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Slowly digestible starch impairs growth sl

performance of broiler chickens offered
low-protein diet supplemental higher amino
acid densities by inhibiting the utilization

of intestinal amino acid

Caiwei Luo', Yao Yu', Gang Meng? and Jianmin Yuan'"

Abstract

Background The synchronized absorption of amino acids (AAs) and glucose in the gut is crucial for effective AA uti-
lization and protein synthesis in the body. The study investigated how the starch digestion rate and AA levels impact
intestinal AA digestion, transport and metabolism, breast muscle protein metabolism, and growth in grower broilers.
A total of 720 21-day-old healthy male Arbor Acres Plus broilers were randomly assigned to 12 treatments, each with 6
replicates of 10 birds. The treatments comprised 3 different starch [corn: control, cassava: rapidly digestible starch
(RDS), and pea: slowly digestible starch (SDS)] with 4 different AA levels [based on standardized ileal digestible lysine
(SID Lys), 0.92%, 1.02% (as the standard), 1.12% and 1.22%].

Results An interaction between dietary starch sources and SID Lys levels significantly affected breast muscle yield
(P=0.033). RDS and SDS diets, or SID Lys levels of 0.92%, 1.02%, or 1.22%, significantly decreased the breast muscle
yield of broilers in contrast to the corn starch diet with 1.12% SID Lys (P=0.033). The SID Lys levels of 1.12% and 1.22%
markedly improved body weight (BW), body weight gain (BWG) from 22 to 42 days of age, and mRNA expression

of y*LATT and mTOR while reducing feed intake (Fl) and feed/gain ratio (F/G) compared to the 0.92% SID Lys level
(P<0.05). The SDS diet significantly decreased BW and BWG of broilers from 22 to 42 days of age, distal ileal starch
digestibility, jejunal amylase and chymotrypsin activities, and mRNA expression of GLUT2 and y*LATT compared

to the corn starch diet (P<0.05). The RDS diet suppressed the breast muscle mass by down-regulating expression

of mTOR, S6K1, and elf4E and up-regulating expression of MuRF, CathepsinB, Atrogin-1, and M-calpain compared

to the corn starch diet (P< 0.05). Targeted metabolomics analysis revealed that the SDS diet significantly increased
acetyl-CoA and a-ketoglutaric acid levels in the tricarboxylic acid (TCA) cycle (P<0.05) but decreased the ileal digest-
ibility of Lys, Tyr, Leu, Asp, Ser, Gly, Pro, Arg, lle, and Val compared to the corn starch group (P<0.05).

Conclusion The SDS diet impaired broiler growth by reducing intestinal starch digestibility, which inhibited intesti-
nal AA and glucose absorption and utilization, increased AA oxidation for energy supply, and lowered the efficiency
of protein synthesis. Although the RDS diet resulted in growth performance similar to the corn starch diet, it reduced
breast muscle mass by inhibiting protein synthesis and promoting degradation.
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Introduction The digestion kinetics and sites of starch vary among

Low-protein (LP) diets reduce dietary protein levels
while meeting animals’ amino acid (AA) requirements by
supplementing with specific types and amounts of syn-
thetic AAs, essential for promoting rapid animal growth.
However, including substantial quantities of crystalline
AAs in LP diets may influence the availability of glucose
and AAs in the animal’s intestine [1]. The relationship
between glucose and AAs is attracting increasing atten-
tion, especially in countries where corn is being replaced
by other grains.

Cereal grains are the primary source of starch and
energy in poultry and livestock diets. Starch is a com-
plex, digestible carbohydrate composed of amylose (AM)
and amylopectin (AP). The efficiency of energy utiliza-
tion is influenced by the degree of starch digestion [2].

animals, depending on factors such as the starch source,
AM/AP ratio, and structural composition, which nota-
bly affect energy supply and production performance [3].
Furthermore, different AM/AP ratios influence the rate
of glucose release and the subsequent insulin response
[4]. Blood glucose and insulin levels regulate AA trans-
port and protein turnover processes in the animal body
[5]. Previous research has demonstrated that intestinal
glucose uptake may antagonize AA transport, as both
require coupled transport with Na* absorption [6]. How-
ever, unpublished research from our group and findings
from others [7] suggested that glucose and AAs may be in
a reciprocally promoted state in the intestine. Therefore,
further research on the transport relationship between
glucose and AAs in the intestine is warranted.
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The interaction between the rate of starch digestion
and AA absorption, transport, and metabolism is com-
plex and multifaceted. Timely provision of glucose may
reduce crystalline AA oxidation for energy in the gut,
enhancing AA utilization efficiency and protein synthesis
[1] and decreasing the dietary requirement for crystalline
AAs. Weurding et al. found that broilers fed diets with
slowly digestible starch (SDS) exhibited a lower feed/
gain ratio (F/G) compared to those fed rapidly digest-
ible starch (RDS), mainly when dietary crystalline AA
levels were low [8, 9], which suggests that SDS diets may
synchronize glucose and crystalline AAs availability in
the intestine, leading to improved growth performance.
Moss et al. [6] observed a significant negative correla-
tion between starch digestion rate and the digestibil-
ity coefficient of protein and AAs, indicating that RDS
may be rapidly utilized in the small intestine follow-
ing glucose release, potentially failing to meet broilers’
energy demands. More crystalline AAs in the hindgut
may be oxidized for energy instead of absorbed for pro-
tein synthesis, reducing protein and AA digestibility
[10]. A recent study indicates that crystalline AAs exist
in monomeric form once in the intestinal tract, where
they are absorbed into the bloodstream or oxidized by
intestinal cells [11]. In contrast, digestible starch releases
glucose only after undergoing a period of digestion in
the intestine. Therefore, incorporating RDS into diets
can expedite glucose availability, reduce crystalline AA
oxidation for energy, and improve growth performance
and nitrogen efficiency in growing pigs [1, 12]. However,
previous studies [6, 8, 9] used different sources of grains
or proteins. Given the variability in feed ingredients,
achieving actual iso-energetic or iso-protein conditions,
particularly for standardized ileal digestible (SID) AAs,
is challenging. As a result, the outcomes are difficult to
interpret due to the differences in starch sources.

The interplay between the rate of starch digestion and
AA digestion, transport, and metabolism shapes the
dynamics of central carbon metabolism for glucose and
AAs in the intestinal mucosa. The tricarboxylic acid
(TCA) cycle is the central hub of carbon metabolism in
the intestinal mucosa. It is a critical metabolic pathway
for using AAs, glucose, and fatty acids in animals [13, 14].
Glucose and AAs undergo metabolism in the mitochon-
dria of intestinal mucosal cells to generate acetyl-CoA,
which enters the TCA cycle to provide cellular energy
[15]. Previous studies have shown that modulating the
rate of starch digestion in the diet can regulate the rela-
tionship between glucose and AA energy metabolism in
the intestine, subsequently influencing broiler growth
performance [8, 10]. However, earlier research needed a
comprehensive scientific basis for explaining the central
carbon metabolism of the intestinal mucosa. Thus, the
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present study employed targeted central carbon metabo-
lomics focused on the intestinal mucosa to investigate the
mechanism underlying the relationship between the rate
of starch digestion and the oxidation of intestinal AAs for
energy supply.

