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Obesity could cause immune-physiological disorders in fish. Yet, little is known about the impact of obesity on stress
and histological responses. This study aimed to determine histological and physiological changes in and vulnerability
of overfeeding-induced obese rainbow trout Oncorhynchus mykiss exposed to stress condition. Control, intermediate
and overfed groups were fed at 1.5, 2.5 and 3.09% of their body weight per day, respectively, for eight weeks. Weight
gain, body mass index, hepatosomatic index and serological parameters, and histology of liver were measured in
five fish from each group at week 0, 2, 4, and 8. At week 8, 20 fish from each group were exposed to heat stress by
increasing water temperature at a rate of 3°C per day from 15 to 25°C and maintaining the final temperature for 10
days. Overall, overfed fish showed significantly higher weight gain, body mass index, and serological parameters
than those of fish in the other groups. Fish in the overfed and intermediate groups displayed multifocal infiltration
of inflammatory cells in hepatic parenchyma. Mortality rate and serological parameters of fish in the overfed group
exposed to heat stress were significantly higher than those of fish in the other groups, indicating increased vulner-
ability to environmental stress.
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N 2 et al,, 2017; Liu et al.,, 2021). 217+8] 79 w|uke A& w2
o}, 7P /M L&A A9 Hnonalcoholic fatty liver disease,
NAFLD), Al2% BeH, o & thaet Awat Yigs] Avke A
o2 A Qlck(Adams et al., 2006; Bai et al., 2018). £3],
SR 229 4R QA W A SAL A o g

FARFA] AR A ol Al A E L] A ITRE SEA]7]7] Sl8h AL
25 HrpebA ARE-sh= A 1 RI¥slch(Hasan and New,
2013; White, 2013 ). AF=8] Zhe} g0 wh2 A= Al #|

A71e} v A= o] F7ksh ofof whet 422 o] ofghE| il =AY
=9 177t "olA Aol tigh Aol F71sHAl Het
(Kim et al., 2010; Craig et al., 2017). S50l A Zclat goFi
o] A&A 0 & FE 79 L a o] oy A|7F F2 o] ¥]aL
ol BIAFA O 2 Wkt Ao HAE = v 5T 4
2ATtH West-Eberhard, 2019). o] 43 Bk ofj 4 x] A F|eko]
AuEFE T k7| o] dojitti(Ogden et al., 2007; Ammar

< triglyceride (TG)E F/dskal T4E TG7} 7HolA Hi=EH
A Fokal Brof 7t 7] Aol E 8 = 2Ath(Sun and Karin,
2012). -8 0.2 TheFo] Z25 TG M 248 ket
A k] wiwol Hvke = QIjh 7k &4 &
& ZA4} Z0] shLko|thAhmed et al., 2015). -85y} of
Uz} o} Fol A HIghe 7| E9] HIthS Holw o] 7t 4%
1} alanine aminotransferase (ALT), aspartate aminotransfer-
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ase (AST)2] £71& FHISH Ao & o]0 2t (Taddese et al.,
2014; Pan et al., 2017; Roh et al., 2020).

OF Al ALEFO| J133] Z7}alal 9l x| 7 40](Korea Mar-
itime Institute, 2020)2] HAF 3] 5f) U&= ATH207149] oF
A cabyell Tk 917 TiAleE o] oF 5297} 2l A

