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Abstract
Three experiments were conducted to investigate the effects of dietary crude protein (CP) level and N-carbamylglutamate 
(NCG) supplementation on apparent total tract digestibility (ATTD) and ileal digestibility of nutrients and digestive enzyme 
activity of jejunum in growing pigs. In experiment 1, 10 Duroc × Landrace × Yorkshire barrows (initial BW: 48.7 kg) were 
allotted to a three-period switchback design with five experimental diets and two replicate pigs per diet in each period. 
Diets were categorized as high CP (HP, 18% CP), moderate low CP (MLP, 15% CP), very low CP (VLP, 12% CP), and MLP and 
VLP with 0.1% NCG supplementation. Feces and urine were collected from day 6 to day 11 after a 5-d adaptation period. 
The DE, ME, and ATTD of GE, OM, CP, NDF, ADF, and P decreased (P < 0.01) with a reduction of dietary CP, but no effect of 
dietary treatments on pig daily N retention was detected. The NCG supplementation increased (P < 0.01) DE and ATTD of 
ADF of the VLP diet. In experiment 2, 10 jejunal-cannulated Duroc × Landrace × Yorkshire barrows (initial BW: 44.5 kg) were 
fed five diets for three periods as experiment 1. Jejunal fluid was collected on days 6 and 8 after a 5-d adaptation period. 
The digestive enzymes activity was not affected by dietary CP level, except for α-amylase, for which there was a decrease 
(P < 0.01) in pigs fed VLP diets compared to HP and MLP diets. In experiment 3, 12 ileal-cannulated Duroc × Landrace × 
Yorkshire barrows (initial BW: 46.7 kg) were allotted to a three-period switchback design with six diets and two replicate 
pigs per diet in each period. The six experimental diets consisted of five experimental diets as experiment 1 and one N-free 
diet. Ileal digesta was collected from day 6 to day 8 after a 5-d adaptation period. Results indicated that apparent ileal 
digestibility (AID) of CP and P and ileal digestibility of Arg, His, Ile, Leu, Phe, and all dispensable AA, except Pro, decreased 
(P < 0.01) in pigs fed VLP diet compared to HP and MLP diets, but AID of GE, OM, EE, NDF, and ADF were not affected. The 
supplementation of NCG in the VLP diet increased (P < 0.01) the AID of CP and ileal digestibility of Arg, His, Leu, Phe, Val, 
Ser, and Tyr. In conclusion, reducing dietary CP level decreased nutrient digestibility, but improved the efficiency of dietary 
N utilization and reduced N emission. Moderate reduction of dietary CP level had a minimal effect on nutrient digestibility 
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and digestive enzyme activity. Additionally, NCG supplementation plays a beneficial effect on nutrient digestion only if the 
dietary CP level is extremely lowered.
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Introduction
Reducing dietary crude protein (CP) level is an effective way to 
decrease N excretion in pig production (Jha and Berrocoso, 2016). 
There is growing interest in low-CP (LP) diets to improve the 
efficiency of protein resources (Wang et al., 2018). Previous studies 
have extensively investigated the effects of LP AA balanced diets 
on growth performance, N utilization, and gut health in growing 
pigs (Kerr et al., 2003; Nyachoti et al., 2006; Galassi et al., 2010; 
Gloaguen et al., 2014). However, little is known about the impact of 
LP diets on nutrient digestion in pigs. An adequate understanding 
of nutrient digestion for the regulation of protein and AA intake 
in pigs is crucial for formulating effective LP diets. Specifically, 
digestive enzymes in the gastrointestinal tract (GIT) are required 
to break down dietary macronutrients into a form ready for 
digestion and absorption (He et al., 2016). The chemical essence 
of the digestive enzyme is protein; theoretically, an inadequate 
supply of dietary CP may affect enzyme synthesis and activity, 
resulting in attenuated digestion efficiency (Zhao et al., 2007).

N-carbamylglutamate (NCG), an activator of endogenous Arg 
synthesis, has been reported to increase mTOR signaling activity 
and improve protein synthesis in skeletal muscle (Frank et al., 
2007; Wu et al., 2010). In growing pigs, 0.1% NCG supplementation 
in LP diets can improve longissimus dorsi muscle cross-section 
area and decrease fat deposition (Ye et  al., 2017; Wang et  al., 
2019), primarily through improving the endogenous synthesis 
of the Arg and the Arg family of AA (Zeng et al., 2015). Arginine 
has been shown to stimulate muscle protein synthesis of pigs 
through inducing the phosphorylation of mTOR (Yao et al., 2008). 
Additionally, decreased concentrations of serum urea N in diets 
supplemented with NCG indicate higher rates of net protein 
synthesis (Yang et  al., 2013). Therefore, NCG supplementation 
may improve the efficiency of dietary N utilization, resulting 
in beneficial effects on N digestibility. However, the effects of 
NCG supplementation on nutrient digestion in growing pigs 
have not been determined. One hypothesis was that an LP 
diet supplemented with NCG may support increased nutrient 
digestibility and improved dietary N utilization efficiency when 
fed to growing pigs.

Therefore, the objective of this study was to determine 
the effect of an LP diet, administered without or with NCG 
supplementation, on the apparent total tract digestibility (ATTD) 
and ileal digestibility of nutrients, N balance, and digestive 
enzyme activity in growing pigs.

