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a b s t r a c t

In vitro model provides alternatives to the use of live animals in research. In pig nutrition, there has been
a tremendous increase in in vivo research over the decades. Proper utilization of in vitro models could
provide a screening tool to reduce the needs of in vivo studies, research duration, cost, and the use of
animals and feeds. This study aimed to develop a multi-step porcine in vitro system to simulate nutrient
digestion and intestinal epithelial immune responses affected by feedstuffs and feed additives. Seven
feedstuffs (corn, corn distillers dried grains with solubles [corn DDGS], barley, wheat, soybean meal, soy
protein concentrates, and Corynebacterium glutamicum cell mass [CGCM]), feed enzymes (xylanase and
phytase), and supplemental amino acids (arginine, methionine, and tryptophan), were used in this
in vitro evaluation for their efficacy on digestibility, digesta characteristics, and intestinal health
compared with the results from previously published in vivo studies. All in vitro evaluations were
triplicated. Data were analyzed using Mixed procedure of SAS9.4. Evaluations included (1) nutrient di-
gestibility of feedstuffs, (2) the effects of feed enzymes, xylanase and phytase, on digestibility of feed-
stuffs and specific substrates, and (3) the effects of amino acids, arginine, tryptophan, and methionine, on
anti-inflammatory, anti-oxidative, and anti-heat stress statuses showing their effects (P < 0.05) on the
measured items. Differences in dry matter and crude protein digestibility among the feedstuffs as well as
effects of xylanase and phytase were detected (P < 0.05), including xylo-oligosaccharide profiles and
phosphorus release from phytate. Supplementation of arginine, tryptophan, and methionine modulated
(P < 0.05) cellular inflammatory and oxidative stress responses. The use of this in vitro model allowed the
use of 3 experimental replications providing sufficient statistical power at P < 0.05. This indicates in vitro
models can have increased precision and consistency compared with in vivo animal studies.
© 2024 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).

1. Introduction

With an increased global consumption of pork, pig nutrition
research has become one of the most extensively researched areas

in animal science. The number of peer-reviewed papers in pig
nutrition increased by 10 folds from 95 papers in 1975 to 963 pa-
pers in 2020 (Kim and Duarte, 2021), indicating a dramatic increase
in swine nutrition research. This may be related to continuous
genetic improvement requiring re-evaluation of nutrient re-
quirements, continuous advances in management practices,
allowing new feeding strategies, and increased health concerns
influencing nutritional status of pigs.

Among more than 200 abstracts presented in the area of pig
nutrition at the American Society of Animal Science conference
held in 2022 (ASAS, 2022a; ASAS, 2022b), topics on traditional
nutrition research made up 58% whereas research related to in-
testinal health accounted for 42% of the presentations, indicating a
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big increase in research related to intestinal health. When the
topics were classified by research areas, amino acid nutrition,
mineral nutrition, evaluation of feed enzymes, and impacts of
prebiotics and probiotics covered more than 60% (Fig. 1). All these
200 research presentations were from studies using animals. Thus,
the need for in vitro nutrition research models is obvious. In vitro
studies reduce research cost by eliminating the need for animals
and feeds whilst greatly reducing the length of time required to
conduct the experiment. In vitro techniques are extensively used to
evaluate the digestibility of feedstuffs and with the effect of feed
additives for pigs (Boisen and Fern�andez, 1995; Regmi et al., 2009;
Woyengo et al., 2016) and poultry (Bryan et al., 2018; Weurding
et al., 2001; Zaefarian et al., 2021) with known limitations. In the
case of the in vitro digestion model, accumulation of end-products
can limit digestion process (Greiner, 2021; Mandalari et al., 2009).
In vitro cell culture or tissue culture models do not consider com-
plex regulation and interaction among various cell types and tis-
sues within an animal body (Vinyard and Faciola, 2022).

In vitro studies have also been used to simulate the intestinal
immune system (Bouffi et al., 2023; Roh et al., 2022) and its re-
sponses to microbial and viral challenges (Chen et al., 2017; Lock
et al., 2022; Tsamandouras et al., 2017; Zhang et al., 2022).
In vitro models can be utilized as a tool for screening candidates of
feed additives prior to in vivo animal studies. Various attempts have
been made to screen feed additives on rumen methane mitigation
(Bodas et al., 2008; Durmic et al., 2014; Parra et al., 2023), showing
promising potential for the approach to be applied in porcine
models.

Intestinal health is a critically important issue in pig nutrition
especially in newly weaned pigs (Jha and Kim, 2021; McCracken
et al., 1999). In recent years, there have been a dramatic increase
in developing feed additives to improve intestinal health of newly
weaned pigs (Jang and Kim, 2022; Kim and Duarte, 2021; Zheng
et al., 2021). Intestinal health of nursery pigs is closely associated
with the intestinal immune system and its responses including
alterations in mucosa-associated microbiota (Duarte and Kim,
2022; Xu et al., 2022), inflammatory responses (Cheng et al.,
2021; Duarte et al., 2019; Jang et al., 2023), and oxidative dam-
ages (Chen et al., 2020; Deng et al., 2023a;Moita et al., 2021a) in the
jejunal mucosa of nursery pigs.

This study hypothesized that a multi-step porcine in vitro sys-
tem for the simulation of nutrient digestion and intestinal cell re-
sponses can be used as a tool to screen feed additives for their
efficacy prior to animal studies. Seven feedstuffs (corn, corn dis-
tillers dried grains with solubles [corn DDGS], barley, wheat, soy-
bean meal, soy protein concentrates, and Corynebacterium
glutamicum cell mass [CGCM]), feed enzymes (xylanase and

phytase), and supplemental amino acids (arginine, methionine, and
tryptophan), were used in this in vitro evaluation for their efficacy
on digestibility and intestinal health compared with the results
from previously published in vivo studies.

2. Materials and methods

2.1. Animal ethics statement

This study did not use live animals and thus animal ethics cer-
tificate was not required to carry out the in vitro evaluation.

2.2. Materials

Feed enzyme (xylanase and phytase), protein supplements
(soybean meal and soy protein concentrates), and supplemental
amino acids (arginine, methionine, and tryptophan) were used in
this multi-step porcine in vitro system. This in vitro system is the CJ
BIO Animal Nutrition and Health Application Platform designed
and developed by CJ Blossom Park (Suwon, Republic of Korea) to
simulate nutrient digestion and intestinal cell responses of multi-
animal species including pigs, poultry, and cattle. The multi-step
porcine in vitro system includes 2 application parts: “the gastro-
intestinal tract (GIT) application” simulating nutrient digestion and
“the Cell application” simulating intestinal cell responses. Xylanase
(endo-b-1,4-xylanase) was obtained from CJ BIO (Seoul, Republic of
Korea). The genetic information of xylanase was originated from
Orpinomyces PC2 and the enzyme was produced using Trichoderma
reesei. The activity of xylanase (XU) was measured by determining
the amount of enzyme required to release 1 mmol xylose equiva-
lence from 1% beechwood or sugarcane bagasse per minute at 50 �C
and pH 6.5 (Manfredi et al., 2015) and the measured activity was
used to provide 50,000 XU/g. Phytase (6-phytase, 88,000 FTU/g)
was obtained from CJ BIO. The genetic information of phytase was
originated from Escherichia coli and the enzyme was produced
using T. reesei. The activity of phytase (FTU) was measured by
determining the amount of phytase that liberates 1.0 mmol of
inorganic phosphorus per minute at 40 �C and pH 5.5 (Moita and
Kim, 2023) and the measured activity was used to provide 88,000
FTU/g. C. glutamicum cell mass was obtained from CJ BIO (Seoul,
Republic of Korea). Soybean meal was obtained from a local sup-
plier (DH Vital Feed, Pyeongtaek, Republic of Korea) containing 48%
CP and 3.0% lysine. Soy protein concentrate was obtained from CJ
Selecta (Araguari, MG, Brazil) containing 64% CP and 3.9% lysine
(Deng et al., 2022). Corn and wheat were obtained from a local
supplier (DH Vital Feed, Pyeongtaek, Republic of Korea) and corn
DDGS and barley were obtained from CJ F&C (Seoul, Republic of

Fig. 1. Topic areas of research abstracts in the area of pig nutrition presented at the American Society of Animal Science conferences held in 2022. Data were obtained from ASAS
(2022a, 2022b). AA ¼ amino acids; AC ¼ acidifiers; EF ¼ energy and fats; EZ ¼ enzyme; FB ¼ fiber; GH ¼ gut health; GM ¼ general management; GN ¼ general nutrition;
MN ¼ mineral; MT ¼ mycotoxins; PB ¼ pre-, pro-, post-biotics; PR ¼ protein; PY ¼ phytogenics; SP ¼ soy protein; VT ¼ vitamins.
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Korea). Arginine (98.5% L-arginine) and tryptophan (60% L-trypto-
phan, Trp GC) used in this study were obtained from CJ BIO. Three
types of methionine were used in this study: L-methionine (99%, CJ
BIO), D-methionine (98%, M9375, Sigma Aldrich, St. Louis, MO,
USA), and DL-methionine (99%, M2768, Sigma Aldrich, St. Louis,
MO, USA). A multi-step porcine in vitro system was used to deter-
mine digestibility of nutrients (the GIT application) and intestinal
epithelial or immune cell responses (the Cell application).