of] &3tt}ar sHATh(Kim et al,, 2012). ARHA 0 2 424k FA12F

ol A= 7NA 2719} FoF @ AR W] T3t ALR 3
AABIS 23 917 22 Tole] B o] s 571 Eat
tH(Hasan and New, 2013; White, 2013). o4& -2]upet F4]
Aol AN b e ek A S Zake chabe 1)
o] AEAR Hgelo] dele] Yool Z71E AoR 2
gtk AR HIYEE cortisold} 22 AEH A T ERY U
= S7HA AU Aol S T3l (Foss and
Dyrstad, 2011) ~E 8|2 870] 1% A] 4 52< wojme]
= Y¢lo] EltK(Sinha and Jastreboff, 2013). AlRE T} A%
3 gl ebu| oK Oreochromis niloticus) @} 5% 7<-01(Oncorhyn-
chus mykiss)2] A 2]8}2] HF-2-0] Hsl5 ZARSH ¢1-(Taddese
etal., 2014; Roh et al., 2020) &]oll«= H|Wto] G5 9FA] =4
=0 Aeleha] whgat 2254 WskE A At A=
AAS) ek L1 il s Aol ke 1 ol
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o] NIFS (2017) % FAO (2021)94 7hol|Eefelof| what 7}
ZF A A7 F-E(feeding rate)S A5 1.5%, 2.5%, 3.5%
= ARSI 279} 452f0]| 7} DF o 2R SutelE Fs)
o] FAE S & RRE Sh= Alr I HEC| o HER I
Fe 2SI A AR Faae ERlsh] Sl F 04 30

5 A o2 AL sk Fg el A AlLfskelth 2 A
ofl 4 AME-EF o]z KR E(529%), 251(15%), ZAH(10%)
N(2.7%), 249 (2%), Z#02 LA HIFALE (extruded
pellet; Sajo Donga, Seoul, Korea)o|t}. E3sH4] Ul x2]5}4]
248 9l9) 515 A A4 F2,4 9 85 Aol 2 1FU= 50b

2] MS-222 (Sigma, St. Louis, MO, USA)Z 1}3 & A%
A%, 557 Hweight gain (WG (g))=final fish weight - ini-
tial weight], 7+ 5-=%]4*[hematosomatic index (HSI) = (7+ F

A/A%F) % 100] Y A A 22| <= [body mass index (BMI) = A| %
(/A (emy1E =78ttt
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=& A= SPSS v20.0 (IBM, Armonk, NY, USA)2] one-
way analysis of variance (ANOVA) test= 2H15}%1 1L AFSH

A2 Duncan's multiple range test 'S 0|83} thP<0.05).
2 3

Aol A A9l 717F &<t OF, IM, C 152] B+t 4Y A
B ZFEL 717 3.1%, 2.5%, 1.5%= LFEFITHFig. 1A). OF
1 Pz

F2 WY AR FFE wrkof 2 o) oo Anye
2 oz 2of b3 2.068] & AT Fig. 14). C 25

] 2, 4, 85+(week post feeding, wpf)2] OF 152 A5 57}
M18-S 717422, 22, 319 ek} C 8o ula) felde

2 39kthFig. 1B). T2} IM 189 3% Z7H= 8 wpf S
9k C 5ol Hlsl 724 2 = =8kth HSIC| 7 2 wpfe] OF
152 JHAI] 2T CoFIM T1E]| vl Bl 52 A 0 2 | e}
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Fig. 1. Daily feed intake rate (% of body weight) for 8 weeks in the control (C), intermediate (IM) and overfed (OF) group (A). Hepatoso-
matic index (HSI) and body mass index (BMI) of rainbow trout Oncorhynchus mykiss in the C, IM, OF groups sampled at week 2, 4 and 8
(C), (D). Different letters indicate statistically significant differences determined by Duncan's multiple range test (P<0.05).

A) 600

500 r

AST (UL)

100

0

(C) 800

700
600
500
400 r
300
200
100

TG (mg/dl)

400
300
200

4
Weeks post feeding

Weeks post feeding

B)

ALT (IUIL)

D)

TP (g/dl)

& Control group
Intermediate group
mm Overfed group

4 8
Weeks post feeding

4
Weeks post feeding

Fig. 2. Serological changes in rainbow trout Oncorhynchus mykiss after overfeed. AST, Aspartate aminotransferase; ALT, Alanine amino-
transferase; TG, Triglyceride; TP, Total protein. Different letters indicate statistically significant difference determined by Duncan's multiple
range test (P<0.05).
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o 4= QUSIth(Fig. 1C). BMI9| 74-5- 42} 8 wpfe] OF 1
l COHM 120f| H]3)] 4914 0 2 =7 Yebt ot IMatC
tHFig. 1D). AR A& SHolA] HokS
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Fig. 3. Histological changes in the liver of fish in the C, IM and OF
groups sampled at week 2 and 8. HE stain. Scale bars indicate 50
pm. The volume of hepatocytes was remarkably increased in the
IM and OF group sampled week 2 (circles, decreased cell number
in IM and OF groups compared to C group). The infiltration of in-
flammatory cells around cloudy hepatocytes was recognized in the
IM and OF groups sampled week 8. Arrows indicate the inflamma-
tory cells. C, Control; IM, Intermediate; OF, Overfed.

