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Abstract

Background: Protein releases amino acids faster than starch releases glucose in digestive tract of pigs fed low-
protein (LP) diets. Poor synchronization of dietary glucose and amino acids supply leads to compromised nitrogen
efficiency. Dietary starch patterns modulation may improve this situation.

Methods: Growing barrows (29.7 ± 2.0 kg) were randomly allotted into 5 dietary treatments with LP diets consisting
of different purified starches. Treatments included: waxy corn starch (W LP), corn starch + waxy corn starch (C +W
LP), corn starch (C LP), pea starch + waxy corn starch (P + W LP) and pea starch (P LP). In the experiment, growth
performance, protein deposition, nutrient metabolism, and fecal microbial community of pigs were investigated. In
vitro starch digestion was used for predicting the in vivo glucose response.

Results: Dietary starch in vitro glucose release profile was determined by starch source and the ratio of
amylopectin and amylose. C +W LP treatment showed decreased total nitrogen excretion and plasma citrulline
concentration and improved plasma leptin concentration among treatments (P < 0.05). Besides, the highest
nitrogen apparent biological value, whole-body protein deposition and growth performance and lowest urinary
nitrogen excretion were also observed in C +W LP treatment. Compared with the other groups, C +W LP and C LP
showed increased plasma pyruvate, IGF-1, and lipase concentrations (P < 0.05). The W LP group presented
dramatically increased plasma alanine and urea nitrogen concentration and decreased aldolase and leptin
concentrations (P < 0.05). Dietary starch patterns did not make an impact on bacterial richness and diversity, but
changed the taxonomic and functional structures of the microbial communities. Microbial protein fermentation
product (isobutyrate and isovalerate) presented increased in P LP treatments compared with the other treatments
(P < 0.05).

Conclusions: Dietary starch patterns modulation can regulate dietary glucose release profile, nutrient metabolism,
protein turnover, and fecal microbial fermentation in pigs. The optimal dietary glucose release profile effectively
strengthened whole-body protein deposition and improve nitrogen efficiency and growth performance in growing
pigs fed LP diets.
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Introduction
Low-protein (LP) diets, supplemented with crystalline
amino acids, can precisely satisfy the amino acids re-
quirements of animals, and is considered the key to effi-
cient production of animal husbandry [1, 2]. Crystalline
amino acids exist in the form of amino acid monomers,
which can be absorbed by intestinal cells into the blood
or oxidized, as soon as they enter the intestine [3]. While
dietary digestible starch can release glucose only after a
period of gastrointestinal digestion. Therefore, compared
with starch-derived glucose, the crystalline amino acids-
derived amino acids in the diet can be released much
faster.
Consequently, low protein diets supplemented with

large amounts of crystalline amino acids induce an asyn-
chronous supply of glucose and amino acids to the ani-
mals. This asynchronous situation in LP diets may
compromise amino acid utilization efficiency: 1) more
amino acids will be consumed in the first-pass metabol-
ism [4]; 2) efficiency of amino acid used for protein syn-
thesis declines owing to the relative shortage of energy
in the short term after a meal [5]; 3) systemic oxidation
of amino acids increases [6]. Therefore, optimizing the
dietary glucose release profile to promote the synchron-
ous supply of glucose and amino acids may be a poten-
tially feasible approach to improve the amino acid
utilization efficiency of LP diets.
Starch is the major glucose source in feed. Compared

with amylose, the amylopectin with branched form in-
duces greater gelatinization, a greater surface area for di-
gestive enzymes, and faster digestion and absorption (in
the form of glucose) rates [7]. However, some studies
have pointed out that the crystal structure, particle size,
and physical form of starch also determine its digestion
characteristics [8]. In this study, based on the ratio of
amylopectin and amylopectin, and other factors were
considered, LP diets with different glucose release prop-
erties were formulated to modulate the synchronism of
glucose and amino acids supply.
Besides, previous research proved that nitrogen effi-

ciency and nutrient utilization of livestock and poultry
were also greatly affected by posterior intestinal micro-
bial flora and its fermentation products [9]. Starch itself
is the substrate for microbial fermentation, can directly
regulate the bacterial community and short-chain fatty
acids (SCFAs) manufacture [10]. Also, the difference in
starch digestion rate can cause the change in dietary
protein digestion, and then indirectly influence hindgut
microbial protein fermentation [11]. Therefore, it is
valuable to investigate the influence of starch patterns in
LP diets on the intestinal flora and SCFAs manufacture.
To sum up, the objective of the present study was to

explore the effect of dietary starch patterns on protein
deposition, nutrient metabolism, and microbial

community, and investigate the optimal dietary glucose
release profile for nitrogen efficiency and growth per-
formance in growing pigs under LP diets condition.

Materials and methods
Animal experiments were approved by the China Agri-
cultural University Animal Care and Use Committee
(Beijing, AW21101202-1-2).

General
All pigs and experimental supplies were provided by the
Fengning Swine Research Unit of China Agricultural
University (Academician Workstation in Chengdejiuyun
Agricultural and Livestock Co., Ltd). Experimental diets
were formulated based on the National Research Coun-
cil [12] and our previous research [1], with slight modifi-
cations (Table 1).

Nitrogen metabolism and protein deposition
Thirty crossbred (Duroc × Landrace × Yorkshire) grow-
ing barrows (initial weight: 29.7 ± 2.0 kg) were allotted
randomly to a completely randomized design with 5
dietary treatments. The experimental diets were LP
semi-homogeneous diets (crude protein: 13%) composed
of purified starch and feedstuffs mainly included soybean
meal, wheat bran, alfalfa meal and crystalline amino
acids. According to the dietary starch patterns, the ex-
perimental treatments were divided into: (1) a 100%
waxy corn starch LP (W LP); (2) a 50% corn starch and
50% waxy corn starch LP (C +W LP); (3) a 100% corn
starch LP (C LP); (4) a 50% pea starch and 50% waxy
corn starch LP (P +W LP) and (5) a 100% pea starch LP
(P LP). Pigs were housed individually in stainless-steel
metabolism crates (1.4 m × 0.7 m × 0.6 m). Daily feed al-
lotment (about 4% of body weight; BW) was divided into
two equal meals given to each pig at 09:00 and 16:00
during the first 23-d experimental period. All the pigs
had access to fresh water ad libitum. The temperature
was maintained at 23 ± 2 °C. Humidity varied from 55%
to 65% during the experiment.
The experiment lasted for 37 d. Before samples collec-

tion, pigs were acclimated to metabolism crates for 7 d
and fed a standard corn-soybean meal diet and then
were fed experimental diets for another 7 d to adapted
to the diet. During the adaptation period, we trained pigs
to finish each meal within 10min. Feces and urine were
collected from each pig on d 15 through d 19. Feces
were collected into plastic bags immediately as they ap-
peared in the metabolism crates and stored at − 20 °C.
Urine was collected into a bucket located under the me-
tabolism crates. The bucket contained HCl (10 mL; 6
mol/L) to limit microorganism multiplication and reduce
the loss of ammonia. A 10% aliquot of urine was filtered
through gauze and immediately stored at − 20 °C. At the
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Table 1 Ingredients and nutrient composition of experimental diets (as-fed basis)
Items W LP C +W LP C LP P +W LP P LP

