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Abstract

Water temperature significantly impacts the growth and physiological performance of cultured fish. With rising water tempera-
tures due to global and local climate change, it is crucial to understand how fish respond to temperature stress, particularly in
terms of energy metabolism homeostasis. Olive flounder, a key aquaculture species in Korea, is frequently subjected to sudden
environmental changes, such as heavy rainfall and elevated water temperatures during summer. To ensure sustainable aquacul-
ture under these challenging conditions, it is essential to investigate the physiological responses of fish, especially concerning
energy metabolism homeostasis, under various durations of temperature stress. The current study aimed to evaluate the effects
of acute temperature exposure duration on plasma metabolites and the expression of genes involved in nutrient metabolism
and heat shock response in the liver of juvenile olive flounder. In this experiment, juvenile olive flounder (25.0 £ 0.56 g; mean
+ SEM) were abruptly exposed to a water temperature of 30°C for 2, 4, and 6 h. Following exposure, samples of whole blood,
liv er, and brain were collected at 0, 2, 4, 6, 12, 24, and 48 h post-exposure, after recovery at 20°C. Plasma hematocrit, glutamate
oxaloacetate transaminase (GOT), glutamate pyruvic transaminase (GPT), glucose, total protein, triglycerides, and total cho-
lesterol levels were measured. Additionally, the expression levels of genes including adenosine-activated protein kinase beta
(@ampkp), peroxisome proliferator-activated receptor alpha (ppara), peroxisome proliferator-activated receptors gamma (ppary),
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Responses to acute temperature exposure duration in juvenile olive flounder

es to temperature stress.

glucose-6-phosphatase (G6pase), heat shock protein 70 (hsp70), glutathione peroxidase (gpx), interferon regulatory factor 3 (irf3),
and cytochrome c oxidase (cox) in the liver and brain were analyzed. The results revealed significant and transient increases in
plasma glucose, GOT, GPT, and cortisol levels in response to temperature stress, while plasma proteins and lipids showed no
consistent trends. Relative expression levels of hsp70 remained stable across liver and brain tissues, whereas other genes, such
asampkQ, ppara, ppary, Gépase, gpx, irf3, and cox, displayed variable patterns depending on the tissue type and exposure dura-
tion. Further research is needed to clarify these inconsistent trends and to deepen our understanding of tissue-specific respons-

Keywords: Climate change, Global warming, Stress response, Aquaculture
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Introduction

Homeostasis is a fundamental characteristic of life that resists
perturbation and maintains stable system characteristics. For
example, homeothermic organisms regulate a constant body
temperature despite fluctuations in environmental temperatures
(Eugster et al., 2008; Sterner, 2022). However, changes in the
surrounding environment can disrupt homeostasis and impair
biological functions. In ectothermic animals such as fish, envi-
ronmental temperature changes trigger compensatory respons-
es aimed at restoring balance and minimizing physiological dis-
ruptions caused by external stressors. To mitigate the effects of
stressors on metabolism, fish exhibit a series of behavioral and
physiological adaptations (Morris et al., 2013; Rossi et al., 2017).

Water temperature is one of the most influential factors
affecting the growth and physiological performance of fish.
Variations in water temperature can significantly impact nor-
mal metabolic activity and physiology, and when water tem-
peratures exceed biological limits, physiological disorders, and
homeostatic disturbances may lead to disease (Kumar et al.,
2019). With rising water temperatures driven by global and lo-
cal climate change, understanding how fish respond to thermal
stress in terms of energy metabolism homeostasis has become
increasingly important. Insights into these mechanisms are crit-
ical not only for advancing stress physiology research but also
for developing practical solutions to promote aquaculture sus-
tainability. To address stress from elevated water temperatures,
several studies have explored alternatives, such as developing
stress-resistant fish varieties, predicting physiological changes,
or formulating feeds that enhance antioxidative capacity and
immunity to cope with climate change (Lee et al., 2023). To en-
sure sustainable aquaculture in the face of climate change, it is
crucial to establish a fundamental understanding of physiologi-
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cal responses, particularly energy metabolism homeostasis, un-
der varying durations of thermal stress. Hematocrit and plasma
metabolites, such as glucose (GLU) and cortisol, are sensitive
indicators of stress and metabolic changes in fish, making them
valuable parameters for analyzing the effects of acute tempera-
ture exposure (Wendelaar Bonga, 1997). However, there is
currently a lack of information on how fish respond to different
exposure durations of temperature stress in terms of energy
metabolism homeostasis.

