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Abstract

This study aimed to identify functional nutrients that enhance barrier function of chicken intestindiatoittie

and alleviate stress in chickens by evaluating the effects of six candidate materials: theegimime, vitamin C,
vitamin E, chromium, and zinc. Each treatment group
C and zinc denonstrated superior effects arhicken intestinal epithelial cefproliferation. Arginine and zinc
effectively reduced(p < 0.05) heat stress el at ed fiheat shock protein 700
materials significantly impacted oxidative sisemarkers, such as nitric oxide and reactive oxygen species. Notably,
vitamin C andzinc increasedp < 0.05)transepithelial electrical resistance atetreasedp(< 0.05)fluorescein
isothiocyanatedextran permeability, indicating their positive impamt barrier function ofchicken intestinal
epithelial cells Additionally, threonineevidently promoted tight junction health during prolonged treatment. These
findings suggesthatthreonine, vitamin C, and zirelp upregulate proteins associated withttignction integrity.
Taken togetheramino acids, vitamin C, and zimtisplay promise as functional nutrients for enhancing intestinal

barrier function and mitigating stress damage in chickens.

Keywords: amino acid, chicken intestinal epithelial celineral,oxidative stressvitamin
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Introduction

Oxidative stress is defined as a state of reactive
antioxidant capacityl]. In poultry, oxidative stress results from environmental stress fastarls,as temperature,
stocking density, and lighting?]. Such stress factors can disrupt the antioxidant system balance in intestinal
epithelial cells, causing lipid peroxidation, protein nitration, DNA damage, and apdfogisdamaged intestinal
mucasa negatively impacts nutrient digestion and absorption in chidkgn$herefore, functional nutrients may
mitigate oxidative stress in chicken intestinal epithelial cells (cCIECs) need to be identified. Amino acids, vitamins,
and minerals play importamles (e.g., metabolism, physiology, and immunity) in the intestinal m{is@ga

Threonine (Thr) serves a vital role in protein synthesis and maintenance by synthesizing intestinfl,8jucin
After being absorbed in the intestines, it protects thestintes against pathogens and -awiritional factors and
helps them function properly via oxidized mucosal d8l$0]. In birds, arginine (Arg) lacks the enzymes involved
in its synthesis, necessitating dietary supplementation, unlike that in mafidjalg is an essential nutrient for
tissue healing and a critical component of immune regulation. Additionally, it is a key amino acid that promotes
growth hormone secretion and serves as a precursor for polyamine synthesis, which is requisite tbhatdistqna
[12-14]. Vitamin C acts as an antioxidant by donating electrons to free radicals and ROS and inhibiting lipid
peroxidation. In addition, it maintains intestinal absorption function and alleviates the oxidativansiness!
decrease in nutrierdbsorption[15]. Vitamin E is a fassoluble antioxidant that protects lipoproteins and cell
membranes. It improves total antioxidant capacity and decreases oxidative stress and immune indicators (e.g.,
interleukin6 and tumor necrosis factaipha[16]. Chromium (Cr) plays a crucial role in enhancing glucose uptake
within cells by augmenting insulin receptor b&taase activity[17]. This mechanism promotes efficient glucose
transportation and allays oxidative str¢s8]. Furthermore, Cr stimulates antidant enzyme synthesis, combats
lipid peroxidation, modulates nuclear factor erythroitelated factor 2 expression, activates the AdtHvated
protein kinase pathway, and inhibits the mitogetivated proteinkinase pathway [19]. Zinc (Zn) induces
metdlothionein, which synthesizes coppeinc superoxide dismutase ((Zn SOD), an antioxidant enzyme. It also
exhibits excellent binding ability to metal ions. Moreover, Zn helps increase glutathione (GSH) levels and reduces
iron-induced oxidative stress the intestines. In addition, it maintains the stability of the sulfhydryl group, which
has strong reducing powg0]. Qiu et al.[21] and Wang et a[22] found Thr and Arg supplementation to induce
significantly greater cell viability in porcine intesdinepithelial cells (IPEE€J2). Miller et al.[23] reported that

