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Introduction

Obese pig breeds, including most Chinese 
native pig breeds, have excellent meat quality,  
e.g., high intramuscular fat content and moderate 
muscle marbling (Zhang et al., 1986). However, 
some of disadvantages in fat traits, such as high fat 
deposition in subcutaneous and abdominal fat, also 
exist in these pig breeds. Excessive fat deposition 
causes poor feed conversion ratio and low lean 
meat percentage, which greatly increase the costs of 
feeding and production. Therefore, seeking strategies 
for reducing fat deposition would contribute to 
improving the industry of these obese pig breeds.

As one of the plant-derived additives, mulberry 
leaves have been utilized as green forage in livestock 
production due to their advantages of high crude 
protein content and low neutral detergent fibre and 
production costs (Kandylis et al., 2009; Zhou et al., 
2014). Moreover, mulberry leaves or their products 
such as mulberry leaf powder (MLP) or mulberry 
leaf extract (MLE) are rich in polyphenolics 
polysaccharides, and flavonoids (Zhang et al., 
2014), which have antioxidant, anti-diabetic or free 
radical capacity useful in preventing cardiovascular 
disease, obesity, hyperglycemia and hyperlipidemia 
of humans or animals (Ann et al., 2015; Trimarco 
et al., 2015; Zhang et al., 2015; Liu et al., 2016b).  

ABSTRACT. As a plant-derived additive, mulberry leaves have been considered  
a potential feed supplement in livestock production. The present study investigated 
the metabolic responses in Chinese Erhualian pigs fed a diet with different 
mulberry leaf powder (MLP) ratios using a metabolomic approach. Three groups 
of Erhualian pigs were used: N group (normal chow diet), L group (normal chow 
diet supplemented with 10% MLP) and H group (normal chow diet supplemented 
with 20% MLP). After 10 weeks, in animals fed 20% MLP diet reduced average 
backfat thickness (ABF), leaf fat weight and serum triglyceride (TG) levels were 
noted, and simultaneously the levels of serum lipase of pigs were increased, 
while in those fed 10% MLP diet ABF and serum TG levels were decreased. In 
comparison to N group, both L and H groups had lower levels of metabolites such 
as lactic acid, alanine, galactose, phenylalanine and tyrosine, but higher levels of 
metabolites mainly including malonic and heptadecanoic acids. Pathway analysis 
revealed that MLP supplementation might alter multiple metabolic processes 
mainly involved in galactose metabolism and biosynthesis of amino acids. It was 
indicated that MLP supplementation in pigs reduces fat deposition and alters 
multiple nutrient metabolism processes, and improves our understanding of the 
mechanisms involved in metabolic changes induced by MLP diet.
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So, mulberry leaves could be used as a functional 
food for reducing fat deposition.

So far, the mechanism by which mulberry leaves 
reduce fat accumulation in humans or animals is still 
unclear. As an effective and widely used tool to iden-
tify key metabolites associated with metabolic re-
sponses from pathophysiological and environmental 
perturbations, metabolome can give us a good oppor-
tunity to better understand the biological mechanisms 
of metabolic changes induced by a diet. Among sev-
eral metabolomic approaches, gas chromatography-
mass spectrometry (GC-MS) has excellent sensitiv-
ity, high efficiency and straightforward identification 
of metabolites peaks (Chang and Ho, 2014); and it has 
been widely used in many metabolomics studies as-
sociated with metabolic changes induced by the diet. 
Additionally, as a typical and famous native pig breed 
in China, Erhualian pig is a good model for study-
ing the effects of mulberry leaves or their products 
on fat deposition because this breed has many typical 
characters, such as high subcutaneous and visceral fat 
deposition (Liu et al., 2015b). 

So, in the present study the metabolic responses 
caused by the different levels of MLP supplementa-
tion in Erhualian pigs using the gas chromatogra-
phy-quadrupole time-of-flight mass spectrometry  
(GC-TOF-MS) approach were analysed. The find-
ings provide the comprehensive view on the meta-
bolic changes and their related pathways induced by  
MLP diet and potential biomarkers associated with 
lipid-lowering effects in obese pig breeds.

Material and methods
Ethical approval

All animal care and handling procedures were 
approved by the Animal Ethics Committee at Nanjing 
Agricultural University and Changzhou Science and 
Technology Bureau (CE20162027).

Animals and diets
Twenty-one Chinese Erhualian male pigs 

(6-month old) were raised in the Changzhou 
Erhualian Pig Production Cooperation (Changzhou, 
Jiangsu, China). The pigs originated from seven 
different litters and were housed in individual pens 
and fed quantitative feeding twice a day, according to  
Chinese feeding standard of pig (NY/T65-2004). 
Before starting the experiment, pigs were divided into 
three groups (n = 7): control group (N group) – pigs fed  
a normal chow diet, L group – pigs fed a normal diet 
supplemented with 10% MLP as a low dose of MLP, 
and H group – pigs fed a normal diet supplemented 
with 20% MLP as a high dose of MLP. 