Ingredient, %

Waxy corn starch1 57.91 28.95 – 28.95 –

Corn starch2 – 28.95 57.91 – –

Field pea starch3 – – – 28.95 57.91

Soybean meal 20.68 20.68 20.68 20.68 20.68

Wheat bran 8.00 8.00 8.00 8.00 8.00

Alfalfa meal 6.00 6.00 6.00 6.00 6.00

Cellulose acetate 2.00 2.00 2.00 2.00 2.00

Dicalcium phosphate 1.93 1.93 1.93 1.93 1.93

Limestone 0.22 0.22 0.22 0.22 0.22

Salt 0.30 0.30 0.30 0.30 0.30

Premix4 1.00 1.00 1.00 1.00 1.00

L-Lysine 0.53 0.53 0.53 0.53 0.53

DL-Methionine 0.25 0.25 0.25 0.25 0.25

L-Tryptophan 0.04 0.04 0.04 0.04 0.04

L-Threonine 0.23 0.23 0.23 0.23 0.23

L-Valine 0.24 0.24 0.24 0.24 0.24

L-Leucine 0.29 0.29 0.29 0.29 0.29

L-Isoleucine 0.10 0.10 0.10 0.10 0.10

L-Phenylalanine 0.16 0.16 0.16 0.16 0.16

L-Histidine 0.12 0.12 0.12 0.12 0.12

Calculated composition

Net energy, kcal/kg 2550 2550 2550 2550 2550

SID Lys, % 1.01 1.01 1.01 1.01 1.01

SID SAA, % 0.58 0.58 0.58 0.58 0.58

SID Trp, % 0.18 0.18 0.18 0.18 0.18

SID Thr, % 0.63 0.63 0.63 0.63 0.63

SID Val, % 0.63 0.63 0.63 0.63 0.63

SID Leu, % 1.03 1.03 1.03 1.03 1.03

SID Ile, % 0.57 0.57 0.57 0.57 0.57

SID Phe, % 0.59 0.59 0.59 0.59 0.59

SID His, % 0.34 0.34 0.34 0.34 0.34

SID Arg, % 0.69 0.69 0.69 0.69 0.69

Analyzed composition, %

Dry matter 89.78 89.43 90.01 89.60 88.98

Crude protein 13.00 13.10 13.31 13.08 13.25

Crude fiber 3.75 3.81 3.77 3.82 3.75

Neutral detergent fiber 8.21 8.08 8.14 8.11 8.21

Acid detergent fiber 4.89 4.91 4.78 7.78 5.00

Total calcium 0.67 0.66 0.67 0.64 0.63

Total phosphorus 0.55 0.58 0.55 0.54 0.57

Total starch, g/kg 656.05 649.38 660.27 658.43 662.28

Amylose, g/kg 30.50 110.44 187.25 191.01 283.32

Amylopectin5, g/kg 625.55 538.94 473.02 467.42 378.96

Amylopectin/Amylose ratio 20.51 4.88 2.53 2.45 1.33

1 Waxy corn starch were purchased from Shandong Fuyang Biological Starch Co., Ltd., with a starch purity of 99%
2 Corn starch were purchased from Shandong Fuyang Biological Starch Co., Ltd., with a starch purity of 99%
3 Filed pea starch were purchased from Shandong Shandong Maidaofeng Cereals and Oils Co., Ltd., with a starch purity of 99%
4 Premix provided the following per kg of complete diet for growing pigs: vitamin A, 5512 IU; vitamin D3, 2200 IU; vitamin E, 64 IU; vitamin K3, 2.2mg; vitamin B12, 27.6μg; riboflavin, 5.5mg; pantothenic
acid, 13.8mg; niacin, 30.3mg; choline chloride, 551mg; Mn, 40mg (MnSO4); Fe, 100mg (FeSO4∙H2O); Zn, 100mg (ZnSO4); Cu, 100mg (CuSO4∙5H2O); I, 0.3mg (KI); Se, 0.3mg (Na2SeO3)
5 Amylopectin content = total starch content - amylose content
W LP waxy corn starch low-protein diet, C +W LP corn starch + waxy corn starch low-protein diet, C LP corn starch low-protein diet, P +W LP pea starch + waxy corn starch low-
protein diet, P LP pea starch low-protein diet, SID standardized ileal digestibility
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end of the 5-d collection, the feces and urine were
pooled respectively for each pig and the feces subsam-
ples (about 250 g) were dried for 72 h at 65 °C and
ground through a 1-mm screen. Feces and urine samples
were stored at 4 °C and − 20 °C respectively for analysis.
On the morning of d 20, 150 mg (about 5 mg/kg BW)

[15N] glycine packed in a starch capsule was provided to
each pig. Urine excreted from d 20 to d 22 was collected
and stored at − 20 °C until protein turnover analysis.

Growth performance
Barrows were weighed after an overnight fast at d 23
and continued to be fed the same treatment diets as pre-
vious but with ad libitum access. We fed the pigs three
times a day at 08:00, 14:00, and 20:00. Because pigs
maintained the rapid-ingesting habit, pigs can finish eat-
ing within 15 min after each feeding. During the 14-d
growth experiment period, the feed intake of each pig
was recorded daily. On the afternoon of d 36, fresh feces
(about 2 g) from each pig were collected into two sterile
centrifuge tubes (5-mL) and then stored at − 20 °C after
quick-freezing by liquid nitrogen. On the morning of d
37, after an overnight fast, blood sample collection was
conducted on each pig from the jugular vein into an
anti-coagulant tube (Becton, Dickinson and Company,
Franklin Lakes, NJ, USA). Pigs were weighed after blood
collection to determine average daily gain (ADG) and
feed efficiency.

Chemical composition analysis
Chemical analyses of feed, feces, and urine samples were
conducted in duplicate. Concentrations of dry matter
(930.15) and crude protein (954.01) in feed, urine, and
feces samples were measured according to the Associ-
ation of Official Analytical Chemists procedures (2000)
[13]. Concentrations of crude fiber (978.10), total cal-
cium (984.01), and total phosphorus (965.17) in feed and
feces samples were measured according to the Associ-
ation of Official Analytical Chemists procedures (2006)
[14]. Acid detergent fiber and neutral detergent fiber in
feed ingredients were determine by using a fiber analyzer
according to a previous report [15]. Total starch and
amylose contents were determined with commercial
assay kits (Nanjing Jiancheng Bioengineering Institute,
Nanjing, China).

Starch in vitro digestion
The in vitro digestion of dietary starch was determined
in quadruplicate as described by Englyst et al. with
minor modifications [16]. In brief, samples (about 1 g)
were incubated in a HCl solution (10 mL; 0.05 mol/L)
containing 0.05 g pepsin (P-7000; Sigma-Aldrich) and
0.05 g guar gum (P-9000-30-0; Sigma-Aldrich). Tubes
were incubated at 37 °C for 30 min with vibration. Then,

sodium acetate solution (10 mL; 0.25 mol/L) and a mixed
enzyme digestive juice [5 mL; 0.7 g pancreatin (P-7545;
Sigma-Aldrich, Darmstadt, Germany), 0.05 mL amylo-
glucosidase, and 3 mg invertase (P-57629; Sigma-
Aldrich, Darmstadt, Germany)] was added to each tube.
After incubating at 37 °C for 0.25, 0.50, 1, 1.5, 2, 3, and
4 h, an aliquot of 0.5 mL was taken respectively to which
absolute ethanol was added for stopping the digestion of
the starch. Then the samples were centrifuged at 3000
× g for 10 min to get supernatant. The glucose content
of the supernatant was measured using a commercial
glucose detection kit (Nanjing Jiancheng Bioengineering
Institute, Nanjing, China).

Plasma analysis
The plasma free amino acid concentration was deter-
mined as follow. Frozen serum samples (1 mL) were
placed at 4 °C to thaw and then deproteinized with sali-
cylic acid (120 mg). After the samples were placed in an
ice bath for 25 min, the reaction system was centrifuged
(12,000 × g for 15 min) and then the supernatant was ad-
justed to pH 7.0 by adding a lithium hydroxide solution
(2 mol/L). The supernatant fluid was filtered through a
filter (0.1 μm) before amino acid analysis using an S-
433D Amino Acid Analyzer (Sykam, Munich, Germany).
Plasma SCFAs concentrations were determined ac-

cording to a previous study [17], with minor modifica-
tions. In brief, an aliquot of plasma (0.4 mL) was added
into one sterile centrifuge tube (2 mL) containing aceto-
nitrile (1.2 mL). The solution was centrifuged at 12,000
× g for 15 min. Afterward, the supernatant was diluted
five times with ultrapure water and then used for SCFAs
analysis using a gas chromatography (Ion Chromatog-
raphy System; Dionex ICS-3000, Sunnyvale, CA, USA).
The concentrations of plasma pyruvate, insulin, leptin,

aldolase, insulin-like growth factor-1 (IGF-1), and lipase
were determined using Enzyme-Linked Immunosorbent
Assay (ELISA) methods with commercial kits (Sinoukbio
Biotechnology Institute, Beijing, China). The determin-
ation of the plasma levels of alanine aminotransferase,
aspartate aminotransferase, alkaline phosphatase, cre-
atinine, total bilirubin, glucose, glycogenic amino acids,
total protein, albumin, urea nitrogen, total cholesterol,
triglyceride, low-density lipoprotein, high-density, and
lipoprotein was conducted using colorimetry methods
with commercial kits (Beijing Winter Song Boye Bio-
technology Co. Ltd., Beijing, China). ELISA determin-
ation was operated using an automatic enzyme label
analyzer (DR-200BS, Huawei Langde instrument Co.,
Ltd., Wuxi, China). Colorimetry determination was oper-
ated using an automatic biochemical analyzer (BS-420,
Mindary Biomedical Electronics Co., Ltd., Shenzhen,
China). All the determinations were conducted accord-
ing to the manufacturers’ protocols.
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Lactate and SCFAs concentrations in feces
Lactate and SCFAs concentrations in feces were ana-
lyzed as described previously [17]. In brief, thawed fecal
samples (about 1 g) were placed into sterile tubes (10
mL), diluted with ultrapure water (8 mL) and homoge-
nized. Afterward, samples were incubated in an ultra-
sonic bath for 30 min then centrifuged at 10,000 × g for
10 min to obtain the supernatant. Concentrations of lac-
tate and SCFAs in the supernatant were measured using
gas chromatography (Ion Chromatography System; Dio-
nex ICS-3000, Sunnyvale, CA, USA).

Whole-body protein turnover
Urinary urea and ammonia were determined in two sub-
samples using commercial kits (Nanjing Jiancheng Bio-
engineering Institute, Nanjing, China). 15N analysis was
conducted according to a previous study [18]. In brief,
for urea and ammonia separation from total urinary ni-
trogen, a cation exchange resin (AG50W-X8 200 H+

form; Sigma-Aldrich, St. Louis, MO, USA) was con-
verted to the Na+/K+ form by stirring of resin (100 g)
twice for 15 min each in NaOH (600 mL; 0.1 mol/L).
The resin was then washed to neutrality with Milli-Q
water (18.2 MΩ, Millipore, Billerica, MA, USA) and
stirred three times for 15 min each in Na+/K+ phosphate
buffer (600 mL; 0.2 mol/L) adjusted to pH 7.4.
To extract the urinary ammonia nitrogen, an aliquot

of urine (containing approximately 3000 μg of ammonia)
was passed through the Na+/K+ resin to combine the
ammonia, and then ammonia was washed from the Na+/
K+ resin. The ammonia was stored at − 20 °C for 15N en-
richment analysis. The elute containing the urea fraction
was subjected to enzymatic hydrolysis (Urease Type VI
Jack Beans, 105,000 units/g, Sigma-Aldrich Co.) to ob-
tain ammonia. All the ammonia was washed from the
resin and transferred into a ‘Y’ volumetric flask con-
nected to a lithium hypobromite reaction liquid. Finally,
ammonia, derived from urea or present in the urine, was
detected by automated mass spectrometry (MM 903: VG
Isogas, Middlewich, Cheshire, UK).