Olive flounder, a top-ranked aquaculture species in Korea,
accounted for 46,000 tons of production in 2022, far surpass-
ing other species (Statistics Korea; KOSTAT, 2023). Despite its
economic importance, olive flounder faces sudden environ-
mental changes associated with extreme climate events, such as
elevated water temperatures during summer. This underscores
the urgent need to investigate stress tolerance mechanisms
in olive flounder, particularly under acute thermal exposure.
In this study, the liver and brain were chosen as target organs
due to their key roles in stress and metabolic regulation. The
liver is central to energy metabolism, while the brain governs
stress responses. These organs were prioritized to elucidate the
mechanisms behind thermal stress adaptation in olive flounder.
Therefore, the present study was conducted to evaluate the ef-
fects of acute temperature exposure duration on plasma metab-
olites and the relative gene expression levels involved in nutrient
metabolism and heat shock responses in the liver and brain of
juvenile olive flounder.

Materials and Methods

Experimental fish and acute temperature exposure
Juvenile olive flounder were obtained from the Garorim fish
farm in Taean, Korea, and acclimated for 18 days (December
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21, 2022-January 8, 2023) in 27 L tanks at Pukyong National
University, Busan. During the acclimation period, the water
temperature was maintained at 20.6 + 0.09°C (mean + SEM).
The fish were fed a diet containing 20% fishmeal at 2.5% of their
body weight per day and fasted for 24 hours prior to the exper-
iment to minimize the effects of feeding on metabolism. At the
start of the experiment, rectangular tanks were prepared with
water temperatures of 30°C and 20C to serve as the treatment
and recovery groups, respectively. A total of 84 juveniles, with
an average body weight of 25.0 + 0.56 g (mean + SEM), were
randomly distributed into 21 rectangular tanks set to 30C,
with 4 fish per tank (n = 4 tanks per treatment). The fish were
abruptly exposed to the high-water temperature (30C) to sim-
ulate acute thermal stress conditions for varying durations of 2,
4, or 6 hours. Following acute temperature exposure, the experi-
mental groups were transferred to recovery tanks maintained at
20C. However, the 0-hour recovery group was sampled imme-
diately after the high-temperature stress exposure. Samples of
whole blood and tissues (liver and brain) were collected at 0, 2, 4,
6, 12, 24, and 48 hours post-exposure during the recovery phase
(Fig. 1). This experimental setup enabled the assessment of both
immediate and delayed physiological and molecular responses
to acute temperature stress.

Sampling and total RNA extraction

Blood, brain, and liver tissues were collected after the recovery
period to analyze stress responses, immunity, and metabolic
gene expression under acute heat stress. To minimize sampling
stress, fish from each group were anesthetized using 300 ppm

Acute
thermal stress

Htde

Juvenile olive flounder

250+ 0.6¢
(mean + SEM)

Replicate: 4 fish

n=4 n=4

--

.-._

n=4

n=4
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of 2-phenoxyethanol. Tissues were immediately frozen in liquid
nitrogen and stored at -84 C until further analysis.

Total RNA was extracted following the manufacturer’s pro-
tocol for TRI-Solution™ (TS200-001, Bio Science Technology,
Seongnam, Korea). For each sample, 500 uL of TRI-Solution
was used for homogenization with a bead mill homogenizer
(OMNI Bead Ruptor Elite, Omni International, Kennesaw, GA,
USA). After homogenization, 100 uL of chloroform (1/5th of
the TRI-Solution volume) was added. The mixture was centri-
fuged at 9,660 x g for 15 minutes at 4°C, and the supernatant
was transferred to a new tube. To precipitate RNA, 500 uL of
isopropyl alcohol was added to the supernatant, and the mix-
ture was centrifuged again at 9,660 x g for 10 minutes at 4C.
The resulting supernatant was discarded, and the RNA pellet
was washed with 75% ethanol and air-dried completely. The
dried RNA pellet was then dissolved in sterile distilled water
and treated with DNase-I (Sigma-Aldrich, St. Louis, MO, USA)
to remove genomic DNA contamination. The purity and quan-
tity of the total RNA were evaluated using spectrophotometry
(Eon™ Microplate Spectrophotometer; BioTek, Winooski,
VT, USA) by measuring absorbance ratios at A260/230 and
A260/280. RNA samples were adjusted to a final concentration
of 500 ng/uL and stored at -84 C until further use.