MLP was obtained from mulberry leaves of 
Morus multicaulis, which were harvested from  
Suqian, Jiangsu (China). After drying, the harvest-
ed mulberry leaves were crushed to a uniform size  
(0.45 mm screen) by a grinder machine (FFC-45K, 
Qingdao Kangliyongfeng Machinery Manufacturing 
Co., Ltd, Shandong, China). The contents of conven-
tional nutrients of MLP and feedstuffs were measured 
according to methods including Kjeldahl determina-
tion for crude protein, Soxhlet extraction for crude 
fat, Chinese national standard GB/T6434-2006 for 
crude fibre, neutral detergent fibre, and acid detergent 
fibre, GB/T 6438-2007 for crude ash, GOST 31640-
2012 for dry matter, GB/T6436-2002 for calcium, 
and GB/T6437-2002 for phosphorus contents. 

The MLP diets were fed for 10 weeks. During 
the trial, the pigs had free access to water and were 
weighed on day 0 and day 70.

At the end of the experiment, all pigs were 
slaughtered in a commercial slaughter house. Blood 
sample of each animal was obtained using a 500 ml 
plastic beaker from carotid artery. After 2 h of con-
densation in situ, precipitated liquid was collected 
and centrifuged at 4 °C, 3000 g for 15 min. Serum 
were collected and stored at −80 °C. Measurements 
of backfat thickness (BF) of different body parts on 
the middorsal line of the left carcass were taken at the 
shoulder (thickest shoulder, SBF), midback (last rib, 
MBF) and loin sites (lumbosacral junction, LBF) and 
then, calculated for average backfat thickness (ABF). 
The leaf fat (LF) was weighted.

Measuring of serum lipid parameters
Serum concentrations of total cholesterol 

(TC), total triglyceride (TG), free fatty acid (FFA), 
high-density lipoprotein cholesterol (HDL-C) and 
low-density lipoprotein cholesterol (LDL-C) were 
measured using an Automatic Chemistry Analyzer 
(Hitachi 7020, Tokyo, Japan), according the man-
ufacturer’s instructions. Serum lipase activities 
and glucose levels were assayed using commer-
cial kits (A054-2 and F006, respectively) obtained 
from Nanjing Jiancheng Bioengineering Institute  
(Nanjing, Jiangsu, China) and analysed by a Micro-
plate Reader (Thermo Fisher Scientific, Waltham, 
MA, USA).

Sample preparation for GC-TOF-MS
Serum (100 μl) was mixed with 350 μl methanol 

and 20 μl L-2-chlorophenylalanine (internal stand-
ard) and centrifuged at 4 °C, 13 000 g for 15 min. 
The supernatant (400 μl) was transferred into a 2 ml 
GC-MS glass vial. A total of 20 μl solution of each 
vial was taken and pooled for quality control (QC) 
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sample. As suggested by Sangster et al. (2006), five 
tested serum samples were mixed as a QC sample 
and processed together with samples. Next, the su-
pernatants in the GC-MS glass vials were dried in  
a vacuum concentrator without heating. After adding 
60 μl of methoxyamine hydrochloride (20 mg/ml in 
pyridine) and incubating for 30 min at 80 °C, each 
sample was added 80 μl of the Bis(trimethylsilyl)
trifluoroacetamide (BSTFA) reagent (1% trime- 
thylchlorosilane, v/v), and then, incubated for  
1.5 h at 70  °C. The QC sample was added a vol-
ume of 10 μl FAMEs (standard mixture of fatty 
acid methyl esters, C8–C16: 1 mg/ml; C18–C24:  
0.5 mg/ml in chloroform) after it was cooled to room 
temperature. Finally, all samples were mixed well for  
GC-TOF-MS analysis.

GC-TOF-MS analysis
GC-TOF-MS analysis was described previ-

ously (Sun et al., 2015). In brief, an Agilent 7890 
gas chromatograph system coupled with a Pegasus 
HT time-of-flight mass spectrometer (Agilent Tech-
nologies, Santa Clara, CA, USA) was applied for 
GC-TOF-MS analysis. A 1 μl aliquot of the sample 
was injected in splitless mode. Helium was used as 
the carrier gas. The front inlet purge flow and the 
gas flow rate through the column were 3 ml/min 
and 1 ml/min, respectively. The initial temperature 
was kept at 50 °C for 1 min, then raised to 310 °C 
by a rate of 20 °C/min, and then, kept for 6 min at 
310 °C. The injection, transfer line and ion source 
temperatures were 280 °C, 270 °C and 220 °C, re-
spectively. The energy was −70 eV in electron im-
pact mode. Data were obtained in full-scan mode 
with 50–500 m/z range at a rate of 20 spectra per 
second after a solvent delay of 4.7 min.