Materials and Methods
The protocol for the experiment was reviewed and approved 
by the Institutional Animal Care and Use Committee of China 
Agricultural University (Beijing, China). The study was conducted 
in the FengNing Swine Research Unit of China Agricultural 
University (Academician Workstation in Chengdejiuyun 
Agricultural & Livestock Co., Ltd, Chengde, Hebei, China).

Animals, experimental design, and sample 
collection

Three experiments were conducted simultaneously in this study.

Experiment 1
Experiment 1 was conducted to determine the effects of reducing 
dietary CP on the ATTD of nutrients and N balance in growing 
pigs. Ten crossbred barrows (initial BW: 48.7 ± 3.6 kg; Duroc × 
Landrace × Yorkshire) were allotted to a three-period switch-
back design with five experimental diets and two replicate 
pigs per diet in each period, resulting in six replicate pigs per 
diet. No pig received the same diet more than once during the 
experiment.

The experiment lasted 11 d in each period. The initial 5 d was 
considered an adaptation period to the diet, whereas feces and 
urine were collected from 0800 h on day 6 to 0800 h on day 11. 
The amount of feed refusals and spillage were collected daily 
before feeding to be dried, weighed, and recorded. Feces samples 
were stored at −20  °C immediately after collection. Urine was 
collected in a bucket containing 50 mL of 6 mol/L HCl. The bucket 
was covered by gauze to prevent solids from contaminating the 
urine. Each day, the volume of collected urine was measured, 
and 10% of the daily urine collection was transferred to a screw-
capped bottle and stored at −20 °C. At the end of the experiment, 
feces and urine were thawed, pooled within pigs and period, and 
homogenized. All fecal samples were dried at 65 °C in a forced 
air oven for 72  h, weighed, and subsampled. Before analysis, 
fecal subsamples were finely ground through a 1-mm screen.

Experiment 2
Experiment 2 was conducted to determine the effects of 
reducing dietary CP on the digestive enzyme activity of jejunum 
in growing pigs. Ten crossbred barrows (initial BW: 44.5  ± 
3.3 kg; Duroc × Landrace × Yorkshire) were surgically equipped 
with a T-cannula in the upper jejunum 170  cm distal to the 
pylorus and allotted to a three-period switchback design with 
five experimental diets and two replicate pigs per diet in each 
period, resulting in six replicate pigs per diet. The diets were the 
same as in experiment 1. No pig received the same diet more 
than once during the experiment.

Each period included 5 d of acclimatization and 3 d of jejunal 
digesta collection. To minimize the influence of environmental 
temperature on the digestive enzyme activity of digesta collected 
by jejunal cannula, a sampling bottle was used as described in 
detail by Zhao et al. (2007). Briefly, this bottle was placed into a 
larger bottle, and the section between the two bottles was filled 
with water and placed at 4 °C for at least 3 h before sampling. 

Abbreviations

AID apparent ileal digestibility
ATTD apparent total tract digestibility
CP crude protein
GIT gastrointestinal tract
HP high crude protein
LP low crude protein
MLP moderate low crude protein
NCG N-carbamylglutamate
SID standardized ileal digestibility
VLP very low crude protein
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Jejunal digesta was collected for 1 h after each feeding on days 6 
and 8 of each period. Jejunal fluid was recovered by centrifuging 
jejunal digesta samples for 10 min at 3000 × g and 4 °C according 
to the procedure described by Zhao et al. (2007). The supernatant 
was transferred to a 2-mL centrifuge tube and stored at −20 °C 
until subjected to digestive enzyme activity assay.

Experiment 3
Experiment 3 was conducted to determine the effects of 
reducing dietary CP on the ileal digestibility of dietary nutrients 
in growing pigs. Twelve crossbred barrows (initial BW: 46.7  ± 
3.8 kg; Duroc × Landrace × Yorkshire) were surgically equipped 
with a T-cannula in the distal ileum and allotted to a three-
period switchback design with six diets and two replicate 
pigs per diet in each period, resulting in six replicate pigs per 
diet. No pig received the same diet more than once during the 
experiment.

The six experimental diets consisted of the five experimental 
diets used in experiment 1 plus an N-free diet. Chromic oxide 
(0.3%) was supplemented as an indigestible marker in all diets 
to determine nutrient digestibility using the indicator method 
(Li et al., 2015).

Each experimental period included 5 d of acclimatization 
and 3 d of ileal digesta collection. Ileal digesta was collected 

into a plastic bag attached to the cannula barrel from 0800 to 
1800 h. Bags were replaced as soon as they filled with digesta, 
or at least once every 30 min, and were frozen at −20 °C upon 
collection to prevent bacterial degradation of AA in the digesta. 
At the end of the experiment, collected ileal digesta samples 
were thawed and pooled within the experimental period and 
pig, and a subsample was collected for chemical analysis. Ileal 
digesta samples were freeze-dried and ground to pass through a 
0.5-mm screen before analysis.

