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ABSTRACT The purpose of this study was to investi-
gate the effects of coating technology on the cysteamine
(CSH) release in the digestive tract and the growth-pro-
moting effect of enteric-coating CSH in broilers. First,
using the self-developed computer-controlled simulated
digestion system to mimic the digestion process in vitro,
the release of 2 coated CSH (CSH-I and CSH-Ⅱ) were
studied. The results showed that less than 10% of CSH-I
was released after gastric digestion and 52.35% of CSH-I
was released with additional 4 h of small intestinal diges-
tion. In contrast, 83.62% of CSH-Ⅱ was released during
the gastric digestion. In order to verify the growth-pro-
moting effects of CSH-I, a feeding trial was conducted in
a completely randomized block arrangement with 3
treatments in 6 blocks, 5 chickens per replicate. Broilers
were fed with corn-soybean meal diet either supple-
mented with 0 (CON), 200 mg/kg uncoated CSH
(CSH) or 200 mg/kg CSH-I from d 7 to 42, respectively.
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Body weight and FI was recorded at d 21 and 42.
Excreta were collected from d 39 to d 42 to determine
the total tract retention (TTR) of dietary nutrients. In
comparisons with controls, birds fed with CSH-I had
greater BW, ADG, and ADFI and increased TTR of
DM, gross energy (GE), NDF and hemicellulose (P <
0.05). In addition, duodenal villi height and surface area
were also greater in those CSH-I-fed birds. In contrast,
the growth performance of birds fed with uncoated CSH
did not significantly differ from controls. Although the
TTR of DM and GE was higher in birds fed with CSH
than controls, no differences in small intestine morphol-
ogy were noted. Thus, the type I coating (CSH-I) could
be good enteric-coating technology to increase CSH
release in the duodenum, improve digestion and duode-
nal morphology, and therefore growth performance in
broilers.
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INTRODUCTION

Cysteamine (H2N-CH2-CH2-SH, CSH) contains
active sulfhydryl and amino groups, which depletes
somatostatin (SS) and indirectly promotes the secretion
of growth hormones (Szabo et al., 1992). Therefore, the
CSH is widely used in livestock farming as a growth-pro-
moting feed additive. However, the depletion of SS by
CSH is not tissue specific. In the hypothalamus, CSH
depletes SS to promote growth, while in the stomach it
acts on gastric mucosa to promote gastric acid secretion
(Shi et al., 2006). High-dose CSH leads to gastric acid
hypersecretion, causing gastric and duodenal ulcers
(Zavy et al., 1988). In broiler chickens, the growth-pro-
moting effect of CSH has been reported (Hu et al.,
2008), but instance of ulcers caused by over-dose CSH
was also noted (Drago and Montoneri, 1997).
Yang et al. (2006) reported dose-dependent changes in
circulating tetraiodothyronine (T4) and gastrin when
broiler chickens were fed with diets containing 0 to
150 mg/kg CSH. However, the growth performance of
those broilers was not quite consistent with T4 and gas-
trin. The feed intake, average daily gain (ADG) and
feed conversion ratio (FCR) of broilers decreased when
dietary CSH was over 90 mg/kg (Yang et al., 2006). The
reduction in the growth performance was associated
with decreases in pepsin, amylase and lipase activities in
the pancreas or in the digestive tract of broilers. There-
fore, in order to make a full utilization of the growth-
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promoting effect of CSH in broilers (Yang et al., 2006), it
has to avoid negative effects of high-dose CSH on exces-
sive gastric acid secretion and nutrient digestibility in
broilers.