Bacterial community structure
Feces samples in W LP, C LP, and P LP treatments were
detected for the bacterial community. Because, these
three groups can respectively represent the high, middle,
and low starch digestion rate groups of the present
study, we did not analyze bacterial community in C +W
LP and P +W LP treatments, which is considered un-
necessary and complicated. A QIAamp Fast DNA Stool
Mini Kit (Qiagen Ltd., Düsseldorf, Germany) was used
for bacterial DNA extraction according to the manufac-
turer’s instructions. The agarose gel electrophoresis
proved that DNA isolation was achieved as expected. A
thermocycler polymerase chain reaction system

(GeneAmp 9700, ABI, USA) was applied to amplify the
bacterial 16S rRNA genes in the V3–V4 hypervariable
region. And the Illumina HiSeq 2500 platform (San
Diego, CA, USA) was used to purify, quantify, pool, and
sequence the resulting amplicons. Within Qiime (version
1.8; http://qiime.org/), the sequences were clustered into
OTUs with a 97% similarity. Then, UCHIME was used
for the definition and removal of the nonnormal gene
sequences. The Ribosomal Database Project classifier
(http://rdp.cme.msu.edu/) was also referenced to per-
form a taxon-dependent analysis of OTUs at a 90% con-
fidence level. The α and β diversity analysis and
taxonomic community assessments were conducted
using Qiime 1.8 scripts.

Calculation
The feed efficiency was calculated using the following
formula:

Feed efficiency ¼ total feed intake=total weight gain

ð1Þ
The starch digestion coefficient was calculated as

follow:

Digestion coefficient at time t ¼
½ glucose present at time t−0 min glucose releaseð Þ

�0:9�=total starch

ð2Þ

0.9 Is the molecular weight of glucose as incorporated
into starch
The dietary amylose content was calculated as follow:

Dietary amylopectin content
¼ total starch content−amylose content ð3Þ

The apparent biological value was calculated as follow:

Apparent biological value ¼
intake of nitrogen−fecal nitrogen−urinary nitrogenð Þ

= intake of nitrogen−fecal nitrogenð Þ
ð4Þ

The net protein utilization was calculated as follow:

Protein efficiency of utilization ¼
intake of nitrogen−fecal nitrogen−urinary nitrogenð Þ

=intake of nitrogen

ð5Þ

Whole-body protein turnover was calculated according
to the end-product method using a single oral dose of
15N glycine [19]. This simplified model is based on as-
sumptions that 15N is distributed between protein syn-
thesis and amino acid oxidation in the same proportion
as total body amino acids; 15N released from protein
degradation will not be reincorporated into protein; 15N
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is freely available for transamination between amino
acids.
The rate of whole-body nitrogen flux was estimated

using the equation of Waterlow et al. [19]:

Q ¼ EEP � d=eEP ð6Þ
In this equation, EEP referred to the amount of nitro-

gen excreted as urinary ammonia or urea (g/d); d is the
dose of 15N given orally (g); eEP is the total amount of
15N excreted in urine as ammonia or urea (g) during the
collection period and Q is total whole-body nitrogen flux
(g/d).
Absolute rates of whole-body protein synthesis (g of

protein synthesized/d) and breakdown (g of protein de-
graded/d) were derived from the following equation:

Q ¼ I þ B ¼ S þ E ð7Þ
In this equation, I is the sum of the digestible nitrogen

intake from the diets and infused nitrogen, B is the rate
of whole-body protein degradation, S is the rate of
whole-body protein synthesis and E is total urinary N
excretion (urinary urea plus ammonia), all expressed as
g/kg BW0.75/d.

Statistical analysis
The PROC MIXED procedures of SAS version 9.4 (SAS
Institute, Cary, NC, USA) was used to perform date ana-
lysis. All data were checked normal distribution and
homogeneous variance using the UNIVARIATE proced-
ure. Data for growth performance, nitrogen metabolism

Fig. 1 Dietary starch digestion and glucose release in in vitro experiment. Absolute (A) and cumulative (B) release of glucose during in vitro
digestion were determined at 15, 30, 60, 90, 120, 180 and 240min, respectively. Values are means, n = 4. In A, the SE ranged from 0.03% to 0.05%;
in B, the SE ranged from 0.06% to 2.83%. Abbreviations: W LP, waxy corn starch low-protein diet; C +W LP, corn starch + waxy corn starch low-
protein diet; C LP, corn starch low-protein diet; P + W LP, pea starch + waxy corn starch low-protein diet; P LP, pea starch low-protein diet

Table 2 Dietary starch digestion and glucose release in vitro
experiment

Items W LP C +W LP C LP P +W LP P LP

In vitro glucose release of starch, %

15min 3.00 2.50 1.70 2.00 0.72

30min 2.10 1.60 1.45 1.10 0.70

60min 0.45 0.70 0.90 0.60 0.63

90min 0.15 0.30 0.36 0.35 0.55

120 min 0.03 0.04 0.10 0.15 0.41

180 min 0.02 0.02 0.03 0.08 0.15

240 min 0.00 0.00 0.00 0.02 0.06

In vitro cumulative glucose release of starch, %

15min 45.00 37.50 25.50 30.00 10.80

30min 76.50 61.50 47.25 46.50 21.30

60min 90.00 82.50 74.25 64.50 40.20

90min 94.50 91.50 85.05 75.00 56.70

120 min 95.50 92.70 88.05 79.50 69.00

180 min 96.50 93.90 89.55 84.30 78.00

240 min 96.50 93.90 89.55 85.50 81.60

W LP waxy corn starch low-protein diet, C +W LP corn starch + waxy corn
starch low-protein diet, C LP corn starch low-protein diet, P +W LP pea starch
+ waxy corn starch low-protein diet, P LP pea starch low-protein diet
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and plasma free amino acid concentrations were ana-
lyzed using the ANOVA of SAS. Data for protein depos-
ition, plasma biochemical parameters, lactate and SCFAs
analysis was performed by the t-test procedure of SAS.
Dietary treatment was a fixed effect and pig was the ran-
dom effects in the model. Each pig was regarded as a re-
peat, so each treatment is repeated 6 times. Data
obtained by ANOVA are shown as the Lsmeans and
SEM, and data obtained by t-test are presented as means
± SD. Differences at P-value ≤ 0.01 were considered
highly significant; differences at P-value ≤ 0.05 were con-
sidered significant and differences at P-value < 0.10 was
considered a tendency.
The α diversity of the fecal bacterial community was

analyzed using Mann-Whitney U test and Kruskal-
Wallis test. The adonis to determine the statistical sig-
nificance of the principal co-ordinates analysis (PCoA)
analysis of microbial compositions between the treat-
ments was done using QIIME software package (version
2) and was based on the Bray-curtis distance metrics.

Linear discriminant analysis effect size (LEfSe) was used
to compare differences in taxonomic levels, including
phylum, class, order, family, and genus.

Results
Starch composition affected in vitro digestion rate
Starch digestion curves exhibited a lag phase that could
be described with the sigmoidal shape parameter (Fig. 1
and Table. 2). In vitro glucose release peaked at 15 min
after the start of incubation and the peak glucose release
was 3.01%, 2.52%, 1.78%, 2.04%, and 0.72% for W LP,
C +W LP, C LP, P +W LP, and P LP treatments, re-
spectively. When at 120 min of incubation, glucose re-
lease was 0.03%, 0.04%, 0.10%, 0.15%, and 0.41% for the
five treatments (Fig. 1A). Cumulative starch digestion at
30 and 240 min was 76.50% and 96.50% for W LP,
61.50% and 93.90% for C +W LP, 47.25% and 89.55% for
C LP, 45.50% and 85.50% for P +W LP, and 10.80% and
81.60% for P LP, respectively (Fig. 1B).

Table 3 Growth performance condition

Items W LP W + C LP C LP W+ P LP P LP SEM P-value

Initial weight, kg 35.4 35.6 35.5 35.4 35.5 2.4 0.994

Final weight, kg 46.7 48.9 47.0 45.7 45.8 2.8 0.782

Average daily gain, g 816ab 952a 823ab 738b 790b 50 0.041

Average daily intake, g 1882 1970 1886 1795 1789 91 0.308

Feed efficiency 0.43 0.48 0.44 0.41 0.44 0.03 0.379
a-bMeans in the same row with different superscripts differ (P ≤ 0.05)
W LP waxy corn starch low-protein diet, C +W LP corn starch + waxy corn starch low-protein diet, C LP corn starch low-protein diet, P +W LP pea starch + waxy
corn starch low-protein diet, P LP pea starch low-protein diet. Values are means of 6 observations per treatment

Table 4 Nitrogen balance of pigs in response to low-protein diets

Items W LP C +W LP C LP P +W LP P LP SEM1 P-value

Average daily feed intake, g/d 1040 1067 1070 1035 1048 35 0.941

Dietary N intake, g/d 21.64 22.36 22.78 21.66 22.22 1.41 0.947

Urinary N excretion, g/d 2.05a 1.37b 2.17a 1.61ab 1.91a 0.13 0.018

Fecal N excretion, g/d 4.26 4.25 4.39 4.73 4.50 0.25 0.743

Total N excretion, g/d 6.31a 5.62b 6.56a 6.34a 6.41a 0.20 0.046

Retention of N, g/d 15.33 16.74 16.22 15.32 15.81 0.78 0.342

Total N excretion/intake of N, % 29.17 25.13 28.80 29.26 28.84 1.75 0.390

Urinary N excretion/N excretion, % 32.48a 24.37b 33.08a 25.39ab 29.80ab 2.12 0.050

Fecal N excretion/N excretion, % 67.52b 75.63a 66.92b 74.61ab 70.20ab 2.42 0.050

Apparent biological value2, % 88.20b 92.44a 88.20b 90.49ab 89.22ab 1.25 0.043

Protein efficiency of utilization3, % 70.79 74.76 71.16 70.86 71.30 3.42 0.269
a-c Means in the same row with different superscripts differ (P ≤ 0.05)
1n = 6
2 (Intake of nitrogen - fecal nitrogen - urinary nitrogen) / (intake of nitrogen - fecal nitrogen)
3 (Intake of nitrogen - fecal nitrogen - urinary nitrogen) / intake of nitrogen
W LP waxy corn starch low-protein diet, C +W LP corn starch + waxy corn starch low-protein diet, C LP corn starch low-protein diet, P +W LP pea starch + waxy
corn starch low-protein diet, P LP pea starch low-protein diet. Values are means of 6 observations per treatment
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Table 5 Plasma free amino acid concentrations of growing pigs fed low-protein diets

