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a b s t r a c t

We hypothesized that balancing the content of exogenous amino acids, especially lysine, to reduce protein
content in swine diets could reduce nitrogen (N) pollution associated with animal husbandry. Two ex-
periments (45 d each experiment) were performed on weaned piglets (Duroc � Landrace � Yorkshire,
28 d of age) to test this and to determine the optimal lysine to crude protein (Lys:CP) ratio in diet. In
Exp. 1, 12 piglets (6 replicates [n ¼ 6]) were fed diets containing different levels of CP (17% and 20%) but
the same level of Lys. Increased CP content resulted in significant increases (P < 0.05) of average daily
gain (ADG), average daily feed intake (ADFI), and body weight (BW), but did not affect the feed to gain
ratio. In Exp. 2, 24 piglets (8 replicates [n ¼ 8]) were fed 1 of 3 diets as follows: 1) 20% CP with a regular
Lys:CP ratio (6.23%, control); 2) 17% CP with a reduced Lys:CP ratio (6.14%, LL); or 3) 17% CP with a
standard Lys:CP ratio (7.32%, SL). The ADG, final BW, serum concentrations of growth hormone and
insulin-like growth factor-1, villus height in the jejunum, and villus height to crypt depth ratio were
the lowest in piglets fed LL diet, whereas blood urea N concentration was the lowest and the value of
lipase activity was the highest in the piglets fed SL diet. The SL diet did not affect growth performance,
intestinal morphology, or serum hormone concentrations, indicating that reduced dietary N with a
high Lys:CP ratio can efficiently reduce dietary N excretion without negatively affecting weaned
piglets.
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1. Introduction

The shortage of protein resources has become a major global
concern, with one billion people are suffering from starvation,
undernutrition, and malnutrition (Schade and Pimentel, 2010).
Feed represents 70% of the total cost of production in the swine
industry, of which 35% is attributed to the cost of protein in-
gredients. The progress and expansion of the industrial production
of amino acids (AA) contribute to yearly decreases in the costs of
exogenous AA. This makes it possible to reduce dietary protein
content by balancing exogenous AA in swine diets. In addition,
pollution from livestock and poultry restricts the development of
uction and hosting by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This
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Table 1
Ingredients and nutritional composition of the diets fed to piglets (10 to 30 kg BW)
in Exp. 1 (as-fed basis, %).

Item Diets1

CP17 CP20

Ingredients
Corn 66.50 63.70
Soybean 18.80 19.80
Whey powder 4.30 4.30
Fishmeal 4.00 9.00
Soybean oil 2.60 0.80
Lysine 0.62 0.38
Hydroxy methionine 0.19 0.10
L-threonine 0.21 0.09
L-tryptophan 0.04 0.01
Monocalcium phosphate 0.74 0.00
Limestone 0.70 0.52
Sodium chloride 0.30 0.30
Premix vitamins2 1.00 1.00
Total 100.00 100.00

Nutrients and energy3

DE, MJ/kg 14.60 14.62
Crude fat 4.31 4.33
Total calcium 0.59 0.58
Total phosphorus 0.49 0.50
CP 17.09 20.05
Lysine 1.23 1.23
Methionine þ Cystine 0.67 0.68
Threonine 0.74 0.73
Tryptophan 0.20 0.20
Lys:CP ratio 7.20 6.13

DE ¼ digestible energy; CP ¼ crude protein.
1 CP20 is the diet containing 20% CP; CP17 is the diet containing 17% CP.
2 Premix vitamins supplied per kilogram of diet: 5 mg Cu, 80 mg Fe, 3 mg Mn,

85mg Zn, 0.1 mg I, 0.3 mg Se, 50 mg nicotinic acid, 5 mg pantothenic acid, 2 mg folic
acid, 0.2 mg biotin; 10,800 IU vitamin A, 4,000 IU vitamin D3, 40 IU vitamin E, 4 mg
vitamin K3, 6 mg vitamin B1, 12 mg vitamin B2, and 0.05 mg vitamin B12.

3 Values are calculated.

Table 2
Ingredients of diets used in Exp. 2 (as-fed basis, %).

Ingredients Diets1

Control LL SL

Puffed soybean (43% CP) 7.00 7.00 7.00
Corn 12.30 15.50 14.00
Fish meal (64% CP) 4.00 3.00 3.00
Puffed corn 22.00 22.00 22.00
Maize (7.8% CP) 42.50 41.72 43.00
Soybean oil 1.50 1.00 0.63
Monocalcium phosphate 0.95 0.97 0.95
Limestone 0.40 0.50 0.50
Sodium chloride 0.40 0.40 0.40
Whey Powder 3.00 3.00 3.00
Glucose 1.00 1.00 1.00
Sucrose 3.00 2.00 2.00
Citric acid 0.80 0.80 0.80
Zinc oxide 0.30 0.30 0.30
Choline chloride 0.10 0.10 0.10
Lysine hydrochloride 0.34 0.34 0.63
Hydroxy methionine 0.12 0.08 0.23
L-threonine 0.09 0.08 0.22
L-tryptophan 0.01 0.02 0.05
Premix vitamins 2 0.04 0.04 0.04
Organic mineral essence 2 0.15 0.15 0.15
Total 100.00 100.00 100.00