vitamin C can reduce apoptosis and necrosis in human gastric epithelial cells. Vitamin E supplementation reportedly
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elicits significantlygreaterGSH andessthiobarbituric aciereactive sultaince levels in rat intestinal epithelial cells
[24]. Kim et al.[25] revealed that Cr significantly increases cell viability in oxidative siretsced clECs. Kilari et
al. [26] demonstrated that Zn can significantly increase metallothionein levels ramdnp intracellular GSH
depletion in human intestinal epithelial cells (G&)o Therefore, six functional nutrients may alleviate oxidative
stress in clECs by improving cell viability and antioxidant enzyme production.

In vitro experiments serve an ingensable role in resolving ethical issues before performing in vivo experiments.
However, most in vitro studies focus on human and rat intestinal epithelial cells. Studies investigating the effects of
functional substances on clECs are lacking. Discovesimgstances may mitigate oxidative stress in clECs is
imperative.

Therefore, the current experiment endeavored to investigate the protective effect of functionals ranrient

oxidative stressnduced clECs.

Materials and Methods

Ethics approval and consento participate

All experimental procedures were reviewed and approved by the Institutional Animal Care and Use Committee of

Chungbuk National University (IACUC No. CBNUA13323-03).

Cell culture

The cIECs were isolated and cultivated according to tlethod described by Kim et a[25], with slight

modifications. Eggs were purchased from specific pathdgerbirds (VALO BioMedia GmbH, Osterholz

Scharmbeck, Germany) and incubated using arhatghing incubator. Primary cells were isolated from chick

embryos at 16 days of embryogenesis. The intestine was washed with phdsgferted saline to remove blood

and impurities and cut into small fragments (Q.5m) using a sterile scalpel blade. Thereafter, the fragments were

weighed and placed in a B0L tube along with digestive enzymes. The sanipidigestive enzyme ratio was as

foll ows: 1 g of tissue to 1 mL of 2 U collagenase D, 1
concentrations: 1 U/mL collagenase D, 2 U/mL Dispase® Il, and RI5Ca&Ch, respectively). The intestinal
fragments were digested at 37 for 2 hours and subseq!
Samjin Pharmaceutical Co., Ltd. [SPL], Pocheon, Republic of Korea) to isolate crypts from largeainteds.

The isolated crypts were centrifuged at 1,561 xg for 3 minutes. Thereafter, the supernatant was discarded, and the
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cel | pell et was washed with washing medi usorbitoll2b%beccobs
fetal bovine serum [FBS]JL 00 eg/ mL penicillin/streptomycin, and 2,5
centrifuged at 1,56% g for 10 minutes to isolate clECs. The clECs were treated with 10 mL of growth medium

( DME M, 2.5% FBS, 10 eg/ mL i nsuih i n2, 510000 eegg /mblL gpeenntiacmilcli
eg/ mL hydrocortisone). Afterward, the c¢cl ECs were cul tu
37 for 24 houiMbeioebMWs C@ere cultured in culture medi |

and 100 eg/ mL peniciil3l idrmlyst ragpt3dmy dion) 2elvéroyurxd i n 5% C

Cell viability

Cells were seeded into 9l plates at a density of 1 x40el | s/ we |l | and incubated at :
CO,. The experimental procedure followtge method of Kim et a[25]. Briefly, each treatment group was treated

with 2, 20, and 200 eg/mL of Thr, Arg, vitamin C, vita
contr ol (PC), were treat ed fomdihours. TeeDeafericell viahility was Ingasused ¢ h ar i

using the EZCyt ox assay (DoGenBi o, Seoul , Republic of Kor ea
i ncubat i on-CytoR &say dolutiorf wasadded to each well, and the cells were sariblyeigaubated for

3 hours. Thereafter, the absorbance of the cells was determined at 450 nm using a microplate readgrBIibINO

Mart, Daejeon, Republic of Korea).