2.3. The GIT application: artificial gastrointestinal model for
nutrient digestibility

The artificial gastrointestinal model (Fig. 2) developed by the
Application Center of CJ Blossom Park (Suwon, Republic of Korea)
was used to measure in vitro digestibility of various feedstuffs
affected by xylanase and phytase. The artificial gastrointestinal
model consists of 12 digestion chambers, 12 feeding pumps, 2
cooling chambers, 12 coolant lines, 4 heating chambers, 12 heating
water line, and a computing system. Figure 3 shows one of 4 units.
Each unit has 3 digestion chambers.

The digestion chamber is made of a double jacketed reaction
flask (Pyrex glass, 1.1 L capacity) equipped with head stirrer
(impeller), pH meter, thermometer, feeding pump line, and water
circulator (BIOCNS, Daejeon, Republic of Korea). Figure 4 shows a
photo of the digestion chamber. During the digestion step, stirring
of the digesta is controlled by an impeller (0 to 2000 rpm) and the
temperature is controlled (20 to 60 �C) by circulating water be-
tween the space of double jacketed glasses. During the digestion

step, a buffer is provided (27 mL/min) through the feeding pump
line (range: 0 to 65,000 mL/min). The entire process can be pro-
grammed and automated by a software program (CIMONX, CIMON,
Sungnam, Republic of Korea) and the representing screen captures
the in vitro digestion steps as shown in Fig. 5.

2.3.1. In vitro digestion
In vitro digestion was carried out using the artificial gastroin-

testinal model and the each digestion process had a 360-min cycle.
Firstly, triplicate samples of corn DDGS, soybean meal, and CGCM
were used to evaluate the digestibility of dry matter and crude
protein. Secondly, the effects of xylanase on digestibility of nutri-
ents in selected feedstuffs were tested. Five feedstuffs commonly
used in swine feeds were evaluated including corn, wheat, barley,
soybean meal (48% CP), and corn DDGS with or without xylanase (4
XU/kg). Each feedstuff (with or without xylanase) was replicated 6
times for the evaluation of in vitro digestibility (3 replicates) and
digesta viscosity (3 replicates). All tested feedstuffs were ground
with a commercial blender (HMF-3250S, Hanil Electric, Bucheon,
Republic of Korea) to particle size to pass 1-mm screen following
the procedure by Boisen and Fern�andez (1997). Thirdly, the efficacy
of phytase on hydrolysis of phytate and the composition of phytic
acids were measured.

To the first step simulated stomach digestion: 20 g of each
feedstuff (with or without xylanase) was added in the digesta with
0.1 mol/L phosphate buffer (pH 2.5, 370 mL) with 0.3% pepsin (Choi
et al., 2021) and maintained for 2 h at 39 �C with continuous stir-
ring at 700 rpm (Boisen and Fern�andez, 1997; Jean and Yolande,

Fig. 2. The artificial gastrointestinal model with 12 digestion chambers (CJ Blossom Park, Suwon, Republic of Korea).
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2007; Regmi et al., 2009). To the second step simulated small in-
testinal digestion: 0.2 mol/L phosphate buffer (pH 6.8, 100 mL) and
0.4 mol/L NaOH (50 mL) were added at pH 6.8; consequently, 0.8%
pancreatin (20 mL, Sigma Aldrich, St. Louis, MO, USA) was added
and the digestion was maintained for 4 h at 39 �C with continuous
stirring at 700 rpm (Boisen and Fern�andez, 1997; Jean and Yolande,
2007; Regmi et al., 2009).

2.3.2. Digestibility of dry matter and crude protein
After the completion of a 2-step digestion, 3 digesta replicates

were filtered through Nylon mesh (30 mm, Narae Plus, Seoul, Re-
public of Korea) and the filtrates were dried at 60 �C for 24 h in a
drying oven (NB-901M, N-BIOTEK, Bucheon, Republic of Korea). The
weights of dried samples before the digestion (a), filter (Nylon
mesh) (b), samples with filter after the digestion, filtration, and
drying (c) were obtained after drying at 105 �C for 4 h (Method
934.01, AOAC, 2007), and used to calculate dry matter digestibility
(%) following the equation by Boisen and Fern�andez (1995):

Dry matter digestibility (%) ¼ [(a þ b � c)/(a þ b)] � 100.

For the determination of CP digestibility (%), dried filtrate
(25 mg) was used in an Elemental Analyzer (vario MACRO cube,
Elementar, Hesse, Germany) for the quantification of nitrogen
(Biancarosa et al., 2017). The analyzed nitrogen content was
multiplied by 6.25 to obtain the crude protein content (Marco et al.,

2002). Crude protein digestibility (%) was calculated following the
equation:

Crude protein digestibility (%) ¼ {c � [a � (1 � b)]}/c � 100,

where a ¼ CP in the dried filtrate (%); b ¼ DM digestibility; and
c ¼ CP in the sample (%).

2.3.3. Digesta viscosity of feedstuffs with or without xylanase
Samples digesta (25 mL) were taken from the remaining 3

digestion chambers at different time points (0, 10, 60, 120, 240, and
360 min) during the second step of the model. Obtained digesta
were centrifuged at 2800 � g (5810R, Eppendorf, Hamburg, Ger-
many) at 20 �C for 15 min (Ayres et al., 2019). Supernatants (5 mL)
were transferred to 25 mL Falcon tubes, frozen at�80 �C, and freeze
dried (LP03, Ilshin BioBase, Yangju, Republic of Korea). Freeze-dried
samplewas dissolved in distilledwater (0.5mL) and used tomeasure
viscosity. Viscosity was measured using a viscometer (DV2T, Brook-
field, MA, USA). A sample (500 mL) was loaded to a viscometer under
20 and 50 rpm at 39 �C for 20 s (Bedford and Classen, 1993; Moita
et al., 2022; Passos et al., 2015). The changes of viscosity from 0 to
360 min of the second step digestion were plotted using the time as
an independent variable (x-axis) and the viscosity (cP) as a depen-
dent variable (y-axis). The area under the curve was calculated
(Graphpad Prism 5 software) and compared between treatments
(with or without xylanase) following Cheryl et al. (2006).

Fig. 3. A close view of a part of the artificial gastrointestinal model: (a) control panel (computing system), (b) digestion chamber (doubled jacketed reaction flask), (c) cooling
chamber, (d) heating chamber, (e) coolant line, (f) heating water line, and (g) feeding pumps.
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2.3.4. Separation and quantification of xylo-oligosaccharides (XOS)
in digesta from feedstuffs with or without xylanase

Digesta obtained from the in vitro digestionwere further used to
separating and quantifying XOS following the procedure of Folch
et al. (1957). Digesta (1 mL) were diluted with distilled water
(4 mL), and then diluted digesta (1 mL) was mixed with methanol
(1.33 mL) and chloroform (2.66 mL) with vortexing. Mixed digesta
samples were centrifuged at 1580 � g and 20 �C for 3 min (5810R,
Eppendorf, Hamburg, Germany). Supernatant (0.5 mL) was trans-
ferred into a microcentrifuge tube (3810X, Eppendorf, Hamburg,
Germany) and frozen at �80 �C. Frozen samples were dried to
remove solvent by a centrifugal vacuum concentrator (HyperVAC-
LITE, Hanil Scientific Inc., Gimpo, Republic of Korea) at 35 �C for 4 h.

Dried samples were dissolved in 0.5 mL 50% methanol and
filtered through a C8 cartridge (Sep-Pak C8 Vac RC, Waters, MA,

USA) and then a 0.22-mm syringe filter (AS031320-19, Agela Tech-
nologies, CA, USA). Filtered samples (2 mL) were used to separate
and quantify XOS using liquid chromatographyemass spectrometry
following De Leoz et al. (2013). A liquid chromatography (UPLC,
Acquity Premier UPLC System, Waters, MA, USA) with a column at
35 �C (2.1 mm � 150 mm, Acquity UPLC BEH Amide, Waters, MA,
USA) and a mass spectrometry detector (Xe-vo TQ-XS, Waters, MA,
USA) were used. Twomobile phases were used: (1) 80% acetonitrile
(ACN) with 0.1% ammonia solution (AmOH, 5.43830, Sigma Aldrich,
St. Louis, MO, USA) and (2) 30% ACNwith 0.1% AmOH. The gradients
of 80% ACN:30% ACN were set at 40:60 (0 to 10 min) and 100:0 (10
to 20 min) with the flow rate was set at 0.17 mL/min. The positive
electrospray ionization (ESI) mode was used for ionization with
capillary voltage at 2.8 kV and cone voltage at 25 V (Kouzounis
et al., 2022).