Studies have shown that coating technology reduces
gastrointestinal irritation of CSH (Gangoiti et al.,
2010). An enteric-coating can avoid the release of CSH
in the stomach when orally administrated, therefore
increase the absorption of CSH into the circulation,
shown as increased circulation CSH and Cmax of circu-
lating CSH (Gangoiti et al., 2010). Therefore, the release
of coated CSH along the digestive tract is extremely
important to avoid the side-effect of over-stimulation in
gastric acid but increase the maximal absorption. Due
to technical difficulties in measuring CSH, it is hard to
study the release of CSH in the digestive tract in vivo.
Iodometry and liquid chromatograph-mass spectrome-
try (LC-MS) are 2 methods often used for the CSH
determination. With the practical addition levels, CSH
in the chyme is far below the lower detection limit of the
iodimetry method (China National Standard, 2009).
Using the LC-MS, the recovery rate of CSH in the intes-
tinal fluid was only 1.49 to 5.72% because of interfer-
ences from digesta (Liu, 2019; Liu et al., 2019a). Hence,
in vitro digestion might be the only way to investigate
the release kinetics of coated CSH. Our laboratory has
developed a computer-controlled simulated digestion
system (CCSDS), which can simulate the gastrointesti-
nal digestive process of chicken in vitro. Using this sys-
tem, Liu (2019) studied the release kinetics of a coated
CSH for pigs in chickens. The author found that this
coating technology effective in pigs hardly released CSH
in the digestive tract of chickens, where only 5% of CSH
was released after gastric digestion and less than 18.93%
released with additional 8 h of small intestinal digestion.
Accordingly, when supplemented to the diet, the growth
performance of broilers was not affected by this coated
CSH. Therefore, a good coating technology for CSH
should resist gastric digestion but enable fast release in
the small intestine. In this study, we would like to screen
for an enteric-coating technology to apply CSH in
broilers using the CCSDS. The effectiveness of the in
vitro screening was then validated in broilers by investi-
gating the effects of coated CSH on growth performance,
nutrient’s digestion and intestinal morphology in vivo.
MATERIALS AND METHODS

All experimental procedures with live animals were
approved by the Animal Care and welfare committee of
the Institute of Animal Sciences, Chinese Academy of
Agricultural Sciences (IAS 2022-133).
In Vitro Digestion Experiment

Two coated CSH (CSH-Ⅰ and CSH-Ⅱ) were prepared
by Hangzhou King Techina Technology Co., Ltd. To
form the Type I coated CSH, cysteamine was first granu-
lated with calcium stearate, starch, b-cyclodextrin and
then coated with palm oil. To form the Type II coated
CSH, CSH was granulated with ZnO, NaOH, SiO2 and
coated with palm oil. The CCSDS (model SDS-Ⅲ,
Hunan Zhongben Intelligent Technology Development
Co., Ltd., Hunan, China) was used to determine the
release of these two coated CSH in the digestive tract of
broilers in vitro. The CCSDS was set up according to
the user’s manual and the digestive enzyme kits for
chicken were provided by the manufacture. Detailed
parameters of the CCSDS and the in vitro digestion pro-
cedures have been described by Zhao et al. (2014).
Briefly, 0.3 g of CSH-Ⅰ and CSH-Ⅱ were loaded to the
CCSDS, and subjected to 3 h or 4 h of gastric digestion
to investigate the gastric releases of CSH. To determine
the enteric release of CSH, they were subjected to 4 h of
gastric digestion and then 4 h of intestinal digestion.
The digesta were filtered through a 75 mm mesh sieve.
The unfiltered particles were transferred to a 250 mL
conical flask, to which 25 mL of deionized water and
1 mL H2SO4 (6 mol/mL) were added. The solution was
boiled for 2 min. After cooling, 2 mL of starch solution
was added to the conical flask and shaken well. The solu-
tion was titrated using the iodine standard solution.
Consumption of the iodine standard solution (V1) was
recorded accurately and the amount of coated CSH was
calculated by the following Equation 1:

X ¼ V1� V2ð Þ � C � 0:1136 ð1Þ
where X is the CSH content (g); V1 is the volume of
iodine standard solution consumed by the sample (mL);
V2 is the volume of iodine standard solution consumed
in the blank (mL); C is the concentration of iodine stan-
dard titration solution (mol/L). 0.1136 is the coefficient,
which indicates 1.00 mL iodine standard titration solu-
tion (C = 0.1 mol/L) equivalent to 0.1136 g of CSH (g).
Experimental Design, Experimental Diets
and Birds Management