In this study, the hypothesis was that the gradual
digestion of SDS could enhance AA utilization, thereby
improving broiler growth performance. To test this
hypothesis, corn starch, cassava starch, and pea starch
were used to formulate diets with varying starch digest-
ibility. At the same time, crystalline AAs were adjusted to
achieve different AA levels [based on standardized ileal
digestible lysine (SID Lys)]. All other feed ingredients
were kept constant to examine the relationship between
the rate of starch digestion and the absorption, transport,
and metabolism of AAs in grower broilers.

Materials and methods

Ethics statement

The trial was performed in the Zhuozhou Poultry Nutri-
tion Research Base of China Agricultural University
(Hebei, China). The animal procedures complied with
the Beijing Regulations of Laboratory Animals (Beijing,
China) and were authorized by the Laboratory Animal
Ethical Committee of China Agricultural University (No:
AW40703202-1-3).

Trial design and diet formulation

The experiment was designed as a 3 x4 factorial and con-
ducted with 720 21-day-old healthy male Arbor Acres
Plus broiler chickens, randomly allocated to 12 treat-
ment groups. The treatments consisted of 3 different
starch sources (corn, cassava, and pea) with 4 different
SID Lys levels (0.92%, 1.02%, 1.12%, and 1.22%). The corn
starch diet was used as a control, the cassava starch diet
represented the RDS diet, and the pea starch diet rep-
resented the SDS diet. The 1.02% SID Lys level was the
recommended value for broilers aged 4-6 weeks. Each
group included 6 replicate cages with 10 birds each. The
experimental period lasted 21 d (22-42 days of age),
and the dietary crude protein (CP) level was set at 18%,
which is 2 percentage points lower than the recom-
mendation by the Chinese Feeding Standard of Chicken
(NY/T33-2004). Near-infrared spectroscopy was used
to analyze the chemical components of feed ingredients
[N-corrected apparent metabolizable energy (AMEn),
CP, SID AA content, etc., by Evonik (China) Co., Ltd.],
and the experimental starch diets were formulated based
on the measured value (Table 1). This study used diets
supplemented with 25% corn starch as the control. In the
treatments, cassava starch and pea starch were added to
the diets instead of corn starch to maintain a consistent
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Table 1 Ingredient and nutrient composition of experiment diet, % (as-fed basis)

Item Corn starch Cassava starch Pea starch
SID Lys levels 0.92 1.02 1.12 1.22 0.92 1.02 1.12 1.22 0.92 1.02 1.12 1.22
Corn 33.30 33.30 33.30 33.30 33.30 33.30 33.30 33.30 33.30 33.30 33.30 33.30
Corn starch 25.00 25.00 25.00 25.00 - - - - - - - -
Cassava starch - - - - 25.00 25.00 25.00 25.00 - - - -
Pea starch - - - - - - - - 25.00 25.00 25.00 25.00
Soybean meal 33.00 33.00 33.00 33.00 33.00 33.00 33.00 33.00 33.00 33.00 33.00 33.00
Soybean oil 4.20 4.20 4.20 4.20 4.20 4.20 4.20 4.20 4.20 4.20 4.20 4.20
Calcium phosphate 1.30 1.30 1.30 1.30 1.30 1.30 1.30 1.30 1.30 1.30 1.30 1.30
Limestone 0.70 0.70 0.70 0.70 0.70 0.70 0.70 0.70 0.70 0.70 0.70 0.70
Sodium chloride 0.30 0.30 0.30 0.30 0.30 030 030 0.30 0.30 0.30 0.30 0.30
Vitamins premix? 003 0.03 003 0.03 0.03 0.03 0.03 0.03 003 003 003 0.03
Mineral premixb 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20
Choline chloride (50%) 0.12 0.12 012 0.12 0.12 0.12 0.12 0.12 0.12 0.12 0.12 0.12
Phytase 10,000 U/g 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03
L-Lysine hydrochloride (98%) 0.18 0.28 038 048 0.18 0.28 038 0.48 0.18 0.28 0.38 048
DL-Methionine (98%) 0.28 033 0.38 044 0.28 033 038 044 0.28 033 038 044
L-Threonine (98%) 0.03 0.10 0.16 0.22 0.03 0.10 0.16 0.22 0.03 0.10 0.16 0.22
L-Valine (98%) - 0.07 0.15 0.21 - 0.07 0.15 0.21 - 0.07 0.15 0.21
L-Isoleucine (98%) - 0.04 0.11 0.19 - 0.04 0.1 0.19 - 0.04 0.11 0.19
L-Arginine hydrochloride (98%) - 0.06 0.16 0.23 - 0.06 0.16 0.23 - 0.06 0.16 0.23
Zeolite power 133 094 048 0.05 133 094 048 0.05 133 094 048 0.05
Total 100.00  100.00 100.00 10000 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
Nutritional level
AMEN€, Mcal/kg 3.10 3.10 3.10 3.10 3.10 3.10 3.10 3.10 3.10 3.10 3.10 3.10
CP<, % 18.24 18.24 18.24 18.24 18.24 18.24 18.24 18.24 18.24 18.24 18.24 18.24
Calcium€, % 0.70 0.70 0.70 0.70 0.70 0.70 0.70 0.70 0.70 0.70 0.70 0.70
NPP<, % 0.30 0.30 0.30 0.30 0.30 0.30 0.30 0.30 0.30 0.30 0.30 0.30
SID Lys<, % 092 1.02 1.12 1.22 092 1.02 1.12 1.22 092 1.02 1.12 1.22
AID Lys® % - - 1.05 - - - 1.06 - - - 1.02 -
SID Met*, % 048 0.53 0.58 0.64 048 0.53 0.58 0.64 048 053 0.58 0.64
AID Met?, % - - 052 - - - 053 - - - 052 -
SID Met+CysS, % 0.67 0.74 0.81 0.88 067 0.74 0.81 0.88 0.67 0.74 0.81 0.88
AID Met +Cys®, % - - 0.75 - - - 073 - - - 0.70 -
SIDThr<, % 0.59 0.66 0.72 0.78 0.59 0.66 0.72 0.78 0.59 0.66 0.72 0.78
SID Val<, % 0.69 0.77 084 092 0.69 0.77 0.84 092 0.69 0.77 084 092
SID lle<, % 0.62 0.68 0.75 0.82 0.62 0.68 0.75 0.82 0.62 0.68 0.75 0.82
SID ArgS, % 0.96 1.07 1.17 127 0.96 1.07 1.17 1.27 0.96 1.07 1.17 127
SIDTry<, % 0.14 0.15 0.17 0.19 0.14 0.15 017 0.19 0.14 0.15 0.17 0.19
AM/APH 036 021 0.66
Total starch?, % 4599 4841 47.82

AMEn N-corrected apparent metabolizable energy, CP Crude protein, NPP Non-phytate phosphorus, AM Amylose, AP Amylopectin

2The vitamin premix provided (per kg of diets) the following: vitamin A, 15,000 IU, vitamin D5, 3,600 IU; vitamin E, 30 IU; vitamin K;, 3.00 mg; vitamin B,, 9.60 mg;
vitamin B,,, 0.03 mg; biotin, 0.15 mg; folic acid, 1.50 mg; pantothenic acid, 13.80 mg; nicotinic acid, 45 mg

b The trace mineral premix provided (per kg of diets) the following: Cu, 16 mg; Zn, 110 mg; Fe, 80 mg; Mn, 120 mg; Se, 0.30 mg; |, 1.50 mg

€ Formulate dietary nutritional levels based on near-infrared spectroscopy measurement results (It is important to note that in this experiment corn starch, cassava
starch, and pea starch nutrient levels were assumed to be identical)

9 Actually measured values of nutrient components
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proportion of corn, soybean meal, and soybean oil in
each group. Zeolite power was also added to the diets to
adjust for changes in dietary AA ratios.

