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';e;"'ie::SF\‘f\?S'GZOZ)SHE This study aimed to identify functional nutrients that enhance barrier function of chicken

intestinal epithelial cells and alleviate stress in chickens by evaluating the effects of six
zgggffuok”i'i'rf author candidate materials: threonine, arginine, vitamin C, vitamin E, chromium, and zinc. Each
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Ha Neul Lee Oxidative stress is de ned as a state of reactiygem species (ROS) imbalance, which attenuates the
gWC{V SYV RUFLG RUJ body’s antioxidant capacity [1]. In poultry, oxigatstress results from environmental stress actor
uLim Yeom
KyWWSV RUFLG RUJ such as temperature, stocking density, and lig#hgSuch stress factors can disrupt the antioitida
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KWWSV RUFLG RUJ epithelial cells (clIECs) need to be identi ed. Amimcids, vitamins, and minerals play importantsole
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Writing - original draft: Lee SY, Kim JH. ability to metal ions. Moreover, Zn helps increabetathione (GSH) levels and reduces iron-
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and Use Committee of Chungbuk National gastric epithelial cells. Vitamin E supplementatieportedly elicits signi cantly greater GSH and
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BQLYHUVLWL ,$&8& 1R &%18% less thiobarbituric acid-reactive substance l@ved intestinal epithelial cells [24]. Kim et §5]
Declaration of generative Al revealed that Cr signi cantly increases cell viighih oxidative stress-induced clECs. Kilari et al

RS, WRROV ZHUH XVHG LQ W 'fZLB\f dDeLrJr%r%sFtrated that Zn can signi cantly increasetallothionein levels and prevent intracellular
GSH depletion in human intestinal epithelial clZ&aco-2). erefore, six functional nutrients may
alleviate oxidative stress in clECs by improvirgvibility and antioxidant enzyme production.

In vitro experiments serve an indispensable role in regadthical issues before performing
in vivo experiments. However, maist vitro studies focus on human and rat intestinal epéiheli
cells. Studies investigating the e ects of funcibsubstances on clECs are lacking. Discovering
substances may mitigate oxidative stress in clE@sgerative.

erefore, the current experiment endeavored to istigate the protective e ect of functional
nutrients on oxidative stress-induced clECs.

MATERIALS AND METHODS

Cell culture

e clECs were isolated and cultivated according tee method described by Kim et al. [25], with
slight modi cations. Eggs were purchased from spgmathogen-free-birds (VALO BioMedia
GmbH) and incubated using an egg-hatching incuba®oimary cells were isolated from chick
embryos at 16 days of embryogenesis. e intestireswashed with phosphate-bu ered saline to
remove blood and impurities and cut into smallrnagts (0.5-1 cm) using a sterile scalpel blade.
ereafter, the fragments were weighed and placediB0-mL tube along with digestive enzymes.
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e sample-to-digestive enzyme ratio was as follovigy of tissue to 1 mL of 2 U collagenase D, 1
mL of 4 U Dispase® I, and 50 pL of 100 mM CaCl2nral concentrations: 1 U/mL collagenase
D, 2 U/mL Dispase® I, and 2.5 mM CagGlrespectively). e intestinal fragments were ditg

at 37+ for 2 hours and subsequently ltered through sttiners (40, 70, and 100 um) to isolate
crypts from larger intestinal cells. e isolatedygts were centrifuged at 1,561xg for 3 minutes.
ereafter, the supernatant was discarded, and tledl pellet was washed with washing medium
(Dulbecco’s modi ed Eagle medium [DMEM], 2% D-sortal, 2.5% fetal bovine serum [FBS],
100 pg/mL penicillin/streptomycin, and 2,500 pg/ngentamicin) and subsequently centrifuged at
1,561xg for 10 minutes to isolate clECs. e clECsere treated with 10 mL of growth medium
(DMEM, 2.5% FBS, 10 pg/mL insulin, 100 pg/mL peniblin/streptomycin, 2,500 pg/mL
gentamicin, and 1,400 pg/mL hydrocortisone). Aftard, the clECs were cultured in a cell dish
coated with bronectin and incubated at 87for 24 hours in 5% CQ e cells were cultured in
culture medium (DMEM, 2.5% FBS, 10 pg/mL insulinnd 100 pg/mL penicillin/streptomycin)
every 2-3 days at 87for 24 hours in 5% CQ

