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Abstract:  This study investigated the effects of fermented cottonseed meal (FCSM) on lipid metabolites, lipid
metabolism-related gene expression in liver tissues and abdominal adipose tissues, and hepatic metabolomic profiling
in broiler chickens. One hundred and eighty 21-d-old broiler chickens were randomly divided into three diet groups with
six replicates of 10 birds in each group. The three diets consisted of a control diet supplemented with unfermented
cottonseed meal, an experimental diet of cottonseed meal fermented by Candida tropicalis, and a second experi-
mental diet of cottonseed meal fermented by C. tropicalis plus Saccharomyces cerevisae. The results showed that
FCSM intake significantly decreased the levels of abdominal fat and hepatic triglycerides (P<0.05 for both). Dietary
FCSM supplementation down-regulated the mRNA expression of fatty acid synthase and acetyl CoA carboxylase in
liver tissues and the lipoprotein lipase expression in abdominal fat tissues (P<0.05 for both). FCSM intake resulted in
significant metabolic changes of multiple pathways in the liver involving the tricarboxylic acid cycle, synthesis of fatty
acids, and the metabolism of glycerolipid and amino acids. These findings indicated that FCSM regulated lipid me-
tabolism by increasing or decreasing the expression of the lipid-related gene and by altering multiple endogenous
metabolites. Lipid metabolism regulation is a complex process, this discovery provided new essential information
about the effects of FCSM diets in broiler chickens and demonstrated the great potential of nutrimetabolomics in
researching complex nutrients added to animal diets.
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1 Introduction presence of gossypol, a toxic polyphenol. However,
to solve this problem, solid-state fermentation is an

Cottonseed meal (CSM), a major protein source  effective option (Zhang et al., 2006; 2007). Addi-
used in animal feed for many years in China, has good  tionally, CSM by solid-state fermentation improves
nutritive value (Yin et al., 1993; 1994). The utiliza-  nutrition characteristics (Zhang et al., 2006; Sun et al.,
tion of CSM is limited in poultry diets due to the 2012; Yang et al., 2012) and produces many essential
nutrients such as amino acids, small-size peptides,
vitamins, and oligosaccharides (Tang et al., 2012).
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free gossypol in CSM. In addition, CSM fermented by
C. tropicalis increased the levels of total amino acids,
essential amino acids, and in vitro digestible crude
protein and amino acids (Zhang et al., 2007). Koh
et al. (2002) reported that S. cerevisae and fermented
rice bran resulted in various biological activities in
feed additives such as strengthening the immune
system and reinforcing stress-fighting capabilities.
Some studies have reported that fermented CSM
(FCSM) improves growth performance (Tang et al.,
2012) and gut microbes (Sun et al., 2013) in broiler
chickens. However, little information is known about
the influence of fermented CSM on lipid metabolism
in broilers.

Lipid metabolism is closely associated with the
nutritional value of meat, the yield of lean meat, or
efficient feed utilization (de Genova Gaya et al., 2005;
Zhao et al., 2007). Furthermore, excess fat deposition
results in waste for consumers or economic loss for
producers. Previous studies have indicated that fer-
mented products can decrease fat deposition and im-
prove lipid profiles (Park et al., 2012; Cha et al., 2013).
In broiler chickens, the liver is the most important
organ for lipid metabolism, and lipids are primarily
stored in adipose tissue (Huang et al, 2008). Fat
deposition results from a complex interactive process
that involves genetic and environmental factors
(Hausman et al., 2009; An et al., 2013). Metabolomics
can comprehensively reveal the change rule and re-
lated mechanism of the biosystem affected by exog-
enous substances (Patti et al., 2012); thus, it is useful
to understand the lipid metabolism of broilers when
fermented feed is added to their diets. Metabolomics
has been successfully applied to better understand the
effects of organic feed on chickens (Huber et al.,
2010), and has also been used to research the metab-
olism of adipose tissue of chickens (Ji et al., 2012).

This study investigated the effects of fermented
CSM on lipid-related gene expression in tissue and
liver metabolomics changes based on gas chroma-
tography time-of-flight mass spectrometry (GC-TOF/
MS) in yellow-feathered broiler chickens. This val-
uable commercial broiler species has good meat
quality and its production approaches three billion
animals every year in China (Tang et al., 2012). The
aim of this study was to understand the effects of
fermented CSM intake on the lipid metabolism of
broiler chicken tissue and its mechanisms.

