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Cold Stress Induced Reprogramming of Energy Distribution and Lipid Metabolism in Poultry

Yang Soo Moon'

Professor, Division of Animal Sciences and Intergrated Biotechnology, Gyeongsang National University, Jinju 52828, Republic of Korea

ABSTRACT Cold stress represents a major environmental challenge in poultry production, yet its metabolic consequences
remain less explored than those of heat stress. Cold exposure increases maintenance energy requirements and induces
thermogenesis, leading to a reprogramming of energy distribution toward lipid mobilization and oxidation. These metabolic
adjustments are accompanied by enhanced mitochondrial activity and elevated reactive oxygen species production, resulting
in oxidative stress and redox imbalance. To counteract these effects, antioxidant defense systems and heat shock proteins are
activated, contributing to cellular protection and metabolic stabilization. This review integrates current evidence on cold stress
induced alterations in energy distribution, lipid metabolism, oxidative stress, and heat shock protein responses in poultry.
Furthermore, nutritional and management strategies aimed at mitigating cold stress are discussed. Understanding cold stress
as a controllable metabolic challenge provides a framework for improving productivity, meat quality, and resilience in poultry

under cold environments.
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JM =30°C 7HA] "ojA| 3L sk 7)ol =
40°C 74 A5d °1ﬂ(5eo et al., 2009). SAI7}F A
=2 A5 $Ae A2 #2415 98 371 odA|
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SATHPark, 2008). SH=oll A= A& 7taR AYrkllA A4
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ol 543 7R Tl Re §8 27lde Al =
Hol| AgHA o, ol we} A} F2EEEA Y
3 S 8% 3tHGonzalez-Rivas et al.,, 2020; Mo-
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8 BT FEROA AL 2Ed 20 gt duA] gl B A AL A9

2021), SA19] A B4 At & Beed 2y A8 S
o= A#HE AR HuFdtKIpek and Sahan, 2006;
Wideman, 2001).

A2 =& Al 7HFe Al F4E A8 dAES $714
71H, o] FoNA fA] AR -] F7kskar AW ey
A] o]g ko] LEH o 72 AHAFTKGong et al., 2023; Li et
al., 2024). T ATES A& 2EY 27} Tt Al A3}
TA7F obel, oUR] Eull(energy distribution)E A7 3}
= A 2Edgs 8919dE st tGong et al,
2023). 1elu 7)E 3 2B A3 s TR G 2B
ol FZHo] o™ (Nawab et al., 2018; Balakrishnan et al.,
2023), A& 2EH e whE tiabd A 717l tigh A A
ARl =ol= A o2 B3 Aol A2 5o A &~
Egzvt nEFEEg et & F7tet AAUAL AlE-S BHks
o, o] I ellA G EAF(ROS) BT St AER A7t f+
dhElthE o] HaE a1 9th(Zhao et al., 2014; Ouchi et al.,
2021). o]ef| th-g-3te] &kl Who] Al 2~®l3} heat shock pro-
teins(HSPs)2| '2&o] S7ketH, ol2fg Al B 7]--2 A
2 oM el AL I Al T8 &S Fshe
Ao 2 A= iThBalakrishnan et al., 2023). 53] A&
2Eg| 2alolae] A/ A AL fist= E Ak ou|x] 3 A
FAIE fg Al A3 7)o R FERk JItHGong et al,
2023; Ahmadipour et al., 2025). 9] A& ~Egx gk
g 7idA 7). 8E Fig 19 AA AT

ojell & FAL 7haFelM AL 2Ed 27} et

Ul 2ul Azzaat A A fskE Ao, 4kst

G AL AEAAR AT ¥4 9IS g 0

A el A A B A4 AT 5RE Helgronm
T 7haR AN AN B8 7Fsd A2-UIAL A1 o)
A Sl 712 ARE AT @

o

oo o

=
—

T

1. 718 F0lAM CHAE R & 22102 M X2 AER A
A 2E# e ZhaRola gt 334 B 8]l
ofygl, 412l thAl A #H (metabolic reprogramming)S =+
Tote AEgt Al AlF o2 Ageith A2 S &
= AL S FAB] HaE 712 dAES
71713, ol Ql&f dvA] ag-ge] §43] Asgith
ol gt Bk 53] A& 24 FHo| A oY Wole]