Hematocrit, plasma metabolites, and stress response

Blood samples were collected using a 1 mL syringe containing
the anticoagulant dipotassium ethylenediaminetetraacetic acid.
After blood extraction, hematocrit was analyzed immediately.
The remaining blood was divided into microtubes and cen-

Recovery
20°C

n=4 n=4 n=4 n=4

n=4

n=4 n=4 n=4 n=4 n=4

n=4 n=4 n=4 n=4 n=4 =4 n=4

Fig. 1. Schematic representation of the acute thermal stress exposure time setup.
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trifuged at room temperature for 5 minutes at 11,000 xg. The
plasma was then stored at -84 C until further analysis. For plas-
ma metabolite analysis, levels of glutamate oxaloacetate trans-
aminase (GOT), glutamate pyruvic transaminase (GPT), total
protein (TP), triglycerides (TG), total cholesterol (TCHO), and
GLU were measured using Fuji Film DRI-CHEM SLIDE on a
dry biochemical analyzer (Fuji DRI-CHEM NX500i, Fuji Photo
Film, Tokyo, Japan). Cortisol concentrations were determined
using enzyme-linked immunosorbent assay quantification kits
(CSB-E08487f, CUSABIO, Houston, TX, USA) following the
manufacturer’s protocol. After completing the procedure, opti-
cal density was measured at 450 nm using a microplate reader
(AMR-100, Allsheng, Hangzhou, China) within 5 minutes.

Quantitative real-time PCR

The isolated RNA was converted into cDNA using an oligo
(dT)18 primer and RT Premix (2X; SR-2000, Genetbio, Dae-
jeon, Korea). Quantitative reverse-transcription polymerase
chain reaction (QRT-PCR) was performed using the cDNA
samples in Fast SYBR Green PCR Master Mix (Thermo Fisher
Scientific, Waltham, MA, USA). The reaction was conducted
under the following thermal cycling conditions: initial dena-
turation at 95°C for 20 seconds, annealing at 58 C for 30 sec-
onds, and elongation at 60 C for 30 seconds. qRT-PCR analysis
was performed for the following genes: heat shock protein 70
(hsp70), interferon regulatory factor 3 (irf3), glutathione per-
oxidase (gpx), cytochrome c oxidase (cox), adenosine-activated
protein kinase beta (ampkp), glucose-6-phosphatase (g6pase),
peroxisome proliferator-activated receptor alpha (ppara), and
peroxisome proliferator-activated receptors gamma (ppary).
The 18S rRNA gene was used as the internal reference. The re-
actions were run and analyzed using a QuantStudio™ 5 system
(Applied Biosystems, Foster City, CA, USA). Relative mRNA
expression levels were quantified using the 2A(-AACt) method.
Primers for the experiment were designed using the Primer
Express 3.0.1 program and validated for specificity through
the NCBI database (Table 1). All gRT-PCR reactions were per-
formed in triplicate.

Statistical analysis

The data were analyzed on an individual basis, with values from
the same experimental groups averaged and expressed as mean
+ SEM (n = 4). Statistical analysis was conducted using the R
statistical software package (version 4.2.2). A one-way analysis
of variance (ANOVA) was performed to assess the statistical

206 | https://www.e-fas.org

Responses to acute temperature exposure duration in juvenile olive flounder

Table 1. Primers for stress response, metabolites, and
immune-related genes used in quantitative real-time PCR

Genename  Primer sequences (5'-3') Accession no.