2 Materials and methods
2.1 Substrate treatment and strains

The CSM used in this study was obtained from
the Shihezi District (Xinjiang Uygur Autonomous
Region of China). The substrate treatment material
was performed according to the methods of Zhang
et al. (2007). The strains C. tropicalis and S. cerevisae
were bred and collected by the Feed Science Institute
of Zhejiang University (Hangzhou, China). These two
strains were maintained in yeast extract peptone dex-
trose medium.

2.2 Preparation of fermented CSMs

The treated substrate (1000 g) was inoculated
with 80 ml of liquid yeast inocula (10 cells/ml) of
C. tropicalis or both strains (the ratio of C. tropicalis
to S. cerevisae was 3:7). Every inoculated substrate
was blended evenly, encased in a plastic container
(50 cmx30 cmx12 cm) and incubated at 30 °C for 48 h
in an incubator. After fermentation, the substrate was
dried at 40 °C for 48 h in a draught drying cabinet.
The same treatment process was performed for the
unfermented CSM except that the same volume of
sterile culture medium was inoculated. The chemical
compositions of the unfermented CSM, the CSM
fermented by C. tropicalis (Ct CSM), and the CSM
fermented by C. tropicalis plus S. cerevisae (Ct-Sc
CSM) were analyzed (AOAC, 1999) on a dry matter
basis as follows: dry matter, 953, 946, and 947 g/kg;
crude protein, 342, 376, and 375 g/kg; ether extract,
7.1, 7.2, and 7.4 g/kg; crude ash, 53.2, 57.6, and
58.5 g/kg in unfermented CSM, Ct CSM, and Ct-Sc
CSM, respectively. The free gossypol contents, de-
termined by a standard method (AOCS, 2009), were
126.7, 44.9, and 33.0 mg/kg, respectively. The con-
centration of free gossypol was less than 30 mg/kg in
the diet and had no effect on the broilers’ health
(Ozdogan et al., 2012; Tang et al., 2012).

2.3 Broiler breeding

The animal care and use protocol was approved
by the Animal Welfare Committee of Shihezi Uni-
versity (Xinjiang Uygur Autonomous Region of China).
A total of 300 1-d-old Chinese yellow-feathered
chickens were raised in a brooder house for 14 d fed a
commercial diet. Then, the birds were fed the control
diet for 7 d to acclimatize the feeds because the trial
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diets were afforded in mash form. Next, the birds
underwent fasting for 12 h and were then weighed.
After that, 180 birds were chosen from the 300 total
birds according to their similar weight and randomly
divided into three groups, each with 60 chickens. The
chickens were raised in wire-floored cages (120 cmx
80 cmx50 cm) located in the same room. Ten chick-
ens were kept in each cage of six cages from each
group, and each cage was equipped with two nipple
water bottles and one feeder. The diets of the three
groups included the unfermented CSM (control group,
Con), the Ct CSM (treatment group 1, Ct), and the
Ct-Sc CSM (treatment group 2, Ct-Sc). The yeast
levels were 2x10° colony-forming units (CFU) per g
in the FCSM diet. Composition of the diets and nu-
trient levels are presented in Table 1. The birds were
housed in conditions with continuous light and
ad libitum access to feed and water throughout the
rearing period, and the temperature was maintained at
23 to 25 °C during the ages of 21 to 42 d.

2.4 Sample collection

Six birds near the average weight (1276.81 g)
were randomly selected from each group, and the 18
birds were killed by cervical dislocation to sample the
abdominal fat (from the gizzard to the cloaca) and
livers. Abdominal fat was calculated as the percent-
age of abdominal fat weight relative to the total
weight of the carcass. About 5 g abdominal fat pared
from the left sides and liver tissues sampled from left
lobes were collected from birds, immediately frozen
in liquid nitrogen, and then stored at —80 °C for fur-
ther analysis.

2.5 Lipid metabolite assays of the livers

The concentrations of triglycerides (TG), total
cholesterol (TC), and total protein in the livers were
measured using commercial assay kits (Nanjing
Jiancheng Bioengineering Institute, Nanjing, China)
according to the manufacturer’s instructions with a
microplate reader (Thermo Labsystems MK3, Hel-
sinki, Finland). Total protein content was used to
calculate the concentrations of TG and TC.