Data processing
A Chrome TOF4.3X software and a LECO-Fiehn 

Rtx5 database (LECO Corporation, St. Joseph, MI, 
USA) were used for raw peaks exacting, baselines 
filtering and calibration, peak alignment, deconvo-
lution analysis, peak identification and integration 
of the peak area (Kind et al., 2009). The retention 
time index (RI) method was used in peak identifica-
tion with 5000 of the RI tolerance. The data qual-
ity control was firstly performed by removing me-
tabolites with missing values in more than 30% of 
all the individuals. Then, the data were filtered by 
using the interquartile range method, filling up the 
missing values of raw data by half of the minimum 
value and standardizing by the internal standard 
normalization method.

Metabolite identification and differential 
metabolite filtering

Metabolite identification was performed using 
five databases, including PubChem，Japan Chemi-
cal Substance Dictionary Web (NIKKAJI), Human 
Metabolome Database (HMDB), Chemical Ab-
stracts Service (CAS) and Kyoto Encyclopedia of 
Genes and Genomes (KEGG). The S-plot from the 
orthogonal partial least-squares discriminate analy-
sis (OPLS-DA) was used to visualize the metabo-
lites. Differential metabolites were defined as with 
the similarity values more than 600, variable impor-
tance in projection (VIP) value of 1.0 or more, and 
P-value less than 0.05 after Student’s t-test between 
any two groups.

Pathway analysis
A MetaboAnalyst was used for pathway con-

struction by employing the human metabolic 
pathway databases as reference (Xia et al., 2015). 
Pathways with impact values more than 0.1 were 
regarded as the relevant pathways, while pathways 
with P-values less than 0.05 and impact values more 
than 0.1 were defined as the significantly relevant 
pathways. Pathway analysis of differential metabo-
lites was determined using a KEGG database.

Statistical analysis
Multivariate statistical analyses, including princi-

pal component analysis (PCA), partial least squares-
discriminant analysis (PLS-DA) and OPLS-DA, 
were performed using a SIMCA-P 13.0 software 
(Umetrics, Umea, Sweden). Other statistical analy-
ses were performed using a SPSS v20.0 software 
(SPSS, Chicago, IL, USA). The differences in body 
weight, backfat thickness, LF weight and serum li-
pid parameters were analysed using one-way analy-
sis of variance (ANOVA), followed by Duncan’s 
multiple comparison, and the corrected P-values of 
less than 0.05 or 0.01 were considered significant 
and highly significant, respectively.

Results

Diet compositions, body fat content and 
serum lipid parameters

In MLP diets, MLP was used to replace a cer-
tain proportion of maize and wheat bran in the nor-
mal chow diet. So, differences in diet composition 
among N, L and H groups were observed. For exam-
ple, contents of crude fibre, crude ash and calcium 
in MLP were much higher than those in maize and 
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wheat bran (Table 1). Correspondingly, the con-
tents of these ingredients in MLP diet, especially of 
crude fibre, were higher than that in normal chow  
(Table 2).

The changes in body fat content and serum li-
pid in Erhualian pigs fed MLP diets are shown in  
Table 3. No significant differences in final body 
weight were observed between N and L or H groups. 
The ABF and SBF in L and H groups were significant-
ly or highly significantly lower than that in N group  

(P < 0.05 or P < 0.01). Among the different parts 
of body fat deposition, the MBF in L and H groups 
were highly significantly lower than that in the 
N group (P < 0.01), while no significant differ-
ences in the LBF were observed between N and 
L or H groups. In addition, the LF weight in the  
L and H groups showed a significant decrease in 
comparison to that in the N group (P < 0.05).

It was shown, for serum lipids, that con-
centrations of TG in both L and H groups were 
significantly lower than those in the N group  
(P < 0.05). However, the serum concentrations  
of TC, HDL-C and LDL-C were similar between N 
and L or H groups. The levels of serum lipase in the  
H group were highly significantly higher than 
those in N and L groups (P < 0.01). Serum glucose 
contents in L and H groups were significant or 
highly significantly lower than those in the N group  
(P < 0.05 or P < 0.01, respectively).

Metabolite detection and identification
The standard deviation of the retention time of 

internal standard was 0.001791, indicating that the 
GC-TOF-MS analysis was stable. Moreover, a total 
of 336 peaks were detected and identified using the 
Chroma TOF4.3X software. Some derivatives were 
represented by increasing numbers, e.g., serine 1 
and serine 2 show derivatives with zero and one tri-
methylsilyl groups at the primary amino group, re-
spectively (Kind et al., 2009). After quality filtering, 
108 metabolites were selected for further analysis.