Diets and feeding

The five experimental diets consisted of decreasing CP content: 
a high-CP (HP, 18% CP) diet, a moderate LP (MLP, 15% CP) diet, a 
very LP (VLP, 12% CP) diet, and MLP or VLP diet supplemented 
with 0.1% NCG (MLP + NCG or VLP + NCG). All diets were 
formulated to contain similar concentrations of standardized 
ileal digestible (SIDI) Lys, Met + Cys, Thr, and Trp, and NE as the 
recommendations of NRC (2012). The content of SIDI Val in the 
HP diet was considerably more than needed for growing pigs, and 
L-Val was supplemented in LP diets to meet the requirements 
for 50.0 kg growing pigs of NRC (2012). The same batches of corn, 
soybean meal, rapeseed meal, and wheat bran were used to 
prepare all diets (Table 1). The N-free diet in experiment 3 was 
used to determine endogenous losses of N.

Table 1. Ingredient composition of experimental diets (%, as-fed basis)

Item HP MLP VLP N-free diet

Corn 71.42 75.68 79.67 –
Soybean meal 18.95 9.17 – –
Rapeseed meal 3.10 4.00 4.24 –
Wheat bran 3.70 7.67 11.95 –
Cornstarch – – – 73.50
Sucrose – – – 15.00
Soybean oil – – – 3.00
Cellulose acetate – – – 4.00
l-Lys·HCl 0.28 0.53 0.78 –
dl-Met 0.01 0.08 0.15 –
l-Thr 0.05 0.16 0.27 –
l-Trp – 0.04 0.08 –
l-Val – 0.12 0.25 –
Dicalcium phosphate 0.59 0.58 0.57 2.50
Limestone 1.10 1.17 1.24 0.50
Salt 0.30 0.30 0.30 0.30
Potassium carbonate – – – 0.30
Chromic oxide1 – – – 0.30
Magnesium oxide – – – 0.10
Vitamin and mineral premix2 0.50 0.50 0.50 0.50

Calculated composition3     
 CP 18.00 15.00 12.00 –
 NE4, kcal/kg 2480 2480 2480 –
 SIDI5 Lys 0.85 0.85 0.85 –
 SIDI Met + Cys 0.48 0.48 0.48 –
 SIDI Thr 0.52 0.52 0.52 –
 SIDI Trp 0.15 0.15 0.15 –
 SIDI Val 0.64 0.60 0.60 –

1All the experimental diets were supplemented with 0.30% chromic oxide for experiment 3.
2Provided the following quantities of vitamins and micro-minerals per kilogram of complete diet: vitamin A as retinyl acetate, 8500 IU; 
vitamin D3 as cholecalciferol, 850 IU; vitamin E as dl-alpha-tocopheryl acetate, 55 IU; vitamin K3 as menadione nicotinamide bisulfite, 4 mg; 
vitamin B12, 50 μg; riboflavin, 10 mg; pantothenic acid as dl-calcium pantothenate, 20 mg; niacin, 30 mg; choline chloride, 600 mg; folacin, 
2 mg; vitamin B1 as thiamine mononitrate, 1 mg; vitamin B6 as pyridoxine hydrochloride, 3 mg; biotin, 4 mg; Mn as MnO, 25 mg; Fe as 
FeSO4·H2O, 100 mg; Zn as ZnSO4, 100 mg; Cu as CuSO4·5H2O, 50 mg; I as KI, 0.5 mg; Se as Na2SeO3, 0.15 mg.
3Calculated from the analyzed composition of ingredients and adjusted for 88.0% DM.
4Values for NE content of ingredients are calculated from analyzed chemical composition of ingredients (Noblet et al., 1994).
5Values for SIDI AA of ingredients are calculated from the analyzed AA contents and SID AA of the ingredients (NRC, 2012).
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Pigs were housed individually in stainless-steel metabolism 
(1.5 m × 0.7 m × 0.8 m) crates equipped with a water nipple and 
a feeding trough and placed in an environmentally controlled 
room (25 ± 2 °C). All pigs were fed at 3.4 times the maintenance 
energy requirement daily (i.e., 197 kcal of ME/kg BW0.60; NRC, 
2012) and had free access to water throughout the experiment. 
In each experiment, the daily feed allotments were divided into 
two equal meals at 0800 and 1600 h. Pig weights were recorded 
at the beginning and conclusion of the experiment.

Chemical analysis

Diets, ileal digesta, and fecal samples were analyzed for 
DM (Method 930.15; AOAC International, 2007), ash (Method 
942.05; AOAC International, 2007), CP (Method 990.03; AOAC 
International, 2007), starch (Method 948.02; AOAC International, 
2007), and P (Method 975.03; AOAC, 2007). Gross energy 
was analyzed using an isoperibol bomb calorimeter (Model 
6400, Parr Instruments, Moline, IL) using benzoic acid as the 
internal standard. The ether extract was determined using the 
petroleum ether extraction method with an automated analyzer 
(Ankom XT15 Extractor; Ankom Technology, Macedon, NY). The 
NDF and ADF contents in the samples were determined using 
a fiber analyzer (Model A220 fiber analyzer; Ankom Technology, 
Macedon, NY) and filter bags following a modification of the 
procedure of van Soest et al. (1991). The concentration of NDF 
was analyzed using heat-stable α-amylase and sodium sulfite 
without correction for insoluble ash. Urine was analyzed for CP 
using the Kjeldahl method.