SIRE 3l 2

=

2, 4 wpfol 4 AST, ALT, TG 3& C 152] ol 7ol ]a] OF
ol A 014 0.2 7] ebTE TPO] .5 49} 8 wpfol A
OF 19| o]57} C 15l ] o) 4 0.2 S78h A1 8
Q15 4= 9l gich. Eah, AlF 27191 2 wpfol 42 OF 18
2 IM 5] ula AST, ALT glo] -9)40.2 7] tehto.
U4 wpf ol ol i= 521210l Zjol7t Lhekb] kteiFig. 2).

SRS RS s}
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FANE] 2 gL 7ol et get dv| g A w2
I}, 2Pt of7mlof| A ol gt Mgkt E Qlck, Bt AbR
ol ofet 2ge] 2AehA Mah= A7A| ThA = A o) st
SF A0l C 159 o= ol 3+ 71X Adglel 4
AU FE2E FASHL e, IM B OF J5olA=
250f) ZANEA Q1 ZhA|329] A7) 7} A A| AL 4529} 8FA of| = THA]|
Eo] TG o] FEEAI 1 BAY| THo] FREAE AL
29t} 53], M 3 OF g0 Al 45 0| 7 44 o &
2 9lo] A5 AE7 Feak Ry 7 2 B 791
o] wyaklH(Fig. 3). Hegh wo] B gt 225} wish
714 ol 2le] 7ol A ke 4 gk

IM group '
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Fig. 4. Histological changes in the liver (Scale bars, 50 pm) and
gill(Scale bars, 100 pm) of fish exposed to dph 5 heat stress. The
fatty change of liver was recognized in the IM and OF groups (ar-
rowheads, lipid vacuoles, circles, the infiltration of inflammatory
cells). The aneurysm of gill lamellae (arrows) was showed in the
IM and OF groups. IM, Intermediate; OF, Overfed.

8T AbR g F Al 2B 20 E3 AR A3 IM
% OF 1559 TPl A ThAl| = Al =2 o] S5, vhahd 1hg o
B 2] = ol AL QUSAT. B, o5 Tl A
Faths 22 120413F o] 5 THA| = o] BAI7} ekt AR
0] Y == AU (fatty change)o] TAYBEo] 240A417H7}
A BRRI= Tk EQh, dlp AEF A EAZ IM B OF
359 op7tu|of A= 24417 E Hh g F 2 F(aneurysm) 7
TH2] iAol A ZHQIE Sit. ob7 ko] F8 = OF Z1Eo)l A 21
L7 7P Ao 24041 H71A] 2RI i TH(Fig. 4). 0] 2]
A7V 712 nhet 228 Mak= {ledch
420 =EE FAHSO 2Fe K& Hat

A AEFY A =2 7|7 ERE CYHIM 159 =4 1
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/s 2B 20 F o Fofotrhe AE BolFaL Qlok B9t
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fig. 5. Serological changes of rainbow trout Oncorhynchus mykiss in a high temperature stimulation after 8weeks of overfeed. AST, Aspar-
tate aminotransferase; ALT, Alanine aminotransferase; TP, Total protein; LDH, Lactate dehydrogenase. Different letters indicate statistically
significant difference determined by Duncan's multiple range test (P<0.05).

e AT 50-60g 7102 Al kg G 1.43%= FFsHL QL
th ol $eiutere] 2Afbol 7 FHNIFS, 2017)0)
1.7-1.85%K th= thas 35 21T 4= QISIT & koA
= HE2HCLH)Y 5= AF 7IXF W oF 1.5%= -4
sheonl Hake AR Bae] 242 el ol 3308 ol
ofl B1A] Qhe RS st M0 7 aalich ek C 1
S IM 152 Abm Fael A 717 W SAsHA 74
2w OF 1158 31 2% 59k AR B80| of %2 §4
Her} 7 o] 9.2 ol =i Aol EFOH B8] 685 7
Tl W AR B8] 24%2 3 252} vl e ol Wsk
oh. A2H 02 B gi7e] M} OF 18-S C 180 ) 212}
of 1.7uj2} 21l o] Ho] & Al F5F31 L OF &F IM Z152 A5
C 21§ ula) 217} 279} 854 2] o)z o7 Zlstoc.