18 F: ATGGCCGTTCTTAGTTGGTG EF126037.1
R: CACACGTGATCCAGTCAGT ’

F: TTCAATGATTCTCAGAGGCAAGC
R: TTATCTAAGCCGTAGGCAATCGC

i F: CATCACGTGCTTTGACGACT GUOT7417.1
R: GCTGTGGTTCCCTCTGTCTC '

y F: CGCACCCCTTGTTTGTCTATGTG 05541
9p R: CATCGTTCCTACTCACTGGACTCC '

F: CCGGGCCATATCATCAGGAC

hsp70 AB010871.1

ampkp R TTGTAGCGATGTGTCGCACT XM_020103523.1
stpase F: CACGAGACGGCTCACTATGC i
R: CTGCCTGGCCCAGTCTCA
para F:CGTCCGCCACCACANTGGTCGACATG o
R: GAGAACTCCTCTTGGCCCATTGACACCCC
ooy F: CACAAGAAGTCCCGCAACAAA 62953

R: AAACGAATAGCGTTGTGTGACATG

PCR, polymerase chain reaction; hsp70, heat shock protein 70; irf3, interferon regulatory
factor 3; gpx, glutathione peroxidase; ampkB, adenosine-activated protein kinase beta;
gé6pase, glucose-6-phosphatase; ppara, peroxisome proliferator-activated receptor alpha;
ppary, peroxisome proliferator-activated receptors gamma.

significance of differences between group means. When signifi-
cant differences were identified (p < 0.05), Tukey’s Honestly Sig-
nificant Difference (HSD) test was used for post-hoc multiple
comparisons.

Results

Hematocrit, plasma metabolites, and stress response

Tables 2, 3, and 4 present the hematocrit, plasma metabolites,
and stress response in juvenile olive flounder acutely exposed
to 30°C for 2, 4, and 6 hours, respectively. Hematocrit levels
showed no statistically significant differences among the exper-
imental groups (p > 0.05). However, plasma GOT and GPT lev-
els increased significantly immediately after thermal exposure (p
< 0.05) and gradually decreased during the recovery phase. TP,
TG, and TCHO levels exhibited no significant differences across
all exposure durations. In contrast, GLU and cortisol levels in-
creased sharply immediately following heat stress exposure (p <
0.05) and decreased during the recovery phase.

Relative gene expression levels of liver and brain

Tables 5, 6, 7, 8, 9, and 10 present the relative gene expression
levels in the liver and brain of juvenile olive flounder acutely
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Table 2. Plasma metabolites and stress responses in juvenile olive flounder exposed to acute thermal stress at 30°C for 2 h

Recovery time (h) Hematocrit ~ GOT (U/L) GPT (U/L) TP (g/L) TG (mg/dL) TCHO (mg/dL) GLU (mg/dL) Cortisol (ng/m R
0 200+24 114+32° 585+11.1° 293+0.19  340+132 953486 360+64° 11412

2 188403 593+6.1™ 398408 345+£009  433£115 116+8 143+14° 7.52+1.06™

4 18111 83.3+58" 368+7.6° 345019 320+107 116+ 11 600+000°  742+079

6 195407 765+75"  383+58° 3154019  439+78 124+4 150+4.1° 7.48+1.02°

12 173+05 383+19° 263+14° 2704012 230+34 104+8 128+14° 0.05+0.06°

24 168+13 39.8+53" 293+43° 285+009  230+43 113£3 135+15° 0.04+0.05°

48 163+28 660+105°  263+63° 270+041  255+58 104£6 113+19° 0.12+0.09°
p-value 0.0592 0.0003 0.0010 0.0517 0.0521 0.8463 <0.0001 0.0019

Values are means from triplicate groups of juvenile olive flounder where the values in each row with different superscripts are significantly different (mean + SEM; p < 0.05).
"Tested by Elisa kit (CUSABIO, Houston, TX, USA).
GOT, glutamic oxaloacetic transaminase; GPT, glutamic pyruvate transaminase; TP, total protein; TG, triglyceride; TCHO, total cholesterol; GLU, glucose.

Table 3. Plasma metabolites and stress responses in juvenile olive flounder exposed to acute th ermal stress at 30°C for 4 h

Recoverytime (h)  Hematocrit GOT (U/L) GPT (U/L) TP (g/L) TG (mg/dL) TCHO (mg/dL)  GLU (mg/dL) Cortisol"”