Nitric oxide (NO) assay

Cells were seeded into 9¢ell plates at a density of 5 x4€el s/ we | | and incubated at 37
COo. Briefly, the treatment groups were treated with 2,
the PC, were treated with 20 &M LPS fnderreddoahaw@vell. Aft er
plate. Finally, an equal volume of Griess reagent (1% sulfanilamide andN-MNaphthyl)ethylenediamina

5% HPQ) was immediately added to each well to measure the nitrite content at 540 nm.

Heat shock protein © (HSP70) levés

The HSP70 was determined using a Chicken HSP70 ELISA Kit (Assay Genie, 25 Windsor Place, Dublin 2, Ireland),
following the manufactur er 0 swelpptates av £ ® [fQcells@ellldensity and r e s e e

i ncubat ed2dabursih P Cd oBri efly, the treatment groups were
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Thr, Arg, vitamin C, vitamin E, Cr, or Zn. After 24
for 4 hours. Thereafter, the cell supernatasats transferred to a 98ell plate using a pipette and subsequently
centrifuged at 4AC for 20 minutes at 1,561 I g. The
each diluted and prepared stardi sample, and control (zero well) waagad in the designated well and incubated

at 37AC for 90 minutes. The samples wer e ddeteatiomr ded
antibody working solution was added to the above wells andhated at 37°C for 60 minutes. Afterwardeth
resulting mixture was washed thrice with wash buffer, and 0.1 mL of strepfiavilim complex working solution

was added to each well. Subsequently, the plate was incubated at 37°C for 30 minutes undexddiscdhe
incubated plate was washedifmes, and 90 uL of 3,3',5;8tramethylbenzidine substrate was added to each well,
followed by incubation at 37°C in the dark foriZD minutes. Thereafter, 50 pL of a stop solution was added to
each well, and lasorbance was measured at 450 nm using coplate reader (INNG, Bio Mart, Daejeon,

Republic of Korea) immediately after adding the stop solution.

Reactive oxygen species (ROS) levels

The ROS level of LPdhduced clECs was measuredngsR', 7-dichloradihydrofluorescein diacetia (DCFDA) dye

[27]. clECs were seeded into black-@&ll plateat1.0 x 10 cells/mLL P S ( 2 wasjatded t)p the wells, and

the plates were incubated for 4 hours &C37Thereafter, DCIDA solution 6 0 € M) was added to
incubated for 1 hour. The fluorescence of &i&-dichlorofluorescein product was measui@dexcitaion and
emission wavelengths of 480 and 530 nm using a microplate reader {8\ Mart, Daejeon, Republic of

Koreg.

Transepithelial electrical resistance (TEER)

The TEER was measured using the method described by Cherj28].aBriefly, differentated clECs in 04 m

pore apical chambers were treated with functional nutrients and LPS, as destrilve. Subsequently, -2¢ell

pl ates were placed on a hot pl ate (Daihan Labtech,
measured at 0, 24, amB hours using an EVOM3 Epithelial Volt/Ohm Meter (World Precision Instruments,

Sarasota, FL, USAgccording to the manufactuésmprotocol.

Tight junction permeability

ho
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Tight junction permeability in clECs was measd using fluorescein isothiocyanat&ITC)idextran, as
demonstrated by Liu et §R9]. Briefly, cells were seeded ingtapical chamber of a 24dell Transwell® filter with

04em pores (SPL, Poc heon YweRangincbbhtédat’3o f f Epr 24) hatur & T nila
atmosphere containing 5% @CrFor cell differentiation, the culture medium was replaceth \&i differentiation

medi um containing 50 ¢e-Aldrichl St dorig, MO,aJEA) averp 2days.(O8 day @naf the
seedily process, the cells were incubated with the respective treatments for 24 hours and cotreated with or without 2
e g/ mL forldmh@&urs. After cell treatment, FIT@extran (Sigma&ldrich, St. Louis, MO, USA) dissolved in cell
differentiation medium was added the apical chamber at a final concentration of 2.2 mg/mL, and the well plates
were incubated for 1 hour. Three 200aliquots were taken from each well of a®dll plate and added ® black

96-well plate SPL, Pocheon, Republic of Korealhe amounibf fluorescence in thdlack 96well plate was
measured using a microplate reader (INSOBio Mart, Daejeon, Republic ¢forea) at excitation and emission

wavelengths of 490 and 535 nm.