U & A SACNAM FEHAN, AR 39k ol8e

Thermoregulatory -+ Increased heat production
Response + Increased feed intake
‘ + Increased metabolic rate

+ Maintenance

Repartiitioning » Thermogenesis 4

‘ + Growth §

Metabolic
\ Adaptations

?,J

Physiological
’ Outcomes

+ Liver: Lipid metabolism regulation
+ Adipose tissue: Lipolysis 4
» Muscle: Fatty acid oxidation 4

+ Altered fat deposition

+ Reduced growth performance
+ Feed efficiency changes

+ Immune modulation

+ Cold adaptation

Fig. 1. Conceptional overview of cold stress effects in chickens.
Cold stress in chickens triggers a thermoregulatory response
leading to increased heat production, feed intake, and metabolic
rate. This results in energy repartitioning, reducing growth while
increasing maintenance and thermogenesis. Metabolic adaptations
include regulation of lipid metabolism in the liver, increased
lipolysis in adipose tissue, and increased fatty acid oxidation in
muscles. The physiological outcomes of cold stress include
altered fat deposition, reduced growth performance.

dgo] GA 5= 4 UrKGong et al., 2023; Li et al,
2024). Wol2](6¥® o7t A& 2Eg 2 =EEH A
A At 721 GEE n)E § dom E49F(ascites)
T 3713t Malan et al., 2003). A& ~E 25k 713
Tzl Wigk 5 shvs olyA] ARR-S] et A
Aol A A2 fA9F AEe 2 HEE s Holth AL 2}
=& f4] oA (maintenance energy) 8.7 7M7),
AR o s A, A 4, S AL B tiAL AR E b
e xS & A4Kthermogenesis)oll #5417 Wk
©° 2 243} Gong et al.(2023)2 SACIA] A-3) cold
stimulation(#]-2 A}=)0] o|UR] Eaf oFFS #sAA ~E
2= AgAE IAIIT L Rausllon, ol AL ~E

]

g7t $E4Q) &4l ohiet ¥4 Al A g W
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AJAKEH. ol21& thAl A3-0] FAlolle rlEFER] o} 7]
Astel A AL S7PF Aska vk AL &2 P E
cejofe] AkshA QIhksl &4 Fxlste] ATP A/JHE of
g} ¢ 9IS F7A)F)H, avian uncoupling protein(av-
UCP)¥ & #Ake] f42 Wo] gk A& w3 A 4 A
b g8 JES nxe AeE HuEAtHOuchi et al.,
2021). o] oA oA &2 AR AL FAS

Ak AE Mo A oulE Zie=th

A, AL 2EY 2zl it AL 9E2 mF I 7
Tof wpet golg 23S Ul = vk SACA AEA
A AL 2Edxe A7 At} 4bs &35 fdete W
9, A e -9 AL A2 A 2e T tiAr
71l A elUA] thats fAdstal 2B A A8 s s &
A = Lol B JTHLI et al., 2024). o] A2 ~
Efart 37 AR ASREe ofyw, o uhe} o
AYA 71224 (metabolic plasticity)= =3l A= o2 &

o A

rEdsE O} AL WS 2akslel A7 2264 23
sEds 4% 0 2 AL AR 4RSS0 295

Tgja Al BE 71 DA stel tigh SEF olelel &2
ol Hm, v oA b oy Eul A} A A At
&

24 71dE didske 4 Ed 25 Ag T

2. M2 AEHASIHA2] ofl4X| 2l R

A 2EY 2o =EE ZlaRelA 7P 22421 AElE
Hsl= fA] oU#] Q7 %K maintenance energy requirement)2]
7otk A& 2ol E Al A FAIE g & &4o)
S7keb, ol& HAsk] S8l 712 tiakee] st 1 2
3}, FL AR A 2elM = Aol At o8 = 9l
© 7H ddlvAle Aasetay, ofuA] o] AeRivt 4] 3
AE FHoz AHET AAZ Al AL ~EdAE AL
ERE Astet AE AAaE sWeh, ole SV 1A oy
2] a7eko] o Yeloz XA 9t Zhou et al., 2021;
Gong et al., 2023; Li et al., 2024). 4] <A 87 7 ]
Sk 4 tAF BRg-2 & A 4Kthermogenesis) ] &4 Stoltt