Fig. 4. A close view of a digestion chamber: (a) head stirrer, (b) impeller, (c) pH meter, (d) thermometer, (e) feeding pump line, and (f) continuous viscometer. GIT ¼ the
gastrointestinal tract.
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2.3.5. Quantification of phosphorus release from phytate with or
without phytase

Phytic acid solution (10 mmol/L) was prepared by dissolving
0.28 g phytic acid (P8810, Sigma Aldrich, St. Louis, MO, USA) in

40 mL distilled water at pH 2.0 (Hirvonen et al., 2019). Phytase (200
FTU/mL) was prepared by adding 0.02 g phytase (88,000 FTU/g) to
8.8 mL sodium acetate buffer (0.25 mol/L at pH 5.5) followed by
incubation using a shaking incubator (VS-8480, Vision Scientific,

Fig. 5. The screen captures of the digestion steps showing the program and the automated process of the artificial gastrointestinal model. (A) The first step of the in vitro digestion
to simulate stomach digestion. (B) The second step of the in vitro digestion to simulate the small intestine. GIT ¼ the gastrointestinal tract.
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Daejeon, Republic of Korea) at 200 rpm and 39 �C for 30 min. It was
further diluted 10� with 0.25 mol/L sodium acetate buffer (pH 5.5)
to obtain phytase with 20 FTU/mL.

For the first step of digestion, 100 mL phytase (20 FTU/mL) was
added to 10 mL phytic acid solution (10 mmol/L) with 0.3% pepsin
(250 units/mg, P7000, Sigma Aldrich, St. Louis, MO, USA) and
digested at 39 �C and spun at 200 rpm for 2 h in 3 replicates (Boisen
and Fern�andez, 1997; Jean and Yolande, 2007; Regmi et al., 2009).
During the digestion, samples (1 mL) were taken at 0, 30, 60, and
120 min and the samples were immediately heated using a heat
block (MS-100, AllSheung, Hangzhou, China) at 95 �C for 10 min.
Digesta samples were filtered using 0.22-mm syringe filter (Agela
Technologies, CA, USA) and the filtrates were used for the second
step of digestion. The pH of filtrate was adjusted to 6.5 by adding
0.45 mL NaOH (1 mol/L), mixed with 0.6 mL of 20% pancreatin
(P1750, Sigma Aldrich, St. Louis, MO, USA) in distilled water, and
digested at 39 �C and 200 rpm for 4 h in 3 replicates (Boisen and
Fern�andez, 1997; Jean and Yolande, 2007; Regmi et al., 2009).
During the digestion, samples (1mL) were taken at 0, 2, and 4 h and
the samples were immediately heated using a heat block (MS-100,
AllSheung, Hangzhou, China) at 95 �C for 10 min. The digesta
samples were filtered using a 0.22-mm syringe filter (Agela Tech-
nologies, CA, USA) to collect filtrates.

The filtrates from digesta samples were used for the quantifi-
cation of phosphorus using a colorimetric assay. First, the dye re-
agent was prepared by mixing a dye reagent concentrate with a
nitric acid solution (100 mL, 22%, 5617-4400, Daejung, Siheung,
Republic of Korea), a solution (50 mL) with ammonium hydroxide
(0.25%, 1065-4410, Daejung, Siheung, Republic of Korea) and
ammonium molybdate (10%, 1073-4400, Daejung, Siheung, Re-
public of Korea), and an ammoniummetavanadate solution (50 mL,
0.235%, 1072-4105, Daejung, Siheung, Republic of Korea).

The standard used for the phosphorus quantification was pre-
pared dissolving 0.05 mol/L potassium phosphate monobasic
(6613-4400, Daejung, Siheung, Republic of Korea) into 0.25 mol/L
sodium acetate buffer (pH 5.5) to achieve 0, 313, 625, 1250, 2500,
and 5000 nmol.

Filtered digesta samples or the standard (0.1 mL) were mixed
with 2 mL dye reagent, and 2.9 mL acetate buffer (0.25 mol/L at pH
5.5), and incubated at room temperature for 10 min. After the in-
cubation, the mixture was centrifuged (1696R, Labogene, Lillerød,
Denmark) at 2800 � g for 5 min. The supernatants were taken and
used to measure color intensity (optical density) using a spectro-
photometer (UV-1800, SHIMADZU, Kyoto, Japan) at 415 nm (Kitson
and Mellon, 1944).

The amounts of phosphorus in the filtered digesta samples and
the standard were calculated based on the following equation:

Phosphorus release (%) ¼ (b/a) � 100,

where a is phosphorus in the standard; and b is phosphorus in the
sample.

2.4. The Cell application: intestinal cell model for immune status

2.4.1. Cell culture
Intestinal porcine epithelial cells (IPEC-J2, DSMZ No. ACC701,

BWE, Germany) were seeded in T75 cell culture flasks (70075, SPL
Lifesciences, Gyeonggi-do, Republic of Korea) and cultured with
Dulbecco's Modified Eagle Medium/Nutrient Mixture F-12 (DMEM/
F12, Thermo Fisher Scientific, Waltham, MA, USA) containing 10%
fetal bovine serum (FBS, SV30207.02, Hyclone, Cytiva, Australia), 1%
insulinetransferrineseleniumeethanolamine (ITS-X, 51500056,
Thermo Fisher Scientific, Waltham, MA, USA) and 1%
penicillinestreptomycin (15140-122, Thermo Fisher Scientific,

Waltham, MA, USA) at 37 �C in a humidified atmosphere with 5%
CO2 (Li et al., 2022; Yan and Ajuwon, 2017). Cells were sub-cultured
once every 3 to 4 d (twice aweek) until the confluence reached 90%.
For the sub-culture, cells were detached from the flask by Trypsin/
EDTA (GIBCO, NY, USA), centrifuged at 300 � g for 3 min, re-
suspended and re-seeded at concentration of 5.0 � 105 cells in
25 mL of complete cell culture medium per T75 flask (Fig. 6).

Bone marrow-derived macrophages (BMDM) were obtained
from porcine tibia or femur bones (21-d-old pigs) with the presence
of growth factors. The femurs were cut at both ends with sterile
scissors. The bone marrow was flushed out using 18-gauge needle
and 10 mL syringe filled with ice-cold Dulbecco's Modified Eagle
Medium (DMEM, Thermo Fisher Scientific, Waltham, MA, USA)
onto a 70 mm nylon cell strainer (Model 352350, Corning Incorpo-
rated, NY, USA) and placed in a 50mL conical tube (SPL Lifesciences,
Gyeonggi-do, Republic of Korea). Cells were centrifuged at 300 � g
for 5 min and the supernatant was removed (Liu and Quan, 2015;
Toda et al., 2020; Weischenfeldt and Porse, 2008). The 5 mL of red
blood cell lysis buffer (Thermo Fisher Scientific,Waltham, MA, USA)
was added and allowed to stand for 5 min. The 40 mL of cell me-
dium containing 1% penicillinestreptomycin was added and
strained through the cell strainer (Model 352350, Corning Incor-
porated). Cells were centrifuged at 300 � g for 5 min and the su-
pernatant was removed again. Isolated cells were cultured with
DMEM containing 5% FBS and mM-CSF (416-ML-010, R&D systems,
MN, USA) at 37 �C in a humidified atmosphere with 5% CO2 (Gao
et al., 2018; Na et al., 2016).

2.4.2. Cell viability
To evaluate the cytotoxicity of samples to IPEC-J2, cells were

seeded in 96-well plates (Corning Incorporated, NY, USA) at
1.5 � 104 cells per well. After overnight incubation at 37 �C with 5%
CO2, the wells were washed by DMEM/F-12 and treated with the
medium containing various amounts of test samples (arginine at
0 to 5000 mg/L, tryptophan at 0 to 2500 mg/L, and methionine at
0 to 5000 mg/L) for 24 h. After the incubation period, wells were
washed using DMEM/F-12 and diluted WST-1 working solution
(10� WST reagent, EZ-3000, DOGEN Bio, Gyenggi-do, Republic of
Korea) was added (100 mL) to each well (Weir et al., 2011). After
incubating for 2 h, the absorbance at 450 nm was determined by a
microplate reader (Epoch 2, BioTek, Winooski, VT, USA).

Cell viability (%) ¼ (OD450 of treated cells/OD450 of untreated
cells) � 100,

where OD450 is optical density at 450 nm.

2.4.3. Inflammatory status
To establish the inflammatory status in IPEC-J2 cell line, the

expressionofmRNA for interleukin8 (IL8)wasquantified. Briefly, cells
were seeded at 1.0 � 105 cells/well (1 mL per well) in 24-well plates
and cultured overnight. Cells were pre-treated with or without test
samples for 18 h and challenged with 1 mg/mL of deoxynivalenol
(DON, D0156, Sigma Aldrich, St. Louis, MO, USA) (DON/control, test
sample þ DON/treated group) for 3 h (Xu et al., 2020).