Cell viability

Cells were seeded into 96-well plates at a densityx 10 cells/well and incubated at 87for

24 hours in 5% CQ e experimental procedure followed the method Kfm et al. [25]. Briey,
each treatment group was treated with 2, 20, ar@l | BYmL of Thr, Arg, vitamin C, vitamin

E, Cr, or Zn. After 24 hours, all wells, except thesitive control (PC), were treated with 20
UM lipopolysaccharide (LPS) for 4 hours. ereaftecgell viability was measured using the EZ-
Cytox assay (DoGenBio), following the manufactsrerotocol. After incubation, 20 pL of EZ-
Cytox assay solution was added to each well, amadehs were subsequently incubated for 3
hours. ereafter, the absorbance of the cells watedmined at 450 nm using a microplate reader
(INNO-S, Bio Mart).

Nitric oxide assay

Cells were seeded into 96-well plates at a deoBfiyx 10 cells/well and incubated at 87for 24
hours in 5% CQ. Briey, the treatment groups were treated witi2@, and 200 pg/mL. After 24
hours, all wells, except those of the PC, werdedeaith 20 uM LPS for 4 hours. Afterward, 50
pL of supernatant was transferred to a new 96-plate. Finally, an equal volume of Griess reagent
(1% sulfanilamide and 0.1% N-(1-Naphthyl)ethylersedine in 5% HPQ) was immediately
added to each well to measure the nitrite contest8 nm.

Heat shock protein 70 levels

e HSP70 was determined using a Chicken HSP70 ELISKit (Assay Genie), following the
manufacturer’s protocol. Cells were seeded intw@iplates at 1 x 1@ells/well density and
incubated at 3¢ for 24 hours in 5% CQ Brie y, the treatment groups were treated with2®,

and 200 pg/mL of r, Arg, vitamin C, vitamin E, Cr, or Zn. After 24 hours, all wells, except the
PC, were treated with 20 uM of LPS for 4 hours. @after, the cell supernatant was transferred to
a 96-well plate using a pipette and subsequentlyiiteged at 4o for 20 minutes at 1,561xg. e
coated plate was washed twice with wash bu er,J&@uL of each diluted and prepared standard,
sample, and control (zero well) was placed in tsgthated well and incubated ats37or 90
minutes. The samples were discarded and washee. fifiereafter, 100 pL of biotin-detection
antibody working solution was added to the abovisveld incubated at 37 for 60 minutes.
Afterward, the resulting mixture was washed thvig#n wash bu er, and 0.1 mL of streptavidin—
biotin complex working solution was added to eaeh.\Bubsequently, the plate was incubated at
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37+ for 30 minutes under dark conditions. e incubateglate was washed 5 times, andp@0

of 3,3,5,5-tetramethylbenzidine substrate wasddd each well, followed by incubation ate37

in the dark for 10-20 minutes. ereafter, 5L of a stop solution was added to each well, and
absorbance was measured at 450 nm using a mierogdater (INNO-S, Bio Mart) immediately
after adding the stop solution.

Reactive oxygen species levels

The ROS level of LPS-induced clECs was measuredg&i,7’-dichlorodihydrofluorescein
diacetate (DCF-DA) dye [27]. clECs were seeded ibtack 96-well plate at 1.0 x “I€ells/mL LPS

(2 pg/mL) was added to the wells, and the platewecubated for 4 hours at 37. ereafter,
DCF-DA solution (50 uM) was added to each well aimdubated for 1 hour. e uorescence of
the 2',7’-dichloro uorescein product was measureexaitation and emission wavelengths of 480
and 530 nm using a microplate reader (INNO-S, Bi@i¥).

