inhibit lysoPC hydrolases, then resulted the increase LDL concentration in rat serum and lipids 

accumulation in the liver. Histology observation is confirmed with the LPC levels that the HF group had significantly 

higher TG, TC, LDL-C levels and lower HDL-C and more liver fatty droplets accumulation than the NC group.   

The sixth pathway is primary bile acid biosynthesis. Taurine and glycine is the important intermediate in the bile acid 

conjugation. Bile acids are amphipathic end products of cholesterol metabolism in the liver, and have different 

physiological functions. Bile acids can help regulate cholesterol homeostasis and the absorption of lipophilic 

nuturients in the intestine , and control the glucose, lipid and energy homeostatis.
55

 With continuous increasing HFD 

intake, the amounts of total bile acids in body fluids will been increased,
56

 because HFD has amount of cholesterol. 

However, in humans, both taurine and glycine react with bile acids to form a conjugate, taurine is required for bile 

acid conjugation. Because bile acid conjugates are lost daily in the excreta, considerable amounts of taurine are lost 

from the body by taurocholic acid. With continuous increasing HFD intake, the level of tauroconjugated bile acids 

will been increased, and then levels of free taurine will been decreased.
57

 In this study, hyperlipemia can increased the 

taurine excretion, which indicated that hyperlipemia can resulted the increased level tauroconjugated bile acids. 

However, the level of taurine in urine increases after MG administration, suggesting that MG can counteract the 

negative effect of hyperlipemia on taurine formation.  

In order to differentiate between diseased and health states, it is a new powerful technology for metabolomics study, 

which allows for the assessment of global metabolic profiles in easily accessible biofluids and biomarker 

discovery.
58,59

 Following progress in systems biology, the identification of biomarker patterns and illumination of 

biochemical processes with the metabolomics using in the postgenomic era has increased contemporaneously.
60

 In 

this paper, our study indicated an integrated pattern recognition approach to predict MG treatment targets for 

hyperlipemia by exploring metabolic biomarker and metabolic network. Overall, HFD could result in the 

hyperlipemia and MG can regulate the hyperlipemia. Schematic overview of the regulation way is shown in Figure 7. 

Finally, our researches not only indicated that urine metabolomic methods had sufficient sensitivity and specificity to 

diagnose hyperlipemia and evaluate MG treatment effect on hyperlipemia, but also have the potential to contribute to 

a further understanding of disease mechanisms. Future researches will be needed to validate the biomarkers which 

were indicated in the hyperlipemia rats. 

 

5. Conclusions 

In this study, a metabolomic approach based on UPLC-ESI-QTOF-MS detection has been successfully established for 

biomarker exploration in hyperlipemia and mechanism studies of MG. Twenty metabolites were screened out and 

considered as potential biomarkers of hyperlipemia. Taking these biomarkers as possible drug targets, it is revealed 
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that MG could reverse the pathological process of hyperlipemia through regulating the disturbed metabolism 

pathways. TCA cycle, taurine and hypotaurine metabolism, glyoxylate and dicarboxylate metabolism, glycine and 

serine and threonine metabolism, glycerophospholipid metabolism, primary bile acid biosynthesis were the main 

perturbed pathways in this pathological process. The identified biomarkers and metabolic networks and give new 

insights into the pathophysiological changes and molecular mechanisms of hyperlipemia. This is the first study on 

therapeutic effects of MG in hyperlipemia rats by using urine metabolomics combined with the results of biochemical 

tests. Of note, the established method indicated MG could provide satisfactory effects on hyperlipemia through 

regulating the multiple perturbed networks to their normal state.   
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Figure 1. (a-d) Effect of MG on serum metabolites. (a) TG, (b) TC, (c) HDL-C, (d) LDL-C. (e-h) Effect of 

mangiferin on liver TG, TC and fecal TG, TC. (e) Liver TG, (f) TC at 5, 11, 18weeks; Faces (g) TG, (h)TC at the 