0 218+13 148+ 64° 62.0+21.2° 3.68+0.28 3514103 1714 208+2.1a 11.0+25°
2 175409 855+275°  323+93° 3.00+0.17 309 +£91 103+7 11.3£0.8b 634+073°
4 168+17 63.8+10.7° 345462 3.08+£031 362+ 114 1M1£16 11.3+0.8b 14+33
6 140+20 585+99° 300+32° 2.85+0.31 293 +£63 103+7 11.3£08b 7.55+1.11°
12 135+03 368+19° 293+08" 173£0.14 215+89 92+15 9.00+1.22° 579+031°
24 18004 413+57° 225+19° 3.38+0.28 341+106 12014 13.5+0.9b 829+1.07°
48 150407 458+83° 368+50% 2554026 158 +42 90.8+10 10.5+2.6b 7.66 £ 1.24°
p-value 0.6534 <0.0001 <0.0001 04277 0.1926 0.4402 0.0012 0.0040

Values are means from triplicate groups of juvenile olive flounder where the values in each row with different superscripts are significantly different (mean + SEM; p < 0.05).
"Tested by Elisa kit (CUSABIO, Houston, TX, USA).
GOT, glutamic oxaloacetic transaminase; GPT, glutamic pyruvate transaminase; TP, total protein; TG, triglyceride; TCHO, total cholesterol; GLU, glucose.

Table 4. Plasma metabolites and stress responses in juvenile olive flounder exposed to acute thermal stress at 30°C for 6 h

Recoverytime (h)  Hematocrit GOT (U/L) GPT (U/L) TP (g/L) TG (mg/dL) TCHO (mg/dL)  GLU (mg/dL) Cortisol”

0 205+06 281+81° 46.5+205° 3.15+0.09 438+133 122+7° 203+14 10.1+0.86°
2 178+ 1.1 60.0+9.6° 375409 310£0.12 3314173 105+ 8% 9.75+1.44° 835+09™
4 160+ 0.4 525+63" 285+15 2.85+0.19 32341 101 £5% 9.00+0.00° 7.51+1.06°
6 160+ 16 488+69° 27.0£2.1° 2.10£0.27 270+ 56 93+3.2° 128+14° 8.18+1.49°
12 155+1.0 46.5+106° 285429 3.00£0.32 202+ 46 106 +13% 135+26° 9.59+297°
24 183+13 525+36 330£7.3° 278+0.19 347 + 64 107 £14% 11.3+23° 7.87 £1.04
48 160+ 0.4 405+29° 293426 278 +0.08 206+ 86 105 6™ 11.3+08° 8.20 +3.40°
p-value 0.2879 <0.0001 <0.0001 0.0559 0.0510 0.0594 0.0140 0.0020

Values are means from triplicate groups of juvenile olive flounder where the values in each row with different superscripts are significantly different (mean + SEM; p < 0.05).
" Tested by Elisa kit (CUSABIO, Houston, TX, USA).
GOT, glutamic oxaloacetic transaminase; GPT, glutamic pyruvate transaminase; TP, total protein; TG, triglyceride; TCHO, total cholesterol; GLU, glucose.
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Table 5. Relative gene expression in the liver after 2 h of acute thermal stress at 30°C

Recovery time (h) hsp70 irf3 apx cox ampkp ppara ppary g6pase

0 1.00 +0.52° 1.00 +0.65° 1.00+0.15° 1004019 1.00+0.36° 1.00+0.14° 1.00+0.19 1.00+035°
2 0.07+0.02° 1.68+0.55° 1.37+0.23° 06+0.16™ 1814055  446+041° 856+ 1.63 227+061°
4 0.02+001° 1814155 1.37+0.18° 096+029™  433+031° 08+0.11° 142431 5574335
6 0.00+0.00° 446+249 1.52+0.15° 0.35+0.05° 1654028  1.12+045 4574048 594+0.78
12 0.00+0.00° 376 £063 423+064° 134+054ab  457+142° 1.7240.26° 6.91+1.60 259+0.73%
24 0.00+0.00° 21.1+152° 6.88+127° 1.83+0.33° 477 +£149° 149+0.14° 882+1.64 419+1.19°
48 0.00+0.00° 272+1.13° 313£001°  1.04%016™  377+117°  185+035 4794083 330£059"
p-value <0.0001 <0.0001 0.0001 0.0038 0.0415 0.0001 0.0619 0.0140

Values are means from triplicate groups of juvenile olive flounder where the values in each row with different superscripts are significantly different (mean + SEM; p < 0.05).
Relative gene expression level (recovery time at 0 h was set as a control; 78s used as housekeeping gene).
hsp70, heat shock protein 70; irf3, interferon regulatory factor 3; gpx, glutathione peroxidase; cox, cytochrome c oxidase; ampk/3, adenosine-activated protein kinase beta; ppara, peroxi-
some proliferator-activated receptors alpha; ppary, peroxisome proliferator-activated receptors gamma; g6pase, glucose-6-phosphatase.