Diets and ileal digesta were also analyzed for chromium 
and AA concentrations. Chromium concentration was 
estimated using a polarized Zeeman Atomic Absorption 
Spectrometer (Hitachi Z2000, Tokyo, Japan) after nitric acid–
perchloric acid wet ash sample preparation (Li et  al., 2015). 
Within the exception of tryptophan, AA contents were 
determined using an Amino Acid Analyzer (Hitachi L-8900, 
Tokyo, Japan). The samples were hydrolyzed with 6  mol/L 
HCl at 110 °C for 24 h before analysis. The Met and Cys were 
analyzed after cold performic acid oxidation overnight and 
hydrolyzed with 7.5 mol/L HCl at 110 °C for 24 h. Tryptophan 
was determined after hydrolysis with LiOH at 110 °C for 22 h 
using High-Performance Liquid Chromatography (Agilent 1200 
Series, Santa Clara, CA).

The digestive enzyme activity of jejunum was measured 
by spectrophotometry. The α-amylase activity was determined 
with soluble starch as a substrate using the method described 
by Dahlqvist (1962). Trypsin and chymotrypsin activity was 
determined with Nα-p-toluolsulfonyl-l-arginine methyl ester 
hydrochloride and N-benzoyl-l-tyrosine ethyl ester as substrate, 
respectively, using the method described by Wirnt (1974a, 
1974b). The activity of lipase (catalog number A054-1-1), lactase 
(catalog number A082-1-1), sucrase (catalog number A082-2-1), 
and maltase (catalog number A082-3-1) was determined using 
a commercial assay kit (Nanjing Jiancheng Bioengineering 
Institute, Jiangsu, China) according to the manufacturer’s 
protocols. All digestive enzyme activities were expressed in U 
per microgram of total protein (U/mg protein) of the jejunal 
fluid, and the concentration of total protein was determined 
with a BCA Protein Assay Kit (Pierce Thermo Fisher Scientific, 
Thermo Scientific, catalog number 23227).

Calculation and statistical analysis

The ATTD (%) of nutrients was calculated for each diet according 
to the following equation (She et al., 2018):

ATTD (%) = [(Nutrin − Nutrout) /Nutrin] × 100,

where Nutrin and Nutrout are the nutrient intake in diet DM and 
output in feces DM, respectively.

The values for DE and ME were calculated by subtracting the 
GE analyzed in feces or feces and urine from the GE in the diets, 
respectively (NRC, 2012).

The retention (%) of N was calculated using the following 
equation:

Nr (%) = {[Ni − (Nf + Nu)] /Ni} × 100,

where Nr is the retention (%) of N, Ni is the intake (g) of N, and Nf 
and Nu are the fecal and urinary loss (g) of N, respectively.

The apparent ileal digestibility (AID) (%) of nutrients, 
standardized ileal digestibility (SID) (%) of AA, and basal 
endogenous of AA (IAAend, g/kg of DMI) were calculated using 
the following equation (Stein et al., 2007):

AID (%) = [1− (Crd/Crid) × (Nid/Nd)] × 100

IAAend = AAd × (Crd/Crid)

SID (%) = AID (%) + (IAAend/AAd) × 100,

where Crd and Crid are the chromium concentration in diet 
and ileal digesta DM, respectively; Nid and Nd are the nutrient 
concentration in ileal digesta and diet DM, respectively; AAd is 
the AA concentration of the diet.

All statistical analyses were performed using the SAS 
program (SAS 9.4 software; SAS Inst. Inc., Cary, NC). Outliers 
were identified and eliminated as values that deviated from 
the treatment mean by more than three times the interquartile 
range. Data were analyzed using PROC MIXED in a randomized 
complete design with a pig as the experimental unit for all 
analyses. The statistical model included diet as the fixed effects 
and pig and period as random effects. Treatment means were 
calculated using the LSMEANS statement, and differences 
among means were separated using the PDIFF option with 
Tukey’s adjustment. Statistical significance and tendency were 
defined at P < 0.05 and 0.05 ≤ P < 0.10, respectively.

Results

Nutrient composition of diets

The concentrations of nutrients in all diets were close to 
expected values (Tables 1 and 2). The analyzed concentration of 
CP in the HP diet was 0.9 percentage units less than expected, 
and that in the MLP and VLP diets were 0.9 and 2.4 percentage 
units higher than expected, respectively, but it was assumed 
that this small difference did not affect the results. Additionally, 
as expected, the N and AA contents in the N-free diet were 
observed in only small amounts.

ATTD of nutrients in diets

The DE and ME content, as well as the ATTD of GE, OM, CP, EE, 
NDF, ADF, and P, differed among the dietary treatments (P < 0.01; 
Table  3). Regardless of NCG supplementation groups, the 
nutrient digestibility decreased (P < 0.05) with the reduction of 
the dietary CP content. Supplementation of NCG in the VLP diet 
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increased (P < 0.05) the DE and ATTD of ADF compared with the 
VLP diet, but no effects of NCG supplementation on the ATTD of 
these parameters in the MLP diet were detected.