Bird husbandry

One-day-old broilers were brought from Beijing Poul-
try Breeding Co., Ltd. (China). All broilers were fed
with the same commercial diet from 1 to 21 days of age
(AME: 2.92 Mcal/kg, CP: 22%, and SID Lys: 1.18%). Bird
management was based on the guide of Arbor Acres
Plus broilers [16]. All birds had access to feed and water
ad libitum in pellet form and via nipple drinkers.

Growth performance

On d 42, following a 12-h fasting period, feed intake (FI)
and body weight (BW) of broilers were measured on
a cage-by-cage basis, and body weight gain (BWG) and
feed/gain (F/G) were calculated. Mortality was recorded
daily.

Carcass trait

On d 42, 6 birds close to the average weight (1 bird/rep-
licate) in each treatment were selected for slaughter, after
which the breast muscle weight and abdominal fat weight
were determined, and breast muscle yield and percentage
of abdominal fat were calculated.
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slide, which was then rapidly frozen in liquid nitrogen for
further targeted metabolomics analysis.

Jejunal digestive enzyme activity

The jejunal digesta samples were centrifuged at 4 °C and
1500 X g for 10 min, the precipitate was discarded, and the
supernatant was used for the determination of the activities
of lipase, chymotrypsin, trypsin, and amylase according to
the methods shown in the commercially available kits from
Nanjing Jianjian Bioengineering Institute (Nanjing, China).
The protein concentration of the above samples was deter-
mined using a BCA protein assay kit (Nanjing Jiancheng
Bioengineering Institute, Nanjing, China).

Chemical analysis

To conduct metabolic experiments, 0.5% TiO, was sup-
plemented in the corn, cassava, and pea, with 1.12%
SID Lys. The freeze-dried samples of ileal digesta and
diet were ground, sifted through a 40-mesh sieve, and
then stored in a sealed bag at 4 °C for future testing. The
TiO, of the digesta and diet was determined based on
the method of Short et al. [17]. The AA contents of the
digesta in the ileum and diet were determined based on
the technique of Macelline et al. [18]. The starch con-
tent was performed using a Megazyme commercial kit
(method 996.11; [19]) based on thermostable a-amylase
and amyloglucosidase [20]. The apparent ileal digestibil-

Breast muscle yield (%) = breast muscle weight/body weight x 100;
Percentage of abdominal fat (%) = abdominal fat/body weight x 100.

Sampling procedures

On d 42, 6 birds close to the average weight (1 bird/
replicate) in each treatment were selected for sample
collection. The birds were stunned by electronarcosis
and euthanized by exsanguination. The intestine was
removed, and the digesta samples from the middle of the
jejunum were collected into 1.5-mL sterile Eppendorf
tubes and immediately frozen in liquid nitrogen to detect
digestive activity measurement. The jejunum samples
were collected into 1.5-mL RNase-free Cryo tubes after
washing with saline solution. Then, snap-frozen in liquid
nitrogen immediately for mRNA analysis of glucose and
AA transporters. The pectoralis samples were washed
with saline solution, collected into 1.5-mL RNase-free
Cryo tubes, and then snap-frozen in liquid nitrogen
immediately to detect mRNA expression of genes related
to protein metabolism. The ileal mucosa samples of corn
starch diet supplemented with 1.12% SID Lys and pea
starch diet supplemented with 1.12% SID Lys groups
were carefully scraped using a sterile glass microscope

ity (AID) of starch and AA was determined using the fol-
lowing formula.

% Nutrient jigestq % Marker jie;

AID,% = |1 — (
% Marker gigesta

x 100

% Nutrient gie;

Quantitative real-time PCR analysis

Relevant steps such as RNA extraction, cDNA reverse
transcription, and quantitative real-time PCR (qRT-PCR)
of jejunal and pectoralis tissues followed the protocol
Luo et al. [21] outlined. Primer sequences utilized for
qRT-PCR analysis are detailed in Table 2. All sample rela-
tive expression results were normalized to housekeeping
gene (5-actin) expression.

lleal mucosa targeted metabolomics analysis

Sample preparation and extraction

After the sample was thawed and smashed, 0.05 g was
mixed with 500 pL of 70% methanol/water. The sam-
ple was vortexed for 3 min under 2,500 r/min and
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Table 2 RT-PCR primer sequence
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Gene Forward sequences (5" —3’) Reverse sequences (5" —3")
B-actin GAGAAATTGTGCGTGACATCA CCTGAACCTCTCATTGCCA
SGLT1 AGATTTGGAGGGCAGAGGAT GCCCAAAGAGATTTGGATGA
GLUT2 CCGCAGAAGGTGATAGAAGC ATTGTCCCTGGAGGTGTT
PepT1 TACGCATACTGTCACCATCA TCCTGAGAACGGACTGTAAT
BOAT TATCCTGGCTGGGTCTATGC AGGCCTGTACGATCCCTTCT
EAAT3 TGATTGTTCTGAGCGCTGTC TACCAAAGGCATCTCCCAAG
CAT1 CACATGGATACGGTTTGCAG GTCCATGCTTCTCTCCGTGT

Y LATT CACCAGTCCCTGCTCTTCTC CTGCAATAGACAAGCCCAC
LATT TACCTGCTGAAGCCCATCTT ACGGGTAGCAGCTTTCACAC
bOFAT CAGTAGTGAATTCTCTGAGTGTGAAGCT GCAATGATTGCCAC AACTACCA
mTOR AGTGAGAGTGATGCGGAGAG GAAACCTTGGACAGCGGG
S6K1 GGTGGAGTTTGGGGGCATTA GAAGAACGGGTGAGCCTAA
MuRF GCTGGTGGAGAACATCATCG GCTGGTGGAGAACATCATCG
elF4E TGGAACCGGAAACCACTCCC GCGCCCATCTGTTTTGTAGTG
CathepsinB TGTGGAAGCGATTTCGGACA TAACCACCATTGCACCCCAT
Atrogin-1 CAGACAGATTCGCAAACGGC CTCCTTCCGTGGGTAACACC
M-calpain TGGAAGCTGCAGGGTTCAAG GGTTTCCAGCCGAATCAAGC

SGLT1 Sodium/glucose cotransporter 1, GLUT2 Glucose transporter 2, PepT1 Peptide-transporters 1, B?AT Na*-dependent neutral AA transporter, EAAT3 Excitatory
AA transporter 3, CAT1 Na*-independent cationic AA transporter 1, y"LATT y*L-type AA transporter 1, LAT1 Large neutral AA transporter 1, b% AT Na*-independent
cationic and zwitterionic AA transporter, nTOR Mammalian target of rapamycin, S6K1 Ribosomal protein S6 kinase 1, elF4E Eukaryotic initiation factor 4E binding

protein-1, Atrogin-1 Muscle atrophy factor-1, MuRF Muscle RING finger protein-1

centrifuged at 12,000 r/min for 10 min at 4 °C. Take 300
uL of supernatant into a new centrifuge tube and place
the supernatant in the —20 °C refrigerator for 30 min.
Then, the supernatant was centrifuged at 12,000 r/min
for 10 min at 4 °C. After centrifugation, transfer 200 uL
of supernatant through the Protein Precipitation Plate for
further LC-MS analysis.