After these treatments, cells were washed with cold phosphate-
buffered saline (PBS) and harvested for the total RNA extraction and
the quantification of IL8 mRNA. The test samples were arginine (0
vs. 2500 mg/L), tryptophan (0, 50, and 100 mg/L), and methionine
(0 vs. 2500 mg/L). The percent reduction of IL8 was calculated
following the equation below:

Reduction (%) ¼ [(RGE of challenged cells � RGE of pretreated and
challenged cells)/RGE of challenged cells] � 100,
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where RGE is relative gene expression.
To establish the anti-inflammatory status in BMDM, IL10 was

quantified. Briefly, isolated cells were cultured for 5 d. There were
5.0 � 105 cells/well in a 48-well plate including DMEM medium
supplemented with 5% FBS and 20 ng/mL mM-CSF and differenti-
ated (Na et al., 2016). Cells were incubated with test samples for
20 h. The test samples were methionine (0 vs. 2500 mg/L) and
tryptophan (0 vs. 100 mg/L).

Cell culture supernatants were collected, centrifuged at
16,000 � g for 3 min, and stored at �80 �C until the quantification
of anti-inflammatory cytokine, IL10. The concentration of IL10 was
determined using the Duoset ELISA kit (DY693B, R&D systems, MN,
USA). The standard was used in a working range between 0 and
1500 pg/mL. A 96-well microplate was coated with 100 mL/well of
the capture antibody (4 mg/mL) and incubated at room temperature
overnight. Each well was aspirated and washed with washing
buffer 3 times. The plate was blocked by adding 300 mL Reagent
diluent to each well, incubated at room temperature for 1 h and
washed. The 100 mL samples and standards in Reagent diluent were
added, incubated for 2 h and washed. The 100 mL the detection
antibody (50 ng/mL) was added, incubated for 2 h and washed. The
100 mL streptavidin-horseradish peroxidase (HRP) was added,
incubated for 20 min, and washed. The 100 mL substrate solution
was added and incubated for 20 min. The reaction was stopped by
adding 50 mL stop solution. The absorbance at 450 nm was deter-
mined by a microplate reader and IL10 concentration was
expressed as pg/mL.

2.4.4. Oxidative stress status
To establish the oxidative stress status in IPEC-J2 cell line, the

amount of total reactive oxygen species (ROS) was quantified. Briefly,
cells were seeded at 1.5� 104 cell/well (100 mL per well) in a 96-well
plate. After overnight incubation at 37 �C, cells were pre-treatedwith
orwithout test samples for 18 h and thenwashed byHank's Balanced
Salt Solution (HBSS, 14175095, Thermo Fisher Scientific, Waltham,
MA, USA). To determine the amount of ROS, cells were incubated
with 10 mM 20,70-dichlorofluorescin-diacetate (DCF-DA, D6883,
Sigma Aldrich, St. Louis, MO, USA) for 30 min and then treated with
0.5 mmol/L H2O2 for 30 min (Vergauwen et al., 2015). The fluores-
cence was read at 485 nm for excitation and 530 nm for emission
with a fluorescence microplate reader (BioTek Synergy H1). The test
samples were arginine (0 vs. 2500 mg/L), tryptophan (0, 50, and
100 mg/L), and methionine (0 vs. 5000 mg/L). The percent reduction
of ROS was calculated as follows:

Reduction (%) ¼ [(RFU of challenged cells � RFU of pretreated and
challenged cells)/RFU of challenged cells] � 100,

where RFU is relative fluorescence units.

2.4.5. Heat stress status
To establish the heat stress status in IPEC-J2 cell line, the

expression of mRNA for heat shock protein 70 (HSP70) was quan-
tified. Briefly, IPEC-J2 cells were seeded at 4.0� 105 cell/well in a 6-
well plate and cultured at 37 �C for 24 h. Cells pre-treated with or

Fig. 6. Cultured cells under the microscope. (A) Intestinal porcine epithelial cells (IPEC-J2) at 100� magnification. Scale bar, 200 mm. (B) IPEC-J2 at 200� magnification. Scale bar,
100 mm. (C) Bone marrow-derived macrophages (BMDM) at 100� magnification. Scale bar, 100 mm. (D) BMDM at 200� magnification. Scale bar, 50 mm.
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without test samples for 18 h were divided into two groups: (1) the
control group (exposure to 37 �C for 2 h) or (2) the HS group
(exposure to 42 �C for 2 h); and then cells were cultured at 37 �C for
6 h (Cui et al., 2022; Zhang et al., 2023). Cells were washed with
cold PBS and harvested for total RNA extraction. The test samples
were arginine (0 vs. 2500 mg/L), tryptophan (0, 50, and 100 mg/L),
and methionine (0 vs. 2500 mg/L). For quantification of HSP70, the
isolated RNA was analyzed using reverse transcription quantitative
polymerase chain reaction (RT-qPCR). The percent of production
was calculated as follows:

HSP70 production (%) ¼ (RE of HSP70 in pretreated and challenged
cells/RE of HSP70 in challenged cells) � 100,

where RE is relative expression.
To establish the heat stress status in BMDM, the amount of

HSP70 was quantified. Briefly, isolated cells were cultured for 5 d.
There were 1 � 106 cell/well in a 24-well plate including DMEM
medium supplemented with 5% FBS and 20 ng/mL mM-CSF and
differentiated. Cells pre-treated with or without test samples for
18 h were divided into two groups: (1) the control group (exposure
to 37 �C for 2 h) or (2) the HS group (exposure to 42 �C for 2 h); and
then cells were cultured at 37 �C for 20 h. The test samples were
arginine (0 vs. 2500 mg/L), tryptophan (0, 50, and 100 mg/L), and
methionine (0 vs. 2500 mg/L).

The cell pellet was collected, rinsed with PBS, and lysed using
the radioimmuno-precipitation assay (RIPA) lysis and extraction
buffer (89900, Thermo Fisher Scientific, Waltham, MA, USA) at 4 �C
for 15 min. The supernatants were stored at �80 �C until the
quantification of HSP70 proteins. The HSP70 concentration was
determined using the Pig Heat Shock Protein 70 ELISA Kit
(MBS702042, Mybiosource, BC, Canada). The 100 mL sample and
standard were added to microplate wells coated with capture
antibody and incubated at 37 �C for 2 h. The 100 mL Biotin-antibody
was incubated at 37 �C for 2 h. The detection occurred using 100 mL
HRP, 3,30,5,50-tetramethylbenzidine (TMB) substrate, and a stop
solution. The absorbance at 450 nm was determined using a
microplate reader. The total protein concentration was determined
using the BCA protein assay kit (23225, Thermo Fisher Scientific
Inc., Waltham, MA, USA). The absorbance was measured at 562 nm.
The HSP70 concentration was expressed as ng/mg protein. The
percent of production was calculated as

HSP70 production ð%Þ ¼
0

BB@
HSP70 conc:
protein conc: in pretreated and challenged cells

HSP70 conc:
protein conc: in challenged cells

1

CCA� 100;

where the concentration of HSP70 is ng/mL and the concentration
of protein is mg/mL.

2.4.6. Cell proliferation
To establish cell proliferation, IPEC-J2 were seeded at

1.5 � 104 cells/mL (100 mL per well) in 96-well plates. The test
samples were diluted to twice the desired final concentration (2
folds) in the cell media and 100 mL/well was added to eachwell. The
20 mL of a 50-bromo-20-deoxyuridine reagent (500�, BrdU cell
proliferation kit 2750, Sigma Aldrich, St. Louis, MO, USA) was added
and incubated for 24 h to determine the relative proliferation of the
cells. Test sample was tryptophan (0, 50, and 100 mg/L).

To detect the BrdU label by the anti-BrdU monoclonal antibody,
cells were fixed by 200 mL of fixing solution, reacted for 30 min and
washed 3 times by 300 mL washing solution. The 100 mL of anti-

BrdU monoclonal antibody was added, incubated at room tem-
perature for 1 h and washed. The goat anti-mouse IgG, peroxidase
conjugate, was filtered by a 0.22-mm syringe filter, added to each
well and reacted for 30 min. The TMB peroxidase substrate was
added and incubated for 30 min. The reaction was stopped by the
acid stop solution. The absorbance at 450 nmwas determined by a
microplate reader (Yin et al., 2014).

Cell proliferation (%) ¼ (OD450 of pretreated cells/OD450 of un-
treated cells) � 100,

where OD450 is optical density at 450 nm.