Table 6. Relative gene expression in the liver after 4 h of acute thermal stress at 30°C

Recovery time (h)  hsp70 i3 agpx cox ampkB ppara ppary g6pase

0 1.00+0.15° 1.00+03° 1004019  1.00+025°  1.00+0.18° 1.00+0.18° 100+006°  1.00+0.25°
2 0.18+006°  143+037° 076 +0.1 060+0.14°  035+006 0.34+0.02% 187+026°  241+079°
4 0.03+0.01° 165 +6.6° 1914023  081+002°  037+007° 0.75+0.13% 3414014 113+33°
6 0.00+0.00° 169+031° 2094032  046+0.14° 0.31+0.03° 0.57 +0.09™ 1104003 1.28+028°
12 000+000°  206+071° 200+024  145+£032°  037+003° 043+0.07™ 081+0.10° 1.42+068
24 0.00+0.00° 154+022° 2544019  1.60+028 0.37+0.05° 0.27 +0.05° 081+0.16° 1.63+043
48 000+000°  231+155° 1364018  1.14+032°  0.29+0.05° 0.21+0.01° 072+007° 3234043
p-value <0.0001 <0.0001 0.5543 0.0104 <0.0001 0.0001 <0.0001 <0.0001

Values are means from triplicate groups of juvenile olive flounder where the values in each row with different superscripts are significantly different (mean + SEM; p < 0.05).
Relative gene expression level (recovery time at 0 h was set as a control; 18s used as housekeeping gene).
hsp70, heat shock protein 70; irf3, interferon regulatory factor 3; gpx, glutathione peroxidase; cox, cytochrome c oxidase; ampk@, adenosine-activated protein kinase beta; ppara, peroxi-
some proliferator-activated receptors alpha; ppary, peroxisome proliferator-activated receptors gamma; gépase, glucose-6-phosphatase.

Table 7. Relative gene expression in the liver after 6 h of acute thermal stress at 30°C

Recovery time (h) hsp70 i3 apx cox ampkB ppara ppary gbpase

0 1.00 +0.08° 1.00 +0.49° 1.00+0.19% 1.00+0.14° 1.00+0.25° 1004038  1.00+0.16  1.00+0.23¢
2 0.15+0.09° 0.53+035° 245+002° 024+008°  008+002°  131+046° 0924032  258+0.72°
4 0.02+0.00° 127 +£039° 162+049° 047+017°  006+002°  097+087°  1.11+031  056+0.14°
6 0.00+0.00° 6.08+6.20° 0.96 +0.30™ 045+0.1"™ 0.13+004°  062+041°  095+020  0.62+0.22°
12 0.00+0.00° 0.88+0.44° 0.76 +0.38° 050+0.19°  013+003°  118+044° 080+£029  0.80+0.25
24 0.00 +0.00° 234+071° 1154015 050+021°  017+006°  438+218°  078+0.17  138+0.28"
48 0.00+0.00° 1544062 1.19+0.20" 068+029°  012+004°  545+221°  107+£025  183+059
p-value <0.0001 <0.0001 0.0086 0.0163 <0.0001 <0.0001 0.2562 0.0173

Values are means from triplicate groups of juvenile olive flounder where the values in each row with different superscripts are significantly different (mean + SEM; p < 0.05).
Relative gene expression level (recovery time at 0 h was set as a control; 78s used as housekeeping gene).
hsp70, heat shock protein 70; irf3, interferon regulatory factor 3; gpx, glutathione peroxidase; cox, cytochrome c oxidase; ampkf3, adenosine-activated protein kinase beta; ppara, peroxi-
some proliferator-activated receptors alpha; ppary, peroxisome proliferator-activated receptors gamma; gépase, glucose-6-phosphatase.
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Table 8. Relative gene expression in the brain after 2 h of acute thermal stress at 30°C