Items W LP C +W LP C LP P +W LP P LP SEM1 P-value

Essential amino acids, μmol/L

Lysine 193.75 186.80 192.99 184.23 193.29 13.59 0.761

Methionine 38.27a 39.85a 40.79a 22.73b 34.30a 3.21 0.038

Threonine 134.37ab 112.11b 156.53a 169.01a 120.61b 9.10 0.050

Tryptophan 53.89 55.99 54.04 58.42 50.14 4.88 0.662

Isoleucine 143.83 130.90 164.25 157.92 148.31 13.91 0.295

Valine 167.45 130.89 135.64 170.67 151.29 15.77 0.193

Arginine 187.40a 138.29b 147.71ab 138.25b 129.40b 14.20 < 0.001

Histidine 92.25ab 74.46b 69.74b 111.68a 73.87b 8.01 0.048

Phenylalanine 93.44 88.92 90.69 84.81 93.02 5.51 0.526

Total EAA 1104 958 1052 1097 994 65 0.440

Non-essential amino acids, μmol/L

Aspartic acid 74.46 69.13 72.64 75.41 73.52 4.51 0.214

Glutamine 318.44 328.10 310.45 324.92 322.20 14.39 0.588

Glutamate 146.15ab 154.90ab 195.08a 132.51b 175.78ab 18.20 0.045

Alanine 194.03a 107.76b 126.14b 108.56b 129.69b 10.46 0.018

Cystine 66.28a 46.84b 51.31b 57.93ab 51.15b 4.52 0.044

Glycine 473.45a 439.48a 427.28a 309.02b 417.49a 22.91 0.008

Proline 142.50 126.59 134.49 121.52 133.99 10.77 0.523

Serine 86.62 78.29 89.62 82.62 92.62 6.76 0.146

Tyrosine 173.33 166.77 166.65 173.13 165.69 12.65 0.291

Taurine 74.76abc 78.56ab 85.96a 79.96ab 62.28c 5.27 0.021

Asparagine 168.53ab 178.60a 165.93ab 115.43c 125.53bc 15.73 0.008

Citrulline 71.52a 55.35b 73.03a 78.15a 78.25a 2.78 < 0.001

Ornithine 134.00 129.12 141.52 135.64 144.87 7.09 0.553

Total NEAA 2176a 2010abc 2101ab 1854c 2030abc 81 0.027

Total AA, μmol/L 3280 2969 3150 2952 3024 135 0.674
a-c Means in the same row with different superscripts differ (P ≤ 0.05)
1n = 6
W LP waxy corn starch low-protein diet, C +W LP corn starch + waxy corn starch low-protein diet, C LP corn starch low-protein diet, P +W LP pea starch + waxy
corn starch low-protein diet, P LP pea starch low-protein diet, NEAA non-essential amino acid. Values are means of 6 observations per treatment

Fig. 2 Protein turnover of growing pigs fed low-protein diets. Protein synthesis (A), protein breakdown (B) and protein deposition (C). Values are
means of 6 observations per treatment. *Significant differences between treatments (P ≤ 0.05). Values are least squares means ± SD; n = 6.
Abbreviations: W LP, waxy corn starch low-protein diet; C + W LP, corn starch + waxy corn starch low-protein diet; C LP, corn starch low-protein
diet; P + W LP, pea starch + waxy corn starch low-protein diet; P LP, pea starch low-protein diet
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Starch composition modulated growth performance
Daily weight gain of pigs fed C +W LP diet (952 g/d;
Table 3) was greater than those fed P +W LP (738 g/d;
P < 0.05) and P LP diets (790 g/d; P < 0.05). Feed effi-
ciency of C +W LP group (0.48) tended to improve
compared with that of P +W LP group (0.41; P = 0.08).

Starch composition influenced nitrogen efficiency
C +W LP treatment showed significantly decreased total
nitrogen excretion compared with the other treatments
(P < 0.05; Table 4) and markedly decreased urinary nitro-
gen excretion and the ratio of urinary nitrogen to total
nitrogen excretion compared with that of W LP, C LP,
and P LP treatments (P < 0.05). Compared with pigs fed
W LP and C LP diets, pigs fed C +W LP diet showed a
significantly lower ratio of urinary nitrogen to total ni-
trogen excretion (P < 0.05), a higher ratio of fecal nitro-
gen to total nitrogen excretion (P < 0.05), and a higher
apparent biological value (P < 0.05).

Starch composition affected plasma free amino acids
Compared with the other treatments, P +W LP treat-
ment showed the lowest plasma asparagine, glutamate,
methionine, glycine, and total non-essential amino acid
concentrations and the highest plasma histidine concen-
tration among treatments (P < 0.05; Table 5). W LP
treatment showed markedly higher plasma alanine

concentration than the other treatments (P < 0.05) Com-
pared with the other treatment groups, the C +W LP
group showed highly significantly lower plasma citrulline
concentration (P < 0.01).

Starch composition modulated protein turnover
Protein synthesis, protein breakdown, and protein de-
position in C +W LP group were dramatically increased
compared with those in W LP, C LP, and P LP treat-
ment groups (P < 0.05; Fig. 2). There was no significant
difference between C +W LP and P +W LP treatments
on protein synthesis, protein breakdown, and protein de-
position. Protein deposition in the P +W LP group was
numerically higher than that in the P LP group, but the
difference was not significant.

Starch composition acted on liver function and nutrient
metabolism
Plasma alanine aminotransferase, aspartate aminotrans-
ferase, alkaline phosphatase, creatinine, and total biliru-
bin concentrations among treatments were not
significantly different (Fig. 3). W LP group showed sig-
nificantly lower plasma glucose and aldolase concentra-
tions and higher plasma urea nitrogen concentration
compared with the other groups (P < 0.05; Fig. 4 and
Fig. 5). Compared with W LP, P +W LP, and P LP treat-
ments, the plasma pyruvate concentrations in C +W LP

Fig. 3 Liver function of growing pigs fed low-protein diets. Alanine aminotransferase (A), aspartate aminotransferase (B), alkaline phosphatase (C),
creatinine (D), and total bilirubin (E). Values are means of 6 observations per treatment. Values are least squares means ± SD; n = 6. Abbreviations:
W LP, waxy corn starch low-protein diet; C +W LP, corn starch + waxy corn starch low-protein diet; C LP, corn starch low-protein diet; P +W LP,
pea starch + waxy corn starch low-protein diet; P LP, pea starch low-protein diet

Zhou et al. Journal of Animal Science and Biotechnology           (2022) 13:78 Page 9 of 19



and C LP treatments were dramatically increased (P <
0.01). Plasma total glycogenic amino acid concentration
of pigs fed W LP diet was significantly higher than those
of pigs fed C +W LP and P +W LP diets (P < 0.05).
Plasma IGF-1 concentrations in C +W LP and C LP
treatment groups did not differ but were notably higher
than those in the other treatment groups (P < 0.05).
There was no difference in plasma leptin concentration
between treatments. The plasma total cholesterol con-
centration markedly increased in W LP treatment com-
pared with those in C +W LP and P LP treatments (P <
0.05; Fig. 6). C +W LP and C LP treatment groups
showed a highly significantly decreased plasma concen-
tration of triglyceride compared with the W LP treat-
ment group (P < 0.01). Plasma lipase concentrations in
C +W LP and C LP treatment groups did not differ but
were both notably higher than those in the other treat-
ment groups (P < 0.05).

Starch composition acted on SCFAs in plasma and feces
Compared to the other treatment groups, the P LP
group presented significantly decreased plasma lactate
and butyrate concentrations (P < 0.05; Fig. 7). The con-
centrations of isobutyrate and isovalerate in feces of pigs
fed P +W LP and P LP diets were markedly increased
compared with those in pigs fed W LP, C +W LP, and C
LP diets (P < 0.05). Besides, P +W LP and P LP groups
presented significantly higher fecal lactate concentration
than W LP and C +W LP groups (P < 0.05). Fecal valer-
ate concentration of pigs fed C LP, P +W LP, and P LP
diets were significantly increased compared with those
of pigs fed W LP and C +W LP diets (P < 0.05).

Starch composition modulated the fecal bacterial
community
There was no significant difference in diversity and rich-
ness of bacterial community among the different

Fig. 4 Carbohydrate metabolism of growing pigs fed low-protein diets. Glucose (A), pyruvate (B), insulin(C) and glycogenic amino acid (D). Values
are means of 6 observations per treatment. *Significant differences between treatments (P ≤ 0.05), **Significant differences between treatments
(P ≤ 0.01). Values are least squares means ± SD; n = 6. Abbreviations: W LP, waxy corn starch low-protein diet; C + W LP, corn starch + waxy corn
starch low-protein diet; C LP, corn starch low-protein diet; P +W LP, pea starch + waxy corn starch low-protein diet; P LP, pea starch
low-protein diet
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treatments (Table 6). A phylum-level analysis proved
that the microbiota composition in the feces of pigs was
consistently dominated by Firmicutes (81.98%; Fig. 8)
and Actinobacteriota (9.59%). At the family level, Lacto-
bacillaceae (43.38%), Clostridiaceae (9.48%) and Bifido-
bacteriaceae (8.09%) were the dominant bacteria.
To analyze the microbial communities, a binary

Pearson distance matrix was constructed based on the
OTUs in each sample of treatments. The PCoA re-
vealed that starch patterns (in W LP and P LP treat-
ments) in LP diets changed the taxonomic and
functional structures of the microbial communities,
respectively (P < 0.05; Fig. 9).
Significant differences in the microbial community

among the different treatment groups are shown in
Fig. 10. Many bacteria such as Eubacterium_Coprosta-
noligenes_Group, Romboutsia, Sporichthyaceae, Oribac-
terium, and Cyanobium_PCC-6307 were in greater
abundance in the P LP treatment than W LP and C LP
treatments. Compared with the P LP treatment, the W
LP treatment had an increased abundance of Prevotella
and a decreased abundance of Peptostreptococcaceae,
Cyanobacteria, and Ilumatobacteraceae.