CP ¼ crude protein.
1 Control, a normal protein containing 20% CP; LL, a low ratio of Lys to CP diet

containing 17% CP; SL, a standard ratio of Lys to CP diet containing 17% CP.
2 Premix vitamins supplied per kilogram of diet: 5 mg Cu, 80 mg Fe, 3 mg Mn,

85mg Zn, 0.1 mg I, 0.3 mg Se, 50 mg nicotinic acid, 5 mg pantothenic acid, 2 mg folic
acid, 0.2 mg biotin; 10,800 IU vitamin A, 4,000 IU vitamin D3, 40 IU vitamin E, 4 mg
vitamin K3, 6 mg vitamin B1, 12 mg vitamin B2, and 0.05 mg vitamin B12.
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animal husbandry, as nitrogen (N) emission in feces is approxi-
mately 25% of total N emissions, but that in urine is 75% (Bathurst,
1952). It has been shown that a 1% protein decrease in diets may
lead to an 8% decrease in N emissions (Kerr and Easter, 1995; Heo
et al., 2008; �Swiech et al., 2010). However, decreasing the protein
content in diets may also restrict pig growth and health (Rist et al.,
2013). A reduction in dietary protein levels may result in changes in
the intestinal structure and function (Wang et al., 2008). The un-
derlying molecular and cellular mechanisms regarding such
changes are, however, largely unknown. Investigations into optimal
diet formulations, therefore, not only aim to improve protein uti-
lization efficiency, but also to reduce N emissions to the environ-
ment, as well as ensure sufficient growth and health of animal.

The theory of optimal AA supplementation for pigs was pro-
posed in the 1970s (Fuller and Boyne, 1971; Fuller, 1977; Fuller and
Crofts, 1977). Nowadays, researchers use synthetic AA to balance
the limiting AA in swine diets and improve N utilization. The pre-
sent study aimed to investigate the impact of reducing dietary
protein in weaned piglets, using cornesoybean meals balanced
with exogenous lysine (Lys), methionine (Met), threonine (Thr),
and tryptophan (Trp). Specifically, this study evaluated the effects
of reduced dietary protein on weaned piglets, and aimed to deter-
mine the optimal lysine to crude protein (Lys:CP) ratio for weaned
piglets based on growth performance, gastrointestinal hormone,
jejunal morphology analysis, and mucosal digestive enzymes
activities.

2. Material and methods

The experiments were performed following the guidelines for
animal welfare. The protocol was reviewed and approved by the
Institute of Subtropical Agriculture (ISA), the Chinese Academy of
Sciences (CSC, 2015050).

2.1. Animals and experimental design

Duroc � Landrace � Yorkshire piglets (weaned at 28 d of age)
were used in this study. After an adaptation period of 7 d, piglets
were fed experimental feeds for 45 d. The initial body weight (BW)
was determined (9.51 ± 0.62 kg, 12 piglets for Exp. 1; 9.51 ± 0.13 kg,
24 piglets for Exp. 2). All diets were corn-soybean meal-based
supplemented with the limiting Lys, Met, Thr, and Trp to meet the
nutrient requirements for piglets with BW of 11 to 30 kg (NRC,
2012). The ingredients of each diet are shown in Table 1 (Exp. 1)
and Table 2 (Exp. 2). The nutritional composition of the diets is
shown in Table 3.

The piglets in each replicate were housed in a nursery facility
(1.98 m � 1.98 m) with plastic and slatted flooring, and given free
access to water and diets during the 45 d of the experiments. Body
weight and feed intake were recorded weekly. Average daily gain
(ADG), average daily feed intake (ADFI), and feed to gain ratio (F:G)
were calculated.

2.1.1. Experiment 1
Twelve piglets were randomly assigned to 1 of 2 treatments

(n ¼ 6 per treatment): regular diet containing 20% CP (control diet,
CP20), or a test diet containing 27% CP (CP17). The control diet was
formulated as recommended by the National Research Council
(NRC, 2012).

Sample collection. At the end of the trial period, the piglets were
sacrificed and sampled. Approximately 20 cm of intestinal seg-
ments were aseptically isolated from the middle sections of the
jejunum. The isolated intestinal segments were used for mucosal
sampling (Wu et al., 2012). Immediately after collection, the
jejunum mucosal samples were frozen in liquid N and stored



Table 3
Nutritional composition of piglet diets used in Exp. 2 (%).

Item Diets1 NRC2012

Control LL SL

CP 19.90 16.94 16.93 19.50
DE 3,488 3,434 3,424 3,400 to 3,450
ME 3,338 3,303 3,294 3,280 to 3,400
NE 2,501 2,508 2,507 2,412
Ca 0.55 0.54 0.53 0.68 to 0.70
TP 0.59 0.60 0.60 0.55 to 0.60
Lysine 1.35 1.14 1.33 1.40
Methionine þ Cysteine 0.78 0.66 0.8 0.79
Tyrosine 0.84 0.72 0.83 0.87
Tryptophan 0.22 0.19 0.21 0.23
SID M þ C 0.68 0.57 0.69 0.68
SID Threonine 0.73 0.62 0.74 0.73
SID Tryptophan 0.21 0.18 0.20 0.20
SID Lysine 1.24 1.04 1.24 1.23
Lysine:CP 6.23 6.14 7.23 6.15

DE ¼ digestible energy; ME ¼ metabolizable energy; NE ¼ net energy;
SID ¼ standard ileal digestible; TP ¼ total phosphorus; M þ C ¼ methionine and
cysteamine; CP ¼ crude protein.