Statistical analysis

Statistical analyses were performed via asialyof variance using SPSS (SPSS 27.0, Chicago, IL, USA), and
differences among mean values were evaluated using Stidewnhar Keuls test. Each replicate was considered
an experimental unit. The data were expressed as the mean + standard deviatitical Sigtifficance was set pt

< 0.05.

Results

Effects of functional nutrients on cell viability

The cell viability of ¢ECs treated with different concentrations of LPS (025 ¢ g/ mL) was det er mi ne
the optimal concentration for induced oXidave stress (Fi g. 1) . Cel | viabil ity
significantly less(p < 0.05)than that at other RS concentrations; hence, this LPS concentration was selected for

further study. Various functional nutrients, including Thr, Argawiin C, vitamin E, Cr, and Zn, were evaluated for

their potential to mitigate oxidative stress in clECs. These functiarieénts were tested at concentrations @@,

and 200 eg/ mL f or t he-induced celpvtility (Fgs 2rad 3).iCellaviakility s the tPE e s s

treated negative control (NC) was significarilgs(p < 0.05)than that in the PC. However, Arg, vitamin E, and Cr
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did not exert sigificant effects on cell viability. Thr demonstrated a trend of-wability recovery o levels

comparable to those of the PC; however, it did not exert adigmendent effect on cell viabilitiitamin C had

significantly greate(p < 0.05)cell viabiity c o mpar ed wi th t he NC; in parfpicul ar,

< 0.05)cell viability than the PC. This suggests that vitamin C provides superior protection against oxidative stress.
In addition, Zn also significantljncreasedp < 0.05) cell viability at all concentrations compared with the NC;

speci fically,ertat gréat®p <0b)affect than the RCXA concentratidependent comparison

of cell viability among treat ment ol eitangnsC ekhthitepacels ent ed
viability of 114.30 N 1D22800 [Mt8.2M9%gdenlLl, Zina iclhii tew:e d
demonstrated thgreatst cell viability of 131.69 + 4.66%.

Effects of functional nutrients on nitric oxide (NO) levels

The effects of diverse functional nutrients and their concentrations oleW(3 in oxidative stressduced clECs
were evaluated (Figs. 4 and 5). The NO | evel in the

47%greaterthan thain the PC.

Effects of functional nutrients on heat shock protein 70 (HSP70) levels

This study evaluated the effects of different functional nutrients and their concentrations on HSP70 levels in
oxidative stressnduced clEG (Figs. 6 and 7). The HSPT@lative level in the NC group was 1.10 + 0.16 ng/mL,
approximately 10%greaterthan that in the PC group, indicating oxidative stiadsiced increase. Certain
functional nutrients yieldetkss(p < 0.05)HSP70 relative levelthan the NC group, suggesii their effectiveness

in mitigating oxidative stress. All functional nutrients, except Thr and vitamin C, significantly refueed.05)

HSP70 relative levels compared with the NC. Vitamin E, Cr, and Zn treatments exhiaitedlarly notable
reductios, yielding significantlyess(p < 0.05)HSP70 relative levels than those in the PC group, thereby indicating
their superior potential for HSP70 suppression. However, vitamin C and Thr did not display significant changes in
HSP70 relative levels comparedth the NC. A concentratiedependent comparative analysis of HSP70 relative

|l evel s among treatment groups revealed t hat(p<09, Cr

levels than the NC, whileCrandhZz at 20 eg/ mimi as Ewalnhld & sllowed sui2(Bi@ 7)e g/ mL

Effects of functional nutrients on reactive oxygen species (ROS) levels

f
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This study assessed the impact of functional nutrients on intracellular ROS levels in oxidativieduiess clECs
(Figs. 8 and @ In the NC group, the ROS relative level was 1.12 + 0.06, a figuregt@&terthan that in the PC
group, indicating a significant increage < 0.05)in ROS owing to oxidative stresklowever, these functional

nutrients were no significant differenceR©OS relative levels.