Discussion
By supplementing crystalline amino acids, LP diets can
precisely satisfy the nutritional requirement of livestock
and poultry while saving feed costs and reducing nitro-
gen pollution excretion. But crystalline amino acids sup-
plementation can also have negative effects. Crystalline
amino acids release amino acids faster than starch re-
leases glucose in the intestine. Therefore, the absorption
and metabolism of amino acids occur earlier than that of
glucose in pigs fed LP diets supplemented with large
amounts of crystalline amino acids. This may cause a de-
crease in amino acid efficiency for the following reasons.
1) Owing to the lack of non-essential amino acids such
as glutamine, asparagine, and glutamate, and glucose
supply lagging behind amino acids supply, crystalline
amino acids are oxidized to provide energy for intestinal
cells under the fuel-shortage conditions [6, 20, 21]. 2)
Previous studies proved that the postprandial concentra-
tion peak of blood amino acids caused by crystalline
amino acids ingestion was markedly earlier than that of
blood glucose caused by corn starch ingestion [22, 23].
This will cause glucose to be unable to provide sufficient
energy during the process of amino acid synthesis into

Fig. 5 Nitrogen metabolism of growing pigs fed low-protein diets. Total protein (A), albumin (B), urea nitrogen (C), aldolase (D) and IGF-1 (E).
Values are means of 6 observations per treatment. *Significant differences between treatments (P ≤ 0.05), **Significant differences between
treatments (P ≤ 0.01). Values are least squares means ± SD; n = 6. Abbreviations: W LP, waxy corn starch low-protein diet; C + W LP, corn starch +
waxy corn starch low-protein diet; C LP, corn starch low-protein diet; P + W LP, pea starch + waxy corn starch low-protein diet; P LP, pea starch
low-protein diet
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protein, compromising protein synthesis [24]. 3) The in-
crease in postprandial blood glucose concentration stim-
ulates the secretion of hormones that benefit protein
synthesis (such as leptin, IGF-1, and insulin) [25, 26].
Therefore, the uncoordinated supply of glucose and
amino acids also weakens the protein synthesis promo-
tion from hormones. 4) Large amounts of amino acids
that cannot be synthesized into protein are in free form,
stimulating the body to oxidize these amino acids to
avoid toxicity [5]. Hence, enhancing the synchronization
of glucose and amino acids supply in LP diets is ex-
tremely important for efficient amino acid utilization.
Starch, the main glucose source in diet and feed, is a

critical metabolism and health regulator. Previous stud-
ies suggested that slowly-digested starch usually rich in
amylose, such as tubers and legume, [27] can delay di-
gestion, nourish microorganisms to produce SCFAs, and
benefit colonic health [28]. Besides, waxy starches rich
in amylopectin are more efficient in enzymatic hydroly-
sis, which leads to higher digestibility and faster diges-
tion rate [29], resulting in greater postprandial blood
glucose and related hormones fluctuation and more food
consumption [30]. Therefore, dietary starch patterns
modulation may be a feasible method to optimize nitro-
gen efficiency and regulate nutrient metabolism in LP

diets. In the current study, the ratio of dietary amylopec-
tin to amylose was used as the main factor regulating
the rate of glucose release from starch. The results of
the present study demonstrated that dietary starch pat-
terns modulation can regulate nutrient metabolism, pro-
tein turnover, and microbial fermentation, and the
optimal dietary glucose release profile can enhance pro-
tein deposition and improve nitrogen efficiency and
growth performance in growing pigs fed LP diets.
Waxy corn starch is almost entirely composed of

amylopectin, while corn starch and pea starch contain
about 25% and 45% amylose, respectively. The results of
in vitro digestion experiments demonstrated that we
successfully regulated the glucose release rate of the di-
ets with starch patterns modulation. It is worth noting
that although the C LP group and the P +W LP group
had a similar ratio of amylopectin to amylose, the
in vitro glucose release patterns were significantly differ-
ent. This was expected because, as we stated earlier,
starch digestion rates are regulated by other factors such
as particle size. Compared with the C LP diet, the waxy
corn starch in the P +W LP diet promoted a rapid glu-
cose release in the first 15 min, and the pea starch
caused a sustained glucose release after 90 min. The
present study did not research in vivo postprandial

Fig. 6 Lipid metabolism of growing pigs fed low-protein diets. Total cholesterol (A), triglyceride (B), low-density lipoprotein (C), high-density
lipoprotein (D), lipase (E) and leptin (F). Values are means of 6 observations per treatment. *Significant differences between treatments (P ≤ 0.05),
**Significant differences between treatments (P ≤ 0.01). Values are least squares means ± SD; n = 6. Abbreviations: W LP, waxy corn starch low-
protein diet; C + W LP, corn starch + waxy corn starch low-protein diet; C LP, corn starch low-protein diet; P + W LP, pea starch + waxy corn
starch low-protein diet; P LP, pea starch low-protein diet
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change in blood glucose with time after a meal, because
our previous data [31] and van Kempen et al. [32] has
confirmed that the in vitro digestion rate of starch can
reflect the rate of postprandial change in blood glucose
in growing pigs, approximately.
Protein turnover is a basic physiological process of or-

ganisms, including protein synthesis and degradation.
The balance of protein synthesis and degradation is a
decisive factor affecting protein deposition in animal
cells and tissues (such as skeletal muscle) [18]. Protein
turnover cannot conduct independently of energy me-
tabolism. The ATP consumption to synthesize or de-
grade 1 mol of protein in the cell is 5 mol and 1mol,

respectively. Previous studies found that when under
maintenance states, the protein synthesis rate of a 30 kg
growing pig is 270 g/d. And when the dietary energy
value increased to 2 and 3 times the maintenance energy
requirement, this rate increased to 406 g/d and 512 g/d,
respectively [33]. Few studies focused on the effect of
energy carrier supply rate on protein turnover. Results
of the present study demonstrated that when waxy corn
starch was used to moderately increase the glucose re-
lease rate of LP diets composed of corn starch or pea
starch, the increase in protein synthesis was greater than
that in protein degradation, and then protein deposition
was effectively enhanced. Crystalline amino acids in LP

Fig. 7 Plasma and feces lactate and SCFAs concentrations. Lactate and SCFAs concentrations in plasma (A) and feces (B). Values are means of 6
observations per treatment. *Significant differences between treatments (P≤ 0.05), **Significant differences between treatments (P ≤ 0.01). Values
are least squares means ± SD; n = 6. Abbreviations: W LP, waxy corn starch low-protein diet; C +W LP, corn starch + waxy corn starch low-protein
diet; C LP, corn starch low-protein diet; P +W LP, pea starch + waxy corn starch low-protein diet; P LP, pea starch low-protein diet
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diets are rapidly absorbed by the gut after meals,
whereas intact proteins are digested to release amino
acids and then absorbed. In C +W LP diets, waxy corn
starch high in amylopectin can release glucose rapidly,
and corn starch releases glucose relatively continuously
at a moderate rate. Therefore, the C +W LP diet may
have provided the pigs with a simultaneous supply of
amino acids and glucose, which facilitated protein syn-
thesis from amino acids.
The results of nitrogen efficiency were consistent

with those of protein turnover. There was no signifi-
cant difference in fecal nitrogen excretion among
treatments, which indicated that dietary starch pat-
terns did not affect the total tract digestibility of pro-
tein. Urine nitrogen refers to the nitrogen that is
absorbed into the body and excreted after being me-
tabolized [34]. Significant differences were observed in

urine nitrogen excretion between treatment groups.
The similarity in fecal nitrogen excretion combined
with differences in urine nitrogen between treatments
indicates that starch patterns changes altered the
utilization efficiency of post-absorptive nitrogen. Espe-
cially, the C +W LP group significantly improved the
protein apparent biological value compared with the
C LP group. This may be related to the fact that
waxy corn starch accelerated postprandial glucose re-
lease from the diet, improved the synchronization of
glucose and amino acids supply in LP diets. The en-
hanced nitrogen efficiency contributed to the im-
proved daily gain of pigs in the C +W LP group.
The gastrointestinal digestion of amylopectin is faster

than that of amylose, which results in that pigs on high
amylopectin diets absorbing glucose more rapidly after
meals [35, 36]. Given that a rapid increase in blood glu-
cose in a short time can stimulate the massive secretion
of insulin for negative feedback [29], decreased plasma
glucose concentration in the W LP treatment may be
because the rapidly absorbed glucose is converted into
glycogen by the massively secreted insulin. Glycogenic
amino acids refer to amino acids that can be converted
into glucose participating in energy metabolism [37].
The increased plasma concentrations of glycogenic
amino acids, such as alanine and arginine, may indicate
an increased higher amino acid catabolism to furnish
glucose in the W LP group. Pyruvate can be reduced to
lactate in the cytoplasm for energy, enter the mitochon-
dria to participate in aerobic respiration, and achieve the
transformation of three major nutrients through the
acetyl-CoA and tricarboxylic acid cycle [38]. The in-
creased plasma pyruvate concentrations in the C +W LP
and C LP groups represented relative energy metabolism
homeostasis.