Transepithelial electrical resistance

The transepithelial electrical resistance (TEERpwaeasured using the method described by
Chen et al. [28]. Brie 'y, di erentiated clECs in @-um pore apical chambers were treated with
functional nutrients and LPS, as described abaves&juently, 24-well plates were placed on a hot
plate (Daihan Labtech) at 37. e TEER was measured at 0, 24, and 48 hours usengEVOM3
Epithelial Volt/Ohm Meter (World Precision Instrums), according to the manufacturer’s
protocol.

Tight junction permeability

Tight junction permeability in clECs was measurezing fluorescein isothiocyanate (FITC)—
dextran, as demonstrated by Liu et al. [29]. Brieslls were seeded in the apical chamber of a&e4-w
Transwell® Iter with 0.4-pm pores (SPL Life Scies) at 1 x Towell and incubated at 37 for 24
hours in a humidi ed atmosphere containing 5% C€or cell di erentiation, the culture medium
was replaced with a di erentiation medium contagnib0 pg/mL dexamethasone (Sigma-Aldrich)
every 2 days. On day 9 of the seeding processitavere incubated with the respective treatments
for 24 hours and cotreated with or without 2 pg/iPS for 4 hours. After cell treatment, FITC—
dextran (Sigma-Aldrich) dissolved in cell di erestion medium was added to the apical chamber
at a nal concentration of 2.2 mg/mL, and the welates were incubated for 1 hour. ree 200-pL
aliquots were taken from each well of a 24-wetepdend added to a black 96-well plate (SPL Life
Sciences). e amount of uorescence in the black-@éll plate was measured using a microplate
reader (INNO-S, Bio Mart) at excitation and emissivavelengths of 490 and 535 nm.

Statistical analysis

Statistical analyses were performed via analygisiahce using SPSS (SPSS, IBM), and di erences
among mean values were evaluated using Student-ewteuls test. Each replicate was considered
an experimental unit. e data were expressed astigan + standard deviation. Statistical signi cance
was set g0 < 0.05.

RESULTS

(fHFWV RI IXQFWLRQDO QXWULHQWY RQ FHOO YLDELOLW\
The cell viability of clECs treated with differegbncentrations of LPS (0.25-2 pg/mL) was
determined to confirm the optimal concentration foduced oxidative stress (Fig. 1). Cell
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Fig.1. &HOO YLDELOLW\ RI FKLFNHQ LOQWHVWLQDO HSLWKHOLDO FHOOV F,(&V
(LPS) concentrations. 3RVLWLYH FRQWURO 3& FRQWURO J P/ /36
136 J P/ /386LIQL,FDQW GLIHUHQFHV EHWZHHQ FRQFHQW UD WL GRW BV

are presented as mean + SD (n=5).

viability after LPS treatment at 2 pg/mL was sigrantly lessp(< 0.05) than that at other LPS
concentrations; hence, this LPS concentration vetected for further study. Various functional
nutrients, including r, Arg, vitamin C, vitamin E, Cr, and Zn, were evaluated for their potential
to mitigate oxidative stress in clECs. ese functial nutrients were tested at concentrations of
2, 20, and 200 pg/mL for their impact on oxidatiseess-induced cell viability (Figs. 2 and 3).
Cell viability in the LPS-treated negative contdlC) was signi cantly lessp(< 0.05) than that

in the PC. However, Arg, vitamin E, and Cr did nekert signi cant e ects on cell viability. r
demonstrated a trend of cell-viability recoveriet@ls comparable to those of the PC; however, it
did not exert a dose-dependent e ect on cell vigbifitamin C had signi cantly greatep(< 0.05)
cell viability compared with the NC; in particulat, 200 pg/mL, it elicited greatep( 0.05) cell
viability than the PC. is suggests that vitamin @rovides superior protection against oxidative
stress. In addition, Zn also significantly increh§e< 0.05) cell viability at all concentrations
compared with the NC; speci cally, at 20 pg/mLgkerted a greatgp € 0.05) e ect than the PC.

A concentration-dependent comparison of cell vigbdmong treatment groups is presented in
Fig. 3. Speci cally, at 2 pg/mL, vitamin C exhibitea cell viability of 114.30 + 10.18%; at 20 pg/
mL, Zn achieved 122.00 + 8.59% cell viability; an@®00 pg/mL, vitamin C demonstrated the
greatest cell viability of 131.69 + 4.66%.