According to the in vitro determination of CSH
release, only the enteric-coated CSH-Ⅰ was used in the
feeding trial. The feeding trial adopted a randomized
complete block design with 3 treatments in 6 blocks.
Three experimental diets were formulated by supple-
menting with 0 (CON), 200 mg/kg uncoated CSH
(CSH) or 200 mg/kg enteric-coated CSH-I (CSH-I),
respectively (Table 1). Dietary nutrition levels were
referred to Arbor Acres (AA) Broiler Feeding manage-
ment Manual (2019). Experimental diets meet or exceed
the National Research Council (1994) requirements.
Uncoated CSH (75% content) was diluted with SiO2 to
27% of CSH (Wt/Wt). 200 mg/kg of CSH were mixed
directly with the premix at the expense of bentonite to
prepare each of the experimental diet, respectively.
Three hundred day-old male AA broiler chicks were

reared in 3-layer metabolic cages. On d 7, the chicks
were divided into 6 blocks according to the body weight.
A total of 15 birds from each block were randomly
assigned to the 3 treatment groups. Broiler feeding and



Table 1. Ingredients and chemical composition of basal diets (air-dry basis, %).

Items D7−21 D22−42 D7−21 D22−42

Corn 50.28 57.57 Nutrient content, %
Soybean meal 38.80 31.50 ME, kcal/kg 3,039 3,183
Soybean oil 4.50 5.50 CP, % 22.5 19.51
Corn gluten meal 2.00 2.00 Lysine, % 1.44 1.15
Dicalcium phosphate 1.89 1.43 Methionine, % 0.56 0.47
Limestone 1.06 0.92 Calcium, % 0.96 0.78
Premix 0.501 0.502 Available phosphorus, % 0.48 0.39
Sodium chloride 0.30 0.25 Total phosphorus, % 0.73 0.62
L-lysine 0.25 0.14
DL-methionine 0.20 0.13
L-threonine 0.10 0.03
L-valine 0.10 0.01
Phytase 0.02 0.02
Total, % 100.00 100.00

1Supplied per kilogram of diet: vitamin A, 8,000 IU; vitamin D3, 1,000 IU; vitamin E, 20.0 IU; vitamin K3, 0.80 mg; thiamine, 3.0 mg; riboflavin, 8.0 mg;
vitamin B6, 5.0 mg; vitamin B12, 20.0 mg; pantothenic acid, 10.0 mg; nicotinic acid, 40.0 mg; folic acid, 0.60 mg; biotin, 0.20 mg; Cu (as copper sulfate), 8.0
mg; Fe (as ferrous sulfate), 100 mg; Mn (as manganese sulfate), 120 mg; Zn (as zinc sulfate), 100 mg; I (as calcium iodate), 0.70 mg; Se (as sodium selenite),
0.30 mg; choline chloride 1,500 mg; bentonite, 662.4 mg.

2Supplied per kilogram of diet: vitamin A, 6,000 IU; vitamin D3, 1,000 IU; vitamin E, 15.0 IU; vitamin K3, 0.50 mg; thiamine, 2.0 mg; riboflavin, 6.0 mg;
vitamin B6, 4.0 mg; vitamin B12, 10.0 mg; pantothenic acid, 10.0 mg; nicotinic acid, 35.0 mg; folic acid, 0.60 mg; biotin, 0.20 mg; Cu (as copper sulfate), 8.0
mg; Fe (as ferrous sulfate), 80 mg; Mn (as manganese sulfate), 100 mg; Zn (as zinc sulfate), 80 mg; I (as calcium iodate), 0.70 mg; Se (as sodium selenite),
0.30 mg, choline chloride 1,200 mg; bentonite, 1,383.1 mg.
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management were carried out according to Manual for
AA Broiler Management. Health status was monitored
daily. Body weight and feed intake was taken on d 21
and d 42 and ADF, ADFI, and FCR were calculated
accordingly. On d 42, two broilers were randomly
selected from each replicate, sacrificed with CO2. Tissue
samples of the stomach, the small intestine and ceca
were collected. The length of each intestinal segment
was measured.
Total Fecal Collection

Excreta from each replicated cage were collected
3 times per day from 9:00 AM on d 39 to 9:00 AM on d
42 (Song et al., 2022). All excreta were stored in a refrig-
erator at �20°C, and feed intake was recorded. The col-
lected excreta were dried in an air-force drying oven at
65°C, mixed, and grounded after placing at room tem-
perature for 24 h. The total tract retention (TTR) of
nutrients was calculated using the following Equation 2:

TTR of nutritent; %

¼ 1� Excreta output gð Þ � nutrient % in excreta
Feed intake gð Þ � nutrient % in feed

� �

� 100%

ð2Þ
Chemical Analysis

Diets and excreta were grounded and passed through
0.42 mm sieve for chemical analysis. Dry matter (DM)
was determined according to the method of 934.01
(AOAC, 1990). Gross energy (GE) was measured by a
Parr 6400 automatic adiabatic calorimeter (Parr instru-
ment company, Moline, IL) according to the method of
ISO 9831:1998. Nitrogen content was determined
according to the method of 954.01 (AOAC, 1990) by the
Kjeldahl nitrogen determination apparatus (KDY-9820;
Shandong Haineng Scientific Instrument Co., Ltd., Dez-
hou, China). Ether extract (EE) was measured using
the method of 920.39 (AOAC, 1990). Acid detergent
fiber (ADF) and NDF were determined using the
method of 973.18 (AOAC, 1990) and the
China National Standard (2006), respectively. Hemicel-
lulose was determined by subtracting ADF from NDF.

Small Intestinal Villi Morphological Analysis

Duodenum, jejunum and ileum were cut for a length
of 3 to 5 cm, flushed gently with the PBS buffer to
remove intestinal contents. Each intestinal segment was
immersed in 4% paraformaldehyde solution (P1110,
Solarbio, Beijing) for histological examination. The fixed
intestinal segments were embedded in paraffin. Continu-
ous tissue sectioning (5 mm thickness) was performed on
a KEDEE paraffin slicer (model KD-3358, Zhejiang Jin-
hua Kedi Instrument Equipment Co., Ltd., Zhejiang,
China). Sections fixed on slides were stained with hema-
toxylin-eosin (G1140, Solarbio, Beijing). For analysis of
villi morphology, four fields of view were randomly
selected for each section and photographed using an
OLYMPUS microscope (model BX43, Olympus Corpo-
ration, Japan) at 40 £ for duodenum and jejunum or
100 £ for ileum. Intestinal villi height (VH), crypt
depth (CD) and villi width (VW) were measured using
Image J-2 (Version 1.53k, National Institutes of Health.,
Bethesda, America) and each image was calibrated with
the microscope state micrometer calibration slide. The
villi height/crypt depth ratio (VH/CD) and villi sur-
face area (VSA) were calculated using the following
Equation 3:

VSA ¼ VH � VW � p ð3Þ



Table 2. Release rate of different coated cysteamine during gas-
tric and intestinal digestion process in vitro.

Items CSH-Ⅰ1 CSH-II1

Gastric digestion 3 h 4.01 § 0.75b,y 63.62 § 2.93a,z

Gastric digestion 4 h 8.18 § 1.88b,xy 83.62 § 2.12a,y

Gastric digestion 4 h + Intestinal
digestion 4 h

52.35 § 2.70b,x 97.96 § 0.01a,x

P value
Coating technology £ Digestion
process

<0.001

Coating technology <0.001
Digestion process <0.001

a,bMeans within a row lacking a common superscript differ (P < 0.05).
x,y,zMeans within a column lacking a common superscript differ

(P < 0.05).
1CSH-I, type 1 coated cysteamine; CSH-II, type 2 coated cysteamine.

Table 3. Growth performance of AA broilers fed with diets sup-
plemented with 200 mg/kg uncoated or enteric-coated
cysteamine.

Items CON1 CSH1 CSH-I1 SEM P value

BW, g
D7 185.1 184.8 183.8 0.8 0.757
D21 1104.2 1090.1 1117.0 53.2 0.796
D42 2614.8b 2774.6ab 2935.1a 119.9 0.035
ADG, g/d
D7−21 65.7 64.7 66.7 3.8 0.795
D22−42 74.4b 80.2ab 86.6a 3.8 0.017
D7−42 70.9 74.0 78.6 3.4 0.087
ADFI, g/d
D7−21 80.0 78.7 82.3 3.8 0.448
D22−42 134.3 140.8 147.1 7.3 0.183
D7−42 112.0b 116.0b 127.6a 5.7 0.023
FCR
D7−21 1.22 1.22 1.24 0.03 0.664
D22−42 1.81 1.77 1.72 0.11 0.648
D7−42 1.62 1.57 1.58 0.05 0.281

a,bMeans within a row lacking a common superscript differ (P < 0.05).
1Abbreviation: CON, corn-soybean meal diet; CSH, uncoated cyste-

amine; CSH-I, type 1 coated cysteamine.
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Statistical Analysis