1 Control, a normal protein containing 20% CP; LL, a low ratio of Lys to CP diet
containing 17% CP; SL, a standard ratio of Lys to CP diet containing 17% CP.
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at�80 �C until further analysis, including RNAmicroarray and gene
expression analysis.

Gene microarray analysis. Total RNA was isolated from the
jejunum samples using TRIzol reagent (Invitrogen, Carlsbad, CA),
according to the manufacturer's instructions. The quality and
quantity of RNA were assessed by OD260/OD280. Five micrograms
of total RNA was converted to double-stranded complementary
DNA (cDNA) using a reverse transcription (RT) kit (QIAGEN,
Shanghai, China) with an oligo (dT) primer containing a T7 RNA
polymerase promoter. Biotin-labeled complementary RNA (cRNA)
was synthesized from purified double-stranded cDNA using a bio-
array high-yield RNA transcript labeling kit (QIAGEN). Approxi-
mately 20 mg cRNA was fragmented to 50 to 300 bases and hy-
bridized to Porcine Oligo Microarray chips (Agilent, Santa Clara,
CA). A total of 6 chips were used here: 3 replicates for piglets
receiving diets containing 20% and 17% CP (mRNA was pooled for
the 3 piglets in each replicate). The hybridized arrays were washed,
stained, and scanned using Agilent Porcine Oligo Microarrays
(4 � 44 K) containing more than 40,000 probes. Microarray data
were collected and analyzed using Agilent G2567AA Feature
Extraction software, following Agilent's direct labeling protocol.
The quantile method was used to normalize the probe intensities
across the whole set of arrays. Three criteria were used to deter-
mine significant differential expression of intestinal genes between
piglets from the CP20 and CP17 groups: 1) significance: P-value <
0.05 as determined by t-test; 2) reliability: a spot quality flag P (“P”
is a quality flag assigned by the software package); and 3) rele-
vance: a minimal fold change between the means of the 2
groups > 2.0.
2.1.2. Experiment 2
Twenty-four piglets were randomly assigned to three treat-

ments (n ¼ 8 per treatment): normal (20%) CP diet with a regular
Lys:CP ratio (6.23%, control treatment), low CP (17%) diet with a
reduced Lys:CP ratio (6.14%, LL treatment), or low CP (17%) diet with
a standard Lys:CP ratio (7.32%, SL treatment). The control diet was
formulated based on the ratio of Lys to CP recommended by the
National Research Council (NRC, 2012), i.e., 6.15 g standard ileal
digestible (SID) Lys per 100 g CP. The LL diet was formulated by
decreasing the SID Lys composition of the control diet by 1.04%, and
the SL diet was formulated by increasing the Lys:CP ratio of the
control diet by 1.18 times.

Sample collection. Fecal material was collected over the last 3 d
of the experiment using the total fecal collection method and
stored at �20 �C (Van Keulen and Young, 1977). At the end of the
trial period, the piglets were sacrificed and sampled. Before
slaughter, blood samples (approximately 5 mL from each piglet)
were obtained by anterior vena cava puncture. Serum was then
collected and stored at �20 �C for subsequent analysis.

Approximately 20 cm of intestinal segments were aseptically
isolated from themiddle sections of the jejunum. Isolated intestinal
segments were then flushed with phosphate-buffered saline (PBS).
A sample (approximately 2 cm in length) per segment was fixed
using a 10% formaldehyde-phosphate buffer, and kept at 4 �C for
intestinal morphology analysis. The remaining sectionwas used for
mucosal sampling (Wu et al., 2012). Immediately after collection,
the jejunum mucosal samples were frozen in liquid N and stored
at �80 �C until further analysis of digestive enzymes activity
(trypsin, chymotrypsin, lipase, and amylase).
2.2. Blood biochemistry

Serum concentrations of albumin (ALB), total protein (TP), tri-
glyceride (TG), glucose (GLU) and urea N (BUN) were quantified
using a CX4 automatic biochemical analyzer (Beckman Coulter,
Inc.) and commercial kits (Leadman Biochemistry Technology
Company, Beijing, China), according to the manufacturers’
instructions.

Blood hormone concentrations. Serum samples from all the
piglets in each group were collected and analyzed to determine
concentrations of growth hormone (GH), insulin (INS), insulin-like
growth factor (IGF-1), glucagon, cholecystokinin (CCK), leptin and
ghrelin using a hormone ELISA kit (Nanjing Jiancheng Bioengi-
neering Institute, Nanjing, China).