2.4.7. RNA extraction and real-time PCR for IL8 and HSP70 in
intestinal epithelial cells

Total RNA was extracted from IPEC-J2 using the easy-spin RNA
extraction kit (17221, iNtRON, Republic of Korea). Cells were lysed
by adding 1 mL lysis buffer (easy-BLUE reagent) and transferred
into a 1.5 mL tube (SPL Life Sciences, Gyeonggi-do, Republic of
Korea), followed by the addition of 200 mL chloroform to each
tube, and then vigorously vortexed. The tubes were centrifuged at
16,000 � g under 4 �C for 10 min and the supernatant was then
transferred into an empty 1.5-mL tube. The 400 mL binding buffer
was added and mixed by pipetting or gently inverting 3 times. The
800 mL of the upper solution was loaded to the column and
centrifuged at 16,000 � g for 1 min. The spin columnwas placed in
the collection tube. The 700 mL washing buffer A was added to the
column and centrifuged at 16,000 � g for 1 min (Jin et al., 2022).
The column was washed by adding 700 mL washing buffer B and
centrifuged at 16,000 � g for 1 min. The flow-through was dis-
carded and the column was centrifuged at 16,000 � g for 1 min to
dry the column. The columnwas placed in a clean 1.5 mL tube and
50 mL elution buffer was added onto the membrane. After the
incubation for 1 min, the tube was centrifuged at 16,000 � g for
1 min to elute. The RNA purity and concentration were measured
by spectrophotometry (QIAxpert System, Qiagen, Hilden,
Germany).

The RT-qPCR was performed on Rotor-gene Q 2plex platform
(Qiagen) in a final volume of 20 mL using the AccuPower GreenStar
RT-qPCR PreMix (K-6403, Bioneer, Republic of Korea). The PCR re-
action mixture contained 10 mL 2� master mix, 2 mL each primer
(10 pmol/mL), 2 mL template RNA, and 4 mL DEPC-DW. The mixture
was added into a PCR tube and the PCR consisted of cDNA synthesis
at 50 �C for 15 min and pre-denaturation at 95 �C for 5 min, fol-
lowed by 40 cycles at 95 �C for 15 s, 55 �C for 30 s, and 72 �C for 30 s.
The primers were designed with Primer-Blast (https://www.ncbi.
nlm.nih.gov/tools/primer-blast/) based on the published cDNA
sequence in the GenBank. The relative abundance of targeted genes
was calculated according to the 2�DDCt method and normalized to
the mean expression of TATA box binding protein (TBP) or glycer-
aldehyde 3-phosphate dehydrogenase (GAPDH) serving as the in-
ternal reference gene. Information on the detected genes and
primers is shown in Table 1.

2.5. Statistical analysis

Data obtained in this study were analyzed using the Mixed
Procedure of SAS 9.4 (SAS Institute, Cary, NC, USA). For in vitro
evaluation of nutrient digestibility and intestinal cell responses, a
completely randomized design was used to test the main effects.
Dietary treatments were considered fixed effects and the proba-
bility of differences (pdiff) option was used for multiple range test.

The linear and quadratic effects of increasing levels of arginine,
tryptophan, and methionine in cell viability evaluation were tested
by polynomial contrasts with coefficients by the Proc IML
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procedure of SAS 9.4. Preplanned contrasts were made to compare
treatments with or without amino acids. When significant differ-
ences or tendencies were present, the data were further analyzed
using the NLMIXED procedure to determine the break point to
obtain the optimal supplemental level, as previously described
(Jang et al., 2021; Moita et al., 2021b). The statistical significance
and tendency were declared at P < 0.05 and 0.05 � P < 0.10,
respectively.

Data from phosphorus release (%) from phytate were used in
slope-ratio assay according to Choi et al. (2023) and Kim and Easter
(2001). The statistical model used in the analysis is according to the
following equation:

y ¼ a þ bt � xt þ bs � xs þ e,

where y represents response criterion (% phosphorus release); a is
an intercept (% phosphorus release); bt and bs are the slopes for
phytase (0 or 200 FTU/mL); xt and xs are the time of digestion (min)
with phytase (0 or 200 FTU/mL); e is the error term.

3. Results

3.1. The GIT application

3.1.1. Digestibility of dry matter and crude protein
Digestibility (%) of dry matter and crude protein in selected

protein supplements (soybean meal, soy protein concentrate, corn
DDGS, and CGCM) was measured and compared among tested
feedstuffs (Table 2). Digestibility of dry matter in CGCM was the
greatest (P < 0.05) and that in corn DDGS was the lowest (P < 0.05).
Soy protein concentrate had greater (P < 0.05) dry matter di-
gestibility than conventional soybean meal. Digestibility of crude
protein in soy protein concentrate was greater (P < 0.05) than that
in soybean meal and corn DDGS. Digestibility of crude protein in
corn DDGS was the lowest (P < 0.05) among tested feedstuffs. Di-
gestibility of crude protein in CGCM was not detectable because of
insignificant residuals (dried filtrate) after digestion.

Digestibility of dry matter in selected cereal grains (corn, wheat,
barley) and protein supplements (soybean meal and corn DDGS)
were measured with and without xylanase (Table 3) to evaluate the
effects of xylanase on the dry matter digestibility. Supplementation
of xylanase (4 XU/kg) increased (P < 0.05) the dry matter di-
gestibility of wheat (4.0%) and barley (2.1%), whereas the drymatter
digestibility of corn, soybeanmeal, and corn DDGSwas not affected.

3.1.2. Digesta viscosity of feedstuffs with or without xylanase
Viscosity of digesta was also measured (Table 4). Supplemen-

tation of xylanase (4 XU/kg) reduced (P < 0.05) the viscosity of
wheat (20.7%) and barley (10.5%), and tended to reduce (P ¼ 0.051)
the viscosity of corn (4.2%), whereas the viscosity of soybean meal
and corn DDGS was not affected.

3.1.3. Separation and quantification of xylose-oligosaccharide in
digesta from feedstuffs with or without xylanase

Amounts (mg/kg) of XOS with various numbers of monomers
(from 2 to 6) were measured after digestion with or without
xylanase (4 XU/kg) (Fig. 7). Digestion with xylanase increased
(P < 0.05) the amount of xylotriose in corn and corn DDGS, and both
xylobiose and xylotriose in soybean meal. Digestion with xylanase
increased (P < 0.05) the amount of xylobiose, xylotriose and xylo-
tetraose in wheat and barley. There is no xylopentaose or xylo-
hexaose generated from the digestion of feedstuffs with xylanase.

3.1.4. Quantification of phosphorus released from phytic acid with
or without phytase

The time course release of phosphorus from phytic acid after
digestion with or without phytase (200 FTU/mL) is shown in Fig. 8.
Therewas no increase of phosphorus release from phytic acid when
phytase was not added in digestion. However, when phytase was
added, phosphorus release linearly increased (P < 0.05) from 16.2%
to 33.1% during the 360-min digestion.

3.2. The Cell application

3.2.1. Arginine
The viability of IPEC-J2 was evaluated by increasing the dose of

arginine in culture media (Table 5). Increasing the dose of arginine

Table 1
Primer sequences used in this study.

Gene Primer sequences (50e30) Length, bp Access no. Reference

IL8 F: AGCCCGTGTCAACATGACTT
R: TGGAAAGGTGTGGAATGCGT

147 NM_213867.1 Primer-Blast1

HSPA6 F: GAATCCGCAGAATACCGTGT
R: TCCGCAGTCTCCTTCATCTT

213 NM_001123127.1 Adur et al. (2022)

TBP F: GATGGACGTTCGGTTTAGG
R: AGCAGCACAGTACGAGCAA

124 XM_021085497.1 Kern et al. (2017)

GAPDH F: GTTGTGGAGTCCACTGGTGT
R: CCCATCACAAACATGGGGGC

119 NM_001206359.1 Jeong et al. (2014)

IL8 ¼ interleukin-8; HSPA6 ¼ heat shock protein family A (HSP70) member 6; TBP ¼ TATA box binding protein; GAPDH ¼ glyceraldehyde-3-phosphate dehydrogenase.
1 Primer-Blast (https://www.ncbi.nlm.nih.gov/tools/primer-blast/).

Table 2
Digestibility of dry matter and crude protein in various feedstuffs using the artificial
gastrointestinal model (%).

Digestibility SBM SPC Corn DDGS CGCM SEM P-value

Dry matter 75.3b 79.2c 50.2a 98.6d 0.56 <0.001
Crude protein 92.2b 95.1c 75.0a e 0.30 <0.001

SBM ¼ soybean meal; SPC ¼ soy protein concentrates; corn DDGS ¼ corn distillers
dried grains with solubles; CGCM ¼ Corynebacterium glutamicum cell mass.
aedMeans within a row lacking common superscripts differ (P < 0.05).

Table 3
Digestibility of dry matter in feedstuffs with xylanase (0 or 4 XU/kg1) using the
artificial gastrointestinal model (%).

Digestibility Xylanase, XU/kg1 SEM P-value

0 4

Corn 73.3 73.4 0.24 0.627
Wheat 83.5 86.8 0.11 0.001
Barley 70.8 72.3 0.19 0.012
Soybean meal 75.4 75.3 0.12 0.479
Corn DDGS 52.3 52.7 0.22 0.292

Corn DDGS ¼ corn distillers dried grains with solubles.
1 XU (unit) is the amount of enzyme required to release 1 mmol xylose equivalent

from 1% beechwood or sugarcane bagasse per minute at 50 �C and pH 6.5 (Manfredi
et al., 2015).
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reduced (P < 0.05) viability of IPEC-J2 in a quadratic manner with a
breakpoint (P < 0.05) at 2502 mg/L (Fig. 9).