All data were expressed as mean § SEM. JMP 16.0
(SAS Inst. Inc., Cary, NC) was used for variance analy-
sis. For in vitro analyses of CSH release kinetics, the
main effects of CSH coating and digestion process and
the interaction were included in the statistical model.
For BW, ADFI, FCR, TTR, the main effect of dietary
treatment and the random effect of block were included
in the REML model. When the main effect was signifi-
cant (P < 0.05), the Fisher’s least significance method
was used for multiple comparisons between treatments.
The data of intestinal morphology were analyzed by
JMP with animal body weight as covariance and plotted
by GraphPad Prism version 9 (GraphPad Software,
San Diego, CA). When P < 0.05, the difference between
treatments was significant; when 0.05 ≤ P ≤ 0.1, the
trend of difference was considered.
RESULTS

Release of Coated CSH Along the
Gastrointestinal Digestion In Vitro

Analysis of the release rate of CSH using CCSDS
revealed a significant interaction of coating technology £
digestion process (P < 0.001, Table 2). The release rate
of CSH-I was less than 10% for a 4 h-gastric digestion. In
contrast, after 3 h of gastric digestion, the release rate of
CSH-II was already 63.62%, and after 4 h of gastric diges-
tion, the release rate of this coated CSH reached 83.62%.
The release rate of CSH-I was 52.35% after 4 h-gastric
digestion followed by 4 h of small intestine digestion,
whereas CSH-II was almost completely released. There-
fore, CSH-I was selected for the feeding trial because it
showed an enteric release pattern.
Growth Performance

There were no significant differences in BW, ADFI,
ADG and FCR of broilers fed with 200 mg/kg CSH-I
compared with either the CON group or uncoated CSH
group from d 7 to 21 (P > 0.05, Table 3). From d 22 to
42, compared with the CON group, d 42 BW
(P = 0.035) and ADG (P = 0.017) was increased in the
CSH-I-fed group, but there was no significant difference
in ADFI (P = 0.183) and FCR (P = 0.648). During the
whole experimental period, the ADFI of d 7 to 42
(P = 0.023) was greater in the CSH-I-fed group than the
CON group and an increased trend was also observed in
ADG (P = 0.087). However, dietary supplementation
with 200 mg/kg uncoated CSH had no effects on ADFI,
ADG, and FCR of broilers compared with either the
CON or those fed with the CSH-I.
Digestive Organs Indices

There were no differences in the indices of glandular
and muscular stomach weight in broilers fed with
200 mg/kg CSH both in the coated and uncoated forms
(Table 4). No differences were found in the length of
small intestine and cecum of broiler on d 42 or the pro-
portion of each small intestinal segment (P > 0.05).
Intestinal Morphology

There weren’t obvious lesions in the intestinal tissues
of all treatment groups (Figure 1G). In the duodenum,
the villi were higher (P = 0.006) but the crypts tended
to be shallower (P = 0.028) in the CSH-I group than in
the CON group. Consequently, the surface area of the
duodenal villi tended to be greater in the CON group
(P = 0.078). In the jejunum and ileum, however, no sig-
nificant differences in the VH, CD, VW, VH/CD, and
VSA among all treatments (P > 0.05).
Total Tract Retention of Nutrients

Dietary supplementation of 200 mg/kg coated or
uncoated CSH increased the TTR of DM (P = 0.014)
and GE (P = 0.024) in d 39-old broilers (Table 5). How-
ever, dietary supplementation with the CSH-I decreased



Table 4. Gastrointestinal indices of AA broiler fed with diets
supplemented with 200 mg/kg uncoated or enteric-coated
cysteamine.