2.6 RNA isolation and real-time quantitative
polymerase chain reaction (qPCR) analysis

Total RNAs of the livers and abdominal fat were
isolated using TRIzol reagent (Invitrogen, Carlsbad,
CA, USA) according to the manufacturer’s pro-
tocol. RNA concentrations were measured using a
NanoDrop ND-1000 spectrophotometer (NanoDrop,
Wilmington, DE, USA) and electrophoresed on a 1%
(0.01 g/ml) denaturing agarose gel to test the integrity.
All RNA samples were adjusted to the same concen-
tration. The RNA was reverse transcribed to com-
plementary DNA (cDNA) by PrimeScript™ RT re-
agent kits (TaKaRa, Shiga, Japan) according to the
instructions. A real-time quantitative PCR was car-
ried out in a 7500 Real Time PCR systems (Applied
Biosystems, Foster City, CA, USA) using a
SYBR-Green PCR kit (Roche Diagnostics, Laval,
Quebec, Canada) according to optimized PCR pro-
tocols. The PCR programme was as follows: 95 °C
for 2 min, followed by 32 cycles of 95 °C for 30 s,
55 °C for 30 s, 72 °C for 30 s, and 72 °C for 10 min.

The gene primers of fatty acid synthase (FAS),
lipoprotein lipase (LPL), acetyl CoA carboxylase

Table 1 Ingredient composition of experimental diets (based on air dry matter)

Percentage (%)

Percentage (%)

Ingredient Con Ct CrSe Nutrient content Con Ct CrSe
Yellow corn 64.35 64.70 64.65 ME (MlJ/kg) 11.94" 11.96" 11.95
Soybean meal 17.15 16.80 16.85 Crude protein 18.70 18.73 18.75
Rapeseed meal 2.00 2.00 2.00 Calcium 0.87 0.85 0.84
Ordinary CSM 6.00 6.00 6.00 AP 0.36 0.34 0.35
Unfermented CSM 6.00 Met+Cys 0.68 0.68 0.68
Fermented CSM 6.00 6.00 Lys 1.04 1.03 1.03
Cottonseed oil 1.00 1.00 1.00
Dicalcium phosphate 1.20 1.20 1.20
Limestone 1.30 1.30 1.30
Premix 1.00 1.00 1.00

CSM: cottonseed meal; ME: metabolizable energy; AP: available phosphorus; Met: methionine; Cys: cysteine; Lys: lysine; Con: control group
with unfermented cottonseed meal; Ct: treatment group with cottonseed meal fermented by C. tropicalis; Ct-Sc: treatment group with
cottonseed meal fermented by C. tropicalis plus S. cerevisiae. Premix (per kg of diet): L-lysine-HCI 2 g, DL-methionine 1.1 g, NaCl 3 g, choline
chloride (50%) 1 g, Cu 6 mg, Fe 100 mg, Mn 150 mg, Zn 100 mg, Se 0.3 mg, I 0.4 mg, vitamin A 12500 IU, vitamin D5 4000 IU, vitamin E
18 IU, menadione 3.0 mg, thiamin 2.0 mg, riboflavin 7.5 mg, pyridoxine 4.5 mg, vitamin B, 0.02 mg, pantothenic acid 12 mg, niacin 50 mg,
folic acid 1.2 mg, biotin 0.15 mg. Nutrient contents are calculated values except for crude protein and calcium. " Data for ME are in MJ/kg
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(ACC), peroxisome proliferator-activated receptor o
(PPAR-a), peroxisome proliferator-activated receptor
v (PPAR-y), and B-actin were designed as described
by Wu (2012), and liver fatty acid-binding protein
(L-FABP) was designed as the chicken sequences
from GenBank. The sequences of the primers were
follows: FAS forward, 5'-TCAGGGTGTTCTGGAA
TGCAA-3', reverse, 5'-AATCCTGGTGGGCAATC
GTAG-3'"; LPL forward, 5'-AGTCAGAGTGAAGTC
AGGCGAAAC-3', reverse, 5-CTGCTCCAGGCA
CTTCACAAATA-3"; ACC forward, 5'-CTGATGG
TCTTTGCCAACTGGA-3', reverse, 5'-CACGATGT
AGGCACCAAACTTGA-3"; PPAR-o forward, 5-TG
CACTGGAACTGGATGATAGTGA-3', reverse, 5'-T
CCTACATTTACAAGACCAGGACGA-3'; PPAR-y
forward, 5'-TGTGAAGTTCAACGCACTGGAATT
A-3', reverse, 5-GGAGCTCCAAAGCTTGCAACA-3'
L-FABP forward, 5'-ATGAGCTTCACTGGAAAGT
ACGAG-3', reverse, 5'-TCTTGATGTCCTTACCCT
TCTGG-3'"; B-actin forward, 5'-ATTGTCCACCGCA
AATGCTTC-3', reverse, 5'-AAATAAAGCCATGC
CAATCTCGTC-3'". All samples were analyzed in trip-
licate and results were expressed as 2T according
to a previous method (Livak and Schmittgen, 2001).