UPLC conditions

The sample extracts were analyzed using an LC-ESI-MS/
MS system (Waters ACQUITY H-Class; MS, SCIEX
QTRAP® 6500+ System). The analytical conditions were
as follows.

Amide method: HPLC: column, ACQUITY UPLC BEH
Amide (2.1 mm X 100 mm, 1.7 um); solvent system, water
with 10 mmol/L. ammonium acetate and 0.3% ammo-
nium hydroxide (A), 90% acetonitrile/water (V/V) (B);
The gradient was started at 95% B (0—1.2 min), decreased
to 70% B (8 min), 50% B (9—11 min), finally ramped back
to 95% B (11.1-15 min); flow rate, 0.4 mL/min; tempera-
ture, 40 °C; injection volume: 2 pL.

ESI-MS/MS conditions

Linear ion trap and triple quadrupole scans were acquired
on a triple quadrupole-linear ion trap mass spectrometer,
QTRAP® 6500+LC-MS/MS System, equipped with an
ESI Turbo Ion-Spray interface, operating in both positive
and negative ion mode and controlled by Analyst 1.6.3

software. The ESI source operation parameters were as
follows: ion source, ESI+; source temperature 550 °C;
ion spray voltage 5,500 V (Positive), —4,500 V (Nega-
tive); curtain gas was set at 35 psi, respectively. Trypto-
phan and its metabolites were analyzed using scheduled
multiple reaction monitoring (MRM). Data acquisitions
were performed using Analyst 1.6.3 software. Multi-
quant 3.0.3 software was used to quantify all metabolites.
Mass spectrometer parameters, including the decluster-
ing potentials (DP) and collision energies (CE) for indi-
vidual MRM transitions, were done with further DP and
CE optimization. A specific set of MRM transitions was
monitored for each period according to the metabolites
eluted within this period.

Metabolomics data analysis

Multivariate statistical analysis was used to process the
metabolomics data. The multivariate statistical analysis
used principal component analysis (PCA) to compare
metabolic profiles. Orthogonal-projections-to-latent-
structures discriminant analysis (OPLS-DA) was per-
formed to discriminate between groups [22]. All the
models evaluated were tested for overfitting with per-
mutation tests. Differential metabolites could be further
screened by combining the P-values or fold changes
in the univariate analysis. Hierarchical cluster analy-
sis (HCA) was performed on the accumulation patterns
of metabolites between different samples using the R
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software (www.r-project.org/). The findings’ support-
ing data had already been deposited into the CNGB
Sequence Archive (CNSA) of the China National Gen-
eBank DataBase (CNGBdb) under the accession number
METMO0000176.

Statistical analysis

Data were first tested for homogeneity of variances, after
which the general linear model (GLM) of SPSS 20.0 statis-
tical software (version 20.0, SPSS Inc., Chicago, IL, USA)
was used to conduct a two-factor analysis of variance.
The statistical model for this study is shown below. Dif-
ferences between the treatment groups were considered
statistically different at P <0.05. Growth performance was
based on the cage (replicate) as the experimental unit.
Other experimental data (carcass traits and intestinal
morphology) was based on one bird in each cage as the
experimental unit.

Yigg = p+ai + B+ (a x B);; + ik
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Here, Y is the k™ observation of the dependent varia-
ble recorded on the i™ and j™ treatments, y is the overall
mean, a; is the effect of the i treatment, B; is the effect
of the ji treatment, (ax B); is the interaction effect of
the i and ™" treatments and & is the error associated
with Y.

In addition, comparisons of the corn and pea starch
diets in the targeted central carbon metabolism study
were analyzed using an independent-sample ¢-test. Dif-
ferences between the treatment groups were considered
statistically different at P<0.050.

Results

Effects of different starch sources and different SID Lys
levels on growth performance of 22-42 d broilers

At the start of the experiment, the average initial BW of
the broilers in each group was 0.923 + 0.007 kg (P=0.999)
(Table 3). Dietary starch sources and SID Lys levels
tended to have an interactive effect on the F/G of 22-42
d broilers (P=0.092); the corn starch diet with 1.22% SID
Lys had the best F/G. At the 0.92% SID Lys level, the cas-
sava starch and pea starch diets tended to improve the

Table 3 Effects of different sources of starch and different levels of SID Lys on growth performance of 22-42 d broilers

Item Initial BW, kg Final BW, kg BWG, kg Fl, kg F/G
Corn starch 0.92% SID Lys 0923 2.706 1.782 3.028 169
1.02% SID Lys 0.926 2.760 1.836 2,986 1635
1.12% SID Lys 0923 2.800 1873 2.887 1.54%
1.22% SID Lys 0923 2.883 1.960 2976 152¢
Cassava starch 0.92% SID Lys 0.924 2.764 1.840 3.010 1.64°°
1.02% SID Lys 0.924 2741 1818 2983 165
1.12% SID Lys 0.924 2815 1.891 2.991 158
1.22% SID Lys 0.921 2.820 1.897 2976 1579
Pea starch 0.92% SID Lys 0.924 2747 1823 3.039 167°°
1.02% SID Lys 0.924 2712 1.788 2938 1.65%
1.12% SID Lys 0923 2.746 1822 2.868 1579
1.22% SID Lys 0.924 2.757 1.834 2878 157%
SEM 0.001 0.008 0010 0011 0.007
Starch source Corn starch 0.924 2.786° 1.863° 2.969 1.59
Cassava starch 0.923 2.785° 1.861°2 2.990 161
Pea starch 0.924 2.741° 1817° 2931 161
SID Lys level 0.92% 0923 2.739° 1.815° 3.025° 166°
1.02% 0.925 2.738° 1.814° 2.969% 1647
1.12% 0.924 2.785% 1.862%° 2915P 157°
1.22% 0923 2.820° 1.897° 2.943P 1550
P-value
Starch source 0.988 0.047 0.049 0.065 0.230
SID Lys level 0.885 0.002 0.002 0.003 <0001
Starch source xSID Lys level 0.984 0.184 0.176 0.272 0.092

BW Body weight, BWG Body weight gain, F/ Feed intake, F/G Feed to gain ratio, SEM Standard error of means, SID Lys standard ileal digestible lysine

¢ Means in the same column with different superscripts indicate differences or significant differences (P < 0.050)
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F/G of broilers compared to the corn starch diet. There
was no significant interaction effect between dietary
starch sources and SID Lys levels on final BW, BWG,
and FI of 22-42 d broilers (P>0.05). Dietary starch
sources notably impacted final BW (P=0.047) and BWG
(P=0.049). Compared with the corn starch diet, the pea
starch diet elicited a noteworthy reduction in broilers’
final BW and BWG. In addition, SID Lys levels exhibited
notable effects on final BW (P=0.002), BWG (P=0.002),
and FI (P=0.003) of broilers, compared with the 0.92%
and 1.02% SID Lys levels, the 1.12% and 1.22% SID Lys
levels markedly enhanced final BW and BWG of broil-
ers, and notably decreased FI of broilers, which could
effectively improve the growth performance of 22-42 d
broilers.