Items CON3 CSH3 CSH-I3 SEM P value

Proventriculus, g1 3.13 2.43 2.86 0.23 0.111
Gizzard, g1 6.53 5.88 6.52 0.03 0.127
Small intestine, cm1 59.57 64.40 63.58 3.75 0.634
Cecum, cm1 5.33 5.00 5.40 0.37 0.731
Duodenum, %2 14.85 14.20 14.55 0.65 0.783
Jejunum, %2 45.00 44.79 45.44 0.42 0.561
Ileum, %2 40.15 41.02 40.01 0.51 0.357

1Relative to 1000 g liver weight.
2Relative to the full length of small intestine.
3Abbreviation: CON, corn-soybean meal diet; CSH, uncoated cyste-

amine; CSH-I, type 1 coated cysteamine.

Figure 1. Morphology of the small intestine of d 42-old AA broilers fed with 200 mg/kg CSH or coated CSH-I. Sections of duodenum, jejunum,
and ileum were stained with hematoxylin-eosin (H&E) and 6-10 villi and crypts per section were measured. (A) Illustration for villus morphology
analysis (100 £). (B) H&E staining sections (50 £) for duodenum, jejunum and ileum. (C) Villus height (VH) for duodenum, jejunum and ileum.
(D) Crypt depth (CD) for duodenum, jejunum and ileum. (E) Villus height/crypt depth (VH/CD) for duodenum, jejunum and ileum. (F) Villus
width (VW) for duodenum, jejunum and ileum. (G) Villus surface area (VSA = p£ VH £ VW) for duodenum, jejunum and ileum. a, b means with-
out a common letter differ (P < 0.05). CON, corn-soybean meal diet; CSH, uncoated cysteamine; CSH-I, type 1 coated cysteamine.

Table 5. Total tract retention of nutrients in AA broiler fed with
diets supplemented with 200 mg/kg uncoated or enteric-coated
cysteamine (dry matter basis, %).

Items CON2 CSH2 CSH-I2 SEM P value

DM, % 69.74b 71.74a 71.27a 0.41 0.014
AME/GE2, % 73.95b 75.59a 75.86a 0.80 0.024
N, % 44.23 50.40 48.76 3.84 0.131
EE2, % 79.37 81.20 84.13 3.54 0.172
ADF2, % 16.10 15.89 20.45 3.29 0.117
NDF2, % 36.38a 38.34a 32.26b 2.17 0.013
Hemicellulose, % 56.68a 60.64a 45.03b 3.50 <0.001

a,bWithin a row, means without a common superscript differ (P < 0.05).
2Abbreviation: CON, corn-soybean meal diet; CSH, uncoated cyste-

amine; CSH-I, type 1 coated cysteamine; N, nitrogen; EE, ether extract.
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the TTR of NDF (P = 0.013) and hemicellulose (P <
0.001) compared with the other two groups. There were
no differences in TTR of N, EE, and ADF among the
three treatment groups.
DISCUSSION

The coating process can effectively cover the pun-
gent odor of CSH and enhance the palatability of
this additive (Atallah et al., 2020a). Coated CSH can
reduce the over-stimulation on gastric acid release
and improve the utilization rate of CSH (Liu et al.,
2019b). At the same time, the oxidation of active
sulfhydryl group in the CSH and the complexation
with metal ions in the feed is largely avoided by the
coating process and therefore the stability of CSH is
improved (Atallah et al., 2020a,b). Therefore, coating
is a common process for feed additive CSH. It was
noted that bio-efficacies of the same coated CSH can
greatly differed in pigs and poultry (Liu, 2019). As
known, the environment greatly differs in the intes-
tine of pigs and poultry. First of all, the jejunal pH
of the pig is 6.42, while the pH of the chicken is 8.12
(Hu et al., 2010; Ren et al., 2012). Secondly, activi-
ties of digestive enzymes, including pepsin (pig:
890 U/ml vs. chicken: 1500 U/ml), amylase (pig:
195.64 U/ml vs. chicken: 430.5 U/ml), trypsin (pig:
62.93 U/ml vs. chicken: 50.2 U/ml) and chymotryp-
sin (pig: 7.52 U/ml vs. chicken: 13.7 U/ml), were
greater in the chicken than the pig (Ren et al., 2012;
Wang et al., 2015). Lastly, the total passage time
through the digestive tract was about 36.5 to 44.8 h
in the pig (Gao et al., 2018) but 7.59 to 10.16 h in
the chicken (Yu et al., 2021a). All these differences
could contribute to different release patterns of the
same coated CSH along the digestive tract of pig and
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poultry as mentioned above. Therefore, it is impor-
tant to design or evaluate those coated CSH accord-
ing to the physiological conditions in the digestive
tract of target animals.