Nitrogen balance

Nitrogen intake, urinary N, and total N losses were greater 
(P < 0.01) in pigs fed the HP diet compared with pigs fed the other 
diets (Table  4). However, no differences among diets in fecal 
excretion of N were observed. Collectively, there was no effect 
of dietary treatment on pig daily N retention. Therefore, the N 

retention to intake ratio was greater (P  <  0.01) in pigs fed the 
MLP and VLP diets compared with pigs fed the HP diet with no 
difference observed between MLP and VLP diets. Unfortunately, 
NCG supplementation in MLP and VLP diets did not affect N 
retention.

Digestive enzyme activities of the jejunum

The α-amylase activity of jejunum from pigs fed VLP diet was 
lower (P < 0.01) than pigs fed other diets (Figure 1A), but there 
were no differences in the activities of trypsin, chymotrypsin, 

Table 2. Analyzed nutrient composition of experimental diets (%, as-fed basis)

Item HP MLP VLP N-free diet

DM 89.32 89.41 89.47 90.43
GE, kcal/kg 4013 3986 3932 3763
CP 17.83 15.14 12.29 –
EE 3.09 3.07 3.01 1.78
OM1 95.72 95.90 9 96.56
Starch 39.60 44.08 48.89 65.14
NDF 13.59 13.98 13.22 4.94
ADF 5.02 4.85 4.79 1.69
P 0.50 0.51 0.51 0.43

Indispensable AA     
 Arg 1.09 0.88 0.60 –
 His 0.51 0.44 0.34 –
 Ile 0.77 0.56 0.39 –
 Leu 1.61 1.45 1.12 –
 Lys 1.14 1.13 1.12 –
 Met 0.31 0.33 0.36 –
 Phe 0.87 0.67 0.49 –
 Thr 0.69 0.70 0.67 –
 Trp 0.16 0.18 0.17 –
 Val 0.90 0.81 0.80 –
Dispensable AA     
 Ala 0.98 0.82 0.70 –
 Asp 1.58 1.24 0.70 –
 Cys 0.26 0.22 0.18 –
 Glu 2.94 2.54 1.93 –
 Gly 0.71 0.61 0.45 –
 Pro 1.45 1.34 1.10 –
 Ser 0.77 0.63 0.45 –
 Tyr 0.59 0.45 0.36 –

1OM = (DM – ash)/DM × 100%, DM basis.

Table 3. Effects of reducing dietary CP content and NCG supplementation on ATTD of nutrients when fed to growing pigs1 (%, experiment 1)

Item HP

MLP VLP

SEM P-value−NCG +NCG −NCG +NCG

DE, kcal/kg 3544a 3411b 3398b 3261d 3327c 20 <0.01
ME, kcal/kg 3442a 3303b 3276b 3163c 3223bc 22 <0.01

ATTD
 GE 88.31a 85.58b 85.52b 82.93c 84.67bc 0.49 <0.01
 OM 90.66a 88.10b 88.22b 85.98c 87.59bc 0.42 <0.01
 CP 88.84a 86.52ab 86.48ab 82.16c 84.51bc 0.80 <0.01
 EE 54.06a 52.41a 51.59a 46.23b 50.73ab 1.48 0.01
 NDF 67.86a 60.82ab 61.05ab 48.06c 54.90bc 2.18 <0.01
 ADF 73.09a 59.81b 63.34b 47.62c 56.20b 1.79 <0.01
 P 48.68a 45.03ab 45.30ab 41.39b 44.88ab 0.98 <0.01

1Data are means of six observations per treatment.
a–cMeans in a row with different superscripts are different (P < 0.05).
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lipase, maltase, sucrase, and lactase among dietary treatments 
(Figure 1).

AID of nutrients in diets

There were no differences among diets in the AID of GE, OM, EE, 
NDF, and ADF (Table 5). The AID of CP decreased (P < 0.01) with CP 
reduction, but pigs fed the VLP + NCG diet had greater (P < 0.05) 
AID of CP than pigs fed the VLP diet. Pigs fed the HP diet had 
greater (P < 0.01) AID of P than pigs fed the MLP and VLP diets, 
but no differences were observed between the MLP and VLP diets.

AID and SID of AA in diets

For indispensable AA, no difference in AID (Table  6) and SID 
(Table 7) of Lys, Met, Thr, and Trp was observed among dietary 
treatments. Regardless of NCG supplementation groups, pigs 
fed the HP and MLP diets had greater (P < 0.01) AID and SID of 
Arg, His, Ile, Leu, and Phe than pigs fed the VLP diet, but there 
was no difference between the HP and MLP diets. With NCG 
supplementation, pigs fed the VLP + NCG diet showed greater 
(P < 0.01) AID and SID of Arg, His, Leu, Phe, and Val than pigs fed 
the VLP diet. For most dispensable AA, pigs fed the VLP diet had 
lower (P < 0.01) AID and SID of AA than pigs fed the HP and MLP 
diets, except for Pro, regardless of NCG supplementation groups. 
Supplementation of NCG in VLP diets improved (P  <  0.01) AID 
and SID of Ser and Tyr. Overall, the AID and SID of all AA did not 
differ between the HP and MLP diets but were higher (P < 0.01) 
than the values obtained with the VLP diet.

