Fermented corn-soybean meal elevated IGF1 levels in grower-finisher pigs'
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ABSTRACT: Fermentation has  attracted
increasing attention in pig industry, because of
low costs and numerous benefits on pig growth
and health as well as environmental improve-
ment, although the mechanisms remain largely
unknown. In the present study, fermented
corn-soybean meal significantly improved aver-
age daily gain and gain:food ratio (P < 0.05).
Fermented feed (FF) significantly increased insu-
lin-like growth factor 1 (IGF1) transcription in
liver (P < 0.05). Meanwhile, fermented meal
significantly enhanced the binding of CCAAT/

enhancer-binding protein beta (C/EBPp) to IGFI
promoter and C/EBPf expression in liver (both
P < 0.05). FF tended to increase IGF1 proteins
in liver and serum too (both 0.05 < P < 0.10).
Meanwhile, FF slightly but significantly increased
hepatic and circulating triglyceride and total chol-
esterol levels, as well as serum ratio of high-density
to low-density cholesterol (all P < 0.05). Our data
indicated that FF could significantly augment the
binding of C/EBPf to IGFI promoter and pro-
mote hepatic IGF1 expression and production,
thus boost pig growth.
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INTRODUCTION

Recently, solid-state fermented corn-soy-
bean meal is increasingly used in pig farms for
its numerous benefits. Fermentation dramatically
degrades the antinutritional factors in soybean
meal (Mukherjee et al., 2016) and increases amino
acid and phosphorus digestibility (Shi et al.,
2017); thus, nitrogen and phosphorus emissions
were accordingly decreased (Cheng et al., 2017).
More importantly, fermented soybean meal has
been reported to improve the growth performance
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of nursery (Cheng et al., 2017) and weaned pig-
lets (Zhu et al., 2017). Furthermore, supplement-
ing fermented corn-soybean feed in sow diets was
reported to enhance the growth performance of
their progeny (Wang et al., 2018a). So fermented
feed (FF) might be a novel and attractive alterna-
tive to antibiotic growth promoters in pig indus-
try. People have noticed the beneficial effects of
FF on swine gut microbiota, probably due to
the beneficial effects of both pre- and probiot-
ics (reviewed in Wang et al. (2018b)); however,
more and detailed mechanism how FF boosts pig
growth still remains largely unknown.

Insulin-like growth factor 1 (IGF1) is a well-
known endocrine growth factor. IGF1 is primar-
ily produced in the liver, as a critical mediator of
the growth hormone (GH) pulse which is orig-
inally derived from anterior pituitary gland.
IGF1 acts on almost every cell type in the body
during the processes controlling tissue growth
and reconstruction as well as carbohydrate and
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lipid metabolism (Alvarez-Nava and Lanes, 2017).
The canonical GH-IGF1 axis is highly conserved
in mammals (Berryman et al., 2008). Meanwhile,
expression of IGF1 in liver is also sensitive to diet-
ary nutrients (Frieten et al., 2018), toxins (Li et al.,
2017), and even maternal stimuli (Meyer et al.,
2017; Tuersunjiang et al., 2017). The current study
was conducted to investigate whether IGF1 medi-
ates the growth-promoting effects of fermented
meal in the grower-finisher pigs.

MATERIALS AND METHODS

Ethical Approval

The experiment was approved by the
Institutional Animal Ethical Committee, College
of Animal Sciences & Technologies, Northwest
A&F University.

Animals and Diets

This experiment was performed at Yuanheng
Ecological Agriculture Co., Ltd (Tongchuan,
Shaanxi, China). A total of 48 crossbred cas-
trated boars with similar body weights were ran-
domly allotted into 2 groups (6 pigs per pen with
4 pens per group). Pens had a drybox feeder and
a nipple drinker. Body weights and food intake
were recorded weekly. Pigs had free access to feed
and clean water throughout the whole experi-
ment. Pigs in Ctrl group were fed with commer-
cial corn-soybean meal (Beijing Great North
Agricultural Technology Group Co. Ltd., Beijing,
China), and the others in FF group were fed with
the same meal fermented with EM probiotics
(a mixture containing 60% Lactobacillus, 20%
Clostridium, 8% Bifidobacteria, and others, pur-
chased from Nongfukang Co., Ltd., Zhengzhou,
China). Briefly, 1 kg of EM probiotics was diluted
1:40 (wt/vol) with sterile water. The commercial
corn-soybean meal was mixed with probiotics
(moisture content was about 35%) and incubated
at 30 to 35 °C for 48 h as per the manufacturer’s
instructions. Unfermented and fermented feeds
were analyzed for dry matter (DM), gross energy
(GE), crude protein (CP), crude fat (CF), and
amino acids profile using the AOAC International
guidelines (2005). The contents of total polyphe-
nol were measured by Folin-Ciocalteu assay, and
total flavone was determined by spectrophotomet-
ric colorimetry (Rutin as the standard control)
(Table 1).
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When pigs reached the slaughter weights
(around 110 kg), 6 hogs closest to the average body
weight were selected from each group and fasted
for 12 h (but free access to water) before sam-
pling. Blood (no anticoagulant) were collected via
the anterior vena cava 1 h before slaughter. Blood
samples were centrifuged at 3000 rpm for 10 min at
4 °C to separate the serum. The serum was collected
and kept at —20 °C until use. Pigs were slaughtered
using electrical shock followed by exsanguination.
Tissues of liver, longissimus dorsi (LD) muscle,
were quickly isolated and stored in liquid nitrogen
until further use.