Effects of functional nutrients on transepithelial electrical resistance (TEER)

This study evaluated the effects of different functional nutrients and their concentratiofsE@nr&covery in
oxidative stresénduced clECs, focusingn tissue homeostasis and epithelial barrier robustness (Figs. 10 and 11).
The initial (0 hours) TEER value for the NC group was 146.73 + 5.14. At 24 ahdu#8posttreatment, the NC

gr ou p 6 salud gigkifitantly declinep < 0.05)to 134.63 + 5.74and 35.1 + 0.624, representing 7% and 77%
reductions, respectively, compared with that at 0 hours. These results highlight the detrimental effects of LPS
induced oxidative stress on the epitheliairier. Amongthe investigatedfunctional nutrients, vit@in C and Zn
significantly increasedp < 0.05) TEER levels at 24 hours compared with the NC. In addition, certain function
materials increasef < 0.05)TEER levels compared with the NC. In partan) Zn (24 hours) at all supplemental

levelsand Thr(4& our s) at 2 and 200 dpx0.0B)TEERdavals (Figold)nd t o enhance

Effects of functional nutrients on tight junction permeability

This study employed FITiG@lextran to determine thergiective effects of functional nutrients and their
concentrations on oxidative stregsduced epithelial barrier damage (Figs. 12 and 13). The NC yieldedy2&fter

FITCi dextran levels than the PC, indicating significant barrier damage. On comparingetregroups, vitamin C,
vitamin E, Cr, and Zn consisténtreduced(p < 0.05) FITCi dextran permeability across all concentrations, with
certain concentrations exhibiting permeability levels similar to those of the P Thia n d 2 Oabd Aggg2/ mL )
and 2 0) resutédrmLsignificant reductior(p < 0.05)in FITCi dextranrelative levels. Moreover, across all
concentrations, most functional nutrients effectively reduced Fd&&tran permeability, with vitamin C and Zn

denonstrating the greatest efficacy.

Discussion

Effects of functional nutrients on cell viability
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This sty measuredhe effects of functional nutrients on cell viability among the functional nutrients, and the
suppl ementation of vZdn aanti n2 0C eagt/ n2l0 Os ieggn/infLi caanndt | y enhanc
potent antioxidant and an exiegit electron dnor, effectively neutralizing ROS and free radid@@]. Vitamin C
treatment reportedly enhanced the regenerative capacity and celtyiabiixidative stresgnduced IPECI2 cells

[31]. Similarly, Zn functions as an antioxidant by caetipg for bindihg sites with oxidizable metals, lipids, proteins,
and DNA, thereby maintaining the stability of sulfhydryl groups and promoting the syntife€iii Zn SOD, a
crucial antioxidant enzyme, to protect cells from oxidative dani2®8&3] Shao eal. [34] found Zn to upregulate

the expression of zonula occludehgZO-1) protein by activating the PI3K/AKT/mTOR signaling pathway, thus
enhancing intstinal epithelial barrier function and significantly increasing cell viability. These findings Stut)age

both viamin C and Zn are patrticularly effective in improving oxidative stim$sced cell viability, with potential
applications as protective fational nutrients. Further studies are warranted to elucidate their mechanisms of action

and potentl synergistieffects.

Effects of functional nutrients on nitric oxide (NO) levels

NO, a key marker produced during cellular inflammatory responsespignkto proliferate under oxidative stress
conditions[35]. Vitamin C is a powerful antioxidant, and much reseasdbeing conducted on its ittiory effects

on NO productionAkolkar et al.[36] found vitamin C to effectively reduce nitric oxide synthéseels that had

been elevated by doxorubieinduced oxidative stress. Furthermore, vitamin C entstieestabity of the dimeric

form of endothelial nitric oxide synthase, thereby reducing NO production. Based on these findings, vitamin C holds
promiseas afunctional nutrientcapable of suppressing NO level increases. This property suggests itsapoten
applicatbn in mitigating inflammation and oxidative damadd¢owever, in this experiment, vitamin C did not
significantly reduce NO relative level$herefore further studies are required to compare NO reduction effects of

vitamin C at varying concentrations ir€I's under oxidative stress.