(FHFWV RI IXQFWLRQDO QXWULHQWY RQ QLWULF R[LGH OHYF
e e ects of diverse functional nutrients and theroncentrations on NO levels in oxidative stress-
induced clECs were evaluated (Figs. 4 and 5). Tl IB\vel in the NC was determined to be
147.24 + 32.88 pM, approximately 47% greater thanin the PC.

(fHFWV RI IXQFWLRQDO QXWULHQWY RQ KHDW VKRFN SURWH
is study evaluated the e ects of di erent functioal nutrients and their concentrations on HSP70

levels in oxidative stress-induced clECs (Figsn® 3). The HSP70 relative level in the NC

group was 1.10 + 0.16 ng/mL, approximately 10%tereban that in the PC group, indicating
oxidative stress-induced increase. Certain funetiomitrients yielded lesp € 0.05) HSP70
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Fig.2. (tHFWV RI IXQFWLRQDO QXWULHQWYV RQ WKH FHOO YLDELOLW\ RI OLSR
intestinal epithelial cells (clECs). 3RVLWLYH FRQWURO 3& FRQWURO 1& J P/ /36
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P/ DQG & JP/ 3& FRQWURO 1& J P/ /36 7KU WKUHRQLQH J P/
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relative levels than the NC group, suggesting thactiveness in mitigating oxidative stress. All
functional nutrients, except Thr and vitamin C,mficantly reducedp(< 0.05) HSP70 relative
levels compared with the NC. Vitamin E, Cr, and Zieatments exhibited particularly notable
reductions, yielding signi cantly less € 0.05) HSP70 relative levels than those in thede@up,
thereby indicating their superior potential for HBPsuppression. However, vitamin C and r did
not display signi cant changes in HSP70 relativeels compared with the NC. A concentration-
dependent comparative analysis of HSP70 relatirdsleamong treatment groups revealed that
Arg, Cr, and Zn at 2 pg/mL elicited signi cantly @eeasedn(< 0.05) levels than the NC, while Cr
and Zn at 20 pug/mL as well as vitamin E and Zn @02ug/mL followed suit (Fig. 7).

(fHFWV RI IXQFWLRQDO QXWULHQWY RQ UHDFWLYH R[\JHQ V.
is study assessed the impact of functional nutrigion intracellular ROS levels in oxidative stress-
induced clECs (Figs. 8 and 9). In the NC group, tROS relative level was 1.12 + 0.06, a gure

12% greater than that in the PC group, indicatingjgni cant increasep(< 0.05) in ROS owing to
oxidative stress. However, these functional nusigrere no signi cant di erence in ROS relative

levels.
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presented as mean + SD (n=5).

https://www.ejast.org | 8 03

https://doi.org/10.5187/jast.2025.e25



Functional nutrients on oxidative stress induced ch icken intestine epithelial cells

804 | https://www.ejast.org

(A) 1.59
25
&5
ol
o
§&,
0.0
PC NC Thr Arg VC VE Cr Zn
LPS (2pug/mL) - + + + + + + +
®) 159 © 1.5 a
g? 1.0 2 2 g’&? ab i %
29 4o EACY
e g e g /
g5 53 /
g [ /
Hll
0.0- e =L 00 il == I[l| 72§
NC Thr Arg NC Thr Arg VC
LPS 2ug/mL) - + + + LPS (2ug/mL) - + + + +

Fig.9. 7KH FRPSDUDWLYH HiHFWV RI IXQFWLRQDO QXWULHQWYV RQ UHODWLYH
LQ OLSRSRO\VDFFKDULGH /36 GDPDJHG FKLFNHQ LQWHVWLQDO HSLWK