Jejunum morphology analysis. The fixed jejunum samples were
embedded using a paraffin wax. Jejunum segments (5 mm in
thickness) were stained with hematoxylin and eosin (H&E). Villus
height (VH) and crypt depth (CD) of each jejunum segment were
measured at 40 � magnification using an image processing and
analysis system (Version 1, Leica Imaging Systems Ltd., Cambridge,
UK). At least 10 well-oriented intact villi and their associated crypts
were examined per piglet. The mean VH and CD of each section
were calculated and the VH:CD ratio was determined for each
piglet (Tan et al., 2009).
2.3. Activities of mucosal digestive enzymes in small intestine

Trypsinogen and chymotrypsinogen in mucous of jejunumwere
activated as previously described (Hedemann et al., 2006). Na-
benzoyl-DL-arginine-4-nitroanilide hydrochloride and N-succinyl-
Ala-Ala-Pro-Phep-nitroanilide were the substrates used to deter-
mine trypsin and chymotrypsin, respectively. One unit of trypsin or
chymotrypsin activity was defined as the hydrolysis of 1 mmol of
substrate per minute. Amylase activity was determined using
cornstarch as the substrate, and one activity unit was defined as the
amount of amylase that caused formation of reducing power
equivalent to 1 mg of glucose in 1 h at room temperature (Somogyi,
1960). Lipase activity was assayed using olive oil as the substrate by
the method previously described by Tietz and Fiereck (1966). One
unit of lipase activity was defined as the volume (in milliliters) of
0.05 mol/L NaOH required to neutralize the fatty acid liberated
during 2 h of incubation at 37 �C. A hormone ELISA kit (R&D Sys-
tems) was used to measure dipeptidyl peptidase 4 (DPP4).
Hormone-sensitive lipase (HSL) activity was determined using [14C]
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cholesteryl oleate (PerkinElmer) as a substrate, according to the
procedures previously described by Fredrikson et al. (1980).

2.4. Statistical analysis

Results were statistically analyzed by one-way ANOVA using
SPSS version 19.0. Duncan's multiple range test was used to
compare differences among the groups. The differences were
declared significant at P < 0.05 and a trend at 0.05 < P < 0.1 in all
analyses.

3. Results

3.1. Experiment 1

3.1.1. Growth performance
None of the piglets experienced diarrhea throughout the

experimental period. The ADG (P ¼ 0.003) and final BW (P ¼ 0.039)
increased with increasing dietary CP levels, while ADFI (P ¼ 0.089)
showed an increasing trend. However, only the ADG and final BW
differed significantly (P < 0.05) between piglets (11 to 30 kg BW) in
the CP17 and CP20 treatments (Table 4). Dietary CP did not affect
F:G ratio and final BW.

3.1.2. Microarray analysis of jejunum
To better understand the mechanism of the effect of dietary

protein content on intestinal development of the piglets, the
jejunum mucosal samples of Exp.1 were examined by microarrays
and SAS analysis with thresholds for low probability values (FDR)
set at P < 0.05 and log-fold change > 1. Principal component
analysis revealed differences among piglets fed diets with different
levels of protein. The expression of 52 gene sets in piglets fed the
CP17 diet differed significantly from that in piglets fed the CP20 diet
(Fig. 1A, P < 0.05, fold change >2 or <0.5); 12 gene sets were up-
regulated, and 40 gene sets were down-regulated (Table 5). The
heatmap plot (Fig. 1B) shows that most of these genes were down-
regulated in piglets fed the 17% CP diet comparedwith those fed the
control diet (20% CP).

3.1.3. Functional annotation
Among the genes that were reported to be differentially

expressed between diets with high or low CP content. Gene
ontology (GO) terms arewidely used for global interpretation of the
functions of genes revealed by differential microarray analysis.
According to GO, genes that were differentially expressed between
piglets fed CP17 and CP20 diets participate in several biological
processes that can be grouped in 5 main biological functions: res-
piratory chain, oxidoreductase activity, immune response, electron
transport chain, and sugar binding (Table 6).
Table 4
Effects of crude protein (CP) proportion in diets on growth performance in weaned
piglets.

Item Diets1 SEM P-value

CP17 CP20

Initial BW, kg 9.56 9.48 0.142 0.972
ADG, g 446.6 505.4 18.5 0.003
ADFI, g 766.8 837.6 27.6 0.089
F:G ratio 1.71 1.65 0.0290 0.793
Final BW, kg 29.64 32.23 0.799 0.039

BW ¼ body weight; ADG ¼ average daily gain; ADFI ¼ average daily feed intake;
F:G ratio ¼ feed to gain ratio.

1 CP20 is the diet containing 20% CP; CP17 is the diet containing 17% CP. Number
of observation is 6.
3.2. Experiment 2

3.2.1. Growth performance
As shown in Table 7, diets with different Lys:CP ratios changed

final BW (P ¼ 0.015), ADG (P ¼ 0.20), and F:G ratios (P ¼ 0.002) in
pigs. Piglets fed the LL diet had lower final BW (P¼ 0.036) and ADG
(P ¼ 0.011), and higher F:G ratios (P ¼ 0.010) than piglets fed the
control and SL diets. The final BW, ADG, ADFI, and F:G ratios of
piglets fed the SL diet were not significantly different from those of
piglets fed the control diet.

3.2.2. Jejunum morphology analysis
The LL diet decreased jejunum VH and VH:CD ratio in relation to

the control diet (P < 0.05), whereas the SL diet had no significant
effect on these indices (Table 8).