2.7 Liver metabolomics profiling analysis

The samples of liver tissues (100 mg) were
weighed in 2-ml tubes. Chilled extraction liquid
(400 pl, the volume ratio of methanol to chloroform
was 3:1) at —80 °C and internal standard L-2-
chlorophenylalanine (50 pl, 0.1 mg/ml) were added to
each tube and homogenized in a ball mill for 5 min at
70 Hz. Then, the mixture was centrifuged at 12 000g
for 15 min at 4 °C and 0.35 ml of supernatant was
transferred into a fresh 2-ml GC vial, followed by
evaporation to dryness under vacuum in a speedvac
concentrator (Thermo Fisher Scientific, Asheville,
USA). Methoxyamine (80 pl) in pyridine (20 mg/ml)
was added to the dried residue and vigorously vortex-
mixed for 2 min. Methoximation reaction was per-
formed at 37 °C for 2 h, followed by trimethylsilyla-
tion for 1 h by adding 100 pl of bis(trimethylsilyl)
trifluoroacetamide (BSTFA) with 1% trime-
thylchlorosilane as catalyst. At last, the solution was
shaken for 1 h at 70 °C and cooled to room temperature.

Each sample (1 pl) was injected into an Agilent
7890 GC with an Agilent 7683 Series autosampler
(Agilent, Atlanta, GA, USA). Mass spectra were

detected and obtained by using Pegasus HT TOF/MS
(LECO Corporation, St. Joseph, MI, USA). Helium
served as the carrier gas through the column. The
optimized GC/MS operating conditions were as fol-
lows: the front inlet purge flow was 3 ml/min, and the
gas flow rate through the column was 1 ml/min. The
initial temperature was kept at 80 °C for 0.2 min,
increased to 180 °C at a rate of 10 °C/min, then in-
creased to 240 °C at a rate of 5 °C/min and finally
increased to 280 °C at a rate of 20 °C/min for 18.8 min.
The injection, transfer line, and ion source tempera-
tures were 280, 270, and 220 °C, respectively. The
MS data were acquired in full scan mode over the range
between 35 and 600 m/z at a rate of 100 spectra/s.

2.8 Data collection and processing

ChromaTOF 4.3X software (LECO, St. Joseph,
MI, USA) and Leco-Fiehn Rtx5 database were used
for raw peaks extracting, the data baselines filtering
and calibration of the baseline, peak alignment, de-
convolution analysis, peak identification, and inte-
gration of the peak area (Kind et al., 2009). In addi-
tion, an internal standard normalization method was
employed in the data analysis. The normalized peak
area was fed to SIMCA-P 11.5 software (Umetrics,
AB, Sweden) for the orthogonal partial least
squares-discriminant analysis (OPLS-DA). Both the
variable importance in the projection (VIP) values
(VIP>1) obtained from the OPLS-DA and the Stu-
dent’s #-test (P<0.05) were employed to find differ-
entially expressed metabolites between the two
comparison groups. The LECO/Fiehn Metabolomics
Library for GC/MS metabolome date (similarity
value of 70%) was used for discriminating compound
annotation.

One-way analysis of variance was performed for
the data of body weight, lipid content, and gene ex-
pression via statistical software SPSS 16.0 (SPSS Inc.,
Chicago, IL, USA). Differences among means were
tested using Duncan’s multiple range tests. A signif-
icance level of 0.05 was used.