dependent. $ JPI % J P/ DQG & J P/ 3& FRQWURO 1& J P/ 136

J P/ /36 $UJ DUJLQLQH J P/ /36 9& YLWDPLQ & J P/ /36 9( YLWD
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(fHFWV RI IXQFWLRQDO QXWULHQWY RQ WUDQVHSLWKHOLDOC
is study evaluated the e ects of di erent functioal nutrients and their concentrations on TEER
recovery in oxidative stress-induced clECs, fogusim tissue homeostasis and epithelial barrier
robustness (Figs. 10 and 11). e initial (O hourSEER value for the NC group was 146.73 + 5.14.
At 24 and 48 hours post-treatment, the NC groupHER value signi cantly declinegh 0.05) to
134.63 + 5.749 and 35.1 + 0.624, representing &4 &b reductions, respectively, compared with
that at 0 hours. ese results highlight the detriméal e ects of LPS-induced oxidative stress on
the epithelial barrier. Among the investigated fiimrgal nutrients, vitamin C and Zn signi cantly
increasedp(< 0.05) TEER levels at 24 hours compared withKi&& In addition, certain function
materials increase € 0.05) TEER levels compared with the NC. In pattiar, Zn (24 hours) at

all supplemental levels and r (48 hours) at 2 a@80 pg/mL were found to enhancg € 0.05)
TEER levels (Fig. 11).

(fHFWV RI IXQFWLRQDO QXWULHQWY RQ WLJKW MXQFWLRQ S
is study employed FITC—dextran to determine the ptective e ects of functional nutrients and

their concentrations on oxidative stress-inducethell barrier damage (Figs. 12 and 13). e

NC yielded 25% greater FITC—dextran levels than B indicating signi cant barrier damage.

On comparing treatment groups, vitamin C, vitamin &, and Zn consistently reduceg €

0.05) FITC—dextran permeability across all congitns, with certain concentrations exhibiting
permeability levels similar to those of the PC. (2 and 200 pg/mL) and Arg (2 and 20 pg/mL)
resulted in signi cant reductiong & 0.05) in FITC—dextran relative levels. Moreowross all
concentrations, most functional nutrients effedtiveduced FITC—dextran permeability, with
vitamin C and Zn demonstrating the greatest e cacy.
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Fig. 10. (¥HFWV RI IXQFWLRQDO QXWULHQWV RQ WKH WUDQVHSLWKHOLDO HOHFWU
/36 GDPDJHG FKLFNHQ LQWHVWLQDO HSLMRMHOURO FH&OOV IR (&86 J Pl ]G

J P/ IXQFWLRQDO QXWULHQWYV J P/ /36 J P/ IXQFWLRQDO QXWULHQ
functional nutrients). **6 LJQL,FDQW GLtHUHQFHV EHWZHHQ FRQFHQWUDWLRQ RE@@HDW
data are presented as mean + SD (n=5).

DISCUSSION

(fHFWV RI IXQFWLRQDO QXWULHQWY RQ FHOO YLDELOLW\
This study measured the effects of functional euiis on cell viability among the functional
nutrients, and the supplementation of vitamin C280 pg/mL and Zn at 20 pg/mL signi cantly
enhanced cell viability. Vitamin C is a potent artilant and an excellent electron donor, e ectively
neutralizing ROS and free radicals [30]. Vitamirtr€atment reportedly enhanced the regenerative
capacity and cell viability of oxidative stresssatl IPEC-J2 cells [31]. Similarly, Zn functions
as an antioxidant by competing for binding sitethvaixidizable metals, lipids, proteins, and
DNA, thereby maintaining the stability of sulthydrgroups and promoting the synthesis of Cu—
Zn SOD, a crucial antioxidant enzyme, to protediscom oxidative damage [32,33]. Shao et al.
[34] found Zn to upregulate the expression of zanotcludens-1 (ZO-1) protein by activating
the PISK/AKT/mTOR signaling pathway, thus enhancirigtestinal epithelial barrier function
and signi cantly increasing cell viability. ese dings suggest that both vitamin C and Zn are
particularly e ective in improving oxidative strésguced cell viability, with potential applicati®n
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as protective functional nutrients. Further studies warranted to elucidate their mechanisms of

action and potential synergistic e ects.
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NO, a key marker produced during cellular inflamorgtresponses, is known to proliferate
under oxidative stress conditions [35]. VitaminsCai powerful antioxidant, and much research is
being conducted on its inhibitory e ects on NO praction. Akolkar et al. [36] found vitamin C
to effectively reduce nitric oxide synthase letelshad been elevated by doxorubicin-induced
oxidative stress. Furthermore, vitamin C enhanbesstability of the dimeric form of endothelial
nitric oxide synthase, thereby reducing NO productBased on these ndings, vitamin C holds
promise as a functional nutrient capable of supmgdNO level increases. is property suggests
its potential application in mitigating inflammatioand oxidative damage. However, in this
experiment, vitamin C did not signi cantly reduceONelative levels. erefore, further studies are
required to compare NO reduction e ects of vitan@inat varying concentrations in clECs under
oxidative stress.