Effects of different starch sources and different SID Lys
levels on carcass trait of 42 d broilers

There was a significant interaction effect between dietary
starch sources and SID Lys levels on the breast muscle
yield of 42 d broilers (P=0.033) (Table 4). The corn starch

Table 4 Effects of different sources of starch and different levels
of SID Lys on carcass trait of 42 d broilers

Item Breast muscle, % Abdominal
fat, %
Corn starch 0.92% SID Lys 2046 157
1.02% SID Lys 20.71°% 140
1.12% SID Lys 2359° 125
1.22% SID Lys 21316 147
Cassava starch 0.92% SID Lys 19.71% 146
1.02% SID Lys 19.10° 157
1.12% SID Lys 20.95Pde 141
1.22% SID Lys 21.725¢ 1.17
Pea starch 0.92% SID Lys 19.96°% 141
1.02% SID Lys 19.77% 136
1.12% SID Lys 2085 132
1.22% SID Lys 22.66° 113
SEM 0.21 0.04
Starch source Corn starch 21.52° 142
Cassavastarch ~ 20.37° 140
Pea starch 2081 130
SID Lys level 0.92% 20.04° 148
1.02% 19.86° 144
1.12% 21.80° 133
1.22% 2189° 126
P-value
Starch source 0.019 0449
SID Lys level <0.001 0.202
Starch source xSID Lys level 0.033 0621

2~¢ Means in the same column with different superscripts indicate differences or
significant differences (P < 0.050). SEM Standard error of means, SID Lys Standard
ileal digestible lysine
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diet with 1.12% SID Lys markedly increased the breast
muscle yield of broilers compared with the cassava starch
and pea starch diets, or SID Lys level of 0.92%, 1.02%, or
1.22% (P=0.033). In addition, there was no notable dif-
ference in the breast muscle yield of broilers between the
corn starch diet with 0.92% SID Lys level and the cassava
starch diet with 1.22% SID Lys level and the pea starch
diet with 1.12% SID Lys level (P>0.050). However, die-
tary starch sources and SID Lys levels had no significant
effect on the percentage of abdominal fat of 42 d broilers
(P>0.050).

SID Lys levels and the performance of broilers were fit-
ted as correlated linear or quadratic curves (Fig. 1). The
present study found that the performance of broilers
improved with increasing SID Lys levels, suggesting that
the SID Lys requirement for growth of 22-42-day-old
broilers may be greater than the levels set in this study.
In addition, SID Lys showed a quadratic relationship with
FI, with the lowest FI in broilers at a SID Lys of 1.14%.

Effects of different starch sources and different SID Lys
levels on jejunal digestive enzyme activities of 42 d
broilers

There was a notable interaction effect between die-
tary starch sources and SID Lys levels on the amylase
(P=0.003) and lipase (P<0.001) activities in the jejunum
of 42 d broilers (Table 5). At the 0.92% SID Lys level, the
cassava starch and pea starch diets markedly decreased
the amylase activity in the jejunum of broilers compared
with the corn starch diet (P=0.003). At the 1.02% and
1.22% SID Lys levels, different starch source diets had no
significant effect on the amylase activity in the jejunum
of broilers (P>0.050). At the 1.12% SID Lys level, the cas-
sava starch diet notably increased the amylase activity in
the jejunum of broilers compared with the pea starch diet
(P=0.003). In addition, at the 0.92%, 1.12%, and 1.22%
SID Lys levels, different starch source diets had no signif-
icant effect on the lipase activity in the jejunum of broil-
ers (P>0.050). At the 1.02% SID Lys level, the cassava
starch and pea starch diets significantly increased the
lipase activity in the jejunum of broilers compared with
the corn starch diet (P<0.001). Dietary starch sources
had a significant effect on the chymotrypsin activity in
the jejunum of broilers (P=0.018); the pea starch diet
significantly decreased the chymotrypsin activity in the
jejunum of broilers compared with the corn starch diet.

Effects of different starch sources and different SID Lys
levels on glucose and AA transporters in the jejunum of 42
d broilers

There was a significant interaction effect between die-
tary starch sources and SID Lys levels on the mRNA
expression of CAT1 (P<0.001) and LAT1 (P=0.026) in
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Fig. 1 Fitting curve of broiler performance and SID Lys level. SID Lys Standard ileal digestible lysine

the jejunum of 42 d broilers (Table 6). The corn starch
diet with 1.22% SID Lys significantly elevated the mRNA
expression of CATI in the jejunum of broilers compared
with the cassava starch and pea starch diets, or SID Lys
level of 0.92%, 1.02%, or 1.12% (P<0.001). At the 0.92%
SID Lys level, the cassava starch and pea starch diets
markedly augmented the mRNA expression of LATI in
the jejunum of broilers compared with the corn starch
diet (P=0.026). At the 1.02%, 1.12%, and 1.22% SID Lys
levels, different starch source diets had no significant
effect on the mRNA expression of LATI in the jeju-
num of broilers (P>0.050). Dietary starch sources had a
substantial impact on the mRNA expression of GLUT2
(P<0.001) and y'LAT1 (P=0.001) in the jejunum of
broilers, compared with the corn starch diet, the cassava
starch diet significantly decreased the mRNA expression
of GLUT? in the jejunum of broilers, the pea starch diet
significantly reduced the mRNA expression of GLUT2
and yTLATI in the jejunum of broilers. SID Lys lev-
els had a significant effect on the mRNA expression of

y*LAT1 in the jejunum of broilers (P<0.001); the 1.22%
SID Lys level significantly increased the mRNA expres-
sion of y"LAT1 in the jejunum of broilers compared with
the 0.92% SID Lys level.