Table 6 The α diversity of the fecal bacterial community

Items W LP C LP P LP P-value

Shannon1 2.37 2.36 2.67 0.644

Simpson2 0.31 0.27 0.21 0.801

ACE3 273.80 266.31 284.40 0.766

Chao4 276.50 273.65 288.89 0.814
1 Shannon-Wiener index, an index to measure species diversity: an increase in
the Shannon-Wiener index value represents an increase in species diversity
2 Simpson index, describes the probability that the number of individuals
sampled from a community twice in a row belong to the same species
3 Abundance-based Coverage Estimator, is used to estimate the number of
OTUs contained in the community and is one of the commonly used indices
for estimating the total number of species in ecology
4 Chao index, is commonly used in ecology to estimate the total number
of species
W LP waxy corn starch low-protein diet, C +W LP corn starch + waxy corn
starch low-protein diet, C LP corn starch low-protein diet, P +W LP pea starch
+ waxy corn starch low-protein diet, P LP pea starch low-protein diet. Values
are means of 6 observations per treatment

Fig. 8 Fecal bacterial community at the phylum and family levels in growing pigs fed low-protein diet. Microbial community bar plot of phyla
with an abundance of 0.015% or greater (A), and microbial community bar plot of families with a proportion of 0.015% or higher (B)
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Enhanced muscle protein synthesis is accompanied by
increased plasma IGF-1 concentration, and plasma urea
nitrogen reflects systemic amino acid oxidation [39, 40].
In the present study, the decreased IGF-1 concentration
and increased urea nitrogen concentration in the W LP
treatment indicated that excessively rapid glucose release
rate in LP diets compromised muscle protein synthesis
and increased amino acid oxidation. Elevated plasma al-
dolase concentration has been used to report adult mus-
cular dystrophy and muscle breakdown [41]. But for
growing animals, enhanced muscle protein synthesis is
generally accompanied by strengthened muscle protein
breakdown (the whole-body protein turnover data in the
present study confirmed this) [18]. Hence, the lowest
plasma aldolase concentration in W LP treatment was
probably related to compromised muscle protein synthe-
sis. Leptin is a circulating hormone produced by obesity
genes [42]. Generally, fat deposition promotes leptin se-
cretion; obesity leads to elevated fasting plasma leptin
concentrations. In the present study, there was no sig-
nificant difference in the plasma leptin concentration of
growing pigs among the treatment groups, indicating
that the fat deposition was similar among treatments.
Previous studies have suggested that rapidly digested
starch can cause obesity, contradicting the results of the
present experiment [43, 44]. This may be because rapidly
digested starch in LP diets improve the synchronization
of amino acid and glucose digestion and absorption,
leading to enhanced protein synthesis. Large amounts of
glucose are used to fuel protein synthesis, which reduces
energy deposited in the form of fat.

Total cholesterol and triglycerides are the main com-
ponents of blood lipids. Compared with the C +W LP
group, increased plasma total cholesterol and triglyceride
concentrations in W LP may be associated with de-
creased lipase and leptin concentrations, which can pro-
mote fat catabolism [45, 46].
Since the gut microbial flora and its metabolites have

an important impact on the nutrient utilization of the
host [8], we explored the effects of three different puri-
fied starches on pig feces SCFAs and flora structure
under LP conditions. Results suggested that the fecal mi-
crobial community and metabolites were markedly mod-
ulated by the dietary starch patterns. Compared with the
W LP and C LP treatment groups, the P LP treatment
group showed an increased abundance of the Eubacter-
ium Coprostanoligenes Group. Coprostanoligenes can
convert cholesterol to coprostanol, which is absorbed
poorly by the gastrointestinal system. Previous studies
found that Coprostanoligenes effectively reduced the
content of serum cholesterol in rats and rabbits [47, 48].
This is consistent with our research results that Copros-
tanoligenes enriched in the P LP treatment group with a
decreased plasma cholesterol concentration. Besides, in
the P LP treatment, Romboutsia was prosperous. Rom-
boutsia can make massive proliferation in nutrient-rich
environments [49]. Results of our other research proved
that the P LP treatment decreased ileal digestibility of
total amino acids (69% vs. 78% and 80%) and starch
(92% vs. 98% and 98%) compared with the W LP and C
LP treatment. The sufficient nutrients entering in hind-
gut may have caused the prosperity of Romboutsia in

Fig. 9 Principal coordinate analysis of the microbiota from feces of pigs fed low-protein diet. Principal coordinate analysis of treatment groups
based on Bray-curtis analyses of bacterial communities at the operational taxonomic unit level. The distances between the symbols on the
ordination plot reflect the relative dissimilarities in the community structures
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Fig. 10 (See legend on next page.)
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the P LP group in the present study. In addition, it is
worth noting that the rich nutrients in the hindgut also
nourish many harmful bacteria in the P LP treatment,
such as Cyanobium_PCC-6307, a potentially toxic bac-
teria that exists in water [50]; Oribacterium, a kind of
Lachnospiraceae, enriched in early colorectal cancer
[51]; Sporichthyaceae, a potential disease indicator for
sea bass [52]. On the opposite, the W LP diet is rich in
amylopectin that can be quickly digested by the intes-
tine, which reduces the amounts of nutrients entering
the hind intestine. W LP was rich in Prevotella, which
can relieve inflammation and modulate caspase-8-
mediated IL-1β maturity [53].
Lactate is one of the major end products of probiotic

carbohydrate fermentation [54]. More ileal indigestible
starch in the P LP diet is fermented by microorganisms
to produce more lactate, which causes the lactate con-
tent in feces to be increased [29]. The decreased starch
digestion efficiency can also hinder the chemical diges-
tion of dietary protein in the foregut, resulting in more
protein into the hindgut for microbial fermentation. The
increased fecal isobutyrate and isovalerate (branched-
chain fatty acids, microbial protein fermentation prod-
ucts) contents in P LP treatment confirmed this [55].
Previous studies found that fasting plasma lactate con-
centration was elevated in obese subjects with metabolic
syndrome compared to healthy lean individuals, which
may be owing to an impairment in aerobic metabolism
[56, 57]. The significantly decreased plasma lactate con-
centration in the P LP treatment may characterize strong
aerobic metabolism capacity. Another interesting finding
is that the slowly digested starch (P LP diet) in this study
reduced the fasting plasma butyrate concentration,
which is contrary to a previous study that suggested In-
digestible carbohydrates increase plasma butyrate the
next morning [58]. The difference in experimental
methods (fasting or not) may be one of the reasons for
this difference.

Conclusion
Dietary starch patterns modulation can regulate nutrient
metabolism, protein turnover, and fecal microbial fer-
mentation in pigs. The dietary glucose release profile
can be effectively adjusted by changes in dietary starch
patterns. In C +W LP diets, waxy corn starch high in
amylopectin can release glucose rapidly, and corn starch
releases glucose relatively continuously at a moderate

rate. Compared to other treatment diets, optimal dietary
glucose release profile in C +W LP diets effectively
strengthen whole-body protein deposition and improve
nitrogen efficiency and growth performance in growing
pigs fed LP diets.

Abbreviations
ADG: Average daily gain; BW: Body weight; ELISA: Enzyme-linked
immunosorbent assay; IGF-1: Insulin-like growth factor-1; LP: Low-protein;
SCFAs: Short-chain fatty acids; SID: Standardized ileal digestibility

Acknowledgments
We thank the staff members of Ministry of Agriculture and Rural Affairs Feed
Industry Centre and Chengdejiuyun Agricultural and Livestock Co., Ltd. for
kindly helping in this research.

Authors’ contributions
Conceptualization: JYZ and SYQ; methodology: JYZ and LW; software: JYZ
and GXY; validation: XFZ and SYQ; writing—original draft preparation: JYZ;
writing—review and editing: LW and LJY; visualization: XFZ; supervision: SYQ;
project administration: SYQ. The author(s) read and approved the final
manuscript.

Funding
This work was financially supported by the Beijing Swine Innovation Team of
Modern Agriculture Industry Technological System.

Availability of data and materials
The data analyzed during the current study are available from the
corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
All animal procedures such as ethical and animal welfare issues were
approved by the ethics committee of China Agricultural University.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1State Key Laboratory of Animal Nutrition, China Agricultural University, Beijing
100193, People’s Republic of China. 2Beijing Bio-feed additives Key Laboratory,
Beijing 100193, People’s Republic of China.

Received: 6 November 2021 Accepted: 7 March 2022

References
1. Wang YM, Zhou JY, Wang G, Cai S, Zeng XF, Qiao SY. Advances in low-

protein diets for swine. J Anim Sci Biotech. 2018;9(1):60. https://doi.org/1
0.1186/s40104-018-0276-7.

2. Zhou JY, Wang YM, Zeng XF, Zhang T, Li PL, Wang L, et al. Effect of
antibiotic-free, low-protein diets with specific amino acid compositions on
growth and intestinal flora in weaned pigs. Food Funct. 2020;11(1):493–507.
https://doi.org/10.1039/C9FO02724F.

(See figure on previous page.)
Fig. 10 LEfSe effect size results of the microbiota in fecal samples. Histogram of the linear discriminant analysis scores computed for the
differentially abundant features in the fecal bacteria between W LP, C LP and P LP treatments (A), W LP and P LP treatments (B), C LP and P LP
treatments (C) and W LP and C LP treatments (D). The linear discriminant analysis bars indicate the microbial groups within treatments with linear
discriminant analysis scores higher than 2.0. The differentially abundant clades in each treatment are represented by colors in the cladograms,
and the linear discriminant analysis scores of these clades indicate the degrees of statistical and biological differences

Zhou et al. Journal of Animal Science and Biotechnology           (2022) 13:78 Page 17 of 19

https://doi.org/10.1186/s40104-018-0276-7
https://doi.org/10.1186/s40104-018-0276-7
https://doi.org/10.1039/C9FO02724F


3. Gropper SS, Gropper DM, Acosta PB. Plasma amino acid response to
ingestion of L-amino acids and whole protein. J Pediatr Gastr Nutr. 1993;
16(2):143–50. https://doi.org/10.1097/00005176-199302000-00008.