3.2.3. Blood biochemistry
Piglets fed the SL diet had significantly lower concentrations of

BUN and GLU compared to the pigs fed control diet (P < 0.05;
Table 9). There were no differences in concentrations of ALB, TG,
and TP among piglets in the 3 treatment groups.

3.2.4. Blood hormone concentrations
Serum GH and IGF-1 concentrations were affected in the same

trend by the diets, i.e., SL concentrations > control
concentrations > LL concentrations (Table 10). However, the trend
in GH affected by diets was significant (P ¼ 0.018), and that shown
in IGF-1 was not significant (P ¼ 0.071). No significant effects were
observed for insulin among treatment groups.

3.2.5. Activities of small intestinal mucosal digestive enzymes
Piglets fed LL and SL diets had significantly lower trypsin and

chymotrypsin activities (Table 11, P < 0.05). Lipase activity tended
to be affected by the treatments, although this effect was not sig-
nificant (P ¼ 0.0599). There were no differences in the activities of
amylase, DPP4, and HSL in the jejunum mucosa of weaned piglets
fed the 3 different diets.

4. Discussion

Reducing dietary protein is an effective way to decrease N
emissions in the swine industry. However, a reduction in dietary
protein level results in a concomitant decrease in the intake of AA
and N (Portejoie et al., 2003). A previous investigation in our lab-
oratory showed that a reduction of dietary CP by 6% limited growth
performance (unpublished data). Moreover, a low-protein diet
supplementedwith deficient AA reduced the excretion of N into the
environment without affecting weight gain in pigs with the BW of
60 to 90 kg (unpublished data). Weaned piglets are sensitive to AA
diet contents and requiring more CP intake. Thus, based on the net
energy system of weaned piglets, the diets used in the present
study were formulated using fishmeal, soybean meal, and corn to
adjust protein and energy levels and eliminate differences in di-
etary energy and flavor.

Strategies to alleviate the detrimental effects of reduced dietary
protein on intestinal integrity are of great significance for the health
of pigs. In this study, only 52 genes observed in the jejunum
showed differences between groups supplementedwith 20% or 17%
CP. Expression of 40 genes was reduced in the small intestine of
piglets in response to reduced dietary protein. These genes encode
proteins that play crucial roles in regulating: 1) the respiratory
chain (NADH dehydrogenase [ND] 4, ND3, cytochrome b [CYTB]); 2)
oxidoreductase activity (ND4, ND3, dual oxidase [DUOX] 2); 3)
immune response (colony-stimulating factor 2 [CSF2], colony-
stimulating factor [CCL] 2, ficolin 2 [FCN2], CCL28, swine



Fig. 1. Visualization of differentially expressed genes (DEG). (A) total number of DEG, including those up- and down-regulated in the piglets in the CP17 compared to the CP20
group. (B) Heatmap of normalized expression level of the 900 DEG for each sample, represented as z-scores. CP20 ¼ pigs fed the regular diet containing 20% crude protein;
CP17 ¼ pigs fed a diet containing 17% crude protein. Dendrograms represent relationships between samples (columns) and genes (rows) based on complete linkage clustering.
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leukocyte antigen [SLA-6]); 4) electron transport chain (ND4, ND3,
CYTB); and 5) sugar binding (regenerating gene family 4 [REG4],
FCN2, regenerating islet-derived gene g [REG3G]).

The Agricultural Research Council (ARC, 1981) concluded that
pigs fed diets including 7 g Lys per 100 g CP achieved the best
growth performance. According to Wang and Fuller (1989), the
optimal Lys:CP ratio was 6.5, which was lower than that recom-
mended by ARC. However, the ratio of other AA to CP recom-
mended by Wang and Fuller (1989) was higher than that
recommended by the ARC. Henry et al. (1992) indicated that the
ideal Lys:CP ratio should be approximately 6.5% to 6.8%. To reduce N
emissions in the swine industry, dietary AA, especially Lys, Met, Thr,
and Trp, have to be efficiently balanced in diets. However, it was
previously unclear what ratios of limited AA are required to opti-
mize CP proportions in the diet of weaned piglets. Piglets fed the SL
diet (i.e. the standard Lys to CP ratio) achieved the best growth
performance, and had the highest weight gain and lowest F:G ratio,
whereas the diet with the reduced Lys:CP ratio (the LL diet),
resulted in the highest ADFI. This may be due to an insufficient
content of essential AA in this diet, resulting in a higher food intake
tomeet nutritional demand. The imbalanced AA in the diet with the
reduced Lys:CP ratio also led to an increase in the F:G ratio, and to a



Table 5
Microarray analysis of jejunum in piglets fed diets with different proportions of crude protein.