Effects of different starch sources and different SID Lys
levels on breast muscle protein metabolism of 42 d broilers
There was a significant interaction effect between dietary
starch sources and SID Lys levels on the mRNA expres-
sion of Atrogin-1 in breast muscle of broilers (P=0.007)
(Table 7). At the 0.92% SID Lys level, the cassava starch
and pea starch diets significantly augmented the mRNA
expression of Atrogin-1 in the broilers’ breast muscle
compared with the corn starch diet (P=0.007). At the
1.02%, 1.12%, and 1.22% SID Lys levels, different starch
source diets had no significant effect on the mRNA
expression of Atrogin-1 in breast muscle of broilers
(P>0.050).
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Table 5 Effects of different sources of starch and different levels of SID Lys on jejunal digestive enzyme activities (U/mg prot) of 42 d

broilers
Item Amylase Lipase Trypsin Chymotrypsin
Corn starch 0.92% SID Lys 163.54° 71.36° 581.69 1539
1.02% SID Lys 125,012 51.39° 596.65 15.83
1.12% SID Lys 131.81%¢ 79.39% 602.26 12.86
1.22% SID Lys 99,16 8142 659.24 1546
Cassava starch 0.92% SID Lys 88.92% 72.70%° 566.65 13.09
1.02% SID Lys 105,590 87.01° 629.06 1332
1.12% SID Lys 14347 77.12% 609.95 1346
1.22% SID Lys 127.70%cd 68.87° 668.29 11.24
Pea starch 0.92% SID Lys 82.08° 82.50°° 663.98 1443
1.02% SID Lys 96.58°% 73.20% 626.57 9.83
1.12% SID Lys 91,15 67.66° 645.07 1046
1.22% SID Lys 105.490<de 71.80° 596.65 1222
SEM 445 1.59 23.25 047
Starch source Corn starch 129.88° 70.89 609.96 14.88°
Cassava starch 116.42° 7643 618.49 12.78%
Pea starch 9382° 73.79 633.07 11.73°
SID Lys level 0.92% 111.51 75.52 604.11 1430
1.02% 109.06 70.53 617.43 1299
1.12% 12215 74.72 619.09 12.26
1.22% 11078 74.03 641.39 1297
P-value
Starch source 0.001 0.233 0.930 0.018
SID Lys level 0.599 0.554 0.962 0438
Starch source xSID Lys level 0.003 <0.001 0974 0.400

7€ Means in the same column with different superscripts indicate differences or significant differences (P < 0.050). SEM Standard error of means, SID Lys Standard ileal

digestible lysine

Dietary starch sources had significant effects on
the mRNA expression of mTOR (P=0.008), S6KI
(P=0.010), elF4E (P=0.002), MuRF (P=0.002), Cath-
epsinB (P=0.005), and M-calpain (P=0.027) in the broil-
ers’ breast muscle. Compared with the corn starch diet,
the pea starch diet notably down-regulated the mRNA
expression of mTOR and elF4E in the broilers’ breast
muscle (P<0.010), the cassava starch diet markedly
down-regulated the mRNA expression of S6K1 and elF4E
in the broilers’ breast muscle (P<0.010). It markedly up-
regulated the mRNA expression of MuRF in the broilers’
breast muscle (P<0.050). In addition, the pea starch diet
notably down-regulated the mRNA expression of MuRF,
CathepsinB, and M-calpain in the broilers’ breast mus-
cle compared to the cassava starch diet (2<0.050). SID
Lys levels significantly affected the mRNA expression of
mTOR (P=0.007) in the broilers’ breast muscle. Com-
pared with the 0.92% and 1.02 SID Lys levels, the 1.22%
SID Lys level notably up-regulated the mRNA expression
of mTOR in the broilers’ breast muscle (P=0.007).

Effects of the corn starch and pea starch diets on energy
metabolism of ileal mucosa of 42 d broilers

Based on the previous research [10] of our research
group and the analysis of the above experimental results,
the ileal mucosa samples from the corn starch and pea
starch diets with 1.12% SID Lys groups were selected for
subsequent targeted energy metabolism analysis.

The OPLS-DA plot demonstrated the differences in
metabolites between the corn and pea starch (Fig. 2A).
The content of ATP in the ileal mucosa of the pea starch
group was significantly lower than that of the corn starch
group (P=0.033) (Fig. 2B), suggesting that the glucose
provided in the corn starch diet is more readily converted
to ATP for utilization by the organism. In contrast, the
pea starch diet may require energy from AAs. Glycoly-
sis and TCA cycle-related metabolites were then exam-
ined. It was shown that the pea starch group notably
augmented the contents of acetyl-CoA (P=0.025) and
a-ketoglutaric acid (P=0.042) in the ileal mucosa com-
pared with the corn starch group (Fig. 2B). However, the
glucose content in the ileal mucosa was not significantly
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Table 6 Effects of different sources of starch and different levels of SID Lys on glucose and AA transporters in the jejunum of 42 d

broilers
Item SGLT-1 GLUT-2 CAT1 bO+AT y*LAT1 LAT1 EAAT3 B°AT PepT1
Corn starch 0.92% SID Lys 1.00 1.00 1.000<d 1.00 1.00 1.00¢ 1.00 1.00 1.00
1.02% SID Lys 0.96 126 0.54% 1.71 113 1.913°¢ 145 0.97 033
1.12% SID Lys 1.00 067 0.74%% 1.79 187 1.88%¢ 147 118 0.17
1.22% SID Lys 164 127 477 1.88 130 1.713¢ 2.00 146 0.54
Cassava starch 0.92% SID Lys 141 073 0.59% 2.09 073 235° 1.99 1.65 0.76
1.02% SID Lys 140 092 1.29%¢ 240 142 197 164 128 045
1.12% SID Lys 1.58 0.89 1.46° 233 132 2.11% 1.75 1.58 0.39
1.22% SID Lys 118 050 0.52% 196 127 1.38% 1.74 122 045
Pea starch 0.92% SID Lys 144 0.64 0.22° 1.80 061 247° 1.80 139 048
1.02% SID Lys 1.65 0.56 0.35% 1.58 0.76 193 1.51 0.93 0.64
1.12% SID Lys 134 039 0.53% 231 091 1.713¢ 1.99 133 0.70
1.22% SID Lys 142 0.28 0.28° 1.72 123 2.07% 237 126 0.12
SEM 0.09 0.06 0.15 0.12 0.06 0.09 0.09 0.08 0.07
Starch source Corn starch 1.15 1.05° 1.767 1.59 1.32° 1.62 148 1.15 0.51
Cassava starch 139 0.76° 0.97° 2.19 1.19° 1.95 1.78 143 051
Pea starch 146 047° 0.35° 185 0.88° 2.05 192 123 049
SID Lys level 0.92% 129 0.79 0.60° 163 0.78" 194 1.60 135 0.75
1.02% 134 091 0.73° 1.90 1.10° 193 153 1.06 047
1.12% 1.30 0.65 0.91° 2.14 136 1.90 1.74 137 042
1.22% 141 068 186° 185 1272 1.72 203 131 037
P-value
Starch source 0.320 <0.001 <0.001 0.138 0.001 0.093 0.120 0335 0.984
SID Lys level 0959 0.253 <0.001 0528 <0.001 0.747 0.196 0497 0.242
Starch source X SID Lys level 0.59 0.141 <0.001 0819 0.068 0.026 0.491 0.79 0320

7€ Means in the same column with different superscripts indicate differences or significant differences (P < 0.050). SEM Standard error of means, SID Lys Standard ileal

digestible lysine

different between the corn and pea starch groups
(P=0.393). In addition, the pea starch group markedly
decreased the ileal digestibility of Lys, Tyr, Leu, Asp, Ser,
Gly, Pro, Arg, Ile, and Val compared with the corn starch
group (Fig. 2C, P<0.050). This means that more AAs
were oxidized for energy supply in the ileal mucosa of the
pea starch group.