Zhade Aok gl AP AR S 28] 2,

nEZcgo} 7|5 248 53 g0z IS At A
& 2Ed| 25l e nERER o] AkEA tiabt gX1E 1,
ATP 383} o] @ TAo] S7tsle] Al Ao 7]tk
olelgt & Ak T7R= odlUR] &&0] AetE FWskAIRE A&
oMol AES 9 B4R il dEger 1t
(Gong et al., 2023). & A4t 2ol F83 EAL oA o]
& 789 oxF ol nEFRololr 4keld Qlatelr)
A 0 2 81 Y uncoupling) = RA], AUR| 7} Ad7go vt 24
ZHHOE= 4 ez ikt o] 2 Qs Xt 2lsle}h e
AR T AR Fe/do] Frieh, AAUAP A2 ~E
g2 A-ge] A FHoz KA Hck o]efgh ofjux] Fulje]
k= o] % A AL AT} AlslAEl s F71E A AR
ZFAAME el UCP(av-UCPy7t BAEIRon, o) EiF
o] UCP2 2! UCP3%} =& 745735 7K (Evock-Clover et al.,
2002; Toyomizu et al., 2002). A-UCP= 52| H]Z N respira-
tion uncoupling) <ol &S v 4= 3lom, nEZ=zlo}
ks 7t2Ade] o)Edshs Aike 248k g% ShRi-
chards, 2003). ©]¢} T3, H-UCPE A& 2~E#| 25} o
2] Fufet g ALk 2Ashs T A aQlow SR
I 9tk Ouchi et al.(2021)S Av-UCPS] T 71t} A (single
nucleotide polymorphism)©] ¥ol2]e] A2 =Z A] & Artigo]|
FEgS nHthaL Hauslslor, o= 14 wjgel wet A
2Egzof| gk tiA} A8 TEo] Depd S AR
A-UCPe &3 S7te nEZEg ol U] FdAt FE5 X8t
o] & WAL I7MAT]E WA, ATP A E82 THAAA oY
] Fa) Fdoll 2291 &S vt Ouchi et al., 2021). #
& 2EY e 250 og AFolehe Mok A 2~Ed| 2
FeAINE AU T ARG 22 H|GH 3 ~Eds 815
TG 7harellA] Akl il Al ZE aeiS fesh, ole
BE AN Z(HSPs), 22X A 2~E#| 2~ X|E(ER stress markers),
aE)a AE 9 2 giib FE AR T WsiE 54
Z|o)ZTKSohn et al., 2015). & AE#H A& HollA 7ke] x| AT)
AE AR E AHsHE Aog HuEQlom o= de novo
AR AR BAIA 7L ARt Akske] A, s
VLDL #H| ol 2 EAAoiZInt. o] g /id4 52 AL 2~
En| S ¥ tE 8 2~Ef 2 2R1E0] 7ol oy
2] ) FEe YA APFBREAIE olslishs ol Faet 71E
< Al Zg(Moon, 2025).

FA o7 AL AEFHAE TV
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TiolAl 4 oldA] &
T S7H 293 er d Aite Akt 44 a9l
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olg] 2d¥ = nEZE=L o} 7]s WSS S8l oA 2l
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o AR W A B g FAHE bol, AR 24,

W a3 A BE 7)d g4 E A

3. X2 AEg 20l 2fs] REEl= XIZECHALL] AHH
A2 2EH A QIR oluA] 2ulje] AlE2 Ao A
Arirte) 24, 7154 WskE skt 4] oluA] 8
7tk @ ALt stz Qldl, A2 A2 2B 25l
7V a3t duAldes 28, o] 32 2k Az,
THol|A] 27| FolA Wao g 2HEh o]2fg A A} A
L2 e A 54 sl aAA] g, ARAER S, &

A 9 Aol A71AQ1 dE mXtHGong et al., 2023).