5,11,18 weeks. The values are expressed as mean±SD. In the 5th wk, NC(n=6): normal control group, HF(n=6): 

high-fat control group; In the 11th wk, NC(n=6):normal control group, HF(n=6): high-fat control group, HF+MG  

(n=6): high-fat diet+ Mangiferin (300mg/kg BW). In the 18th wk, NC (n=8): normal control group, HF (n=14): 

high-fat control group, HF+MG (n=14): high-fat diet+Mangiferin (300mg/kg BW) .
*
P<0.05 and 

**
P<,0.01 indicate 

statistically significant differences when compared with the normal control group. 
#
P<0.05 and 

##
P<0.01 indicate 

statistically significant differences when compared high-fat control group.  
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Figure 2. (a-c) Effects of mangiferin on lipid accumulation in the liver and kidney. (a) Macroscopic images of liver, 

(b) liver sections stained with H&E and (c) oil red at 5, 11, 18weeks. 
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Figure 3. Partial least-squares discriminant analysis (PLS-DA) score plots of rats in the ESI+ in the NC group and 

HF group. (a) At Week 5, n =8(NC),28(HF) (for two components, R2Y = 0.9463, Q2 = 0.7719); (b) At week 10, n = 

8(NC),14(HF) (for two components R2Y = 0.9634, Q2 =0.8215);and (c) At week 14,n = 8(NC),14(HF) (for one 

components R2Y =0.9205, Q2 =0.7782); (d) At week 18,n = 8(NC),14(HF) (for two components R2Y = 0.9822, Q2 

= 0.8264). (e-h) Partial least-squares discriminant analysis (PLS-DA) score plots of rats in the ESI+ in the NC group , 

HF group and MG group. (e) Weeks 5（before MG supplementation）, n=8(NC),14(HF),14(HF+MG) (for two 

components, R2Y =0.6536, Q2 = 0.1974); (f) weeks 10(after MG supplementation for 5 week), n = 

8(NC),14(HF),14(HF+(MG) (for three components R2Y = 0.8744, Q2 =0.6729); (g) weeks 14(after MG 

supplementation for 9 weeks),n = 8(NC),14(HF),14(HF+MG) (for two components R2Y =0.8756, Q2 = 0.7512); (h) 

weeks 18(after MG supplementation for 13 weeks),n = 8(NC),14(HF),14(HF+MG) ( R2Y =0.8575, Q2 = 0.7083). 
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Figure 4. (a-b) Partial least-squares discriminant analysis (PLS-DA) score plots model in the (a) ESI
+
and (b) ESI

-
 

derived from the urine of rats on high fat diet. Samples were collected during weeks 1 to 18. Yellow star(1): weeks 1 

to 5; Black star(5): weeks 6 to 10; red star(10): weeks 11 to 14;Green star(14): weeks 15 to 18. (c-d) 3-D metabolic 

trajectory scores plots of PCA model for the NC,HF, HF+MG groups in the (c) ESI
+
and (d) ESI

-
. Samples were 

collected during 0-13 weeks after MG supplementation. MG 5: weeks 0; MG10: weeks 5; HF+MG 14: weeks 9;MG 

18: weeks 13; HF 18; weeks 18; NC 18: weeks 18. (e-f) Partial least-squares discriminant analysis (PLS-DA) score 

plots model  in the (e) ESI
+
 and (f) ESI

- 
derived from the urine of rats on high fat diet after MG supplementation. 

Samples were collected during 0-13 weeks after MG supplementation. MG5: weeks 0; MG10: weeks 5; MG14: 

weeks 9;MG 18: weeks 13; HF 18: weeks 18; NC 18: weeks 18.  
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Figure 5. (a-b) OPLS-DA score plots resulting in the (a) ESI
+ 
and (b) ESI

-
 from the LC/MS spectra of NC and HF at 

the 5 weeks. (c,d) VIP plot of NC vs HF in the (c) ESI
+ 
and (d) ESI

-
 at the 5 weeks. (e,f) Loading plot of OPLS-DA of 

hyperlipemia in the (e) ESI
+
 and (f) ESI

-
 at the 5 weeks.(g,h) S-plot of OPLS-DA of hyperlipemia in the (g) ESI

+ 
and 

(h) ESI
-
 at the 5 weeks. 
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Figure 6. (a)Chemical structure and mass fragment information of taurine in ESI- mode. (b-c)Changes in the relative 

concentrations of target metabolites identifiedin differentgroups. The corresponding markers represented to the Table 