Comparisons of the metabolite spectra 
among different groups

The score plot demonstrated that each sample 
can be clearly divided, and no outliers were detected 
(Figure 1). Moreover, in the PLS-DA analysis it 
was observed that the corresponding R2Y and  
Q2 values were 0.97 and 0.584, 0.993 and 0.78, 
0.974 and 0.77 between N and L groups, N and  
H groups, and L and H groups, respectively, while 
the R2Y and Q2 intercept values of permutation 
tests were 0.835 and −0.169, 0.94 and 0.211, 
0.943 and −0.026 between N and L groups, N and  
H groups, and L and H groups, respectively, 
indicating that the data have good fitness of model. 
Besides, the OPLS-DA analysis was performed to 
maximize the differences between groups in the 
model. The R2Y and Q2 value of the OPLS-DA 
analysis were 0.999 and 0.653, 0.998 and 0.7, 0.943 
and 0.659 between N and L groups, N and H groups, 
and L and H groups, respectively. Score plots based 
on OPLS-DA displayed the distinct clustering trends 
between any two groups (Figure 2A–C).

Table 1. Contents of conventional nutrient in mulberry leaf powder 
(MLP) and feedstuffs, %

Nutrient levels MLP Maize Soybean  
meal

Wheat  
bran

Dry matter 89.00 86.00 89.00 87.00
Crude protein 19.15 8.70 47.90 14.30
Crude fat 6.61 3.60 1.50 4.00
Crude ash 14.96 1.40 4.90 4.80
Crude fibre 19.00 1.60 3.30 6.80
Neutral detergent fibre 40.66 9.30 8.80 41.30
Acid detergent fibre 24.21 2.70 5.30 11.90
Calcium 3.00 0.02 0.34 0.10
Phosphorus 0.24 0.27 0.65 0.93

Table 2. Composition of the normal chow and mulberry leaf powder 
(MLP) diets

Indices
Normal  
chow diet
(N group)

10% MLP 
diet
(L group)

20% MLP 
diet
(H group)

Ingredients, %
maize 62 59 56
soybean meal 20 20 20
wheat bran 14 7 0
mulberry leaf powder 0 10 20
premix1 4 4 4

Nutrient levels ,% 
dry matter 86.77 87.01 87.25
digestive energy, MJ /kg 13.16 13.15 13.13
crude protein 16.98 17.63 18.28
crude fibre 2.60 3.98 5.35
ether extract 3.09 3.36 3.64
ash 2.52 3.64 4.75
calcium 0.58 0.86 1.15
phosphorus 0.50 0.46 0.41
lysine 0.82 0.82 0.83
methionine 0.26 0.26 0.26
threonine 0.61 0.62 0.64
arginine   1.05   1.05   1.04
neutral detergent fibre 13.31 14.20 15.10
acid detergent fibre   4.40   5.90   7.41

1 contained per kg of diet: IU: vit. A 11,000, vit. D3 2,000, vit. E 20; 
mg: vit. K3 1.8, vit. B1 2.0, vit. B2 5.2, vit. B6 3.0, vit. B12 0.02, niacin 
30, pantothenic acid 12, folic acid 1, biotin 0.1, choline chloride 20,  
Fe 100, Cu 8, Zn 100, Mn 12, I 0.14, Se 0.1
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Identification of differential metabolites 
among different groups

Based on criteria of defining differential me-
tabolites, a total of 6, 20 and 8 differential metab-
olites were identified between N and L groups, N 
and H groups, and L and H groups, respectively  
(Table 4). In comparison to the N group, the levels 
of 14 metabolites in one or two MLP groups sig-

nificantly decreased, including lactic acid, glycolic 
acid, alanine, 3-hydroxybutyric acid, D-glyceric acid,  
L-malic acid, alpha-ketoglutaric acid, phenyla-
lanine, taurine, ribitol, galactose, tyrosine, myo-
inositol and indolelactate, while the levels of  
4 metabolites in one or two MLP groups significantly 
increased, including 2-hydroxybutanoic acid, malon-
ic acid, mannose and heptadecanoic acid (Table 4).