1) M2 A2EBA =AM ZF X[ CHA}

A-L o |A] {7 EARA, 3 el A& =4
FozM A 2Ho 83 S drh. F{A
A& thAte} AR UALE 23k F8 7] o t(Nguyen
et al,, 2008). 7 A4t dde] F8g Aol (Rama-
chandran et al., 2007), ©]%& @Asl= UALE & AL A
2 FA9 A2 2E# 2o tigh g-gel A1 JEE
3lt}(Sepa-Kishi et al., 2018). 7}l kel AWk A3t
go] A 3] Fo AR 1T ul, AL ~EH 2~
2 Q% YA 87 STk AR O Z o gAY F
= VAl =, L A3 A AL S5 oA 26l %
el et Wsks 2@ thMoon, 2018). He 7hE el
A A A o] FA VTReR, AL AEY AS))
A 71 Rizkg giAl HskE Bt Grefhorst et al.(2018)-2
52 4T 74 2423 =2AZ S u) 7+ W AR}
HGEAE 7FelR oy, e 2EE e JgFS

<
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LI AL 2-o] ATy A5 A

| Eavd R4 R IR ) g v B s B o P T = e R
Alell, AW AbsE S8 AV A A E(VLDL 29 9
S 2Aettn B st tH(Zhang et al., 2024b). ©]2]
W3k ofuR] e Aol Z1odsiA e A71E 0 A
2Ed 2= A 2 W A S8 gii)L e S

JTHAhmadipour et al., 2025). 53], A2 ~E4d|

N
>
I
A
go

sl vEEE o} 84 7R Qa2 ) Ak
AL R, o A ATAL AR AslaE 2 57
£ BA0 §0% & Ak AolNg ol2ld tha AL
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S AWAY AL Age] WY L g

>

T
O
BN
N
rlo
2
rlo
1%

m
=
[
ol
ol
=
>
-
°
>
2
ol
N,
H
=
>
=

YA Fg 71#e R 754 Adks Aeth A A5 A
3l (lipolysis) & F2I8te] A Aqte] WS

[e)
1= € A A odluA 878 S5A71e T8 7=

[e]

ggE) 2 ATl maw, AL AEYAE wWed] AW
F= A7 E AL dol, Az 724 AR AE
7t A5 2kg WS F=30) Zhang et al.(2024a)S A& &
Ezs oA Bole] ez oA A A9} T2
AE 7F Adoa-go] S7vet, @R 24 ATl &
Ty Bk ofef ek Wl Az o] tiaby <
A AT, AEAR] oUA] T2 7Fssb et A
S Wkgo 7 ST Zhang et al., 2024a). =3 ZF T§
9 gsiAe] g kA #wek AT A2 2Ed vt

AAE AT 4 ATHOu et al., 2025).

A2 ATEL FFFRAIN AL 2Edze] o8] FEEE A
]

Wz Aol et A w8l SR 22 WSt =gk
A 258 Ho]FU) Mezentseva et al.(2008)-2 S Hljolol| A

\=ol=]
e S A2 AIEFE W(in vio)oll A X7 A5 &
ARR

WAl Pejeta-siebs] S A AR A 2

]
AF Al E(brown adipocyte-like cells)Z #3318 = U= H
135193t} £3] Sotome et al.(2021)2 A& A =W T
(in vivo)ollA] beige-like A EL] 23S Az U=319
om, o]E B3l ZRAME Fd & T A Z2(ther-
mogenic adipose plasticity) ©] £ S AT /e
EAet 2] AR AR RA S Bk BRI, A
wZ A ARz A o] beige-like AEIE F3E M3y
Aol AL 12y} ZFollA] beige-like A|WHA|E
o thgk @A) A= oFH AGdA e, 1 754 oA
28] TEEA e FEHde fefsliof stk A2 ~Ed
Bloll A beige- like AHFe] e AHEzZ]o] o LA] H-Hl
£ Aske T4 AAE AT A TFsd e AR
t}. o] A& 2Ed 238l A beige-like AW F2= AW
zA]o] o] TS 2Hshs T84 AR AEEE Al

gt} &, A 27 2419] AR AEfellA] Bloju, AT
AR G AAF WEFo 2 Aesto B Al A frAlell 7]

fqr rle

noy e

l
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Aol AYAt o] go] ke, ol ATP A3 4 &
< 9 T3 duAder A&t a2y o3

r"rﬂx\f :
</ )

Energy Redistribution Under ColdStress Lipid Metabolism Changes

2743} vEo] el Bl mEkdda tiAte] S84k
&= oof 3H& AJAFHHMohebbifar et al., 2025).