Discussion
A previous study by our group found a lower gain to feed 
ratio during the growing phase when pigs were fed LP diets 

compared with HP diets under commercial conditions, possibly 
due to lower ATTD of nutrients in LP diets (Wang et al., 2019). 
However, the effect of reduced CP level on nutrient digestion in 
different intestinal segments has not been specifically studied 
in growing pigs.

It is generally assumed that diet CP content does not 
influence nutrient digestion in pigs and hence not considered 
in diet formulations. However, in the present study, there was 
a decrease in DE, ME, and ATTD of GE with decreasing dietary 
CP level for growing pigs formulated with the same dietary NE 
content. The DE or ME system used in preparing LP diets may 
underestimate the true available energy for pigs, resulting 
in increased fat deposition compared to control diets with 
similar dietary DE or ME content (Noblet et  al., 1994). As an 
effective solution, the NE system has been confirmed to be 
suitable for preparing LP diets because NE is the only system 
in which energy requirements of pigs and available energy of 
feed ingredients can be expressed on the same basis (Le Bellego 
et al., 2001). Theoretically, similar dietary NE content in LP and 
control diets means lower DE and ME content in LP diets, for DE 
or ME system overestimates the available energy of protein and 
simultaneously underestimates starch energy availability (Wang 
et al., 2018). Decreased energy digestibility was also observed by 
Bikker et al. (2006) in weanling piglets, Lei et al. (2019) in growing 
pigs, and O’Connell et al. (2006) in finishing pigs when reducing 
the dietary CP level, although LP diets contained the same SIDI 
Lys, Met, Thr, and Trp as control diets. However, Qiu et al. (2018) 
reported no difference in the ATTD of energy when dietary CP 
was reduced from 18% to 14% in growing pigs. The discrepancy 
in the response of energy digestibility in diets with different 
CP levels among studies may be due to different types and 
amounts of crystalline AA supplemented in diets. In the study 

Figure 1. Effects of reducing dietary CP content and NCG supplementation on carbohydrase (A), protease (B), and lipase (C) activity of jejunum when fed to growing 

pigs (experiment 2). Values are presented as means ± SEM, n = 6. a,bMeans without common letters differ at P < 0.05.

Table 4. Effects of reducing dietary CP content and NCG supplementation on N balance when fed to growing pigs1 (g/d, experiment 1)

Item HP

MLP VLP

SEM P-value−NCG +NCG −NCG +NCG

N intake 55.78a 49.41b 49.44b 40.29c 40.35c 0.78 <0.01
Fecal N losses 6.23 6.66 6.68 7.19 6.25 0.37 0.36
Urinary N losses 22.88a 16.04b 14.71b 9.54c 9.65c 0.64 <0.01
Total N losses 29.11a 22.70b 21.39b 16.73c 15.90c 0.60 <0.01
N retention 26.67 26.71 28.05 23.56 24.45 1.10 0.05
N retention/intake, % 47.66b 54.03ab 56.71a 58.42a 60.41a 1.61 <0.01

1Data are means of six observations per treatment.
a–cMeans in a row with different superscripts are different (P < 0.05).
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of Qiu et al. (2018), all indispensable AA were supplemented to 
ensure the experimental diets provided similar SIDI AA, but this 
study was just supplemented l-Lys, l-Thr, dl-Met, l-Trp, and 
l-Val in LP diets to meet the requirements for pigs, and other 
indispensable AA would be insufficient and affect nutrients 
digestion. Additionally, the ATTD of CP was reduced a total of 
6% from HP to VLP diets. However, N retention per day remained 
similar among dietary treatments, which was attributed to a 7% 
to 8% reduction in total N excretion for every 10 g/kg reduction 
in dietary CP concentration (Wang et al., 2018). The present data 
also showed a decrease in the ATTD of OM, EE, NDF, ADF, and P 
with a declining dietary CP level. One plausible explanation for 
this response might be the higher content of rapeseed meal in 
LP diets compared to the HP diet. The digestibility of nutrients 
in rapeseed meal is less than that in corn or soybean meal, 
which provides a possible explanation for the reduced ATTD of 

nutrients in LP diets (Li et al., 2017). Additionally, the digestive 
or fermentative capability at different sites of GIT might be 
affected by the CP level (Portune et al., 2016).

Dietary nutrient digestibility is positively associated with the 
activity of digestive enzymes (Guzmán-Pino et al., 2014). Several 
studies of pigs have suggested that activity of the predominate 
digestive enzymes in the jejunum including carbohydrase 
(α-amylase, maltase, sucrase, and lactase), protease (trypsin and 
chymotrypsin), and lipase are reflective of the digestive capacity 
of the small intestine (Zhao et al., 2007; Tian et al., 2016). Yue 
and Qiao (2008) demonstrated that reducing dietary CP changed 
gut morphology and decreased the disaccharidase activities of 
the proximal jejunum in weaned piglets, resulting in negative 
effects on the growth rate. However, no difference was observed 
in growing and finishing pigs (He et  al., 2016). In the current 
study, the digestive enzyme activity did not vary with different 

Table 5. Effects of reducing dietary CP content and NCG supplementation on AID of nutrients when fed to growing pigs1 (%, experiement 3)

Item HP

MLP VLP

SEM P-value−NCG +NCG −NCG +NCG

GE 73.77 71.87 71.56 71.89 71.63 0.85 0.35
OM 75.89 74.45 74.34 75.01 74.97 0.75 0.61
CP 76.24a 74.43ab 73.92ab 69.36c 71.91b 0.92 <0.01
EE 61.67 60.63 60.21 59.24 61.91 2.36 0.93
NDF 33.44 27.59 28.34 30.44 29.14 2.67 0.57
ADF 20.95 18.71 19.92 20.27 22.06 2.68 0.93
P 43.09a 37.91b 38.81b 36.55b 38.86ab 1.03 <0.01

1Data are means of six observations per treatment.
a–cMeans in a row with different superscripts are different (P < 0.05).