Table 3. Body weight, backfat thickness, leaf fat and serum biochemical parameters in Erhualian pigs fed normal chow or mulberry leaf powder 
(MLP) diet after the 10-week intervention
Indices N group L group H group P-value
Initial body weight, kg 57.86 ± 2.29 55.93 ± 2.10 58.64 ± 1.61 0.672
Final body weight, kg 92.29 ± 3.76 88.93 ± 3.81 86.57 ± 1.69 0.522
Average daily feed intake, kg   1.58 ± 0.011   1.59 ± 0.007   1.59 ± 0.007 0.734
Average daily gain, kg   0.49 ± 0.03   0.47 ± 0.03   0.40 ± 0.01 0.085
Feed conversion ratio   3.31 ± 0.18   3.46 ± 0.22   4.00 ± 0.13 0.057
ABF, mm 34.04 ± 1.38Aa 29.28 ± 0.71ABb 27.32 ± 1.45Bb 0.006
SBF, mm 43.77 ± 0.99Aa 38.82 ± 1.05ABb 35.34 ± 2.14Bb 0.006
MBF, mm 29.02 ± 1.54A 23.02 ± 1.14B 22.26 ± 1.28B 0.007
LBF, mm 29.30 ± 2.03 25.97 ± 1.15 24.37 ± 1.76 0.179
LF weight, kg 4.23 ± 0.30a 3.37 ± 0.24b 3.40 ± 0.11b 0.043
TG, mmol/l 0.57 ± 0.02a 0.49 ± 0.02b 0.47 ± 0.02b 0.031
TC, mmol/l 2.45 ± 0.14 2.46 ± 0.09 2.45 ± 0.15 0.998
HDL-C, mmol/l 0.75 ± 0.04 0.68 ± 0.04 0.66 ± 0.04 0.355
LDL-C, mmol/l 1.51 ± 0.11 1.57 ± 0.10 1.59 ± 0.11 0.893
FFA, mmol/l 0.37 ± 0.06 0.48 ± 0.04 0.60 ± 0.06 0.052
Activity of lipase, U/l    7.33 ± 1.64A 9.12 ± 1.11A 16.07 ± 1.71B 0.001
Glucose, mmol/l 7.63 ± 0.17Aa 6.81 ± 0.24Ab 5.85 ± 0.19Bc 0.000
all data were presented as means ± standard error, n = 7 per group; different lowercase and uppercase letters of superscripts in the same row 
represent significant (P < 0.05) and highly significant (P < 0.01), respectively; ABF – average backfat thickness of measurements taken at the 
shoulder, midback and loin sites on the middorsal line; SBF – backfat thickness of the shoulder site; MBF – backfat thickness of the midback site;  
LBF – backfat thickness of the loin site; LF – leaf fat; FFA – free fatty acid; TG – total triglyceride; TC – total cholesterol; HDL-C – high-density 
lipoprotein cholesterol; LDL-C – low-density lipoprotein cholesterol. The N group was fed normal chow diet, while L and H groups were fed normal 
diet supplemented with 10 or 20% MLP, respectively.

Figure 1. PCA score plot of N, L and H groups . The PCA score plot showed that different samples were approximately scattered into different 
regions and all samples were in the hostelling T2 ellipse. The X-axis/t[1] and Y-axis/t[2] indicate the first and second principal components, 
respectively. The N group was fed normal chow diet, while L and H groups were fed normal diet supplemented with 10 or 20% MLP, respectively.
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Figure 2. OPLS-DA analysis of metabolite profiles. The OPLS-DA (A, B and C) score plot showed that N and L groups, N and H groups, L and  
H groups were scattered into two different regions. The X-axis/t[1] and Y-axis/t[2] indicate the first and second principal components, respectively. 
The N group was fed normal chow diet, while L and H groups were fed normal diet supplemented with 10 or 20% MLP, respectively.
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Table 4. Identification of differential metabolites among different groups