o] 3t} o]a{iﬂ- 3’4—7(-] o 1% gﬂj]. zx] E_o] Aol ]Lﬂ A} W= EL% U =2 zzﬂ u]E:?Lr:a]o]. 7]-‘5—’ a8l
Al oAt AZ2 oS b, o] Toa] Az o] il o JEgS H|A HFHoR FH AgE X
ANMA q&s FYPdivhs JidS SRRt 53] olgt & 4= 9)tHXu et al., 2021; Teng et al., 2022). H 17|
AR ] 71ade 280 BEdt @A QA4 (shivering e A 2EH A 20 drtal 58S 7akslAL A
thermogenesis)© |\ 7+ F419] A4k Abstel] digh SE=E ARPALE 2-dhe dF Aol 25 229 4kst &35
ehegho 24, A Ak B Aol 71 7hsAd ol #etela 85 MAT ¢ USS Bustdth Zhang et
Itk 71EelA A2 2B 20 23k o] A Eu] L x]A al.(2026)2 FEl(rutin) 2.Z°] cold-induced oxidative stress
AL Aol 3k #AlE Fig. 200 AABIITE S A7 2 S E 28 sk 218 g
ATk Basllon, ol & A dUAte} AstiE

3) XM AERA =70 25 KR 0|8 X RE &Y gl 7] 1T AT/ AlAKE
Hurle F4& v ?'5} A UA 2 214 819 olde] ATES FTHBIH, AL ~EH 3ol 9] A
g eFS WH=THAL-Sagan et al., 2021; Weimer et al., 2022). A} AT L 7he] thal 23, A ukzzle] B9 2 7z A
% Wl gur)e] utal 44| S njx| = Bt s S, 22)al &2] A4t o] 8 P fr1HeR JdEH B
A gQloF AR gttt AUAA & L& EE P2 P o= olsfd itk oleldt 24| SolA A AL
2o g 2Eday A 2EYAE 9T - don, W= d AT dUA] S FAsE H E58elA|
o|& <lall Harr]e] vtat FHo] Y e JoR B ok EAlo] mlEE=g]o} ROS A 719t At~ Ed A2
%91 tH(Henrikson et al., 2018; Maynard et al., 2023). =% L 7S Jxsith &3] ARAlCME A2 2Ed
ZAE A& 2EY S A AUA] v of ArHdo] 1 gl A 2kl wiEj e B o g AT o] A
< BAl vkl Al ZAolth AR M= 25 o] AT FAE WIS 5 dge] Baslo], A A}

=) /‘E
o

mmy

4 Energy for Growth & Immunity ey 4 Lipolysis
2\ ) 4 Fatty Acid Oxidation
- ﬁ: \/ﬁ' Increased Fat Breakdown for Energy

Reduced Growth Weakened Immunity " I : : ‘ Lipogenesis
f Energy for Heat Prgq;lctlon and Malntenance toe »l e A
Decreased Fat Synthesis & Storage
( MP )f Mitochondrial Activity
Increased Thermogenesis Enhanced Energy Production
& Muscle Activity

Fig. 2. Cold stress —induced energy redistribution and lipid metabolism remodeling in poultry. Cold stress in poultry raises energy needs
for thermogenesis, reallocating energy from growth and immunity to survival and heat production. As a result, lipid metabolism is
remodeled, prioritizing lipids as an energy source. In the liver, fatty acid synthesis and oxidation change to meet increased demand.
Adipose tissue enhances lipolysis and releases free fatty acids, possibly inducing beige-like adipocytes for thermogenesis. Muscle utilizes
more fatty acids for ATP and heat, impacting mitochondrial function and meat quality.



4. X2 ~srof olsh REEE st Asalag) A
siatel 27

E ZE = oA el wiske) 214
A AAE AR o7 AMgl ~EH (oxidative stress)2}
redox imbalanceE FWHIT) A2 LA H-8-317] 3l 7}
B vEEell 24 S5 pEEY
Ak, o] # gk thALY A3 FA el ROS—J I = =
ot} b A2 2B As 7FEFolA Oﬂﬂﬂ 3
29} /\].ﬂ_xi &) Qo] FESI= 1;]]/\}14 o]= o
2+-8-3cH(Oke et al., 2024).