1. Atwo tailed,parametric t-test was used to determine the significance of the change in relative concentrations for 

each metabolite. Bars represent the mean relative metabolite concentration and standard deviations.*p < 0.05; **p< 

0.001. (d-e) Heatmap is commonly used for unsupervised clustering. Agglomerative hierarchical clustering begins 

with each sample as separate cluster and then proceeds to combine them until all samples belong to one cluster. The 

result is usually presented as a heatmap that have been implemented in MetaboAnalyst. Rows: samples; Columns: 

metabolites; Color key indicates metabolite expression value.The NC group rats are indicated by blue, the HF group 

rats by red, and theMG group by green. 
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Figure 7. Schematic overview of the metabolites and relevant pathways changing for CC modulation according to the 

KEGG PATHWAY database. The important correlation networks of the potential biomarkers in the experiment. 

Metabolites with blue dashed area present significant increase in HF group compared to NC group and HF+MG 

group. Metabolites with yellow area present significant decrease in HF group compared toNC group and HF+MG 

group. 
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Table 1. Potential biomarkers identified and changing trends of hyperlipemia rats in ESI 
+
 and ESI

-
 model 

No. Time ppm Mass 
Calc. 

Mass 

[M+H]
+
/

[M-H]
-
 

Formula Identified MS/MS Trend Stracture 

1 0.66 -3.2 124.0064 124.0068 [M-H]
-
 C2H6NO3S Taurine 

124[M-H]- 

106[M-H-NH3]- 

95[ M-H-CH3N]- 

80[M-H-C2H6N]- 

65[M-H-C2H5NO]- 

↓ 

 

2 0.91 -1.0 191.0990 191.0192 [M-H]
-
 C6H7O7 Citric acid 

191[M-H]-, 

173[M-H-H2O]-, 

155 [M-H-H4O2]- 

129[M-H-CH2O3]- 

111[ M-H-CH4O4]- 

85[ M-H-C2H2O5]- 

73[ M-H-C3H2O5]- 

↑ 

 

3 1.09 0 115.0031 115.0031 [M-H]
-
 C4H3O4 Fumaric acid 

115[M-H]- 

87[M-H-CO]- 

71[M-H-CO2]- 

59[ M-H-CO-CO2]- 

↑ 

 

4 1.09 -4.0 175.0236 175.0243 

  

 

[M-H]
-
 C6H7O6 Ascorbic acid 

175[M-H]-, 

115[M-H-C2H4O2]- 

87[M-H-C3H4O3]- 

71[ M-H-C3H4O4]- 

59[M-H-C4H4O4]- 

↑ 
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5 1.21 3.8 182.9984 182.9977 

 

[M-H]
-
 

C5H3N4O2S 6-Thiouric acid 
182[M-H]- 

96 [M-H-C3NOS]- 
↑ 

 

6 2.57 -0.9 328.0444 328.0447 

 

[M-H]
-
 

C10H11N5O6P cAMP 

328[M-H]-, 

134[M-H-C5H7O6P]- 

96 [M-H-C4H7N2O5P]- 

78[M-H-C10H11N5O3]- 

↑ 

 

7 2.79 5.0 181.0371 181.0362 [M-H]
-
 C6H5N4O3 1-Methyluric acid 

181[M-H]-, 

168[M-H-N]- 

138[M-H-CHNO]- 

122[M-H-CH3N2O]- 

108[M-H-C2H5N2O]- 

96[M-H-C3H4N2O]- 

94[M-H-C2H3N2O2]- 

83[M-H-C3H2N2O2]- 

↑ 

 