Indices1 Similarity Retention 
time (RT) Mass 

N-L N-H L-H
Log2(fold  
of change)2 P-value Vip3 Log2(fold  

of change)2 P-value Vip3 Log2(fold  
of change)2 P-value Vip3

Lactic acid 933.04 5.39494,0 174 −0.15 0.20 1.02 −0.23 0.02 1.46 −0.08 0.52 0.54
Glycolic acid 893.85 5.52534,0 147 −0.01 0.97 0.03 −0.41 0.02 1.40 −0.40 0.17 1.13
Alanine 1 967.11 5.73435,0 116 −0.74 0.01 1.83 −0.86 0.02 1.41 −0.12 0.72 0.31
2-hydroxybutanoic acid 931.04 5.89824,0 131  0.22 0.61 0.41  1.46 0.00 1.75  1.24 0.01 2.02
3-hydroxybutyric acid 849.96 6.15506,0 147 −0.35 0.13 1.17 −0.59 0.02 1.40 −0.23 0.34 0.81
N-methyl-DL-alanine 840.11 6.25096,0 130 −0.17 0.65 0.37  1.44 0.02 1.44  1.61 0.01 1.88
Malonic acid 1 617.78 6.49216,0 147  1.31 0.00 2.11  1.04 0.01 1.61 −0.27 0.11 1.30
D-glyceric acid 892.00 7.3633,0 73 −0.50 0.08 1.32 −0.55 0.00 1.72 −0.06 0.86 0.15
L-malic acid 895.74 8.41682,0 73 −0.55 0.13 1.18 −0.57 0.04 1.31 −0.02 0.96 0.04
Threitol 907.26 8.51833,0 217  0.35 0.13 1.17 −0.40 0.13 0.98 −0.75 0.02 1.73
Oxoproline 945.11 8.7038,0 156  0.42 0.09 1.31 −0.10 0.75 0.22 −0.52 0.00 2.19
Alpha-ketoglutaric acid 898.26 8.9734,0 198 −0.02 0.95 0.05 −0.67 0.02 1.45 −0.65 0.18 1.10
Glutamic acid 841.11 9.24028,0 246  0.02 0.92 0.08 −0.71 0.04 1.31 −0.73 0.02 1.73
Phenylalanine 1 918.11 9.34136,0 218 −0.14 0.29 0.84 −0.68 0.02 1.40 −0.54 0.05 1.53
Xylose 1 786.71 9.43625,0 103 −0.19 0.77 0.23  1.07 0.04 1.28  1.26 0.03 1.65
Taurine 884.07 9.5808,0 326 −0.34 0.18 1.05 −1.06 0.01 1.57 −0.72 0.05 1.56
Ribitol 812.11 9.78719,0 217 −0.12 0.69 0.32 −0.70 0.04 1.27 −0.59 0.13 1.23
D-(glycerol 1-phosphate) 766.22 10.0278,0 357   0.61 0.18 1.04 −0.41 0.36 0.62 −1.02 0.04 1.61
Mannose 1 846.74 10.7012,0 274  1.17 0.03 1.57  0.78 0.09 1.09 −0.39 0.42 0.68
Galactose 1 840.15 10.8023,0 103 −0.50 0.05 1.49 −0.29 0.04 1.27  0.22 0.40 0.70
Tyrosine 1 916.78 11.0257,0 218 −0.69 0.02 1.72 −0.73 0.02 1.42 −0.04 0.87 0.14
Myo-inositol 942.74 11.7416,0 217 −0.29 0.13 1.17 −0.43 0.04 1.28 −0.14 0.62 0.42
Heptadecanoic acid 601.76 12.0118,0 117  1.08 0.00 1.96  1.22 0.01 1.53  0.14 0.59 0.46
Indolelactate 2 737.19 12.1617,0 202 −0.49 0.18 1.04 −0.89 0.03 1.33 −0.40 0.42 0.68
1 derivatives were named by increasing numbers according to retention index from the FiehnLib library, e.g., serine 1, serine 2 and serine 3 show 
the derivatives with zero, one or two trimethylsilyl groups at the primary amino group, respectively; 2 fold change of group was calculated as the 
latter group dividing the former group using mean of normalized intensity of each metabolite; 3  Vip – value of variable importance in projection 
(VIP); ‘+’ sign refers to abundance increase in latter group, while ‘−’ sign refers to abundance decrease in latter group; the N groups were fed 
normal chow diet, while L and H groups were fed normal diet supplemented with 10 or 20% MLP, respectively.

Figure 3. Pathway view of the differential metabolites among N, L and H groups. (A) Relevant pathways identified between N and L groups;  
(B) Relevant pathways identified between N and H groups; (C) Relevant pathways identified between L and H groups. The x-axis represents 
pathway impact, while the y-axis represents pathway enrichment. The power of pathway enrichment was showed by the size and colour of 
pathways, while the significantly relevant pathways were marked with red text annotation on the diagram. The N groups were fed normal chow 
diet, while L and H groups was fed normal diet supplemented with 10 or 20% MLP, respectively.
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Metabolic pathway and network analysis
To explore the difference of metabolic mecha-

nism caused by MLP, metabolic pathways and 
their related network were built further. A total of  
1, 8 and 3 relevant pathways were found between N 
and L groups, N and H groups, and L and H groups  
(Figure 3A–C), respectively. Of these, seven path-
ways including: galactose metabolism, citrate cycle 
(TCA cycle), alanine, aspartate and glutamate me-
tabolism, D-glutamine and D-glutamate metabolism, 
taurine and hypotaurine metabolism, phenylalanine 
metabolism and pyruvate metabolism, were charac-
terized as significantly relevant pathways (Figure 
3A–C). Furthermore, the KEGG network analysis 
of 12 differential metabolites from the above signifi-
cantly relevant pathways showed that galactose me-
tabolism, biosynthesis of amino acids, pyruvate me-
tabolism, taurine and hypotaurine metabolism, TCA 
cycle, alanine, aspartate and glutamate metabolism, 
phenylalanine metabolism and beta-alanine metabo-
lism were the main pathways associated with lipid 
and energy metabolism (Figure 4).