Inflammatory, oxidative stress, and heat stress statuses in IPEC-
J2 and BMDMwith or without the inclusion of arginine at 2500mg/

L were evaluated (Table 6). Inclusion of arginine at 2500 mg/L
reduced (P < 0.05) the production of IL8 (27.3%) and ROS (26.8%) in
IPEC-J2. However, production of HSP70 both in IPEC-J2 and BMDM
was not affected by the inclusion of arginine.

3.2.2. Tryptophan
The viability of IPEC-J2 was evaluated by increasing the dose of

tryptophan in culture media (Table 7). Increasing the dose levels of
tryptophan both linearly and quadratically reduced (P < 0.05)
viability of IPEC-J2 with a breakpoint (P < 0.05) at 1006 mg/L. The
breakpoint (one-slope broken-line model) was 1005.6 mg/L tryp-
tophan when cell viability was 102% (P < 0.05). In the one-slope
broken-line model, the equation for cell viability is
y¼ 102.1�0.064� z1; if tryptophan is� breakpoint, then z1¼0; if
tryptophan is >breakpoint, then z1 ¼ tryptophan � breakpoint.

Inflammatory, oxidative stress, and heat stress statuses in IPEC-
J2 and BMDM with increasing dose levels of tryptophan from 0 to
100 mg/L were evaluated (Table 8). Increasing the dose of trypto-
phan from 0 to 100 mg/L reduced (P < 0.05) IL8 production at
50 mg/L, linearly increased (P < 0.05) the production of IL10 in
BMDM, and linearly reduced (P < 0.05) the production of ROS in
IPEC-J2. Increasing the dose of tryptophan from 0 to 100 mg/L
linearly increased (P < 0.05) the production of HSP70 in both IPEC-
J2 and BMDM and also linearly increased (P < 0.05) proliferation of
IPEC-J2.

3.2.3. Methionine
The viability of IPEC-J2 was evaluated by increasing the dose of

different types of methionine (D-methionine, L-methionine, and
DL-methionine) in culture media (Table 9). Increasing the dose
levels of L-methionine and DL-methionine both linearly and
quadratically reduced (P < 0.05) viability of IPEC-J2 with a break-
point (P < 0.05) at 2510 mg/L. The breakpoint (one-slope broken-
line model) was 2510 mg/L methionine when cell viability was
100.4% (P < 0.05). In the one-slope broken-line model, the equation
for cell viability is y ¼ 100.4 � 0.005 � z1; if methionine is
�breakpoint, then z1 ¼ 0; if methionine is >breakpoint, then
z1 ¼ methionine � breakpoint.

Inflammatory, oxidative stress, and heat stress statuses in IPEC-
J2 and BMDMwith different types of methionine (L-methionine, D-
methionine, and DL-methionine) at 2500 mg/L were evaluated
(Table 10). Inclusion of L-methionine and DL-methionine at
2500 mg/L reduced (P < 0.05) the production of IL8 in IPEC-J2 and
the effects of L-methionine (28.5%) was greater (P < 0.05) than DL-
methionine (18.4%) on reducing the production of IL8. Inclusion of
L-methionine at 2500 mg/L increased (P < 0.05) the production of

Fig. 7. Amount of xylose oligosaccharides in various length in feedstuffs (corn, DDGS,
SBM, wheat, and barley) after digestion with or without xylanase (4 XU/kg): (A) corn
(xylotriose; *, with vs. without xylanase: P < 0.05), DDGS (xylotriose; *, with vs.
without xylanase: P < 0.05), and soybean meal (xylobiose and xylotriose; *, with vs.
without xylanase: P < 0.05) and (B) wheat (xylobiose, xylotriose, and xylotetraose; *,
with vs. without xylanase: P < 0.05) and barley (xylobiose, xylotriose, and xylote-
traose; *, with vs. without xylanase: P < 0.05). DDGS ¼ distillers dried grains with
solubles; SBM ¼ soybean meal.

Table 4
Viscosity of feedstuffs digested with xylanase (0 or 4 XU/kg1) using the artificial
gastrointestinal model.

Viscosity, AUC2 Xylanase, XU/kg1 SEM P-value

0 4

Corn 945 905 9.8 0.051
Wheat 2038 1616 27.4 0.001
Barley 1565 1401 11.2 0.001
Soybean meal 1615 1629 5.4 0.103
Corn DDGS 1229 1216 10.3 0.408

Corn DDGS ¼ corn distillers dried grains with solubles.
1 XU (unit) is the amount of enzyme required to release 1 mmol xylose equivalent

from 1% beechwood or sugarcane bagasse per minute at 50 �C and pH 6.5 (Manfredi
et al., 2015).

2 AUC is the area under the curve from a plot with the time as an independent
variable (x-axis) and the viscosity (cP) as a dependent variable (y-axis) following
Cheryl and George (2006). Fig. 8. Slope-ratio comparison of phosphorus release (%) from phytate with or without

phytase. The slope of 0 FTU/mL and the slope of 200 FTU/mL were different (P < 0.001).
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IL10 in BMDM whereas D-methionine and DL-methionine did not
affect the production. Inclusion of methionine regardless of its
types at 2500 mg/L reduced (P < 0.05) the production of ROS in
IPEC-J2 and the effects of L-methionine was greater (P < 0.05) than
D-methionine and DL-methionine on the production of ROS. In-
clusion of L-methionine increased (P < 0.05) the production of
HSP70 in IPEC-J2 whereas D-methionine and DL-methionine did
not affect the production of HSP70. Inclusion of L-methionine
increased (P < 0.05) the production of HSP70 in BMDM whereas D-
methionine and DL-methionine reduced (P < 0.05) it.

4. Discussion

4.1. The GIT application

Measuring digestibility of feedstuffs using the multi-step
porcine in vitro system provided reasonably controlled and uni-
form results with small variations among replications. The size of
standard error was less than 1% of the digestibility of dry matter
and crude protein, allowing the use only 3 replications to be suf-
ficient to detect statistical differences at P < 0.01. Whereas, the size
of standard errors when measuring digestibility from recently
published papers using animal trials averaged 6.5% (Fig. 10),
requiring a minimum of 8 to 12 replications to detect statistical
differences at P < 0.05 (Cheng et al., 2021, 2022; Deng et al.,
2023a,b; Duarte et al., 2021; Moita et al., 2022).

Supplementation of xylanase (4 XU/kg) increased (P < 0.05) dry
matter digestibility of wheat by 4% and barley by 2% and standard
errors were 0.1% and 0.3%, respectively, despite only 3 replicates
were used. Moita et al. (2022) used the same source of xylanase in
an animal experiment and demonstrated that apparent ileal di-
gestibility (AID, %) of dry matter and crude proteinwas numerically
increased by 6% and 7%, but it was not statistically different
(P ¼ 0.102 and P ¼ 0.058, respectively) due to a relatively large
standard error (3% of the mean) despite using 12 replicates.

Using the multi-step porcine in vitro system in the current
study, supplementation of xylanase (4 XU/kg) reduced (P < 0.05)
digesta viscosity of wheat by 21% and barley by 10% and the stan-
dard errors were 1.3% and 0.7% of the viscosity for wheat and barley,
respectively, with the use of 3 replicates. Moita et al. (2022) also
showed that the use of the same source of xylanase reduced
(P < 0.05) digesta viscosity by 17% and the standard error was 7% of
the mean using 12 replicates in the in vivo porcine model. Similarly,
other in vivo studies showed a reduction of digesta viscosity with
the use of xylanase (Duarte et al., 2020; Passos et al., 2015; Tiwari

Table 5
Viability of intestinal porcine epithelial cells (IPEC-J2) with different dose levels of arginine (Arg) (%).

Item Arg, mg/L SEM P-value

0 156 313 625 1250 2500 5000 Linear Quadratic 0 vs. Arg

Viability1 100.0 117.0 114.1 113.2 118.9 106.6 88.4 4.58 0.497 0.033 0.015

1 Cell viability (%) was calculated by (OD450 of treated cells/OD450 of untreated cells) � 100, where OD450 is an optical density at 450 nm.

Fig. 9. A broken line analysis (graph) for the viability of intestinal porcine epithelial
cells (IPEC-J2) as increasing the dose of arginine. The breakpoint (one-slope broken-
line model) was 2502 mg/L arginine when cell viability was 112% (P < 0.05). One-
slope broken-line model; the equation for cell viability is y ¼ 111.9 � 0.005 � z1; if
arginine is � breakpoint, then z1 ¼ 0; if arginine is > breakpoint, then
z1 ¼ arginine � breakpoint.

Table 6
Reduction of IL8 and ROS, and production of HSP70 in IPEC-J2 and BMDM with
arginine at 2500 mg/L.