Item Regulation Gene symbol Genbank accession Gene name P-value1

1 up HTR1D NM_214158 5-hydroxytryptamine (serotonin) receptor 1D, G protein-coupled 0.0015
2 up BMP3 NM_001206388 bone morphogenetic protein 3 0.0423
3 up HMX3 H6 family homeobox 3 0.0454
4 up IFIT3 NM_001204395 interferon-induced protein with tetratricopeptide repeats 3 0.0475
5 up MMP11 XM_001929445 matrix metallopeptidase 11 (stromelysin 3) 0.0485
6 up SLA-6 NM_001113704 MHC class I antigen 6 0.0281
7 up OBFC1 NM_001243685 oligonucleotide/oligosaccharide -binding fold containing 1 0.0425
8 up PGLYRP4 NM_001244284 peptidoglycan recognition protein 4 0.0392
9 up LOC100154160 AK235490 phosphoserine aminotransferase 0.0437
10 up LOC100154160 AK235490 phosphoserine aminotransferase 0.0499
11 up RUNX1T1 AK396951 runt-related transcription factor 1; translocated to, 1 (cyclin D-related) 0.0230
12 up SEMA6D XM_003121524 sema domain, transmembrane domain (TM), and cytoplasmic domain, (semaphorin) 6D 0.0498
13 down ANG1 NM_001044573 angiogenin 0.0243
14 down ANG1 NM_001044573 angiogenin 0.0329
15 down ANG1 NM_001044573 angiogenin 0.0288
16 down ATP4B NM_001001258 ATPase, Hþ/Kþ exchanging, beta polypeptide 0.0347
17 down ATP4B NM_001001258 ATPase, Hþ/Kþ exchanging, beta polypeptide 0.0214
18 down BPI NM_001159307 bactericidal/permeability -increasing protein 0.0386
19 down BPI NM_001159307 bactericidal/permeability -increasing protein 0.0451
20 down BST2 NM_001161755 bone marrow stromal cell antigen 2 0.0136
21 down CCL2 NM_214214 chemokine (C-C motif) ligand 2 0.0030
22 down CCL28 NM_001024695 chemokine (C-C motif) ligand 28 0.0248
23 down CXCL2 NM_001001861 chemokine (C-X-C motif) ligand 2 0.0258
24 down CSF2 NM_214118 colony stimulating factor 2 (granulocyte-macrophage) 0.0300
25 down LOC100037951 NM_001097448 complement component C9 0.0103
26 down CRISP3 AK399726 cysteine-rich secretory protein 3 0.0304
27 down CYTB AK399730 cytochrome b 0.0336
28 down DUOX2 NM_213999 dual oxidase 2 0.0344
29 down DUOX2 NM_213999 dual oxidase 2 0.0093
30 down DUOXA2 NM_001243550 dual oxidase maturation factor 2 0.0334
31 down EGFL8 NM_001123111 EGF-like-domain, multiple 8 0.0488
32 down E3 NM_001244471 Epididymal secretory protein E3 0.0262
33 down FCN2 NM_213868 ficolin (collagen/fibrinogen domain containing lectin) 2 (hucolin) 0.0402
34 down FXYD3 NM_214208 FXYD domain containing ion transport regulator 3 0.00515
35 down GIF AK400404 gastric intrinsic factor (vitamin B synthesis) 0.0366
36 down GLUL NM_213909 glutamate-ammonia ligase 0.0182
37 down GLUL AK230941 glutamate-ammonia ligase 0.0360
38 down LOC100156419 AK232803 homer 2 0.0184
39 down HSD11B1 NM_214248 hydroxysteroid (11-beta) dehydrogenase 1 0.0330
40 down LTF NM_214362 lactotransferrin 0.0433
41 down ND3 AK391734 NADH dehydrogenase subunit 3 0.0500
42 down ND4 AK389834 NADH dehydrogenase subunit 4 0.0124
43 down KCNA1 EF424223 potassium voltage-gated channel, shaker-related subfamily, member 1 (episodic ataxia with myokymia) 0.0018
44 down REG3G NM_001144847 regenerating islet-derived 3 gamma 0.0175
45 down REG4 NM_001190251 regenerating islet-derived family, member 4 0.0049
46 down RNASE1 NM_001167655 ribonuclease, RNase A family, 1 (pancreatic) 0.0187
47 down SDS AK233471 serine dehydratase 0.0207
48 down TCN1 X52566 transcobalamin I (vitamin B12 binding protein, R binder family) 0.0199
49 down LOC100621891 X52566 transcobalamin-1-like 0.0167
50 down LOC100621891 AK391024 transcobalamin-1-like 0.0164
51 down LOC100516673 XR_130576 transmembrane protease serine 6-like 0.0490
52 down TNNC2 NM_001001862 troponin C type 2 (fast) 0.0488

1 Parametric P-value of the univariate test.

Table 6
Relevant gene ontology identified from the annotation analysis.1.

Category P-value Molecules

Respiratory chain 0.009 ND4, ND3, CYTB
Oxidoreductase activity 0.009 ND4, ND3, DUOX2
Immune response 0.017 CSF2, CCL2, FCN2, CCL28, SLA-6
Electron transport chain 0.025 ND4, ND3, CYTB
Sugar binding 0.050 REG4, FCN2, REG3G

ND ¼ NADH dehydrogenase; CYTB ¼ cytochrome b; DUOX2 ¼ dual oxidase 2;
CSF2 ¼ colony-stimulating factor 2; CCL2 ¼ chemokines chemokine ligand 2;
CCL28 ¼ chemokines chemokine ligand 28; FCN2 ¼ ficolin 2; SLA-6 ¼ swine
leukocyte antigen 6; REG4 ¼ regenerating gene family 4; REG3G ¼ regenerating
islet-derived gene g.

1 The biological interpretation of expressional data was performed using Gene-
spring (12.5, Agilent). The genes included in the analysis were shown bymicroarray.