4. Van Loon LJC, Kruijshoop M, Verhagen H, Saris W, Wagenmakers A.
Ingestion of protein hydrolysate and amino acid-carbohydrate mixtures
increases postexercise plasma insulin responses in men. J Nutr. 2000;130(10):
2508–13. https://doi.org/10.1111/0272-4332.205067.

5. Nolles JA, Verreijen AM, Koopmanschap RE, Verstegen MWA, Schreurs
VVAM. Postprandial oxidative losses of free and protein-bound amino acids
in the diet: interactions and adaptation. J Ani Physiol An N. 2009;93(4):431–
8. https://doi.org/10.1111/j.1439-0396.2008.00820.x.

6. Stoll B, Burrin DG. Measuring splanchnic amino acid metabolism in vivo
using stable isotopic tracers. J Ani Sci. 2006;84(suppl_13):60–72. https://doi.
org/10.2527/2006.8413_supplE60x.

7. Martens BMJ. Starch digestion kinetics in pigs: the impact of starch
structure, food processing, and digesta passage behaviour. Wageningen:
Wageningen University; 2019.

8. Kaur B, Ariffin F, Bhat R, Karim AA. Progress in starch modification in the last
decade. Food Hydrocolloid. 2012;26(2):398–404. https://doi.org/10.1016/j.
foodhyd.2011.02.016.

9. Reyer H, Oster M, McCormack UM, Muráni E, Gardiner GE, Ponsuksili S, et al.
Host-microbiota interactions in ileum and caecum of pigs divergent in feed
efficiency contribute to nutrient utilization. Microorganisms. 2020;8(4):563.
https://doi.org/10.3390/microorganisms8040563.

10. Haenen D, Zhang J, Souza da Silva C, Bosch G, van der Meer IM, van Arkel J,
et al. A diet high in resistant starch modulates microbiota composition,
SCFA concentrations, and gene expression in pig intestine. J Nutr. 2013;
143(3):274–83. https://doi.org/10.3945/jn.112.169672

11. He X, Sun W, Ge T, Mu C, Zhu W. An increase in corn resistant starch
decreases protein fermentation and modulates gut microbiota during
in vitro cultivation of pig large intestinal inocula. Anim Nutr. 2017;3(3):219–
24. https://doi.org/10.1016/j.aninu.2017.06.004.

12. NRC. Nutrient Requirements of Swine. 11th ed. Washington: National
Academy Press; 2012.

13. AOAC. Official methods of analysis. 17th revision. Arlington: Association of
Official Analytical Chemists; 2000.

14. AOAC. Official methods of analysis. 18th revision. Arlington: Association of
Official Analytical Chemists; 2006.

15. Van Soest PJ, Robertson JB, Lewis BA. Methods for dietary fiber, neutral
detergent fiber, and nonstarch polysaccharides in relation to animal nutrition. J
Dairy Sci. 1991;74:3583–97. https://doi.org/10.3168/jds.S0022-0302(91)78551-2.

16. Englyst HN, Kingman SM, Hudson GJ, Cummings JH. Measurement of
resistant starch in vitro and in vivo. Brit J Nutr. 1996;75(5):749–55. https://doi.
org/10.1079/BJN19960178.

17. Jakobsdottir G, Jädert C, Holm L, Nyman ME. Propionic and butyric acids,
formed in the caecum of rats fed highly fermentable dietary fiber, are
reflected in portal and aortic serum. Brit J Nutr. 2013;110(9):1565–72. https://
doi.org/10.1017/S0007114513000809.

18. Rudar M, Zhu CL, de Lange CFM. Dietary leucine supplementation
decreases whole-body protein turnover before, but not during, immune
system stimulation in pigs. J Nutr. 2017;147(1):45–51. https://doi.org/10.394
5/jn.116.236893.

19. Waterlow JC, Golden MH, Garlick PJ. Protein turnover in man measured
with 15N: comparison of end products and dose regimes. Am J Phys. 1978;
235(2):165–74. https://doi.org/10.1152/ajpendo.1978.235.2.E165.

20. Wu G. Intestinal mucosal amino acid catabolism. J Nutr. 1998;128(8):1249–
52. https://doi.org/10.1038/sj.ijo.0800681.

21. Wu G. Amino acids: metabolism, functions, and nutrition. Amino Acids.
2009;37(1):1–17. https://doi.org/10.1007/s00726-009-0269-0.

22. René K, Nico C, Gijsen AP, Stéphane W, Jacques F, Kies AK, et al. Ingestion
of a protein hydrolysate is accompanied by an accelerated in vivo digestion
and absorption rate when compared with its intact protein. Am J Clin Nutr.
2009;90(1):106–15. https://doi.org/10.3945/ajcn.2009.27474.

23. Lombardi P, Musco N, Calabrò S, Tudisco R, Mastellone V, Vastolo A, et al.
Different carbohydrate sources affect swine performance and post-prandial
glycaemic response. Ital J Anim Sci. 2020;19(1):421–30. https://doi.org/10.1
080/1828051X.2020.1749899.

24. Bird SP, Tarpenning KM, Marino FE. Liquid carbohydrate/essential amino
acid ingestion during a short-term bout of resistance exercise suppresses
myofibrillar protein degradation. Metabolism. 2006;55(5):570–7. https://doi.
org/10.1016/j.metabol.2005.11.011.

25. Deng J, Wu X, Bin S, Li TJ, Huang RL, Liu Z, et al. Dietary amylose and
amylopectin ratio and resistant starch content affects plasma glucose, lactic
acid, hormone levels and protein synthesis in splanchnic tissues. J Anim
Physiol An N. 2010;94(2):220–6. https://doi.org/10.1111/j.1439-0396.2008.
00902.x.

26. Leury BJ, Baumgard LH, Block SS, Segoale N, Ehrhardt RA, Rhoads RP, et al.
Effect of insulin and growth hormone on plasma leptin in periparturient
dairy cows. Am J Physiol-Reg I. 2003;285(5):1107–15. https://doi.org/10.11
52/ajpregu.00320.2003.

27. Bajaj R, Singh N, Kaur A, Inouchi N. Structural, morphological, functional and
digestibility properties of starches from cereals, tubers and legumes: a
comparative study. J Food Sci Tech Mys. 2018;55(9):3799–808. https://doi.
org/10.1007/s13197-018-3342-4.

28. Birt DF, Boylston T, Hendrich S, Jane JL, Whitley EM. Resistant starch:
promise for improving human health. Adv Nutr. 2013;4(6):587–601. https://
doi.org/10.3945/an.113.004325.

29. Shi M, Gao Q. Physicochemical properties, structure and in vitro digestion of
resistant starch from waxy rice starch. Carbohyd Polym. 2011;84(3):1151–7.
https://doi.org/10.1016/j.carbpol.2011.01.004.

30. Miller SHJB, Petocz P. Interrelationships among postprandial satiety, glucose
and insulin responses and changes in subsequent food intake. Eur J Clin
Nutr. 1996;50:788–97. https://doi.org/10.1016/S0261-5614(96)80013-6.

31. Zhou J, Wang L, Zhou J, Zeng X, Qiao S. Effects of using cassava as an
amylopectin source in low protein diets on growth performance, nitrogen
efficiency, and postprandial changes in plasma glucose and related
hormones concentrations of growing pigs. J Anim Sci. 2021;99(12):12.
https://doi.org/10.1093/jas/skab332.

32. van Kempen TA, Regmi PR, Matte JJ, Zijlstra RT. In vitro starch digestion
kinetics, corrected for estimated gastric emptying, predict portal glucose
appearance in pigs. J Nutr. 2010;40(7):1227–33. https://doi.org/10.3945/jn.1
09.120584.

33. Rivera-Ferre MG, Aguilera JF, Nieto R. Differences in whole-body protein
turnover between Iberian and landrace pigs fed adequate or lysine-
deficient diets. J Anim Sci. 2006;84(12):3346–55. https://doi.org/10.2527/jas.2
005-405.

34. Bingham SA. Urine nitrogen as a biomarker for the validation of dietary
protein intake. J Nutr. 2003;133:921–4. https://doi.org/10.1038/sj.ijo.802224.

35. Yin FG, Zhang Z, Huang J, Yin YL. Digestion rate of dietary starch affects
systemic circulation of amino acids in weaned pigs. Brit J Nutr. 2010;103(10):
1404–12. https://doi.org/10.1017/S0007114509993321.

36. Martens BMJ, Gerrits WJJ, Bruininx EMAM, Schols HA. Amylopectin structure
and crystallinity explains variation in digestion kinetics of starches across
botanic sources in an in vitro pig model. J Anim Sci Biotechno. 2018;9:91.
https://doi.org/10.1186/s40104-018-0303-8.

37. Pöso AR, Schworer CM, Mortimore GE. Acceleration of proteolysis in
perfused rat liver by deletion of glucogenic amino acids: regulatory role of
glutamine. Biochem Bioph Res Co. 1982;107(4):1433–9. https://doi.org/10.1
016/S0006-291X(82)80159-9.

38. Gray LR, Tompkins SC, Taylor EB. Regulation of pyruvate metabolism and
human disease. Cell Mol Life Sci. 2014;71(14):2577–604. https://doi.org/10.1
007/s00018-013-1539-2.

39. Philippou A, Maridaki M, Halapas A, Koutsilieris M. The role of the insulin-like
growth factor 1 (IGF-1) in skeletal muscle physiology. In Vivo. 2007;21(1):45–
54. https://doi.org/10.1089/hum.2006.128.

40. Coma J, Zimmerman DR, Carrion D. Lysine requirement of the lactating sow
determined by using plasma urea nitrogen as a rapid response criterion. J
Anim Sci. 1996;74(5):1056–62. https://doi.org/10.2527/1996.7451056x.

41. Brancaccio P, Lippi G, Maffulli N. Biochemical markers of muscular damage.
Clin Chem Lab Med. 2010;48(6):757–67. https://doi.org/10.1515/CCLM.2010.1
79.