8 3.73 -4.0 398.1700 398.1716 [M-H]
-
 C21H24N3O5 Tyr Ala Phe 

398[M-H]-, 

380[M-H-H2O]-, 

250[M-H -C9H10NO]-, 

153[M-H-C15H19NO2]- 

114[M-H-C17H18NO3]-, 

↑ 

 

9 3.73 1.0 382.1003 382.0999 [M-H]
-
 C14H16N5O8 Succinoadenosine 

382[M-H]-, 

346[ M-H-2H2O]- 

316[M-H-2H2O-OCH2]- 

250[M-H-C5H8O4]- 

206[M-H-C5H8O4-CO2]- 

↑ 
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115[M-H-C10H13N5O4]- 

97[M-H-C10H13N5O4-H2O]- 

71[ M-H-C10H13N5O4-CO2]- 

10 4.42 -3.1 204.0288 204.0297 [M-H]
-
 C10H7NO4 Xanthurenic acid 

204[M-H]- 

160[M-H-CO2]- 

132[M-H-CO2-CO]- 

125[M-H-CH3O4] - 

116[M-H-C2H2NO3]- 

↑ 

 

11 6.18 -3.1 192.0655 192.0661 [M-H]
-
 C10H10NO3 Phenylacetylglycine 

192[M-H]-, 

74[M-H-C8H6O]- 
↑ 

 

12 6.18 0 74.0242 74.0242 [M-H]
-
 C2H4NO2 Glycine 

74[M-H]- 

58[M-H-NH2]- 
↑ 

 

13 6.71 -3.2 283.0744 283.0753 [M-H]
-
 C12H15N2O4S Tyrosyl-Cysteine 

283[M-H]-, 

265[M-H-H2O]-, 

221[M-H-COOH-OH]-, 

175[M-C7H8O]-, 

157[M-C7H8O-H2O]-, 

129[M-C8H10O3]-, 

↑ 

 

14 7.27 3.2 157.1234 157.1229 [M-H]
-
 C9H17O2 Nonanoic acid 

157[M-H]- 

139[M-H-H2O]- 

127[M-H-C2H6]- 

111[M-H-CH2O2]- 

↓ 
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99[M-H-C4H10]- 

85[M-H-C5H12]- 

71[M-H-C6H14]- 

57[M-H-C7H16]- 

15 8.07 2.5 199.1339 199.1334 [M-H]
-
 C11H19O3 

6-(2-hydroxycyclop

entyl) hexanoic acid 

199[M-H]-, 

155[M-H-CO2]-, 

140[M-H-C2H3O2]-, 

112[ M-H-C2H3O2-CO2]- 

↓ 

 

16 8.86 -4.4 407.2779 407.2797 [M-H]
-
 C24H39O5 Allocholic acid 

407[M-H]-, 

389[M-H-H2O]-, 

361[ M-H-H2O-CO2], 

↑ 

 

17 0.66 -5.8 104.1069 104.1075 [M+H]
+
 C5H14NO 

Choline 104[M]+, 

60[M-3CH3]+ 
↓ 

 

18 2.3 -0.5 222.0977 222.0978 [M+H]
+
 C8H16NO6 

N-Acetyl-D-galactos

amine 

222[M+H]+, 

205[M+H-H2O]+, 

145[M+H-C2H5O3], 

127[M+H-C2H5O3-H2O]+, 

↑ 

 

19 6.98 -1.5 203.1280 203.1283 [M+H]
+
 C10H19O4 Sebacic acid 

203[M+H]+, 

143[M+H- C2H4O2]+, 

125[M+H- CH2O4]+,  

97[M+H -C3H6O4]+, 

83[M+H-C4H8O4]+, 

69[M+H-C6H14O3]+, 

↓ 

 

Page 29 of 30 Molecular BioSystems

M
ol

ec
ul

ar
B

io
S

ys
te

m
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 

20 10.31 4.8 496.3427 496.3403 [M]
+
 C24H51NO7P LysoPC(16:0) 

496[M]+, 

478[M-H2O]+, 

258[M-C10H25NO3P]+ 

184[M-C13H31NO5P]+, 

↑ 
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