Discussion

Sydenham et al. [23] elucidated a quadratic correlation
between the starch-to-protein disappearance rate in the
jejunum of broilers and BWG (y=—28.874x>+207.49x
+892.42, R*=0.722) and F/G (y=0.0219x> — 0.1699x+
1.6165, R*=0.702), emphasizing the importance of syn-
chronized glucose and AA uptake in the intestinal envi-
ronment for optimal growth performance. In this study,
it was observed that at lower SID Lys levels, the pea
starch diet improved broiler F/G compared to the corn
starch diet (1.67 vs. 1.69), consistent with the findings
of Mahmood et al. [24] (1.35 vs. 1.38). However, the pea
starch diet increased the F/G at higher SID Lys levels than
the corn starch diet (1.57 vs. 1.52). These results suggest

that broilers have a lower requirement for glucose from
dietary starch metabolism under a lower SID Lys diet but
require more rapid and greater glucose availability from
dietary starch metabolism under a higher SID Lys diet to
maintain synchronization of AA and glucose in the gut
and promote protein synthesis. Furthermore, the utiliza-
tion of the pea starch diet led to a significant reduction
in both BW and BWG from 22 to 42 d compared to the
corn starch and cassava starch diets. These results imply
that excessive inclusion of pea starch in the diet may not
meet the growth requirement of broilers aged 22-42 d.
The results of this study are inconsistent with those of Yin
et al. [10] and Weurding et al. [8]. The discrepancy may
be due, firstly, to the relatively lower measured values of
AME and AMEn in pea starch compared to other starch
(corn starch: AME=17.46 MJ/kg; AMEn=17.43 MJ/kg;
cassava starch: AME=17.24 MJ/kg; AMEn=17.22 MJ/kg;
pea starch: AME=15.95 MJ/kg; AMEn=15.90 MJ/kg). In
this study, the nutritional levels of the three starches were
kept consistent, which likely led to an overestimation of
the AMEn value for the pea starch diet. Secondly, includ-
ing 25% pea starch in the diet resulted in an AM/AP ratio
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Table 7 Effects of different sources of starch and different levels of SID Lys on breast muscle protein metabolism of 42 d broilers

Item mTOR S6K1 elF4E MuRF CathepsinB Atrogin-1 M-calpain
Corn starch 0.92% SID Lys 1.00 1.00 1.00 1.00 1.00 1.00° 1.00
1.02% SID Lys 0.94 1.1 120 0.88 0.76 1.96°5 119
1.12% SID Lys 125 1.06 122 085 061 207 0.79
1.22% SID Lys 1.10 119 144 0.95 0.78 101¢ 120
Cassava starch 0.92% SID Lys 0.80 0.87 0.96 1.24 0.72 246° 1.09
1.02% SID Lys 0.75 0.77 086 152 0.97 2.56° 132
1.12% SID Lys 1.10 061 0.68 122 0.84 1.45b¢ 112
1.22% SID Lys 103 0.79 086 156 107 1.90%¢ 126
Pea starch 0.92% SID Lys 0.75 0.88 0.90 0.66 0.65 252° 082
1.02% SID Lys 0.68 101 0.89 117 0.58 1.75%¢ 093
1.12% SID Lys 0.90 0.77 0.75 083 0.62 1.23¢ 107
1.22% SID Lys 0.92 114 087 1.19 0.71 1.34b¢ 0.80
SEM 004 0.04 0.05 0.06 0.03 0.11 0.05
Starch source Corn starch 1072 109 1212 0.92° 0.79% 151° 1.052°
Cassava starch 0.92% 0.76° 0.84° 138 0.90% 2.09° 1.20°
Pea starch 081° 0.95% 0.85° 0.96° 0.64° 17120 0.90°
SID Lys level 0.92% 0.85°° 0.92 0.95 0.96 0.79 2007 0.97
1.02% 0.79¢ 0.96 098 1.19 0.77 2.09° 115
1.12% 1.01°° 0.1 0.88 097 0.69 1.58%° 0.99
1.22% 1.08° 104 105 123 085 142° 1.09
P-value
Starch source 0.008 0010 0.002 0.002 0.005 0033 0.027
SID Lys level 0.007 0.302 0632 0.188 0.344 0.029 0446
Starch source xSID Lys level 0.986 0.880 0.670 0.726 0.157 0.007 0441

¢ Means in the same column with different superscripts indicate differences or significant differences (P<0.050). SEM Standard error of means, SID Lys Standard ileal

digestible lysine

of 0.66 after pelleting (Fig. S2), significantly exceeding the
designated value. Such a substantial deviation can hinder
nutrient absorption and utilization in broilers. Previous
research has highlighted the detrimental impact of exces-
sive pea starch levels on broiler growth performance [25,
26]. Thirdly, the pea starch diet exhibited reduced starch
digestibility and a prolonged rate of glucose release, dis-
rupting the synchronized supply of glucose and AAs in the
intestine and potentially leading to increased AA oxidation
for energy. In this study, 6.95% of starch remained undi-
gested in the distal ileum of broilers on the pea starch diet
(Table S1), significantly higher than that observed in broil-
ers fed the corn starch diet, which supports the findings
of Mahmood et al. [24] and further validates our hypoth-
esis. Additionally, this study found that increasing SID
Lys levels in the diet improved BW, BWG, FI, and F/G of
22-42 d broilers, confirming the results of previous stud-
ies. Numerous studies have confirmed that supplementing
diets with appropriate levels of Lys effectively improved
the growth and development of broilers [27-30].

Lys, a vital growth-promoting AA, directly impacts
breast muscle yield in broilers by facilitating protein
deposition and promoting muscle development, particu-
larly enhancing breast muscle growth [31]. The results of
this study revealed a consistent increase in breast mus-
cle yield in 42 d broilers with increasing dietary SID Lys
levels, consistent with the findings of Cruz et al. [32] and
Sharma et al. [33]. During the growth phase from 14 to
35 d, broilers experience significant allometric growth in
the breast muscle compared to the whole body, neces-
sitating increased Lys to support optimal breast muscle
development [33, 34]. This is also related to the fact that
dietary SID Lys levels significantly impact protein synthe-
sis more than protein degradation [35]. In addition, the
present study found no significant difference in breast
muscle yield among broilers fed the corn starch diet with
0.92% SID Lys level, the cassava starch diet with 1.22%
SID Lys level, and the pea starch diet with 1.12% SID
Lys level. Therefore, to achieve similar production lev-
els as the corn starch diet, adding RDS or SDS to broiler
diets from 22 to 42 days of age must be accompanied by
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an increase in SID Lys levels, which would raise produc-
tion costs. This phenomenon may be due to variations
in AA utilization resulting from differences in dietary
starch digestibility. Our study supported this hypothesis
by revealing that the digestibility of 10 AAs in the dis-
tal ileum of broilers was significantly higher in the corn
starch diet group compared to the pea starch diet group.
Gastrointestinal digestive enzyme activities are valu-
able indicators for assessing potential feed utilization
and growth differentials, and they are closely related to
poultry performance [36]. Previous studies have shown
that substantial dietary AM/AP ratio changes affect
intestinal endogenous enzyme activities in livestock
and poultry [37]. The present study revealed a signifi-
cant reduction in jejunal amylase and chymotrypsin
activities in broilers fed the pea starch diet. This led to
reduced intestinal starch digestibility and compromised
growth performance, consistent with previous stud-
ies. Chen et al. [38] demonstrated a notable decrease in
intestinal protease and amylase activities and reduced
starch digestibility in response to increasing dietary AM/
AP ratios. Similarly, Liu et al. [39] identified a significant

negative correlation between intestinal amylase activity
and dietary AM/AP ratios. These findings collectively
indicated that the efficiency of starch digestion is influ-
enced by its AM/AP ratio and molecular weight [40].
The increased resistance of AM to hydrolytic enzymes
may lead to reduced enzyme activities, potentially due to
the presence or formation of resistant starch [41]. Con-
versely, AP provides greater accessibility to digestive
enzymes.