Table 6. Effects of reducing dietary CP content and NCG supplementation on AID of AA when fed to growing pigs1 (%, experiment 3)

Item HP

MLP VLP

SEM P-value−NCG +NCG −NCG +NCG

Indispensable AA
 Arg 86.45a 83.50a 83.20a 74.19c 79.29b 1.00 <0.01
 His 82.48a 82.47a 81.38a 73.09b 79.24a 1.13 <0.01
 Ile 81.26a 78.31a 77.55a 65.10b 68.69b 1.31 <0.01
 Leu 82.75a 82.20a 81.83a 75.78c 79.02b 0.89 <0.01
 Lys 83.99 83.56 83.54 82.97 84.05 0.59 0.71
 Met 84.96 84.67 84.47 84.92 85.45 0.62 0.84
 Phe 81.61a 81.02a 78.95ab 69.67c 75.40b 0.97 <0.01
 Thr 75.52 75.98 75.59 73.70 75.63 0.69 0.18
 Trp 72.94 74.21 72.93 72.13 74.21 0.86 0.38
 Val 77.92ab 76.65b 76.91ab 76.00b 78.66a 0.59 0.03
 Mean 80.99a 80.25ab 79.64ab 74.75c 77.96b 0.64 <0.01
Dispensable AA
 Ala 77.32a 76.17a 75.54ab 68.73b 70.95bc 1.12 <0.01
 Asp 79.40a 75.97a 75.32a 62.84b 66.69b 1.10 <0.01
 Cys 73.94a 71.52a 70.75a 63.77b 66.51ab 1.80 <0.01
 Glu 83.89a 83.64a 83.88a 77.31b 80.28ab 0.88 <0.01
 Gly 69.08a 69.06a 65.85ab 55.60c 60.04bc 1.56 <0.01
 Pro 80.33 79.55 79.15 76.22 77.41 1.19 0.13
 Ser 77.22a 76.53a 75.16a 65.44b 73.96a 1.07 <0.01
 Tyr 79.95a 78.78ab 78.89ab 67.80c 73.87b 1.37 <0.01
 Mean 77.64a 76.40a 75.54a 67.22c 71.21b 0.88 <0.01
All AA 79.50a 78.54a 77.82ab 71.40c 74.96b 0.70 <0.01

1Data are least squares means of six observations per treatment.
a–cMeans in a row with different superscripts are different (P < 0.05).
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CP levels, except α-amylase. This phenomenon indicates that 
the digestive capacity of endogenous enzymes can adapt to a 
wide range in dietary CP level in growing pigs (He et al., 2016). 
Unexpectedly, the α-amylase was lower in pigs fed the VLP diet 
compared to pigs fed the HP and MLP diets, even though the VLP 
diet had higher starch concentration to stimulate the secretion 
of α-amylase, speculate there may have been insufficient AA 
supply for endogenous synthesis of α-amylase in VLP diet fed 
pigs. This speculation is consistent with the results of He et al. 
(2016) who indicated that the mRNA level for α-amylase was 
higher in pigs fed the 13% or 16% CP diet than in pigs fed the 
10% CP diet. To some extent, the reduced α-amylase activity 
may explain the lower digestibility of nutrients in the VLP diet. 
These results suggest that reducing dietary CP content by 3 
percentage units can maintain the activity of digestive enzymes 
for pigs. However, a further reduction by 6 percentage units and 
supplemented only with the first five indispensable AA, the AA 
or N supply would be insufficient for the de novo synthesis of 
endogenous enzymes and extremely impaired the digestive 
capacities (Bikker et al., 2006).

We investigated the effects of dietary CP level on AID of 
nutrients. In the present study, reducing CP content decreased 
the AID of P, which is consistent with the findings of Xue 
et  al. (2017), who reported that there was a limiting effect of 
decreased CP levels on ileal P digestion in growing pigs. The 
decreased ileal P digestion caused by reducing CP content might 
be that the limited AA intake impaired the synthesis or gene 
expression of NaPi-IIb, the main transporter in the P digestion 
system (Xue et al., 2016). As expected, the change in AID of P 
with dietary CP level was consistent with the change in ATTD of 
P because the majority of dietary P is digested and absorbed in 
the stomach and small intestine in growing pigs (Liu et al., 2018). 
For CP digestion, the AID of CP can be maintained when dietary 