Discussion

In the present study, MLP is used to investigate 
the lipid-lowering effect for improving the produc-
tion efficiency of Erhualian pigs. It is well known 
that BF and LF are two key phenotypic indicators of 
body fat deposition in pigs. In recent studies it was 
found that mulberry leaves and MLP diet can sig-
nificantly reduce single-point BF and TG levels of 
crossbred pigs and ABF of Chinese Xiangcun Black 
pigs, respectively (Liu et al., 2019; Fan et al., 2020). 
Similar to these observations, we have also indicat-
ed that MLP diet significantly decreased ABF, SBF, 
MBF, LF and serum TG levels, with no significant 
influence on body weight of Erhualian pigs. In previ-
ous studies it was observed that mulberry leaves or 
MLE reduce serum TG concentrations and enhance 
subcutaneous fat lipolysis in crossbred pigs or liver 
lipolysis in high-fat diet-induced obese mice (Ann  
et al., 2015; Peng et al., 2018; Fan et al., 2020). Con-
sistently, we had provided a new evidence that MLP 
can reduce body fat deposition in pigs.

Figure 4. KEGG pathways associated with differential metabolites. KEGG pathways associated with differential metabolites are manually linked 
together. The illustration was generated using the reference maps from KEGG to construct the altered pathways of biosynthesis of amino acids, 
pyruvate metabolism, galactose metabolism, taurine and hypotaurine metabolism, TCA cycle, alanine, aspartate and glutamate metabolism, 
phenylalanine metabolism and beta-alanine metabolism. Colourful words with border denote the differential metabolites discovered in this study. 
Compared to N group, metabolites marked in red colour represent significantly up-regulated metabolites in one or two MLP groups, while 
metabolites marked  in green colour represent significantly down-regulated metabolites in one or two MLP groups. The N groups were fed normal 
chow diet, while L and H groups were fed normal diet supplemented with 10 or 20% MLP, respectively.
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Moreover, serum levels of glucose in L and  
H groups were found to be significantly lower than 
those in the N group. In previous studies it was re-
ported that 1-deoxynojirimycin (DNJ, one of mul-
berry extracts) and mulberry feeding could decrease 
levels of glucose in mice or rats (Liu et al., 2015a; 
Liu et al., 2016a). We have shown that MLP diet 
decreased glucose levels in pigs. Additionally, the 
levels of other carbohydrates, such as galactose and 
myo-inositol, were also found to be significantly 
decreased in L or H groups in comparison to those 
in the N group. These results imply that MLP sup-
plementation might decrease galactose/glucose 
metabolism. We have observed that the levels of  
D-glyceric acid were lower in groups with MLP and 
significantly decreased in the H group. D-glyceric 
acid is a direct product of glycerol, while glycerol 
and glycerol 3-phosphate are materials for synthe-
sized TG. Besides, glycerol 3-phosphate is synthe-
sized by dihydroxyacetone phosphate, an intermedi-
ate product of glycolysis. Therefore, reducing levels 
of glucose and D-glyceric acid might indirectly 
decrease the levels of TG via regulating glycerol 
3-phosphate and glycerol, respectively. However, 
more studies are needed to investigate this specula-
tion. Another compound influencing the glycolysis 
is lactic acid, which content in our study was lower in 
groups fed diet with MLP addition. Lactic acid is an 
end product of glycolysis and can directly regulate 
pyruvic acid, a main product of glycolysis pathway 
for regulating energy metabolism (Shi et al., 2015). 
The content of alanine, another metabolite synthe-
sized by pyruvic acid, was also lower in animals fed 
diets supplemented with MLP. These data was in ac-
cordance with a previous report, in which MLP diet 
reduced levels of plasma glucose, pyruvic acid and 
lactic acid in diabetic rats (Andallu and Varadacha-
ryulu, 2007). To our knowledge, pyruvic acid can 
convert into acetyl-CoA, which is a key factor for li-
pid metabolism and TCA cycle. Reduction of lactic 
acid and alanine might result in decreased pyruvic 
acid contents, thus impacting on lipid metabolism 
via acetyl-CoA. Consistently with the previous re-
search showing that MLP or DNJ by decreasing glu-
cose or pyruvate metabolic pathways can have anti-
obesity effects (Andallu and Varadacharyulu, 2007; 
Hu et al., 2017), it can be suggested from our data 
that MLP might affect lipid and energy metabolisms 
via regulating the pathways associated with galac-
tose/glucose and pyruvate metabolisms.