Transporter proteins expressed on the intestinal epi-
thelium facilitate nutrient absorption in the intestine.
Approximately 90% of the absorptive epithelial cells in
the intestinal epithelium express these nutrient trans-
porter proteins [42]. Monosaccharide absorption in
the small intestine of broilers primarily depends on
two transporter proteins, SGLT1 located apically [43]
and GLUT?2 located basolaterally [44]. AAs are trans-
ported intracellularly in their free form through vari-
ous transporters with different specificities [45] or
as dipeptides and tripeptides via peptide transport-
ers [46]. Recent studies have shown that CAT1 has a
high affinity for Lys, arginine (Arg), and ornithine [47].
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This study found that increasing dietary SID Lys sig-
nificantly up-regulated the mRNA expression of CATI
and y*LATI in the jejunum of broilers, consistent with
the finding of Morales et al. [48]. Lys is absorbed via
the system y"LAT1 in exchange for neutral AA [49].
In addition, the system y"LAT1 family is the primary
transport most tissues utilize for Lys and Arg uptake
[50]. SID Lys in the diet may promote intestinal absorp-
tion of alkaline AAs by up-regulating the expression
of cation transporter carriers. Interestingly, this study
also found that the corn starch diet up-regulated the
mRNA expression of GLUT2, CATI, and y*LAT1 in the
jejunum of broilers, consistent with our previous find-
ings that glucose and AAs interact in the intestine (not
published). Contrary to expectations, diets with higher
AM did not significantly enhance intestinal glucose
transporter expression, likely due to the v-helical struc-
ture formed by excess AM and free fatty acids, which
are highly resistant to a-amylase [51]. This resistance
decreases amylase activity in the intestine, reducing the
absorption and utilization of glucose.

The synthesis of animal muscle protein is tightly regu-
lated by multiple signals integrated by the mammalian
target of rapamycin (mTOR). In fact, mTOR promotes
protein synthesis by directly phosphorylating down-
stream proteins such as S6K1 and elF4E [52]. S6K1
primarily accelerates protein synthesis by activating
translation initiation factors [53]. EIFAE enhances pro-
tein synthesis by promoting the translation of a subset of
mRNAs with 5’ -terminal pyrimidine motifs [54]. In addi-
tion, muscle protein content is also controlled by protein
degradation, mainly through the ubiquitin-proteasome
pathway (UPP) and autophagy-lysosomal pathways (ALP)
[55]. AAs play a crucial role in regulating muscle protein
synthesis and degradation. Watanabe et al. demonstrated
that the mRNA expression of protein degradation-
related genes in the muscles of broilers fed diets with
low Lys levels was significantly up-regulated [56]. The
present study found that increasing the SID Lys level in
the diet significantly up-regulated the mRNA expression
of mTOR and down-regulated the mRNA expression of
Atrogin-1. MuRF and Atrogin-1 are the most representa-
tive E3 ubiquitin ligases in skeletal muscle that mediate
the polyubiquitination of proteins and target them to the
26S proteasome for degradation [57]. The expression of
MuRF and Atrogin-1 is significantly up-regulated under
various conditions, leading to muscle atrophy [58]. Based
on carcass trait results, SID Lys in the diet improved
broiler breast muscle mass by activating the phospho-
rylation of the mTOR signaling pathway, thereby regulat-
ing the expression of Atrogin-1. Furthermore, this study
found that corn starch diet promoted the expression of
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protein synthesis-related genes, such as mTOR, S6KI,
and elF4E, while repressing the expression of protein
degradation-related genes, such as MuRF, CathepsinB,
Atrogin-1, and M-calpain. This may be because the glu-
cose release rate and AA supply rate of the corn starch
diet optimize in the intestine. This effectively increases
AA digestibility and allows more AAs for protein synthe-
sis, ultimately improving breast muscle mass and growth
performance in broilers.

The simultaneous availability of glucose and AAs in
the intestinal mucosal influences AAs digestibility and
the amounts of AAs utilized for protein synthesis in
the organism. The energy metabolism of the intestinal
mucosa exhibits a higher level of complexity than other
tissues like the liver. This complexity arises from the
intricate interplay between luminal and arterial matri-
ces, which serve as the primary energy sources for the
intestinal mucosa [1, 59]. Therefore, targeted energy
metabolomics technology was employed in this study
to investigate the influence of different starch dietary
patterns on intestinal mucosal energy metabolism. The
present study found that the pea starch diet significantly
reduced ATP content in the ileal mucosa compared to
the corn starch diet. ATP is a pivotal energy molecule in
biological systems, primarily derived from glucose and
AA metabolism and lipid oxidation pathways [60]. The
decreased ATP content in the ileal mucosa induced by
the pea starch diet may trigger a negative feedback loop,
increasing the ileal mucosa’s reliance on glucose and
AA metabolism for energy production. Subsequently,
markers associated with the TCA cycle were measured
to validate this hypothesis further. The findings of this
study demonstrated that the pea starch diet significantly
elevated the levels of acetyl-CoA and a-ketoglutaric acid
within the TCA while having no impact on glucose lev-
els. Acetyl-CoA and a-ketoglutaric acid are critical inter-
mediates in the TCA cycle, a central pathway for energy
metabolism [61], indicating that the pea starch diet
activated the ileal mucosal energy metabolism pathway
independent of glucose metabolism, potentially linked
to AA metabolism. AAs such as Asp, Glu, and glutamine
are metabolized into TCA cycle intermediates to sup-
ply energy [62]. Specifically, Glu serves as a significant
metabolic fuel in the enterocytes of chickens [63]. In
this study, it was found that the pea starch diet signifi-
cantly reduced the ileal digestibility of Lys, Tyr, Leu, Asp,
Ser, Gly, Pro, Arg, Ile, and Val compared with the corn
starch diet, suggesting that the pea starch diet resulted
in increased oxidation of these AAs for energy supply
in the ileal mucosa. This could also explain the observed
lower breast meat yield and growth performance in the
pea starch diet, likely due to more AAs being oxidized for
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energy in the intestinal mucosa rather than absorbed for
protein synthesis.

Conclusion

Excessive inclusion of pea starch in the LP diet supple-
mented with a higher level of SID Lys resulted in low
intestinal starch digestibility and a slower glucose release
rate. This necessitated the oxidation of more AAs for
energy in the intestine, reducing intestinal AA digest-
ibility and the efficiency of protein synthesis, ultimately
leading to poorer broiler breast meat yield and growth
performance. These findings suggest that more atten-
tion should be paid to limiting the amount of pea starch
(<25%) in the LP diets supplemented with higher levels
of SID Lys to avoid asynchrony between the rate of die-
tary glucose release and AA supply in the intestinal tract,
which negatively affected broiler growth performance.
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