CP is reduced by 3 percentage units. However, when dietary 
CP is reduced by 6 percentage units, the AID of CP decreased 
even though the activity of protease was not impaired, which 
is consistent with the variation in AID or SID of all AA. These 
results suggested that a 6 percentage unit reduction of dietary 
CP, supplemented with the first five indispensable AA, led to an 
imbalance of AA, resulting in an insufficient supply of N and 
poor digestive capacity of the intestine (O’Connell et al., 2006; 
Adebiyi et al., 2015). This effect may contribute to the decreased 
CP and AA digestibility in the VLP diet. Additionally, dietary 
CP level did not affect AID of GE, OM, EE, NDF, and ADF in the 
current study, which implied that the difference in the ATTD of 
nutrients mainly varied in the large intestine. Two factors likely 
played a role in the alterations in digestibility presumed to have 
occurred in the large intestine. First, the bacterial fermentation 
capabilities might be impaired by the LP diets (Lei et al., 2019), 
and second, more endogenous losses of nutrients in the large 
intestine of LP diet fed pigs compared to HP diet fed pigs 
(O’Connell et al., 2006). Future research is warranted to test this 
supposition.

In the current study, we observed that 0.1% NCG 
supplementation in VLP diet greatly improved DE, ATTD of 
ADF, it may be due to the improved fermentative capability of 
microbiome in the large intestine, for no difference on AID of 
energy and carbohydrate was observed, but the effect of NCG 
supplementation on microbiome need further research. The 
higher AID of CP and ileal digestibility of most AA observed 
in VLP supplemented with NCG attributed to the increased 
endogenous AA synthesis and muscle protein accretion in pigs 
(Zeng et al., 2015; Ye et al., 2017). Additionally, Wu et al. (2010) 
reported that NCG supplementation increased the relative 
weight of the small intestine and intestinal morphology of 
pigs, which is beneficial for intestinal digestion. However, in 

Table 7. Effects of reducing dietary CP content and NCG supplementation on SID of nutrients when fed to growing pigs1 (%, experiment 3)

Item HP

MLP VLP

SEM P-value−NCG +NCG −NCG +NCG

Indispensable AA
 Arg 90.35a 87.98ab 87.74ab 81.34c 85.85b 1.00 <0.01
 His 85.81a 85.89a 84.92a 77.76b 83.81a 1.13 <0.01
 Ile 85.50a 83.40a 82.71ab 73.25c 77.30bc 1.31 <0.01
 Leu 85.78a 85.36a 84.99a 79.92b 83.25a 0.89 <0.01
 Lys 87.76 87.20 87.19 86.81 87.89 0.59 0.69
 Met 87.25 86.86 86.65 86.93 87.44 0.62 0.90
 Phe 85.24a 84.98a 83.06a 75.65b 81.32a 0.97 <0.01
 Thr 82.57 82.48 82.05 80.96 82.88 0.69 0.35
 Trp 80.44 80.75 79.48 79.32 81.40 0.86 0.41
 Val 82.67ab 81.52ab 81.78ab 80.94b 83.60a 0.59 0.03
 Mean 85.34a 84.64a 84.06a 80.29b 83.47a 0.64 <0.01
Dispensable AA
 Ala 82.65a 81.44a 81.01a 75.43b 78.30ab 1.12 <0.01
 Asp 83.93a 81.49a 80.98a 72.50b 76.32b 1.10 <0.01
 Cys 78.72a 76.96ab 76.19ab 70.39b 73.19ab 1.80 0.02
 Glu 86.83a 86.79a 87.06a 81.70b 84.58ab 0.88 <0.01
 Gly 77.90a 78.36a 75.63a 68.45b 73.28ab 1.56 <0.01
 Pro 92.31 91.50 91.04 90.50 92.09 1.19 0.81
 Ser 83.38a 82.76a 81.64a 75.15b 82.38a 1.07 <0.01
 Tyr 84.72a 83.77a 83.92a 75.96b 81.24a 1.37 <0.01
 Mean 83.80a 82.88a 82.18a 76.26b 80.17a 0.88 <0.01
All AA 84.65a 83.86a 83.22a 78.50b 82.00a 0.70 <0.01

1Data are means of six observations per treatment.
a–cMeans in a row with different superscripts are different (P < 0.05).



Copyedited by: SU

Wang et al. | 9

this study we have found that NCG supplementation in the LP 
diet had limited effects on nutrient digestibility, it might be the 
content of AA, especially Arg and Arg family of AA in LP diet 
was sufficient to meet the requirement of pigs. Unfortunately, 
no effect of NCG supplementation on the activity of digestive 
enzymes was observed in the current study is likely because the 
digestive tract of growing pigs is well developed and not easily 
affected by NCG supplementation (Kiarie et al., 2016).

In conclusion, reducing dietary CP level by 6 percentage units 
decreased ATTD of nutrients, α-amylase activity, AID of CP and 
P, ileal digestibility of most AA, except for Lys, Thr, Met, Trp, Val, 
and Pro, but improved the efficiency of dietary N utilization and 
reduced the N output in the urine. Moderate reduction of dietary 
CP level within 3 percentage units decreased ATTD of nutrients 
and AID of P, but had no effects on ileal digestibility of other 
nutrients, implied the fermentative capability of microbiome in 
large intestine may be responsible for the differences in ATTD 
of nutrients. Additionally, NCG supplementation only in the VLP 
diet had beneficial effects on nutrient digestion. Taken together, 
the effects of dietary CP level on ATTD of nutrients should be 
considered in preparing the dietary formula.
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