In current study, the release of coated CSH in the
digestive tract of broilers was investigated in the
CCSDS, which simulates the gastroenteric digestion of
chickens in vitro. The CCSDS was designed based upon
parameters of digestion fluid, body temperature and
movement of digestive tract in chickens, mimicing the
enzymatic digestion process in vivo (Zhao et al., 2014).
Using this CCSDS, in vitro digestible energy (IVDE) of
feed materials were not only close to the measured ME
in chickens but also highly correlated with the in vivo
values (R2 = 0.9998) (Zhao et al., 2014; Yu et al.,
2021b). These results indicated the in vitro digestion of
CCSDS well mimics the in vivo process in chickens.
Using this in vitro digestion system, we found that type
I coating could better resist the gastric digestion, where
less than 10% CSH-I was released in the stomach; in con-
trast, over 80% CSH-Ⅱ was released. At half of the total
passage time (4 h) in the small intestine, about 50% of
CSH-I was released. Thus, the type 1 coating was con-
sidered as an enteric-coating technology for chicken and
its growth-promoting effect was further verified.

In this present study, the active CSH compound is
54 mg/kg. Neither the CSH-I nor the uncoated CSH has
negative effect on the feed intake and intestinal mor-
phology of broilers. With this level of CSH inclusion,
Yang et al. (2006) found that CSH could increase the
activities of amylase, protease and lipase in the small
intestine, suggesting CSH can improve nutrients’ diges-
tion. Here in the present study, although the TTR of N
and crude fat did not significantly differ between the
CSH-adding groups and the control group, the TTR of
dietary DM and GE were greater in the two groups of
broilers fed with CSH. It was thought that nutrients’
digestion would be improved by CSH supplementation.
Further analysis in digestive enzyme activity on amylase
should be conducted. Interestingly, the BW, ADG and
ADFI of broilers on d 42 was only increased in the CSH-
I group (P < 0.05), rather than the uncoated CSH group.
As shown by the release kinetics determined in the
CCSDS, this enteric-coated CSH-I may release 80% of
the CSH in the small intestine, where it can target at the
small intestine to eliminate SS expression but induce
expression of neuropeptides, such as Ghrelin, to promote
feed intake in broilers (Seoane et al., 2000).

As an important organ of digestion and absorption,
intact epithelial structure and larger surface area of
small intestine are closely related to the growth perfor-
mance of animals. Previous studies have shown that
adding appropriate amounts of CSH to broiler diets can
reduce intestinal pathogens and enterotoxins, alleviate
intestinal inflammation, enhance intestinal integrity,
and improve feed intake of broilers (Liu et al., 2018a,b).
Although no effects of dietary CSH were noted on the
organ indices for the stomach and small intestine, addi-
tion of the CSH-I indeed increased villus height,
decreased crypt depth in the duodenum and tended to
increase the VSA of duodenal villi. It is consistent with
the findings that CSH increased duodenal V/C and mus-
cularis thickness in goats (He et al., 2007). Hence, CSH-I
technology would improve the absorption in the duode-
num as well. It explained a better growth performance
in broilers fed with CSH-I. It is important to note that
this coating technology only affect the duodenum but
not other small intestinal segments. This evidence sup-
ported the idea that the coated CSH-I was mainly
released in the duodenum.
CONCLUSIONS

The current study demonstrated that the release
kinetics of coated CSH in the digestive tract can be com-
prehensively investigated using the self-developed in
vitro digestion system CCSDS to simulate the digestive
tract environment and digestive process of broilers. An
enteric coating technology for CSH (coated CSH-I in the
present study) can assure the release of CSH mainly
occurs in the small intestine, resulting in improving the
morphology of the small intestine, nutrients’ digestibil-
ity, and feed intake in broilers. Therefore, the release
kinetics of coated CSH must be evaluated to ensure the
targeted release of CSH in the small intestine to avoid
over-stimulation of gastric acid secretion and achieve a
greater growth-promoting effect.
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