42. Paracchini V, Pedotti P, Taioli E. Genetics of leptin and obesity: a HuGE review.
Am J Epidemiol. 2005;162(2):101–14. https://doi.org/10.1093/aje/kwi174.

43. Bello-Perez LA, Flores-Silva PC, Agama-Acevedo E, Tovar J. Starch
digestibility: past, present, and future. J Sci Food Agr. 2020;100:5009–16.
https://doi.org/10.1002/jsfa.8955.

44. Magallanes-Cruz PA, Flores-Silva PC, Bello-Perez LA. Starch structure
influences its digestibility: a review. J Food Sci. 2017;82:2016–23. https://doi.
org/10.1111/1750-3841.13809.

45. Zimmermann R, Lass A, Haemmerle G, Zechner R. Fate of fat: the role of
adipose triglyceride lipase in lipolysis. BBA-Mol Cell Biol L. 1791;2009(6):494–
500. https://doi.org/10.1016/j.bbalip.2008.10.005.

Zhou et al. Journal of Animal Science and Biotechnology           (2022) 13:78 Page 18 of 19

https://doi.org/10.1097/00005176-199302000-00008
https://doi.org/10.1111/0272-4332.205067
https://doi.org/10.1111/j.1439-0396.2008.00820.x
https://doi.org/10.2527/2006.8413_supplE60x
https://doi.org/10.2527/2006.8413_supplE60x
https://doi.org/10.1016/j.foodhyd.2011.02.016
https://doi.org/10.1016/j.foodhyd.2011.02.016
https://doi.org/10.3390/microorganisms8040563
https://doi.org/10.1016/j.aninu.2017.06.004
https://doi.org/10.3168/jds.S0022-0302(91)78551-2
https://doi.org/10.1079/BJN19960178
https://doi.org/10.1079/BJN19960178
https://doi.org/10.1017/S0007114513000809
https://doi.org/10.1017/S0007114513000809
https://doi.org/10.3945/jn.116.236893
https://doi.org/10.3945/jn.116.236893
https://doi.org/10.1152/ajpendo.1978.235.2.E165
https://doi.org/10.1038/sj.ijo.0800681
https://doi.org/10.1007/s00726-009-0269-0
https://doi.org/10.3945/ajcn.2009.27474
https://doi.org/10.1080/1828051X.2020.1749899
https://doi.org/10.1080/1828051X.2020.1749899
https://doi.org/10.1016/j.metabol.2005.11.011
https://doi.org/10.1016/j.metabol.2005.11.011
https://doi.org/10.1111/j.1439-0396.2008.00902.x
https://doi.org/10.1111/j.1439-0396.2008.00902.x
https://doi.org/10.1152/ajpregu.00320.2003
https://doi.org/10.1152/ajpregu.00320.2003
https://doi.org/10.1007/s13197-018-3342-4
https://doi.org/10.1007/s13197-018-3342-4
https://doi.org/10.3945/an.113.004325
https://doi.org/10.3945/an.113.004325
https://doi.org/10.1016/j.carbpol.2011.01.004
https://doi.org/10.1016/S0261-5614(96)80013-6
https://doi.org/10.1093/jas/skab332
https://doi.org/10.3945/jn.109.120584
https://doi.org/10.3945/jn.109.120584
https://doi.org/10.2527/jas.2005-405
https://doi.org/10.2527/jas.2005-405
https://doi.org/10.1038/sj.ijo.802224
https://doi.org/10.1017/S0007114509993321
https://doi.org/10.1186/s40104-018-0303-8
https://doi.org/10.1016/S0006-291X(82)80159-9
https://doi.org/10.1016/S0006-291X(82)80159-9
https://doi.org/10.1007/s00018-013-1539-2
https://doi.org/10.1007/s00018-013-1539-2
https://doi.org/10.1089/hum.2006.128
https://doi.org/10.2527/1996.7451056x
https://doi.org/10.1515/CCLM.2010.179
https://doi.org/10.1515/CCLM.2010.179
https://doi.org/10.1093/aje/kwi174
https://doi.org/10.1002/jsfa.8955
https://doi.org/10.1111/1750-3841.13809
https://doi.org/10.1111/1750-3841.13809
https://doi.org/10.1016/j.bbalip.2008.10.005


46. Wein S, Ukropec J, Gašperíková D, Klimeš I, Šeböková E. Concerted action of
leptin in regulation of fatty acid oxidation in skeletal muscle and liver. Exp
Clin Endocr Diab. 2007;115(04):244–51. https://doi.org/10.1055/s-2007-9561
66.

47. Li L, Susan MB, Michael W, Alan D, Donald CB. Effect of feeding of a
cholesterol-reducing bacterium, Eubacterium coprostanoligenes, to germ-
free mice. Comparative Med. 1998;48(3):253–5. https://doi.org/10.1046/j.13
65-2885.1998.00123.x.

48. Li L, Buhman KK, Hartman PA, Beitz DC. Hypocholesterolemic effect of
Eubacterium coprostanoligenes ATCC 51222 in rabbits. Lett Appl Microbiol.
1995;20(3):137–40. https://doi.org/10.1111/j.1472-765X.1995.tb00410.x.

49. Gerritsen J. The genus Romboutsia: genomic and functional characterization
of novel bacteria dedicated to life in the intestinal tract: Wageningen
University; 2015.

50. Głowacka J, Magdalena S, Małgorzata W, Ewa L, Krzysztof W. Detection and
identification of potentially toxic cyanobacteria in polish water bodies. Acta
Biochim Pol. 2011;58(4):3. https://doi.org/10.1093/abbs/gmr019.

51. Zorron Cheng Tao Pu L, Yamamoto K, Honda T, Nakamura M, Yamammura
T, Hattori S, et al. Microbiota profile is different for early and invasive
colorectal cancer and is consistent throughout the colon. J Gastroen
Hepatol. 2020;35(3):433–7. https://doi.org/10.1111/jgh.14868.

52. Deng YQ, Mao C, Chen HX, Wang BT, Cheng CH, Ma HL, et al. Shifts in
pond water bacterial communities are associated with the health status of
sea bass (Lateolabrax maculatus). Ecol Indic. 2021;127:107775. https://doi.
org/10.1016/j.ecolind.2021.107775.

53. Lukens JR, Gurung P, Vogel P, Johnson GR, Carter RA, McGoldrick DJ, et al.
Dietary modulation of the microbiome affects autoinflammatory disease.
Nature. 2014;516(7530):246–9. https://doi.org/10.1038/nature13788.

54. Garrote GL, Abraham AG, Rumbo M. Is lactate an undervalued functional
component of fermented food products? Front Microbiol. 2015;6:629.
https://doi.org/10.3389/fmicb.2015.00629.

55. Zhou LP, Fang LD, Sun Y, Su Y, Zhu WY. Effects of the dietary protein level
on the microbial composition and metabolomic profile in the hindgut of
the pig. Anaerobe. 2016;38:61–9. https://doi.org/10.1016/j.anaerobe.2015.12.
009.

56. Jones TE, Pories WJ, Houmard JA, Tanner CJ, Zheng DH, Zou K, et al. Plasma
lactate as a marker of metabolic health: implications of elevated lactate for
impairment of aerobic metabolism in the metabolic syndrome. Surgery.
2019;166(5):861–6. https://doi.org/10.1016/j.surg.2019.04.017.

57. Adeva-Andany M, López-Ojén M, Funcasta-Calderón R, Ameneiros-
Rodríguez E, Donapetry-García C, Vila-Altesor M, et al. Comprehensive
review on lactate metabolism in human health. Mitochondrion. 2014;17:76–
100. https://doi.org/10.1016/j.mito.2014.05.007.

58. Nilsson AC, Östman EM, Knudsen KE, Holst JJ, Björck IM. A cereal-based
evening meal rich in indigestible carbohydrates increases plasma butyrate
the next morning. J Nutr. 2010;140(11):1932–6. https://doi.org/10.3945/jn.11
0.123604.

Zhou et al. Journal of Animal Science and Biotechnology           (2022) 13:78 Page 19 of 19

https://doi.org/10.1055/s-2007-956166
https://doi.org/10.1055/s-2007-956166
https://doi.org/10.1046/j.1365-2885.1998.00123.x
https://doi.org/10.1046/j.1365-2885.1998.00123.x
https://doi.org/10.1111/j.1472-765X.1995.tb00410.x
https://doi.org/10.1093/abbs/gmr019
https://doi.org/10.1111/jgh.14868
https://doi.org/10.1016/j.ecolind.2021.107775
https://doi.org/10.1016/j.ecolind.2021.107775
https://doi.org/10.1038/nature13788
https://doi.org/10.3389/fmicb.2015.00629
https://doi.org/10.1016/j.anaerobe.2015.12.009
https://doi.org/10.1016/j.anaerobe.2015.12.009
https://doi.org/10.1016/j.surg.2019.04.017
https://doi.org/10.1016/j.mito.2014.05.007
https://doi.org/10.3945/jn.110.123604
https://doi.org/10.3945/jn.110.123604

	Abstract
	Background
	Methods
	Results
	Conclusions

	Introduction
	Materials and methods
	General
	Nitrogen metabolism and protein deposition
	Growth performance
	Chemical composition analysis
	Starch in�vitro digestion
	Plasma analysis
	Lactate and SCFAs concentrations in feces
	Whole-body protein turnover
	Bacterial community structure
	Calculation
	Statistical analysis

	Results
	Starch composition affected in�vitro digestion rate
	Starch composition modulated growth performance
	Starch composition influenced nitrogen efficiency
	Starch composition affected plasma free amino acids
	Starch composition modulated protein turnover
	Starch composition acted on liver function and nutrient metabolism
	Starch composition acted on SCFAs in plasma and feces
	Starch composition modulated the fecal bacterial community

	Discussion
	Conclusion
	Abbreviations
	Acknowledgments
	Authors’ contributions
	Funding
	Availability of data and materials
	Declarations
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References