3 Results

3.1 Effects of FCSM on body weight and lipid
metabolite contents

All the broiler chickens remained healthy in
appearance throughout the experimental period of the
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Table 2 Effects of FCSM on body weight and lipid contents of broiler chickens

Group Initial body weight Final body weight Abdominal fat Triglyceride; Total cholester.ol
(2 (g2) (%) (mmol/g protein) (mmol/g protein)

Con 540.23+16.26 1280.00+26.71 2.48+0.11° 0.85+0.09* 0.57+0.13

Ct 532.03+14.29 1273.98+22.51 2.01+0.26° 0.56:£0.09° 0.50+0.08

Ct-Sc 535.94+18.66 1276.45+28.48 2.03+0.39° 0.69+0.14° 0.59+0.11

FCSM: fermented cottonseed meal; Con: control group with unfermented cottonseed meal; Ct: treatment group with cottonseed meal
fermented by C. tropicalis; Ct-Sc: treatment group with cottonseed meal fermented by C. tropicalis plus S. cerevisiae. *° Means with
different letters are significantly different (P<0.05). Values are expressed as meantstandard deviation (SD) (n=6)

FCSM-supplemented diet. The contents of abdominal
fat and hepatic TG were significantly lower in the
treatment groups than in the control group (P<0.05
for both; Table 2). However, the body weights and TC
concentrations in the liver tissues did not change after
adding FCSM to the diet (P>0.05 for both).

3.2 Effects of FCSM on gene expression related to
lipid metabolism

Fig. 1 presents the results of gene expression.
The gene expression of hepatic ACC and FAS in the
treatment groups was significantly decreased com-
pared with that in the controls (P<0.05). The
FCSM-supplemented diet significantly decreased the
LPL mRNA Ievel in abdominal fat tissues (P<0.05).
However, the expression levels of L-FABP, PPAR-q,
and LPL in liver tissue, and PPAR-y in abdominal fat
tissues showed no significant changes among the
three groups (P>0.05 for all).

3.3 Effects of FCSM on metabolomics profiling in
liver tissue

FCSM intake caused metabolic changes of en-
dogenous metabolites in the liver tissues of broiler
chickens. Results indicated that FCSM supplementation
significantly increased the levels of 1-monopalmitin,
ethanolamine, and O-phosphoserine but decreased

Table 3 Different endogenous metabolites in the livers of
broiler chickens after adding Ct CSM

the levels of 2-mono-olein and myo-inositol (P<0.05
for all; Tables 3 and 4). The levels of arachidonic acid
and glutamine were higher in the Ct group than in the
Con group (P<0.05 for both; Table 3), while the lev-
els of citric acid and prostaglandin E2 in the Ct group
increased compared with the Con group (P<0.05 for
both; Table 3). The Ct-Sc CSM group showed sig-
nificantly elevated levels of fructose-6-phosphate and
glycine, while the levels of 3-hydroxypyruvate and
mannose declined (P<0.05 for all; Table 4).

25~
[ Con CJCt M Ct-Sc
2.0
1.5
1.0

0.5

Relative mRNA expression

0.0

FAS ACC L-FABP PPAR-a

LPL PPAR-y LPL
Liver Abdominal fat

Fig. 1 Relative gene expression of mRNA in the liver
tissue and abdominal fat tissue in broiler chickens fed
diets containing FCSM

FCSM: fermented cottonseed meal; Con: control group with un-
fermented cottonseed meal; Ct: treatment group with cottonseed
meal fermented by C. tropicalis; Ct-Sc: treatment group with
cottonseed meal fermented by C. tropicalis plus S. cerevisiae.
“® Means with different letters are significantly different (P<0.05).
Values are expressed as mean+SD (n=6)

Table 4 Different endogenous metabolites in the livers
of broiler chickens after adding Ct-Sc CSM

No. Metabolite Trend  P-value VIP No. Metabolite Trend P-value VIP
1 1-Monopalmitin 1 <0.001 3.56 1 1-Monopalmitin 1 <0.001 2.08
2 2-Mono-olein 1 <0.001 1.25 2 2-Mono-olein 1 <0.001 1.73
3 Arachidonic acid i 0.039 2.35 3 3-Hydroxypyruvate l 0.016 3.26
4 Citric acid l 0.032 1.29 4 Ethanolamine i 0.018 1.72
5 Ethanolamine 1 0.007 3.18 5 Fructose-6-phosphate 1 0.006 2.73
6 Myo-inositol l 0.029 1.15 6  Glycine i 0.046 1.03
7 Glutamine 1 0.028 1.33 7 Mannose ! 0.020 2.26
8 O-phosphoserine 1 0.002 2.15 8 Myo-inositol ! 0.050 1.01
9 Prostaglandin E2 1 0.028 1.57 9 O-phosphoserine 1 0.049 1.46