Item Cell type Arginine, mg/L SEM P-value

0 2500

IL8, % reduction1 IPEC-J2 0.0 27.3 2.77 <0.001
ROS, % reduction2 IPEC-J2 0.0 26.8 4.19 <0.001
HSP70, % production3 IPEC-J2 100.0 112.8 12.77 0.333
HSP70, % production4 BMDM 100.0 122.6 24.41 0.385

IL8 ¼ interleukin 8; ROS ¼ reactive oxygen species; HSP70 ¼ heat shock protein 70;
IPEC-J2 ¼ intestinal porcine epithelial cells; BMDM ¼ bone marrow-derived
macrophages.

1 Percent (%) of reduction was calculated by [(RGE of challenged cells � RGE of
pretreated and challenged cells)/RGE of challenged cells] � 100, where RGE is
relative gene expression.

2 Percent (%) of reduction was calculated by [(RFU of challenged cells � RFU of
pretreated and challenged cells)/RFU of challenged cells] � 100, where RFU is
relative fluorescence units.

3 Percent (%) of production was calculated by (RE of HSP70 in pretreated and
challenged cells/RE of HSP70 in challenged cells) � 100, where RE is relative
expression.

4 Percent (%) of production was calculated by [(HSP70 concentration/protein
concentration in pretreated and challenged cells)/(HSP70 concentration/protein
concentration in challenged cells)] � 100, where the concentration of HSP70 is ng/
mL and the concentration of protein is mg/mL.

Table 7
Viability of intestinal porcine epithelial cells (IPEC-J2) with different dose levels of tryptophan (Trp, %).

Item Trp, mg/L SEM P-value

0 10 20 39 78 156 313 625 1250 2500 Linear Quadratic 0 vs. Trp

Viability1 100.0 96.0 97.0 107.2 100.4 89.3 75.0 64.1 42.0 22.3 5.67 <0.001 0.001 <0.001

1 Cell viability (%) was calculated by (OD450 of treated cells/OD450 of untreated cells) � 100, where OD450 is an optical density at 450 nm.
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et al., 2018) requiring 12 to 16 replicates per treatment to detect
statistical differences.

Our results demonstrate that, in vitro systems, if controlled
properly, yield statistically valid results even with a small number
of replicates compared with in vivo studies. It is interesting to
observe that the magnitude of xylanase effects on digestibility and
viscosity was similar between our in vitro results and in vivo
studies published in the literature, validating the reliability and
practical relevance of the multi-step porcine in vitro system.

Digestion of corn, corn DDGS, and soybean meal with xylanase
yielded increased amount of XOS with xylotriose being the domi-
nant oligosaccharide (Fig. 7), whereas wheat and barley had xylo-
biose, xylotriose, and xylotetraose. According to a review by Baker
et al. (2021), the amounts of xylans in corn, soybean meal, corn

DDGS, wheat, and barley are 17, 62, 17, 29, and 24 mg/kg, respec-
tively. In this study, the amount of XOS generated from these
feedstuffs were 0.6, 0.5, 1.1, 15.5, and 11.2 mg/kg for corn, soybean
meal, corn DDGS, wheat, and barley, respectively, indicating that
4%, 3%, 2%, 53%, and 47% of xylans, respectively, were hydrolyzed by
xylanase. Production of XOS from xylan hydrolysis is biologically
important for their physicochemical and prebiotic effects
enhancing intestinal health of animals (Chen et al., 2020; Finegold
et al., 2014; Okazaki et al., 1990). In this study, the multi-step
porcine in vitro system closely mimicked in vivo experiments in
demonstrating the functional role of xylanase supplemented in
various feedstuffs (Moita and Kim, 2022).

The use of phytase (200 FTU/mL) in the multi-step porcine
in vitro system showed a rapid increase (P < 0.05) of phosphorus

Table 8
Reduction of IL8, IL10, and ROS, and production of HSP70 and cell proliferation in IPEC-J2 and BMDM with increasing dose levels of tryptophan from 0 to 100 mg/L.

Item Cell type Tryptophan, mg/L SEM P-value

0 50 100 Linear Quadratic

IL8, % reduction1 IPEC-J2 0.0 7.5 �0.5 3.23 0.914 0.048
IL10, pg/mL BMDM 0.0 47.8 133.1 9.51 <0.001 0.195
ROS, % reduction2 IPEC-J2 0.0 14.3 20.5 1.64 <0.001 0.065
HSP70, % production3 IPEC-J2 100.0 110.2 222.0 9.75 <0.001 0.001
HSP70, % production4 BMDM 100.0 162.6 223.9 13.17 <0.001 0.973
Proliferation, % increase5 IPEC-J2 100.0 109.5 114.7 1.63 <0.001 0.311

IL8¼ interleukin 8; IL10¼ interleukin 10; ROS¼ reactive oxygen species; HSP70¼ heat shock protein 70; IPEC-J2¼ intestinal porcine epithelial cells; BMDM¼ bone marrow-
derived macrophages.

1 Percent (%) of reduction was calculated by [(RGE of challenged cells � RGE of pretreated and challenged cells)/RGE of challenged cells] � 100, where RGE is relative gene
expression.

2 Percent (%) of reduction was calculated by [(RFU of challenged cells � RFU of pretreated and challenged cells)/RFU of challenged cells] � 100, where RFU is relative
fluorescence units.

3 Percent (%) of production was calculated by (RE of HSP70 in pretreated and challenged cells/RE of HSP70 in challenged cells) � 100, where RE is relative expression.
4 Percent (%) of production was calculated by [(HSP70 concentration/protein concentration in pretreated and challenged cells)/(HSP70 concentration/protein concentration

in challenged cells)] � 100, where the concentration of HSP70 is ng/mL and the concentration of protein is mg/mL.
5 Percent (%) of increase was calculated by (OD450 of pretreated cells/OD450 of untreated cells) � 100, where OD450 is optical density at 450 nm.

Table 9
Viability of intestinal porcine epithelial cells (IPEC-J2) with different dose levels of methionine (Met, %).

Viability1 Met, mg/L SEM P-value

0 156.3 312.5 625 1250 2500 5000 Linear Quadratic 0 vs. Met

L-Met 100.0 108.4 110.2 109.9 109.3 102.8 86.5 3.57 0.001 0.019 0.507
DL-Met 100.0 125.0 125.4 123.5 124.7 116.5 102.6 4.97 0.024 0.019 0.004
D-Met 100.0 110.9 113.1 116.6 108.9 105.7 103.6 9.34 0.591 0.744 0.293
All 100.0 111.9 113.6 113.3 112.4 105.8 91.4 2.78 <0.001 0.003 0.062

1 Cell viability (%) was calculated by (OD450 of treated cells/OD450 of untreated cells) � 100, where OD450 is an optical density at 450 nm.

Table 10
Reduction of IL8, IL10, and ROS, and production of HSP70 in IPEC-J2 and BMDM with various methionine (Met) sources (DL-Met, D-Met, and L-Met).

Item Cell type Met, mg/L SEM P-value

0 2500 (DL-Met) 2500 (D-Met) 2500 (L-Met)

IL8, % reduction1 IPEC-J2 0.0a 18.4b 12.4ab 28.5c 2.77 <0.001
IL10, pg/mL BMDM 0.0a 0.0a 0.0a 81.4b 13.04 <0.001
ROS, % reduction2 IPEC-J2 0.0a 7.36a 10.1a 19.3b 4.01 <0.001
HSP70, % production3 IPEC-J2 100.0a 100.8a 105.8a 247.3b 28.22 <0.001
HSP70, % production4 BMDM 100.0a 96.7a 97.4ab 156.8b 20.80 0.019

IL8¼ interleukin 8; IL10¼ interleukin 10; ROS¼ reactive oxygen species; HSP70¼ heat shock protein 70; IPEC-J2¼ intestinal porcine epithelial cells; BMDM¼ bone marrow-
derived macrophages.
aecMeans within a row lacking common superscripts differ (P < 0.05).

1 Percent (%) of reduction was calculated by [(RGE of challenged cells � RGE of pretreated and challenged cells)/RGE of challenged cells] � 100, where RGE is relative gene
expression.

2 Percent (%) of reduction was calculated by [(RFU of challenged cells � RFU of pretreated and challenged cells)/RFU of challenged cells] � 100, where RFU is relative
fluorescence units.

3 Percent (%) of production was calculated by (RE of HSP70 in pretreated and challenged cells/RE of HSP70 in challenged cells) � 100, where RE is relative expression.
4 Percent (%) of production was calculated by [(HSP70 concentration/protein concentration in pretreated and challenged cells)/(HSP70 concentration/protein concentration

in challenged cells)] � 100, where the concentration of HSP70 is ng/mL and the concentration of protein is mg/mL.