Effects of functional nutrients on heat shock protein 70 (HSP70) levels

HSP70 is a representative stress protehose expression increases in response to multiglesstypes, ifading
heat shocK37]. Inducible HSP70 is okely associated with the stressistance capacity of livestock, and serum
HSP70 levels in animals, as a biomarker of heat resistanchelgadetermine the degree of cellular heat s{z8s

In this studythe supplementation of Arg, Cr, and Zn gi@mL in oxidative stresmduced clEC reduced HSP70
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relative levels. Arg plays a key role in supporting intestinal immunity and mucosalwdyla also regulating HSP
expression to maintain @per protein faling and function[39]. In addition, in fetalkidney cells exposed to
AdriamycinE (doxorubicin), Arg was associated with
inhibition of the stress response under certain pathological ¢onsijt0]. Additionally, in renal tubular cells, Arg

has beershown to induce cellular stress, potentially altering HSP70 I¢4#]s In this study, Arg downregulated
HSP70 expression in oxidative stsénduced clECs. However, its dedependent increasea HSP70 levelsat
greaterconcentrations indicates thatntodulates HSP expression to maintain cellular homeostasis under stress.
Exposure to Zn can inhibit HSP70 induction by affecting heat shaadkdription factor activity, which correlates

with reduced HSP70 levslin thermotolerant cellg?2]. Li et al.[43] demonstrated that Zn supplementation, either

in inorganic Zn or organic Zn forms, decreased HSB@@® heat shock protein 9tMRNA expressionthereby
lowering HSP levels in hepatocytes. Therefore, Zn appeamtiulate HSP expression in clECs, therelduoing

HSP70 levels and consequently protecting cells from oxidative stress. In contrast, Cr has been reported to
significantly increase HS®7activity in Institute of Cancer Research midé]. The conflictingresults may emanate

from the attenuated cellability observed in this study, implying that the significant decrease in HSP70 levels may
not solely result from the direct @rduced dowregulation of HSP expression levels but could also be influenced

by reduced cellular activity. These results sugjdbat Arg, Cr, and Zn potentially provide a eeffective means of

reducing HSP70 levels.

Effects of functional nutrients on reactive oygen species (ROS) levels

ROS, such as hydroxyl radicals and hydrogenoxide, are highly reactive molecules camitay oxygen atoms.

These molecules are naturally produced during cellular metabolic processes and are tightly regulated. However,
excessiveROS levels may induce oxidative stress, leading to cellular dafd&peVitamin C acts as a radical
scavenger angeducing agent, directly neatizing ROS and regenerating vitamin E from its oxidikadh, thereby
enhancing its antioxidant activif@6]. Vitamin E serves an indispensable role as a eheeaking antioxidant,
protecting cell membranes from lipid perdation and oxidative damagé6]. However, both vitamins used this

study did not show to significant protective effects against oxidatthaced cellular ijury. It reportedly improves

cell viability and tighfjunction integrity in intestinal epitheliatells under oxidative stress conditiof5]. In

addition, both vitamins demonstrate significant protective effects against oxitativeedapoptosis and delar

injury. Further, a concentratieshependent comparative analysis of ROS levels among tnegraips revealed no
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significant di fference bet ween the NC and functional
concentrationPrevious studiebave demonstrated that Zn increases the expression of metallothionein, which binds

to redoxactive metals, like Fe or Cu, thereby preventing Fenton readddihisz n al so directly react
hydroxyl radicals, neutralizing ROS before they caerigct with DNA and induce oxidative strdd3]. However,

the functional nutrients used in thisudy did not exhibit a superior role in inhibiting ROS production. Therefore,

future studies should consider performing higimcentration treatment with fuli@nal nutrients to investigate their

inhibitory effect on ROS.