Table 7
Effects of diets on the growth performance of pigs.

Item Diets1 SEM P-value

Control LL SL

Initial BW, kg 9.60 9.42 9.53 0.64 0.893
Final BW, kg 31.83a 29.42b 32.02a 1.86 0.015
ADG, g 635.25a 571.45b 642.38a 51.56 0.020
ADFI, g 1,069.5 1,086.6 1,055.0 78.3 0.802
F:G ratio 1.69b 1.90a 1.64b 0.12 0.002

SEM ¼ standard error of the mean.
a, b Different letters within a row indicate significant differences at P < 0.05.

1 Control, a normal protein containing 20% CP; LL, a low ratio of Lys to CP diet
containing 17% CP; SL, a standard ratio of Lys to CP diet containing 17% CP; number
of observation is 8.

H. Liu et al. / Animal Nutrition 5 (2019) 115e123120



Table 8
Effects of diets on jejunum morphology.

Item Diets1 SEM P-value

Control LL SL

Villus height (VH), mm 813.6a 703.4b 793.1ab 33.8 0.050
Crypt depth (CD), mm 291.3 281.3 287.1 2.9 0.831
VH:CD ratio 2.78a 2.51b 2.77a 0.09 0.043

SEM ¼ standard error of the mean.
a, b Different letters within a row indicate significant differences at P < 0.05.

1 Control, a normal protein containing 20% CP; LL, a low ratio of Lys to CP diet
containing 17% CP; SL, a standard ratio of Lys to CP diet containing 17% CP; number
of observation is 8.

Table 9
Effects of diets on parameters of blood serum.

Item Diets1 SEM P-value

Control LL SL

ALB, g/L 34.57 34.17 37.16 0.937 0.384
BUN, mmol/L 3.27a 3.43a 2.19b 0.389 <0.001
GLU, mmol/L 8.03a 7.40ab 7.14b 0.264 0.096
TG, mmol/L 0.550 0.572 0.488 0.025 0.628
TP, g/L 48.86 49.25 44.74 1.443 0.209

SEM ¼ standard error of the mean; ALB ¼ albumin; BUN ¼ blood urea nitrogen;
GLU ¼ glucose; TG ¼ triglyceride; TP ¼ Total phosphorus.
a, b Different letters within a row indicate significant differences at P < 0.05.

1 Control, a normal protein containing 20% CP; LL, a low ratio of Lys to CP diet
containing 17% CP; SL, a standard ratio of Lys to CP diet containing 17% CP; number
of observation is 8.

Table 10
Effects of diets on concentrations of serum hormone.

Item Diets1 SEM P-value

Control LL SL

GH, ng/mL 1.25ab 1.05a 1.41b 0.104 0.018
Insulin, mIU/L 7.42 7.46 7.59 0.051 0.943
IGF-1, U/mL 8.22ab 7.37a 8.66b 0.379 0.071
Glucagon, pg/mL 132.3 138.3 136.3 3.521 0.972
CCK, ng/L 144.7a 101.4b 136.2ab 23.60 0.029
Leptin, ng/mL 13.25a 9.04b 13.19a 2.031 0.034
Ghrelin, pg/mL 237.7 263.3 257.6 17.81 0.079

SEM ¼ standard error of the mean; GH ¼ growth hormone; IGF-1 ¼ insulin-like
growth factors-1; CCK ¼ cholecystokinin.
a, b Different letters within a row indicate significant differences at P < 0.05.

1 Control, a normal protein containing 20% CP; LL, a low ratio of Lys to CP diet
containing 17% CP; SL, a standard ratio of Lys to CP diet containing 17% CP; number
of observation is 8.

Table 11
Effects of diets on digestive enzyme activities in the jejunum mucosa (U/mg
protein).

Item Diets 1 SEM P-value

Control LL SL

Trypsin 139.8a 104.5b 103.5b 11.949 0.0077
Chymotrypsin 0.753a 0.495ab 0.337b 0.121 0.0025
Lipase 94.886 89.77 108.414 5.562 0.0599
Amylase 0.894 0.581 0.706 0.091 0.5563
DPP4 1.561 1.507 1.55 0.031 0.808
HSL 0.415 0.558 0.507 0.028 0.288

SEM ¼ standard error of the mean; DPP4¼ dipeptidyl peptidase 4; HSL ¼ hormone-
sensitive lipase.
a, b Different letters within a row indicate significant differences at P < 0.05.

1 Control, a normal protein containing 20% CP; LL, a low ratio of Lys to CP diet
containing 17% CP; SL, a standard ratio of Lys to CP diet containing 17% CP; number
of observation is 8.

H. Liu et al. / Animal Nutrition 5 (2019) 115e123 121
reduction in the final BW. A low protein diet with a balanced AA
profile, i.e., the SL diet, therefore, does not affect the growth per-
formance of piglets (Easter and Baker, 1980). Moreover, the optimal
Lys:CP ratio of this diet provided better results than those reported
from other diets in the literature, and provided better results than
those of the diets based on ARC recommendations. The differences
in the findings may be due to differences in pig breeds, the quality
of raw materials, and/or husbandry management.