RNA Isolation and Real-Time PCR

Around 50 mg of frozen tissues were grinded
in liquid nitrogen and then transferred into 1 ml of
Trizol regent (Takara, Japan) to purify total RNA
as the manufacturer suggested. RNA quality was
validated by the ratio of A260/A280. Total RNA
was reverse transcripted with mRNA reverse tran-
scription kit (Takara, Japan).

Real-time PCR were performed using a SYBR
green kit (Vazyme, China) with a Bio-Rad iQ5 (Bio-
Rad, USA). Relative expression of genes of interest
was calculated using 274t method, with $-actin or
PPIA (peptidylprolyl isomerase A) as the internal
control. Primers targeting f(-actin and PPIA (Li
et al., 2016), IGFI and IGFI promoter (Tang et al.,
2015), and IGFBP3 (Wang et al., 2011) were got
from previous studies. Primers for /GFBP5 were
designed with the aid of NCBI Primer-BLAST tool
(http://www.ncbi.nlm.nih.gov/tools/primer-blast/).
All primers were synthesized by Sangon Biotech
(Shanghai, China), and the sequences are listed in
Table 2.

Western Blot

To detect the protein levels of CCAAT/enhanc-
er-binding protein beta (C/EBPp) in liver, about
200 mg of frozen livers were homogenized in RIPA
buffer with protein inhibitors and then centrifuged
at 5000 rpm at 4 °C for 10 min to aspirate the super-
natant. Protein concentration was determined with
BCA assay, and equal amount of proteins were
subjected to SDS-PAGE. After electrophoresis,
proteins were transferred to nitrocellulose mem-
branes. Then the membranes were blocked with a
blocking solution for 2 h and incubated overnight at
4 °C with anti-C/EBPp (sc-150, 1:200, Santa Cruz
Biotechnology, Santa Cruz, CA) or anti-f-Actin
(sc-47778, 1:200, Santa Cruz Biotechnology, Santa
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Table 1. Ingredients and chemical composition of experimental diets

Items

Normal meal

Fermented meal

Ingredients, %

Corn

Soybean meal

Wheat bran

Mineral/vitamin premix!
Analyzed chemical composition

DM, %

Gross energy, kcal'kg™! DM

Crude protein, %DM

Crude fat, %DM

Polyphenols, g-'kg™! DM

Flavonoids, g-kg™! DM
Profile of amino acids

Total amino acid, %DM

Val, %DM

Met, %DM

Ile, %DM

Leu, %DM

Thr, %DM

Phe, %DM

Lys, %DM

His, %DM

Arg, %DM

Asp, %DM

Tyr, %DM

Ser, %DM

Glu, %DM

Pro, %DM

Gly, %DM

Ala, %DM

Cys, %DM

67.0 67.0
21.0 21.0
8 8
4.0 4.0
88.04 63.02
12.48 12.43
16.14 16.12
2.31 2.85
22.57 31.85
0.57 1.22
14.94 16.44
0.66 0.76
0.17 0.19
0.55 0.60
1.40 1.57
0.67 0.63
0.69 0.72
1.08 0.83
0.49 0.58
0.77 0.87
1.29 1.36
0.50 0.62
0.69 0.78
2.55 2.80
1.86 2.32
0.55 0.62
0.87 0.96
0.14 0.21

'Premix supplied per kilogram of diet: vitamin A, 6,480 IU; vitamin D,, 2800 IU; vitamin E, 26 mg; vitamin K, 2 mg; vitamin B, 50 mg; vitamin

B,, 4 mg; vitamin B, 3 mg; vitamin B

122

0.03 mg; nicotinic acid, 20 mg; p>antothenic acid, 9 mg; folic acid, 1.2 mg; biotin, 0.2 mg; choline chloride,

300 mg; Fe, 200 mg; Cu, 95 mg; Zn 100 mg; Mn, 30 mg; I, 0.35 mg; Se, 0.36 mg; Ca, 0.9 %; P 0.1%; NaCl, 0.5%; and Lysine, 0.1%.