A| A 24 7]5-(World Health Organization, WHO)+= BMIZ
o] g 3] Al o] T (25 kg/m?)ah H]5H30 ke/m) & T-551
a2 JItKWHO, 2000). Z|Zo] BMIE o] 7o) 28313 em 11
iAo} Fhet FF3t o] 7o) BMIZE o 2<tof| vls) 5214
o7 =ktkar(l.1-1.38) 57} EsFtHOka et al., 2010;
Landgraf et al., 2017; Roh et al., 2020). & ¢13Loj| A = BMIZ
29 A7HM}C 18 7ol fo] 12l o] & et o
O OF 159 BMI= AlR 3+ 250 S5 E o2 F 15
off wlsh ol o2 w55 & 5 AT o4 A+H(Labruna et
al., 2011; Landgraf et al., 2017)of] Wk2H EA TG g+ AR
R0k of] 2} zebrafishol A &= BT} mpA R AREEH 4= QU

] ol & ol

TG A9 gt T7= A2 9 G oA 4]
l ==l o]th(Alves-Bezerraetal., 2017).
2o A WEH G A AR THAE Fol 1
wlo] A2 TGE 57 ZIth(Wajchenberg et

- Toll A OF L& o729 TGS +9141Q1 5
< gt ol Fgofl oJgt A Ao] FAof 7|QIgt Ao R W
ojm, WA & A9 ZLFolA Blvto] ¥ S SIS
% gl

7b0] 42 B o) ASTS} ALTS| 4418 S7hA171 54
o] 1th(Scheig, 1996; Lee et al., 2007). 7Fo] A H ofo] i
7] Ho] Al ASTOFALTZL @4 o Juwjm o] a4 &
7he AL 2 T 2R o] A Rhst R 7F 24 A
12 ARE-Hti(Daniel et al., 1999; Huang et al., 2006). & &1 -
ol A= OF 152 off7ollA] ASTSF ALT7ZF C2FIM 1529 ¢
ol vlsf 22 4ol Fof A o g =& kS KAl o]
o] Aol A A ALy Briet Alm Sg= 3§, A2
2o A] G-of| 4] WERE ATH(Diniz et al., 2008; Landgraf et al.,
2017)9} AR 21 Shelat 4 Slck. whel A=A clztol 2
H]eke] A\ 5 striel 85 W glucosest 27 £40] A2
LDHS] 9 2751543 1), OF 154 th2 771o] vl 2k
o] F715H A9 B 942l Aol 212 4 912
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Aol = AR Helth

2l Thoret flelew Aol Sjtke 2o sl 7
A|EZL] A 3324 A5 (macrovesicular steatosis)S =
0 & 3= NAFLD7} BH8sHH(Kim et al., 2005; Weil et al.,
2014). YHkz o 2 NAFLD $HH= BMISF A4 2Hko] v]&
o] A/Felol vlsl o4 o2 wrkal A4 Utk Angulo et
al., 1999). o] H|gto] 7+ ol A& J2FsHA skar A= 7t
AekS frEst7] wizolot. vivte] f= g A X7 7k 7k 23]
Heleha Meks HH, d5AEe] Hae SR she A
3 9 A5/ HSkE e 4= sl oh(Kiigiikkurt et al., 2010;
Gedikli et al., 2017). & Aol A= AL o] A F o] Wa5
ZEA| 220 Bl 7}F skl 7He] F ATt Asi Al Ae &
Qg 4= Alglom, 53] 85710 Ho] 4 & Al AEH A
ol o2 o]z % o A1k 22 el skA sy} ke oy,
o] Az ulgo] 1= o] 77} AT of o] ula) 37 A
2ol 3 ) Rk AL B8] mola gl ofu] ofe]
AT B3 MR e £20] GENSS WHHOR Ao
7|u) 2] elakd Baee fust] AEA B el
Z(HINI, covid-19 -5)°ll B% FoFsHA Wte= 2 0 &2 o
#] Qltk(Huttunen and Syrjénen, 2013; Jung et al., 2017; Kim
and Nam, 2020).