H.Y. Kim, J.-O. Moon and S.W. Kim Animal Nutrition 17 (2024) 265e282

277



release, up to 31% from phytic acid during 360-min digestion using
3 replicates. An in vivo study using 12 replicates for each 5 levels of
the same bacterial 6-phytase used in this study showed a linear
increase of AID phosphorus from 79% to 85% with up to 5000 FTU/
kg feed in nursery pigs (Moita and Kim, 2023). Similarly, other
in vivo studies showed an increase of phosphorus digestibility with
the use of phytase (Kies et al., 2006; Lee et al., 2017; Lu et al., 2020)
requiring 8 to 14 replicates per treatment.

Several multi-step in vitro digestion systems have been evalu-
ated and shown to successfully simulate nutrient digestibility and
digestion in pigs (Egger et al., 2017; Graham et al., 1989; Jha and
Zijlstra, 2019; Regmi et al., 2009). Advances in control technology
and sensors allow extended automations of in vitro systems with
improved precision and repeatability. Differently from previous
in vitro digestion evaluations, this study used only 3 replications
based on pre-tests done internally. In biological research and in
general science, the minimal number of experimental replication is
3 for valid statistical evaluations (Botella et al., 2006; Fitts, 2011;
Maxwell et al., 2008). With the use of 3 replications in this multi-
step porcine in vitro system, differences between or among treat-
ments were statistically detected at P < 0.05 with the size of
standard errors less than 1% of treatment means. The 12 digestion
chambers used in this in vitro system had a fully automated control
of injection pumps, cooling, heating, and stirring that were moni-
tored during the digestion process. This automation successfully
enhanced repeatability of the results and consistency among 12
digestion chambers. Enhanced repeatability and precision add
additional values to existing advantages of the in vitro digestion
systems including reduced research cost, reduced research dura-
tion, and increased applicability compared to in vivo studies
(Vinyard and Faciola, 2022).

4.2. The Cell application

For the evaluation of the role of additives on immunological
reactions to intestinal epithelial cells (IPEC-J2) and immune cells
(BMDM), the Cell Application of the multi-step porcine in vitro
system was developed and tested. For this test, arginine, trypto-
phan, and methionine were selected as additives for their func-
tional roles to intestinal epithelial cells and immune cells. These
amino acids are often classified as “functional amino acids” for their
unique roles in an animal body in addition to their traditional roles
in protein synthesis (Kim et al., 2006, 2019; Wu and Kim, 2007).

Prior to Cell application of arginine, tryptophan, and methio-
nine, their impacts on cell viability were tested. For non-clinical risk
assessment of substances (such as feed supplements), there is an
agreed term called “no observed adverse effect level (NOAEL)”. The
US FDA defines the NOAEL as “the maximum inclusion level of a
substance without a significant increase in adverse effects in
comparison to the control group” (FDA, 2005). There are research
findings that show the NOAEL for supplemental amino acids fed to
pigs. The NOAEL of arginine, tryptophan, and methionine are
evaluated to be 2% (Hu et al., 2015), 1% (Chung et al., 1991), and 1%
(Edmonds and Baker, 1987), respectively, in feeds fed to pigs. In the
current in vitro cell culture model, viability of IPEC-J2 was not
affected until 2502 mg/L arginine, 1006 mg/L tryptophan, and
2510 mg/L methionine were added. These values provide refer-
ences to how much each amino acid could be supplemented in
subsequent in vitro cell culture models to evaluate their effects on
inflammatory, oxidative stress, and heat stress statuses.

Arginine has one of the most versatile roles in an animal body
among amino acids. Functional roles of arginine in pigs are exten-
sively investigated and reviewed (Kim et al., 2006; Wu et al., 2004,
2007) including its vasodilatory (Kim et al., 2010; Zhan et al., 2008),
angiogenic (Zhan et al., 2008), anti-inflammatory (Liu et al., 2008;
Zhan et al., 2008), anti-oxidative (Bergeron and Guay, 2019; Ma
et al., 2010), anabolic (Kim and Wu, 2004), and anti-heat stress
(Wu et al., 2010) properties. Using the multi-step porcine in vitro
system, this study demonstrated that arginine reduced inflamma-
tory response and oxidative stress in IPEC-J2. Liu et al. (2008)
evaluated the anti-inflammatory effects of arginine fed to nursery
pigs and showed a 50% reduction in tumor necrosis factor alpha
(TNF-a) and a 41% reduction of IL6 in the jejunal mucosa and
Bergeron and Guay (2019) showed an 11% reduction in malon-
dialdehyde. Ma et al. (2010) showed a 32% reduction in hydroxyl
radical, a 15% increase in glutathione, and a 27% increase in total
antioxidative capacity in pigs fed diets with arginine supplemen-
tation up to 1%. The results from in vivo studies show similar anti-
inflammatory and anti-oxidative effects of arginine observed in this
in vitro study. These functional benefits of arginine may relate to
enhanced efficiency in pig production (Kim and Wu, 2004; Mateo
et al., 2007, 2008).

Tryptophan is an essential amino acid for the growth of animals
but it also possesses specific functions in the body as the precursor
of serotonin, melatonin, 3-OH-kynurenine, and indole (Kim et al.,
2006, 2019; S�eve, 1999). These metabolites from tryptophan are

Fig. 10. Apparent ileal digestibility (AID) of dry matter (DM), crude protein (CP), and lysine (Lys) in diets fed to pigs and the standard error values of digestibility coefficients from
each study (Cheng et al., 2021, 2022; Duarte et al., 2021; Moita et al., 2022; Deng et al., 2023a,b).
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shown to have anti-inflammatory (Le Floc'h et al., 2008; Qiu et al.,
2011; Shen et al., 2021), anti-oxidative (Mao et al., 2014; Shen et al.,
2012a), and anti-stress (Koopmans et al., 2006; Shen et al., 2012b)
properties in pigs. Using the multi-step porcine in vitro system, this
study demonstrated that tryptophan reduced inflammatory
response both in IPEC-J2 and BMDM, reduced oxidative stress in
IPEC-J2, increased the production of HSP70 in both IPEC-J2 and
BMDM, and increased the proliferation of IPEC-J2, agreeing with
the previous findings with pigs. Le Floc'h et al. (2008) showed a
175% increase of haptoglobin in the serum of pigs fed a diet with
0.55% tryptophan supplementation and Mao et al. (2014) showed a
31% increase of glutathione in the liver of pigs fed a diet with 0.45%
tryptophan supplementation indicating anti-inflammatory and
anti-oxidative functions of tryptophan when supplemented above
the nutritional requirement. These in vivo results concur with the
current in vitro findings. These functional benefits of tryptophan
are shown to enhance efficiency of pig production (Le Floc'h and
S�eve, 2007; Shen et al., 2015a; Trevisi et al., 2009)

Methionine is another critically important essential amino acid
for the growth of animals. In addition to its primary role in protein
synthesis, methionine also possesses specific functions in the body
as the precursor of glutathione, taurine, polyamines, and others
possessing anti-oxidative property (Brosnan et al., 2007; Park et al.,
2018; Shen et al., 2014) and functions as a methyl donor
(Finkelstein, 1990; Kim et al., 2019; Reddy et al., 1994). Using the
multi-step porcine in vitro system, the current study showed that
L-methionine and DL-methionine were effective in reducing in-
flammatory status and oxidative stress status whereas D-methio-
nine was not effective. Shen et al. (2014) showed in the in vivo
study that L-methionine effectively reduced oxidative damages in
the small intestine of nursery pigs compared with DL-methionine.
Similar results were obtained in broiler chickens (Shen et al.,
2015b) and turkey poults (Park et al., 2018). Considering that only
L-methionine is biologically functional whereas D-methionine
needs to be converted to L-methionine, requiring D-amino acid
oxidase and transaminase (Hasegawa et al., 2005; Saunderson,
1985), no effects of D-methionine was expected in this vitro cell
culture because the culture media did not include D-amino acid
oxidase and transaminase. This in vitro cell culture model clearly
showed anti-oxidative properties of L-methionine similar to in vivo
studies when comparing it with D-methionine (Chen et al., 2014;
Shen et al., 2014). However, in vivo studies from Espinosa et al.
(2021), Htoo and Morales (2016), and Tian et al. (2016) showed
indifferent effects between L-methionine and D-methionine.
Different outcomes of the efficacy or biological effects of L-methi-
onine vs. D-methionine among in vivo studies could possibly due to
the degree of impacts of methionine sources related to their sup-
plementation levels, and difference in age of pigs because their
ability expressing oxidase and transaminase in the liver and kidney
would be different. The use of the in vitro cell culture model in the
evaluation of methionine sources allowed the control of the specific
conditions, such as complication of enzyme availability, whereas
there are limitations as to how much can be controlled when
running an animal experiment despite the best effort.

5. Conclusion

Nutrient digestibility and the effects of feed additives on anti-
inflammatory, anti-oxidative, and anti-heat stress statuses could
be evaluated using the multi-step porcine in vitro system with
electronic control and automation. The use of this in vitro model
allowed the use of minimal number of experimental replications
without compromising statistical validity. Recent advances in
control technology and sensors improve precision and consistency

of in vitro research models, leading to their increased uptake for
nutrition research in lieu of costly animal studies.
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