HSP70 is a representative stress protein whosessipn increases in response to multiple stress
types, including heat shock [37]. Inducible HSP3:losely associated with the stress-resistance
capacity of livestock, and serum HSP70 levels imag, as a biomarker of heat resistance, can
help determine the degree of cellular heat st In this study, the supplementation of Arg,
Cr, and Zn at 2pg/mL in oxidative stress-induced clEC reduced HSHeéttive levels. Arg
plays a key role in supporting intestinal immurgityd mucosal repair while also regulating HSP
expression to maintain proper protein folding andction [39]. In addition, in fetal kidney cells
exposed to Adriamycin™ (doxorubicin), Arg was aasedt with decreased HSP70 expression,
suggesting its possible inhibition of the strespaase under certain pathological conditions [40].
Additionally, in renal tubular cells, Arg has bestmown to induce cellular stress, potentially algeri
HSP70 levels [41]. In this study, Arg downregulaté8P70 expression in oxidative stress-induced
clECs. However, its dose-dependent increase in HBRYels at greater concentrations indicates
that it modulates HSP expression to maintain ceflidlomeostasis under stress. Exposure to Zn
can inhibit HSP70 induction by a ecting heat shottlinscription factor activity, which correlates
with reduced HSP70 levels in thermotolerant cells [42]. Li et al. [43] demonstrated that Zn
supplementation, either in inorganic Zn or orga#ic forms, decreased HSP70 and heat shock
protein 90 mRNA expression, thereby lowering HSfle in hepatocytes. erefore, Zn appears

to modulate HSP expression in clECs, thereby reuyéiSP70 levels and consequently protecting
cells from oxidative stress. In contrast, Cr hanbreported to signi cantly increase HSP70 activity
in Institute of Cancer Research mice [44]. e corciing results may emanate from the attenuated
cell viability observed in this study, implyingtttize signi cant decrease in HSP70 levels may not
solely result from the direct Cr-induced downretjalaof HSP expression levels but could also be
in uenced by reduced cellular activity. ese ressibuggest that Arg, Cr, and Zn potentially provide

a cost-e ective means of reducing HSP70 levels.

ROS, such as hydroxyl radicals and hydrogen pexoaié highly reactive molecules containing
oxygen atoms. ese molecules are naturally produdadng cellular metabolic processes and are
tightly regulated. However, excessive ROS levelsintiuce oxidative stress, leading to cellular
damage [45]. Vitamin C acts as a radical scaverrgkreducing agent, directly neutralizing ROS
and regenerating vitamin E from its oxidized fothrereby enhancing its antioxidant activity [46].
Vitamin E serves an indispensable role as a chiaaking antioxidant, protecting cell membranes
from lipid peroxidation and oxidative damage [48hwever, both vitamins used this study did
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not show to significant protective effects agamstiative-induced cellular injury. It reportedly
improves cell viability and tight-junction integyiin intestinal epithelial cells under oxidative
stress conditions [25]. In addition, both vitamidemonstrate signi cant protective e ects against
oxidative-induced apoptosis and cellular injurytiier, a concentration-dependent comparative
analysis of ROS levels among treatment groups lezl/ea significant difference between the
NC and functional nutrients, except for Zn (200 mgl), regardless of concentration. Previous
studies have demonstrated that Zn increases thessipn of metallothionein, which binds to
redox-active metals, like Fe or Cu, thereby preémgrftenton reactions [47]. Zn also directly reacts
with HO or hydroxyl radicals, neutralizing ROS foge they can interact with DNA and induce
oxidative stress [47]. However, the functional rutts used in this study did not exhibit a superior
role in inhibiting ROS production. Therefore, futairstudies should consider performing high-
concentration treatment with functional nutrientsitivestigate their inhibitory e ect on ROS.