Ct CSM: cottonseed meal fermented by C. tropicalis; VIP: variable
importance in the projection. Up arrow (1) and down arrow ()
indicate elevation and decrease of metabolite level after adding Ct
CSM, respectively

Ct-Sc CSM: cottonseed meal fermented by C. tropicalis plus S.
cerevisiae; VIP: variable importance in the projection. Up arrow (1)
and down arrow (|) indicate elevation and decrease of metabolite
level after adding Ct-Sc CSM, respectively
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4 Discussion

In the present study, the CSM fermented with
yeast (C. tropicalis and S. cerevisiae) decreased the
abdominal fat levels of the broiler chickens, which
may have been caused by the fermented products and
yeast probiotics of the CSM. Similar results of de-
creased abdominal fat by adding fermented products
and yeast in the broiler chicken diets have been re-
ported by Yamamoto et al. (2007) and Aluwong et al.
(2013), respectively. A diet containing 1.5%-2.0%
yeast (Aluwong ef al., 2013) or 1% Koji-feed (fer-
mented distillery by-product) (Yamamoto et al., 2007)
resulted in significantly lower amounts of abdominal
fat in broiler chickens.

The decreased content of abdominal fat resulted
from a decrease of TG synthesis and/or enhancement
of TG hydrolysis. The decreased concentrations of
hepatic TG revealed that lipid synthesis was reduced
when the broilers were fed the FCSM-supplemented
diet, which can be associated with the reduction of
abdominal fat. This notion is supported by a decrease
of fatty acid synthesis because of the down-regulated
mRNA expression of FAS and ACC. ACC, a
rate-limiting enzyme of lipogenesis, plays a key role
in the regulation of fatty acid synthesis (Numa et al.,
1971). All the steps of conversion from malonyl-CoA
to palmitate were catalyzed by FAS, and the FAS
gene was a critical target in the control of lipogenesis
(Joseph et al., 2002). The ACC and FAS have the
highest correlation among lipogenic genes linked in
lipogenesis (Huang et al., 2008). In addition, FCSM
intake was not found to alter the lipid transport and
lipid oxidation in the present study because L-FABP
is involved with lipid transport, and PPAR-a highly
expressed in the liver plays a major role in the regu-
lation of peroxisomal B-oxidation (Lee et al., 1995).
PPAR-y is expressed at the highest level in adipose
tissue and promotes adipocyte differentiation (Man-
drup and Lane, 1997), and its expression did not
change after adding FCSM in the broiler chickens’
diet. LPL, a critical enzyme in the hydrolysis of TG,
catalyzes TG from circulating chylomicrons and
very-low-density lipoprotein in adipose tissue (Zhao
et al., 2013). In the present study, the down-regulated
mRNA level of LPL in abdominal fat was associated
with a decreased fatty acid synthesis, hepatic TG con-
tent, and fat deposition in abdominal fat in the chickens

fed the diet containing FCSM. Voshol et al. (2001)
reported that overexpression of muscle LPL enhances
the accumulation of intramuscular TG and fat in
mammals. However, FCSM supplementation did not
alter the hepatic LPL expression in the broilers, which
may be the result of the decreased fatty acid synthesis.
A more specific reason requires further research.

Lipid metabolism is a complex process regulated
by multiple metabolic pathways, such as the tricar-
boxylic acid (TCA) cycle, glycolysis, B-oxidation,
lipogenesis, and metabolism of amino acids, which
can be comprehensively revealed by metabolomics
analysis (An et al., 2013; Shi et al., 2013). Metabo-
lomics, as a systems approach, has been used to un-
derstand the lipid metabolism in the process of fat
deposition in animal growth (He et al., 2012). Com-
prehensive analysis of metabolite changes in liver
metabolic profiling was performed to reveal altera-
tions of the lipid metabolism when broilers were on
the FCSM diet in this study. The metabolites involve
a variety of metabolic pathways including the TCA
cycle, fatty acid synthesis, and metabolism of glyc-
erolipids and amino acids.