Furthermore, MLP supplementation induced 
metabolic alterations related to energy metabolism 
by regulating TCA cycle. Some potential biomark-
ers associated with TCA cycle, such as malonic 

acid, L-malic acid and alpha-ketoglutaric acid, were 
identified in this study. Malonic acid is a well-char-
acterized competitive inhibitor of succinate dehydro-
genase (Quastel and Wooldridge, 1928), indicating 
that malonic acid can directly regulate TCA cycle. 
The levels of two differential metabolites involved in 
TCA cycle in the H group, including L-malic acid and 
alpha-ketoglutaric acid, were significantly reduced in 
comparison to those in the N group, implying that 
energy production of TCA cycle might slow down in 
pigs fed diets with high content of MLP. The role of 
mulberry leaves in energy metabolism has not been 
fully investigated yet. In the most recent study using 
liquid chromatography−mass spectrometry (LC-MS) 
analysis it was found that DNJ might increase the 
levels of TCA intermediates in DNJ-treated diabetic 
mice (Hu et al., 2017). We have noted that the effect 
of MLP on TCA cycle is ambiguous and further in-
vestigations are needed to recognise the role of MLP 
in regulating TCA cycle.

As we have expected, we have shown that MLP 
diet had an impact on metabolic alterations associ-
ated with amino acid metabolism. MLP diets de-
creased the levels of several important amino acids 
including phenylalanine, tyrosine and taurine. Phe-
nylalanine is an essential amino acid and has been 
shown to influence lipid metabolism (Pohle-Krauza 
et al., 2008; Ueda et al., 2016). Previously, DNJ 
was found to promote the conversion of phenyla-
lanine to acetyl-CoA (Liu et al., 2015a; Hu et al., 
2017). Tyrosine, a hydroxylation product of pheny-
lalanine (Bequette et al., 1999), is a semi-essential 
amino acid depending on dietary intake (Matthews, 
2007). During tyrosine catabolism process, the car-
boxyl carbon is released and the other part of ty-
rosine transfers into acetoacetate or fumarate (Sun  
et al., 2016), which can be utilized to synthesize fat-
ty acids and demonstrated that tyrosine could have 
an impact on the synthesis of fatty acids. Therefore, 
reduction of tyrosine in pigs fed MLP diets might 
be associated with the decrease of lipogenesis. Tau-
rine is a potentially essential amino acid and its 
supplementation reduced serum TG and prevented 
high-fat diet-induced obesity with increased energy 
expenditure in rats or mice (Nishimura et al., 2002; 
Tsuboyama-Kasaoka et al., 2006), which is not fully 
consistent with our data. Actually, the role of taurine 
in lipid metabolism is still controversial. For exam-
ple, taurine supplementation was shown to promote 
lipid synthesis in fish (Shen et al., 2018). The exact 
role of taurine in lipid and energy metabolism in-
duced by MLP needs further investigation. Our data 
provide a comprehensive clue on the action of MLP 
in amino acid metabolism.
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Additionally, supplementation of MLP changed 
the levels of other well-known metabolites related to 
lipid metabolism, e.g., heptadecanoic acid and 3-hy-
droxybutyric acid. As an odd-chain fatty acid and a 
biomarker of fat intake, heptadecanoic acid has been 
found to be inversely associated with the human 
adiposity or type 2 diabetes (Forouhi et al., 2014; 
Aglago et al., 2017), showing that heptadecanoic 
acid can negatively regulate fat metabolism. In the 
present study, significantly increased heptadecanoic 
acid in MLP groups, accompanied by the decrease 
of lipid indicators, strongly supports this speculation. 
3-hydroxybutyric acid, known as beta-hydroxybu-
tyrate, is a ketone body and produced from acetyl-
CoA derived from β-oxidation of fatty acids (Laffel, 
1999). Previously, in many studies it was found that 
beta-hydroxybutyrate can reduce or inhibit adipocyte 
lipolysis in cows and mice (Taggart et al., 2005; van 
der Drift et al., 2013). We have shown that MLP sup-
plementation reduced the levels of 3-hydroxybutyric 
acid and body fat deposition, indicating that MLP 
supplementation could enhance lipolysis by decreas-
ing the levels of 3-hydroxybutyric acid.

Conclusions
For the first time, the changes in metabolic pro-

files during mulberry leaf powder (MLP) consump-
tion in Erhualian pigs have been investigated in this 
study. MLP diet regulated multiple lipid homeostasis-
related metabolites and their pathways to reduce body 
fat deposition in pigs. A basis for further investigations 
of the role of these potential MLP-related biomarkers 
was not only established, but also a novel clue of un-
derstanding the mechanism of the body fat changes 
induced by MLP supplementation was provided.
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