TEER is a widely used indicator of cell-layer peabiity and barrier integrity, measured
using electrodes to assess electrical resistanes apithelial layers [48]. Greater TEER values
indicate tight junctions and a healthier epithebalrier. In the present study, Zn (24 hours) &t al
supplemental levels and r (48 hours) at 2 and 20/mL signi cantly elevated TEER levels in
oxidative stress induced clECs. Previous reseashdémonstrated that zinc oxide signi cantly
increases TEER levels by upregulating the mRNA egpion of the tight junction protein
ZO-1 in piglets infected with enterotoxigenic Esclehia coli (ETEC-K88) [49]. Similarly,
Arg supplementation in media has been shown to sustain elevated TEER levels in IPEC-J2
over extended periods [50], while vitamin E treatitnieas been revealed to signi cantly increase
TEER levels within 0—40 hours in IPEC-J2 cells [SHowever, in the present study, a signi cant
increase in TEER level was exclusively observdd Zvttreatment, whereas Arg and vitamin
E supplementation did not have a notable impacT&ER increase. Tight junctions comprise
transmembrane proteins, including claudins, ocolidind junctional adhesion molecules, and
cytoplasmic scaffold proteins, including zonulalwiens proteins [52]. Among these, most
claudin proteins possess potential phosphorylaites for serine and/or r residues within their
cytoplasmic C-terminal domains [53]. r potentiallyin uences the expression of claudin proteins,
which are critical for tight junction integrity. eefore, this study’s nding wherein r enhanced
TEER after long-term treatment possibly correlateth claudin production via phosphorylation
activation of r residues. ese ndings suggest thaZn may play a crucial role in restoring barrier
function in clECs under oxidative stress within Bdurs. In addition, Thr was found to be an
advantageous material for tight junction healthimiyifong-term treatment.

FITC—dextran is an extensively used marker usexv&tuate intestinal barrier integrity, especially

in assessing epithelial permeability. FITC—dexmanlecules (4-6 kDa) are typically unable to
penetrate intact intestinal barriers unless daneagars owing to infections, stress responses, or
inflammation. An increase in FITC—dextran permedbiindicates greater barrier damage and
elevated permeability [54]. In our study, the seppbntation of vitamin C and Zn in oxidative
stress induced clECs decreased FITC—dextran angesthgimilar levels with PC. Previous studies
have demonstrated that high doses of vitamin C increase the mRNA expression of the tight
junction protein ZO-1 and reduce elevated intedtipermeability in in ammatory bowel disease
through its interaction with claudin-2 [55]. Likewe, Zn reportedly enhances cell di erentiation
and ZO-1 expression in Caco-2 cells by activating PI3K signaling pathways, including the
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AKT and mTOR pathways, thereby contributing to remhd FITC—dextran permeability [34].
Based on these ndings and previous studies, sogpitation with vitamin C and Zn evidently
promotes the expression of tight junction protemgh as ZO-1, aiding in the recovery of LPS-
damaged epithelial barriers and e ectively deangdsiTC—dextran permeability in clECs.

is study investigated the protective e ects of futional nutrients in terms of enhancing clEC
barrier function and alleviating oxidative stresshickens. Vitamin C and Zn in oxidative stress
induced clECs enhance clEC proliferation compareather candidate materials. Arg and Zn in
oxidative stress induced clECs e ectively decrét®R70 levels. However, none of the materials
substantially decreased NO or ROS levels. Vitamiand Zn in oxidative stress exposed to
clECs increase TEER and decrease FITC—dextran Igakadicating enhanced barrier integrity.
Prolonged treatment with Thr was particularly beciaf for tight junction health. Overall, this
study suggests that amino acids (Arg and Thr)mviitaC, and Zn potentially serve as effective
functional nutrients that enhance intestinal barfimction and protect against stress in poultry.
Future research should focus on itheivo validation and elucidation of the underlying malec
mechanisms.
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