Recoverytime (h)  hsp70 irf3 gpx cox ampkB ppara ppary g6pase

0 1.00£005"  1.00+0.00° 1.00+0.06 1.00 +£0.24° 1.00+0.36 1.00+0.30 1.00+0.18" 1.00+0.17°
2 053+0.19°  293+085°  255+027 0.99+0.28° 2.83+0.94 1.70+0.48 273+036™ 107 +4.5%
4 0.11+002° 223+0.11°  493+0.18 1.28+041° 2374024 1.80+0.28 564+1.15° 9.83+4,19®
6 004+001°  314+091°  274+072 1184049 155+0.53 199+0.57 232+043% 130434
12 001+000°  272+024® 211£0.25 14+0.56° 164+1.26 1.10+047 19+017% 239+072°
24 001+000°  5.18+139° 6.03+0.37 232+032" 3.78+0.95 183+021 412+054" 135445
48 000+£000°  449+055°  679+0.69 3.85+1.14° 3.85+0.73 1944021 508+ 1.11% 226+54°
p-value <0.0001 0.0054 0.0861 0.0007 02077 0.8197 0.0024 <0.0001

Values are means from triplicate groups of juvenile olive flounder where the values in each row with different superscripts are significantly different (mean + SEM; p < 0.05).
Relative gene expression level (recovery time at 0 h was set as a control; 78s used as housekeeping gene).
hsp70, heat shock protein 70; irf3, interferon regulatory factor 3; gpx, glutathione peroxidase; cox, cytochrome c oxidase; ampkf, adenosine-activated protein kinase beta; ppara, peroxi-
some proliferator-activated receptors alpha; ppary, peroxisome proliferator-activated receptors gamma; g6pase, glucose-6-phosphatase.

Table 9. Relative gene expression in the brain after 4 h of acute thermal stress at 30°C

Recoverytime (h)  hsp70 i3 gpx cox ampkB ppara ppary g6pase

0 1.00 £ 0.07° 1.00+0.24" 1.00+0.32 1.00+0.10® 1.00+0.01 1.00£0.15 1.00+0.19° 1.00+0.54
2 0.24+0.03" 1.18+0.19® 1.27£0.26 0.85+0.16" 0.56 + 0.04 0.39+0.05 2.61+045° 0.05+0.01
4 0.06 +0.02° 2.65+0.57° 2.00+0.30 0.97 +027° 0.74+0.12 0.81+0.16 372+025° 0.14 +0.07
6 0.01 +0.00° 1.19+0.13% 0.98 +0.05 0.83+0.12° 0.6 +0.09 0.67 +0.07 122+025° 0.39+0.06
12 0.01 +0.00° 0.61+0.06° 1.08 £0.09 1.61+0.3° 0.58 +0.05 0.32+0.06 1.14+028° 02+0.18
24 0.00 +0.00° 0.78+0.05® 0.75 +0.04 0.69+0.1° 047 +0.07 0.61+0.09 0.94+0.16° 0.39+0.19
48 0.00 +0.00° 1.15£0.15% 0.91+£0.05 1.01£0.08® 0.61+0.05 0.64 +0.1 131+028° 0.55+0.29
p-value <0.0001 <0.0001 0.1641 0.0088 0.2012 0.2665 0.0009 <0.0001

Values are means from triplicate groups of juvenile olive flounder where the values in each row with different superscripts are significantly different (mean + SEM; p < 0.05).
Relative gene expression level (recovery time at 0 h was set as a control; 18s used as housekeeping gene).
hsp70, heat shock protein 70;/7/3, interferon regulatory factor 3; gpx, glutathione peroxidase; cox, cytochrome c oxidase;ampAf, adenosine-activated protein kinase beta;ppara, peroxi-
some proliferator-activated receptors alpha; ppary, peroxisome proliferator-activated receptors gamma; g6pase, glucose-6-phosphatase.