The jejunum is the main site for the digestion and absorption of
dietary protein, and long-term changes in dietary protein affect
intestinal morphology. Villus height and CD are indices used to
evaluate the function of the intestine and its ability to maintain
optimum nutrition absorption and digestive health (Manzanilla
et al., 2006). The shorter the villus, the smaller its surface area,
and therefore VH determines the absorption efficiency of the in-
testine. Changes in VH may thus lead to a high ADFI and slow
growth rate in piglets fed a low Lys:CP ratio diet. The VH to CD ratio
is a criterion used to estimate nutrient digestion and the absorption
capacity of the small intestine (Montagne et al., 2003).

In general, reducing the CP content in diets decreases intestinal
VH in piglets (Pluske et al., 1996; Guay et al., 2006) due to AA
deficiency. In the current study, a 3% reduction in dietary CP using a
standard Lys:CP ratio (the SL diet) did not change VH and CD in
piglets, and did not affect intestinal morphology, as long as dietary
Lys was sufficient. Ren et al. (2014) found that a protein-restricted
diet (17.32% CP) did not affect VH because sufficient essential AA
were provided in the diets fed to weaning piglets. Further studies
are still required to determine the relationship between dietary
essential AA and the development of intestinal villi.

Urea N is the final product of protein metabolism in animals. A
reduced supply of dietary CP balanced by AA can significantly
decrease the concentration of urea N and increase the AAutilization
rate during protein synthesis in the body (Heo et al., 2008; Lopez
et al., 1994; Shriver, 2003). Thus, urea N was used to estimate the
balance of dietary AA (Kerr and Easter, 1995). In the present study, a
decreased BUN concentration in piglets fed the SL feed indicated
that the Lys:CP ratio (7.23%) used in this diet was optimal for pro-
tein synthesis in weaned piglets, and the lower N to urea conver-
sion indicated that the protein utilization improved. On the other
hand, the LL diet did not supply a sufficient amount of dietary Lys,
leading to an imbalanced AA intake, which resulted in increasing
BUN concentrations in the serum. These results corroborate the
importance of dietary AA balance in the improvement of protein
utilization and N emission.

Concentrations of insulin and IGF-1 were not significantly
affected by LL or SL diets, indicating that the effects of dietary
Lys:CP ratio on the secretion of these serum hormones were very
small, but the inhibitory effects of dietary Lys:CP ratio on the
secretion of digestive enzymes were not mediated by hormones.
Lipase and DPP4 activities were positively correlated with insulin
concentration. Increasing blood glucose stimulates the expression
of lipase upstream of the stimulatory factor in the liver, and hepatic
lipase transcription (Botma et al., 2001), and GH could increase
lipase activity in vitro (Oscarsson et al., 1999). Although the HSL
enzyme catalyzes intracellular triacylglycerol to release non-
esterified fatty acids (Kratky, 2014; Morak et al., 2012), in the pre-
sent study, changes in Lys:CP ratio were found to affect GH secre-
tion without affecting insulin concentration and lipase activity.
Thus, appropriate reductions in diet protein and Lys supply are
likely to have no effect on lipid digestion ability.

Similarly, amylase activity was not significantly different be-
tween the treatment groups. The pancreas is able to adapt secretion
of digestive enzymes to changes in dietary nutrients, especially in
starch. Piglets fed diets containing 31% starch was found to show
lower amylase activity (approximately 26.9%) than piglets fed diets
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containing 51% starch (Mourot et al., 1995). In addition, amylase
activity in pigs fed a high-starch diet (80.8%) was 2.3 times as high
as that in pigs fed a low-starch diet (21.8%) (Corring and Chayvialle,
1987). Pancreatic amylase activity was found to be positively
related to blood insulin concentration (Ahr�en et al., 1990). In our
experiment, neither the amylase activity in jejunum mucosa nor
serum insulin concentration were affected, indicating a consistent
relationship between enzyme activity and insulin secretion.

Most protein is hydrolyzed to peptides and free AA by trypsin
and chymotrypsin in the intestine. The secretion of these enzymes
is influenced by the intake of protein and AA composition (Debray
et al., 2003). A previous study showed that the activity of intestinal
protease in piglets fed a 18% CP did not significantly differ from that
of piglets fed a 20% CP diet (Hou et al., 1999). In the present study,
both trypsin and chymotrypsin activities were reduced by low CP
diets, but the activities of these proteases did not differ between
piglets fed LL and SL diets. This indicates that the Lys:CP ratio has
little impact on the secretion of trypsin and chymotrypsin, and that
the secretion of both proteases depends on the protein content of
the diet, not on the ratio of Lys to CP. Therefore, dietary protein level
was positively correlated with the activities of these proteases.

5. Conclusions

Overall, the present study indicates that low CP diets with a
reduced Lys:CP ratio promoted feed intake in weaned piglets, but
decreased the N utilization and feed conversion. On the other hand,
a reduced CP diet with a standard Lys:CP ratio improved gastroin-
testinal development. The results of the present study corroborate
that a 17% CP diet supplemented with the standard Lys:CP ratio
(7.23%) can reduce dietary N excretion without negative effects in
weaned piglets, and could, therefore, be used to reduce N pollution
associated with pig husbandry. The conversion efficiency of
essential AA in a low CP diet could be studied further based on the
results of the experiments performed here.
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