Effects of functional nutrients on transepithelial electrical resistance (TEER)

TEER is a widely used indicator of cédlyer permeability and barrier integrity, measured using electrodeséss
electrical resistance across epithelial lay8]. GreaterTEER values indicate tight jetions and a healthier
epithelial barrier. In the present study, Zn (24 hours) at all supplemental levels and Thr (48 hours) at 2 and 200
png/mL significantlyelevated TEER levels in oxidative stress induced clECs. Previous research has demonstrated
that zinc oxide significantly increases TEER levels by upregulating the mRNA expression of the tight junction
protein ZO1 in piglets infected with enterotoxigenicsdherichia coli (ETEEK88) [49]. Similarly, Arg
supplementation in media has been shown to suskaitated TEER levels in IPE@ over extended periofs0],

while vitamin E treatment has been revealed to significantly increase TEER levels witbBil@us in IPEGJ2
cells[51]. However, in the present study, a significant increase in TEER levedxeassively observed with Zn
treatment, whereas Arg and vitamin E supplementation did not have a notable impact on TEER increase. Tight
junctions comprise trsmembrane proteins, including claudins, occludins, and junctional adhesion molecules, and
cytoplasmic scaffold proteins, including zonula occludens prot&s Among these, most claudin proteins possess
potential phosphorylation sites for serine andfor residues within their cytoplasmict€rminal domaings3]. Thr
potentially influences the expssion of claudin proteins, which are critical for tight junction integrity. Therefore,
this studyds finding wher eterm tredttemt possiblip aonrelates with Eldudn af t er
production via phosphorylation activation of Thr residuegsehfindings suggest that Zn may play a crucial role in
restoring barrier function in clECs under oxidative stress within 24 hours. In addition, Thr wastdobadan

advantageous material for tight junction health during-t@nm treatment.

Effects offunctional nutrients on tight junction permeability
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FITCidextran is an extensively used marker used to evaluate intestinal barrier integrity, especialssmas
epithelial permeability. FITCdextran molecules (46 kDa) are typically unable to penegantact intestinal barriers
unless damage occurs owing to infections, stress responses, or inflammation. An increasei dex#diC
permeability indicatesrgater barrier damage and elevated permealfit]. In our study, the supplementation of
vitamin C and Zn in oxidative stress induced clECs decreasediEBx@an and showed similar levels with PC.
Previous studies have demonstrated that high dosetuofiniC increase the mRNA expression of the tight junction
protein ZO1 and reduce elevated intesi permeability in inflammatory bowel disease through its interaction with
claudin2 [55]. Likewise, Zn reportedly enhances cell differentiation and1Z&gpression in Cac@ cells by
activating the PI3K signaling pathways, including the AKT and mTORwpets, thereby contributing to reduced
FITCi dextran permeabilit{34]. Based on these findings and previous studies, supplementation with vitamin C and
Zn evdently promotes the expression of tight junction proteins, such a$, Ziling in the recovery dfPS

damaged epithelial barriers and effectively decreasing iFd&&ran permeability in clECs.

Conclusion

This study investigated the protective effectfunictional nutrients in terms of enhancing clEC barrier function and
alleviating oxidative stresén chickens. Vitamin C and Zn in oxidative stress induced clECs enhance clEC
proliferation compared to other candidate materials. Arg and Zn in oxidatives str@uced clECs effectively
decrease HSP70 levels. However, none of the materials substarg@iased NO or ROS levels. Vitamin C and

Zn in oxidative stress exposed to clECs increase TEERJaackasd=ITCi dextran leakage, indicating enhanced
barrier integrity. Prolonged treatment with Thr was particularly beneficial for tight junction healthralDuhis

study suggests thamino acids (Arg and Thryitamin G and Znpotentially serve as effective functional nutrients
that enhance intestinal barifunction and protect against stress in poultry. Future research should focus on the in

vivo validation and elucidation of the underlying molecular mechanisms.
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