Table 2. Primer sequences

Sequences (5" — 3') Product length

IGF1 F: art tot tea agg taa aga tgc a 117 bp
R: cag ccc cac aga ggg tet ca

IGFBP3 F: gac acg ctg aac cac ctc a 151 bp
R: cgt act tat cca cge acc ag

IGFBP5 F: caa ctg tga ccg caa ggg att 149 bp
R: cga age tgt gge act gga ag

B-actin F: gga ctt cga gca gga gat gg 138 bp
R: agg aag gag ggc tgg aag ag

IGF1 promoter F: aag tta atc aga gga cag cat cagt 138 bp
R: ttg gge atg gtg aca aat aac atc

PPIA! F: gac tga gtg gtt gga tgg 116 bp

R: tga tct tet tge tgg tet t

'PPIA = peptidylprolyl isomerase A.

Cruz, CA). The membranes were rinsed with TBST
for 3 times and then incubated with the secondary
antibody coupled with horseradish peroxidase.
Blots were detected by ECL chemiluminescence

(Pierce, Rockford, IL), and the densities were quan-
tified using Image J (National Institutes of Health,
USA).

ELISA Assay

Porcine IGF1 protein levels in serum and
livers were analyzed with commercial kits (Cat
#SEA050Po, Cloud-Clone Corp., TX) according
to the manufacturer’s suggestion. As for the tissue
samples, 100 mg of frozen liver were homogenized
in cold PBS, and the supernatant was collected for
further assay.

Chromatin Immunoprecipitation

Chromatin immunoprecipitation (ChIP) assay
was done with a commercial kit (#9003, Cell
Signaling Technology, Danvers, MA) according to
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manufacturers’ instrument. Briefly, 25 mg of fro-
zen samples were grinded in liquid nitrogen and
cross-linked in 1.5% formaldehyde. The cross-link-
ing reaction was stopped using 2.5M glycine. The
pellets were washed using cold PBS and rinsed
with lysis buffer (0.1% sodium dodecylsulfate,
0.5% Triton X-100, 150 mM NaCl, and 20 mM
Tris-HCI, pH 8.1). The samples were sonicated on
ice for 3 min with 10 s on/off intervals (#JY92-I1,
Xinzhi Biotechnology Co., Ltd., Ningbo, China) to
produce DNA fragments around 500 bp. Protein-
DNA complex was diluted in ChIP dilution buf-
fer and incubated with anti-C/EBPf (sc-150, 1:50,
Santa Cruz Biotechnology, Santa Cruz, CA) over-
night at 4 °C. And a rabbit IgG antibody was used
as a control for each sample. The immunoprecipi-
tated chromatin complexes were captured by pro-
tein G agarose beads. After sequentially washing,
the antibody/protein/DNA complexes were eluted
from protein G agarose beads. Finally, DNA frag-
ments were released from the immunoprecipitated
complex by incubating at 65 °C for 5 h and purified
using the QIAquick Spin kit (Qiagen, CA) for real-
time PCR analysis.

Biochemical Assay

The contents of total cholesterol, low-den-
sity cholesterol (LDL-c), high-density cholesterol
(HDL-c), triglyceride as well as malondialde-
hyde (MDA), lipid peroxide (LPO), the activities
of glutathione reductase (GSH-Px), super oxide
dismutase (SOD), catalase (CAT), and total anti-
oxidative activity (T-AOC) were tested by respec-
tive commercial kits from Nanjing Jiancheng
Bioengineering Institute (Nanjing, Jiangsu, China)
according to the manufacturer’s introduction. As
regarding the tissue samples, 100 mg of frozen
tissues of liver or LD were homogenized in cold
PBS, and the supernatant was collected for further
biochemical and antioxidative assays. The OD val-
ues were monitored by BioTek Epoch microplate
reader (BioTek, VT).
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Statistic Analysis

The data from the experiment were analyzed
using independent f-tests using IBM SPSS 19.0
(International Business Machines Corporation,
USA). Data were presented as mean £ SEM, and
differences were considered significant if P < 0.05.