The levels of citric acids were clearly lower in
the Ct group, and the increased levels of fructose-6-
phosphate with decreased levels of mannose were
observed in the Ct-Sc group compared wtih those in
the Con group. Citric acid and fructose-6-phosphate
are important intermediates which entered into the
TCA cycle and gluconeogenesis to produce energy
(Yang et al., 2006; Pilvi et al., 2008). Citric acid also
plays an important role in biosynthesis routes, such as
fatty acid biosynthesis in the liver (Liu ef al., 2011).
Mannose is converted into fructose-6-phosphate,
which is an immediate precursor to glucose-6-
phosphate in gluconeogenesis, and it also further
metabolizes to enter the pentose phosphate pathway.
This suggested that energy metabolism was altered by
adding FCSM to the birds’ diets. However, differ-
ences of energy metabolism were also observed be-
tween the Ct and Ct-Sc groups associated with CSM
fermented by different strains. FCSM was shown to
improve the intestinal bacterial microbiota (Sun et al.,
2013) and further regulate energy metabolism by the
gut microbiome (Donohoe et al., 2011; Velagapudi
etal.,2010).

The decreased levels of 2-mono-olein and
myo-inositol were accompanied by increased levels
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of ethanolamine and 1-monopalmitin in the treatment
groups compared with the Con group. The
2-mono-olein and 1-monopalmitin are monoacyl-
glycerols formed by glycerol combined with a fatty
acid molecule, and these changes are believed to be
associated with fatty acid synthesis or absorption.
Myo-inositol and ethanolamine are the key materials
needed for the synthesis of glycerol phospholipid
(phosphatidylinositol or phosphatidylethanolamine).
The results indicated that the FCSM-supplemented
diets caused the complex metabolic effects on the
lipids due to the nutritional properties of fermented
CSM (Sun et al, 2012) or microbial metabolism
within the host (Velagapudi et al., 2010). A previous
study showed that the addition of FCSM in broiler
chickens’ diets increased the metabolites of glycerol
phospholipids in their plasma, such as phosphatidyl-
choline, phophatidylethanolamine, cholesterol ester,
and sphingomyelin, analyzed by metabolomics
technology (Nie et al., 2013). He et al. (2012) re-
ported that the serum of lean pigs had lower
myo-inositol levels than that in obese pigs. Similarly,
distinct variations of phospholipids and fatty acids
were found in blood and liver tissues between obese
and lean mice (Kim et al., 2011). Moreover, the idea
that Ct CSM caused the up-regulation of arachidonic
acid is supported by the metabolic differences. Ara-
chidonic acid is a fatty acid combined into phospho-
lipids of the cell membrane (Khairallah ez al., 2012)
or a precursor substance that forms prostaglandin E,
(Lukivskaya et al., 2001). Arachidonic acid sup-
presses liver fat by influencing the gene expression or
activity of lipogenic enzymes (Oikawa et al., 2009),
and prostaglandin E, protects the liver against dam-
age from alcohol use (Lukivskaya et al., 2001).

A novel finding from this work was that amino
acids (glutamine and glycine) and amino acid prod-
ucts (3-hydroxypyruvate and O-phosphoserine) were
altered in the broiler chickens’ livers while on the
FCSM-supplemented diet. O-phosphoserine is a
product of carbon metabolism, and it is a precursor
substance that forms many amino acids, such as gly-
cine, serine, threonine, cysteine, and methionine. The
significant elevation of O-phosphoserine in the
treatment groups showed that broilers fed the control
diet needed to generate more amino acid by endoge-
nous metabolism; that was different from the FCSM
diet, which included lots of amino acid via microbial

fermentation (Zhang et al., 2006; Tang et al., 2012).
This was further supported by the decrease of
3-hydroxypyruvate and increase of glutamine or gly-
cine. The 3-hydroxypyruvate can be converted to
O-phosphoserine, which is catalyzed by phos-
phoserine aminotransferase. Comparison analysis of
serum metabolomics indicated that obese pigs show
signs of distinct metabolism of proteins and amino
acids compared with lean pigs (He et al., 2012).
Furthermore, it has been found that amino acid sup-
plementation in weaned piglets’ diets can alter mul-
tiple metabolite pathways associated with lipid me-
tabolism based on serum metabolomic methods (Xiao
etal., 2012).

5 Conclusions

This study has shown that dietary FCSM sup-
plementation reduced the levels of abdominal fat and
liver TG by down-regulating the expression of he-
patic lipogenetic genes (ACC and FAS) and LPL in
abdominal fat tissue. Moreover, liver metabolomics
profiling analysis indicated that dietary FCSM sup-
plementation resulted in the multiple pathway altera-
tions in the chickens’ metabolism including the TCA
cycle, fatty acid synthesis, and metabolism of glyc-
erolipid and amino acids. Thus, the regulation of lipid
metabolism was found to be a complex process in-
volving multiple pathways.
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