g Paks-

1) M2 AE=|A0 2fsh 7
MM

A2 =% thermogenesis &3S
o] AkshA QML S5 F7HAITIH,
ARFE Y] AA} 720 S7Fete] ROS Aol FX1dth &
3| AR AsE Fa duAd e R &8s A=
nEZ= o} U Atgl 9 wkg-o] Fgto] 715 o] ROS 3
2 7Fs7del BS Eopdlth olgf g mlEF =] o} #2 ROS
7he 1k 25, WY 71H T Udet 22 A s,
A 2E# 28t AL A8 E7FEgE AHER Q1A E 3
A tHZhao et al., 2014; Oke et al., 2024). Z AFlA=
A2 ~E# 27} Nrf2/HO-1 2 NF-kB 215 A22 243
O ZM Akst 2Ed s S W, 28 Al AFES BA
o F=& 4 dFol A=A LH, o] E<=gk ROS 57}
£ dol Al ] WA wheS X3S ojnlgitt
(Wei et al., 2023). Nrf2/HO-1 A sd g A2 AkslA 2=
of wi-g- WZFSHAl Wh-gshH, thAbE A ke 714 2
T4 HES tHdor 2y3to g Ael ~Ed 2~ 27
Stol|A] theket A71eh 22leA Fagh kst 9l X B
F3E F33tH(Bardallo et al., 2022). | EZ=2]o} ROS+
AsLo e Aadg Balz 2Hed 4= 9lo), A& ~E
g 229} o] | &A - At Yol o] Fold A AIX W
Ak gl w3 S SHAI7I w21 gl Ak Sk
gt} o213t redox imbalance= ©]$ 34ks) Blo] Al
glo] &Asls Fdste T8 A5 a91es gtk

T=l= n|EEZ=2|ot ROS

F3 nlEE=e o}
of 2ol A

o

o% r'\—‘

=

2) M2 =0 2ol &Mstal= eitst 2ol AIAH]
A& ~Eg 2o o9&l F7ke ROSOl| t-g-8t7] S8l 7t
Fe gital W] Al ~"lE 24433 Superoxide dismu-
tase(SOD), catalase(CAT), glutathione peroxidase(GPx)<} Z
< kst Ehe= ROS AAC A A& g,

TR AL 2Bz og oA ) 9 A AL A

AE mF Al olge] B B 2Yo] Srkeke AR Hu
Z9th Zhao et al.(2014)2 A2 AEH 2o w=EH o
1 7|l M Fatst Ga 23 Gl HSPs o] FA

o S7HEE Baste], kst ~Ef - tfgo] A BE
NAE B ol RAARL ARk el Faket ol
ol Yeld AL EAE, A 2Ed 2 e Rt
A& 7|7to] = S ghaksl Al ~Hlo] HAF SEe A}
728 4 9l o2 Q18] ROS AlA e A4 7 #Fol *
S| 75‘ -, redox imbalance”} A18}=|o] 237 79| 7|%F
Eo ool shgAo] oAt

3) M2 AEHA
2 7|5 olat

ZHOIM AtsE AER|AO| M2 =
A AEd 2 U N8 AEd s 2 Sold 7]
T &4o 2 ddHEn A= AE s} Fohe) v EE
=eloh 7% Asph AN} 24 SHE B F 3
om, o] 2F W thAF FEE 7HeAIZIYE 25 A A=
sl Eifo] ZAAE R A Fx WislE frdeke] 53
A%z olold 4 du, PlHorE 49 A ¥
Q1 &S vlE 4 QUK Zhang et al., 2026). 3k H
oA o] st Ed 2 ST WY AlE 7]1: 13}9}

AL o), A5 W, AlE APE AR g3 TR &
= 4 9 thHZhao et al., 2014; Oke et al., 2024).
THHOR, AL 2EH A ABIAEY AE 7
EF=efol ROS # A7, 3ikst o] &3] ol kA
23 Al 22 7% Eolehe &4 AEE olsE
B A AlExe kst Ba Qe F7HA<
HE 7|dE dew o, 2 ti®AQ] o7} HSPse|t.

b. M=z % HFHESRE 2Zst= S HCEHE
AL =2 AR EN A, 3rEF Al 28l T3 WA
9] 7155l Y= 1A 4 UTKOnderci et al., 2003; Hangala-
pura et al., 2006). T Yo/l AL AE# A7} HY Hk-go
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Fig. 3. Integrated network of cold stress-induced oxidative stress
and antioxidant responses in poultry. Cold stress increases mito-
chondrial activity, leading to elevated reactive oxygen species
(ROS) production. Excess ROS induces oxidative stress and
disrupts redox balance by enhancing oxidation and reducing
antioxidant capacity. In response, heat shock proteins (HSPs) and
antioxidant defense systems are activated to mitigate oxidative
damage and maintain cellular homeostasis.
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