RESULTS

Table 3 shows the growth performance of
the grower-finisher pigs in the experiment. In
our study, pigs with similar initial body weights
(57.47 £4.71 vs. 58.23 £ 2.61 kg) were arranged to
be fed with either normal meal (Ctrl group) or fer-
mented feed (FF group), slaughter around 110-kg
body weights (114.67 + 9.61 vs. 116.55 *+ 5.48 kg).
Fermented meal significantly increased average
daily gain (0.753 + 0.064 vs. 1.041 + 0.052 kg-d™',
P < 0.05), and there were no significant differences
regarding the average food intake (2.198 £ 0.071
vs. 2.299 £ 0.068 kg:d'), so gain:food ratio
(0.343£0.029vs.0.453 £ 0.021, P <0.05) was signif-
icantly higher in pigs fed with fermented meal com-
pared with that fed with normal feed (P < 0.05). FF
shortened the fattening period by 20 d (76 vs. 56 d).

To explore the effects of FF on IGF1 expres-
sion and production in liver, fresh liver samples
were collected immediately after slaughter. Real-
time PCR show that FF significantly upregulated
IGF1 transcripts in liver (Figure 1A, P < 0.05). C/
EBPP was previously reported to activate IGF1
transcription in porcine livers (Tang et al., 2015),
and ChIP-PCR show that significantly much more
C/EBP proteins were enriched in the promoter of
IGFI gene (Figure 1B, p < 0.05). Corresponding
to ChIP-PCR assay, results of western blot show
that C/EBPp proteins were upregulated in liver fed
with FF (Figure 1C, P < 0.05). ELISA was further
employed to investigate the changes of IGF1 at pro-
tein levels. In line with that at transcriptional levels,
an increasing tendency of IGF1 protein in liver and
serum was observed in pigs with FF (Figure 1D

Table 3. Effects of fermented meal on growth performance of grower-finisher pigs

Items

Normal meal

Fermented feed

Initial body weight (kg)
Final body weight (kg)
Average daily gain (kg-d™")
Average daily intake (kg-d™")
Gain:food ratio

Feeding period

57.47 (4.71)
114.67 (9.61)
0.753 (0.064)

58.23 (2.61)
116.55 (5.48)
1.041 (0.052)*

2.198 (0.071) 2.299 (0.068)
0.343 (0.029) 0.453 (0.021)*
76 56

Results are presented as mean (SE; n = 4 pens per group).

*A significant difference between the pigs fed with normal and fermented meal, P < 0.05.
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Figure 1. Fermented meal enhanced hepatic IGF1 synthesis. Hepatic IGF1 mRNAs were analyzed using qPCR (A). C/EBPf enrichment within
IGFI promoter was detected with ChIP-PCR (B). C/EBP{ (C) and IGF1(D) proteins in liver were analyzed by western blot. Serum IGF1 levels
were analyzed with ELISA (E). IGFBP3 (F) and IGFBP5 (G) mRNAs were analyzed using qPCR. Ctrl: control group with normal commercial

feed; FF: pigs fed with fermented meal; n = 6 per group; *P < 0.05.

and E, 0.05 < P < 0.10), but the changes did not
reach statistical differences due to large variation.
‘We moved on to test the expression of IGF1-related
factors, insulin-like growth factor-binding proteins
IGFBP3, IGFBPS, although their transcripts were
comparable in livers fed with FF and normal meal
(Figure 1F and G, P > 0.095).

Given the fact that C/EBPf is a predominant
factor for adipogenesis (Guo et al., 2015), and over-
expression (Schroeder-Gloeckler et al., 2007) or
activation(Zhao et al., 2017) of C/EBPf is reported

to increase triglyceride accumulation in liver, lipid
profiles were detected here. Fermented meal indeed
significantly raised up the levels of triglyceride
in both liver and serum (Figure 2A and B, both
P < 0.05). FF significantly increased the total chol-
esterol content in liver (Figure 2C, P < 0.05), but
the total cholesterol in LD muscle was unchanged
yet (Figure 2D, P > 0.05). Fermented meal also
significantly increased total cholesterol (Figure 2E,
P <0.05), HDL-c (Figure 2F, P <0.05), the HDL-c/
LDL-c ratio in serum (Figure 2G, P < 0.05), and
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Figure 2. Fermented meal altered cholesterol and triglyceride levels in serum and liver. Triglyceride in liver (A) and serum (B), total cholesterol
in liver (C), LD muscle (D) and serum (E) were determined by commercial kits. HDL-c (F), ratio of HDL-¢/LDL-c (G), and LDL-c (H) were ana-
lyzed. Ctrl: control group with normal commercial feed; FF: pigs fed with fermented meal; LD means longissimus dorsi muscle; n = 6 per group;