olft 45 843 A WE) o] Lo geto
wel]58 Eak AR)H Hhgo] e darg WErhMik-
kelsen et al., 2006; Chen et al., 2021). £3] X740l = o
A0l W o502 A4Jo] 15T & Sk 5-23°Co]
o] 23°C ool BRl Ak g, B, Sl B
WEHE o107 AU g4 o] B4 2 9ITk(So et al., 2008).
Van et al. (018)0] TFE ¥l BEE. S mZEul 2|9} 3 ulat
o] Akt F4 Aol 9 olof me Als) oA} 2] Hofoll 7
& 7]olela B st glom, ol Rel s 5 AolE &
ur8} 4= 9Irk(So et al., 2008). 2 AT 4] I AEHA -
27]0] OF 7152 offollA] SolaA o7hu] Euig7} 7
Fe] Q1= o= 2 Aol A ARESE F AT 28] Aol 7]
ot 7102 Welrh o]i= Roberts (2012)9] 94+ AxfojA &
A, 3}8k4] gl ofgt ofrfm| o] W22 A eHA] =4 Ak}
Aghe}, 120 leE ¥ OF g4 7HY =2 HARE=
7153 ol =N £A)7F HobA Qe Ao obf
0] 9] AT A HASte] A3 TSRS o AFE A e
B FAEY ol 2 AMETE o] & Ao wd
) E3F o]H A+4(Lu et al., 2016; Chai et al., 2017; Qiang
etal., 2017)0]| A 918 F5=0] heat stressZ 13} Z-AJ Ak (reac-
tive oxygen species)7} +¢ A/d = o] Aol A4, chaid g
DNAS| 4152 Y} of |t 54k} o) Tk 12k Zefol
of Ttol] &4 73 hARE Welslole A o2 Ak

AEA o= wo| o) Wrhgt Fo] A|&5EH Bk =5kl
ol o] F o Ae|- st o 7 Bty Zefsto] 7o of
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Supplementary Table 1. Rainbow trout Oncorhynchus mykiss growth performance (mean+S.D.) according to feed rate for 8 weeks

Week Groups FCR' FE (%)? DGR® SGR (%)*
Control gorup 0.79£0.87 228.1£128.4 2.234£1.09° 2.7411.442

2 Intermediate group 0.56+0.30 210.2+83.8 2.70£0.77% 3.3941.15%

‘‘‘‘‘‘‘‘‘‘‘‘‘ Overfedgroup  056:034  2163:823 385094 548:170°
Control group 0.96+0.28 112.4436.9 1.47+0.28° 1.87+0.47°

4 Intermediate group 1.1040.79 115.2143.8 1.69+0.472° 2.28+0.75%

‘‘‘‘‘‘‘‘‘‘‘‘‘ Overedgroup 15%#122 909418 2138088 327147
Control group 0.85£0.25% 126.6+42.8% 0.9940.332 1.49+0.64°

8 Intermediate group 0.73+0.212 145.3+33.3° 1.3120.11%° 2.2740.33®
Overfed group 1.08+0.23° 95.9£18.62 1.43+0.07° 2.71+0.29°

'Feed coefficient ratio (FCR)=dry feed intake/(Final weight-Initial weight). *Feed efficiency ratio (FE, %)=[(Final weight-Initial weight)/
dry feed intake]x100. *Daily growth rate (DGR)=(total weight gainx100)/[ {(initial total weight+final total weight+dead fish wt.)/2} xdays
fed]. “Specific growth rate (SGR, %)=(log_ final wt.-log_initial wt.)x100/days. FCR, Feed coefficient ratio; FE, Feed efficiency ratio; DGR,
Daily growth rate; SGR, Specific growth rate. Different letters indicate statistically significant difference determined by Duncan's multiple
range test (P<0.05).