*P <0.05.

the circulating LDL remained comparable between
fermented and unfermented feed (Figure 2H, P >
0.05). To rule out the healthy concerns about the
elevated triglyceride and cholesterol, oxidative
stress markers were analyzed. Results show that the
activities of antioxidative enzymes CAT, GSH-Px,
SOD, and T-AOC in liver were not dramatic-
ally affected by fermented meal (Supplementary
Figure SIA-D, all P> 0.05). Accordingly, oxidative
products, MDA and LPO were not changed either
(Supplementary Figure S1E and F, all P > 0.05).

DISCUSSION

In our study, one-stage solid-state fermenta-
tion in our study greatly increased the content of
both essential and nonessential amino acids in
corn-soybean meals (especially Val by 14.65%,
Arg by 12.89%, and Cys by 9.93%), supporting
the results reported previously (Frias et al., 2008;
Song et al., 2008). Moreover, fermented corn-soy-
bean meal in our study improved daily gain by
40%, and shortened the time to market by 20 d,
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indicating fermented meal dramatically promoted
pig growth. Based on the well-documented effects
of Val (Zhang et al., 2018) or Arg (Hu et al., 2017)
on pig growth, we speculate that the increased sup-
ply of functional amino acids might contribute to
the growth-promoting effects of FF.

IGF1 is a predominant growth factor during
postnatal development. IGF1 is produced primarily
by the liver, and hepatic IGF1 transcription is regu-
lated by GHR-JAK?2 (Janus kinase 2)-STAT5B (sig-
nal transducer and activator of transcription 5B)
axis (Sawada et al., 2017) as a response to pitui-
tary GH plus. A pioneer’s work revealed that GH
and amino acid supply could interact synergisti-
cally to regulate IGF1 expression and production
in cultured bovine hepatocytes (Wheelhouse et al.,
1999). Another study reported that 1.0% Arg or
0.5% Arg + 0.5% GlIn could significantly increase
the circulating GH and IGF1 in pigs (Wu et al.,
2013). Therefore, we next examined whether IGF1
expression in liver might be altered by the FE. Our
results show that IGF1 transcripts were signifi-
cantly increased by FF, and IGF1 protein levels in
liver and serum demonstrated the same tendency.
Thereby, our data provide a solid evidence that FF
could enhance IGF1 expression in liver.

C/EBPp, a liver-enriched transcription factor,
was previously unveiled to be involved in the inter-
action of GH and amino acid on hepatic IGF1
expression in vitro (Wheelhouse et al., 1999). Latter,
C/EBPf was confirmed to modulate prenatal and
postnatal hepatic IGF1 transcription through dir-
ectly binding to the promoter, and overexpression
of C/EBPB could enhance IGF1 expression in
porcine primary hepatocytes (Tang et al., 2015).
Here, increased C/EBPp expression was found in
livers with fermented meal, and meanwhile, more
C/EBPp was enriched in /GFI promotor. Together
with previous data, these findings suggest that fer-
mented meal augmented hepatic IGF1 expression is
at least partially through enhancing the binding of
C/EBPp to IGFI promotor, thus facilitating IGF1
transcription.

Intriguingly, hepatic as well as circulating tri-
glyceride and total cholesterol contents were slightly
but significantly increased in pigs fed with fermented
meal, which might be due to the increased crude fat
in the diet and/ or enhanced C/EBPf expression,
for C/EBPf activates the expression of SREBP-1c
(Sterol Regulatory Element-Binding Protein-1c¢)
transcription (Tian et al., 2016), and SREBP-Ic
further activates genes encoding enzymes required
for fat synthesis. C/EBPf interference decreases tri-
glyceride content in the liver (Schroeder-Gloeckler

Fan et al.

etal., 2007). However, in human, serum IGF1 levels
are negatively related to liver fat content (Nguyen
et al., 2018). As the core factor for both triglyceride
accumulation and IGF1 synthesis in liver, how C/
EBPf coordinates both cellular processes are wor-
thy of further study.

Taken together, our study shows that fermented
corn-soybean meal significantly strengthens IGF1
transcription in liver through enhancing the bind-
ing of C/EBP to its promoter, thus increases circu-
lating IGF1 levels to promote pig growth.

SUPPLEMENTARY DATA

Supplementary data are available at Journal of
Animal Science online.
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