Table 10. Relative gene expression in the brain after 6 h of acute thermal stress at 30°C

Recovery time (h)  hsp70 irf3 gpx cox ampkB ppara ppary g6pase

0 1.00+0.07° 1.00+0.75° 1.00+0.35 1004007  1.00+0.14 1.00+0.34° 100+0.19"  1.00+02
2 047 £0.15% 148+053° 1.14+0.26 040+007°  084+0.13 0.72+0.05® 1.93+061° 6.80+2.52
4 0.10+0.04° 206+074°  1.46+0.28 039+0.11°  06+0.13 0.58+0.18" 1084026  204+043
6 0.02+001° 0.93+0.36° 1.88+043 024+0.11° 049+0.11 043+0.07° 0.70+030° 3.88+1.03
12 0.01+0.00° 0.87+0.24° 0.74+0.18 1134022 047002 0.39+0.07° 048+0.11° 1.17£0.10
24 0.01+001° 198+095°  140+0.13 0454003  060+0.11 051+005"  080+023° 449+0.89
48 0.00+0.00° 324+075 1.88+0.60 047+0.16°  067+0.09 0.85+0.18" 110+025° 6924041
p-value <0.0001 0.0304 04012 0.0274 0.0601 0.0101 0.0015 0.0504

Values are means from triplicate groups of juvenile olive flounder where the values in each row with different superscripts are significantly different (mean + SEM; p < 0.05).
Relative gene expression level (recovery time at 0 h was set as a control; 78s used as housekeeping gene).
hsp70, heat shock protein 70; irf3, interferon regulatory factor 3; gpx, glutathione peroxidase; cox, cytochrome c oxidase; ampkg, adenosine-activated protein kinase beta; ppara, peroxi-
some proliferator-activated receptors alpha; ppary, peroxisome proliferator-activated receptors gamma; gépase, glucose-6-phosphatase.
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exposed to 30C for different durations. Expression levels of
hsp70 were significantly affected by acute thermal stress, show-
ing a sharp increase immediately after exposure, followed by a
rapid decline during the recovery period in both the liver and
brain (p < 0.05). The expression levels of irf3 and gpx tended to
be significantly higher in the liver during the recovery period (p
< 0.05). Conversely, cox, g6pase, ampkp3, ppara, and ppary gen-
erally showed a decreasing trend during the recovery period as
the exposure duration increased in both the liver and brain (p <
0.05), except for ppara in the liver after 6 hours of thermal stress
exposure, which increased as recovery time progressed.

Discussion

Thermal stress is one of the most critical environmental chal-
lenges faced by aquatic animals. Acute thermal stress disrupts
physiological and molecular homeostasis, leading to impaired
growth, metabolic disorders, and increased mortality (Deng et
al., 2020; Guillen et al., 2019; Logan & Somero, 2011; Pérez-Ca-
sanova et al., 2008). A comprehensive understanding of the
physiological and genetic responses of fish to such stressors is
essential for developing effective strategies to enhance aquacul-
ture resilience (Volkoft & Regnnestad, 2020). The present study
focuses on juvenile olive flounder, an economically important
species in Korea, to investigate their physiological and molecu-
lar responses to acute temperature stress and subsequent recov-
ery.

Hematocrit is known to be significantly affected by water
temperature in fish and is considered a reliable indicator of
physiological changes. For instance, a significant decrease in
hematocrit was observed in Shortnose Sturgeon (Acipenser
brevirostrum) following exposure to thermal stress at 31°C
(Ziegeweid & Black, 2010). Similarly, decreased hematocrit
levels were reported in juvenile sablefish (Anoplopoma fimbria)
under above-optimal temperatures (Kim et al., 2019). In the
present study, consistent with findings from previous research,
hematocrit levels showed an initial increase immediately after
exposure to acute thermal stress, followed by a gradual decrease
during the recovery phase. This result suggests that acute ther-
mal stress temporarily impacts hematocrit levels, likely as part
of an immediate physiological adaptation to thermal stress, with
recovery mechanisms subsequently facilitating the restoration
of homeostasis over time.

In the present study, plasma metabolites, including GOT,
GPT, GLU, and cortisol, were significantly affected by acute
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thermal stress. GOT and GPT, plasma-specific enzymes that re-
spond sensitively to stress, were elevated immediately following
thermal stress (Woo et al., 2018). Similarly, GLU and cortisol,
widely recognized as stress markers in fish (Baeck et al., 2014;
Fevolden et al., 2002), increased sharply after thermal stress and
subsequently decreased during the recovery phase. Cortisol, a
steroid hormone synthesized and released by interrenal tissue in
the kidney, plays a critical role in regulating the stress response
and blood GLU levels in fish (Jentoft et al., 2002; Lee et al., 2023;
Wendelaar Bonga, 1997). Under stress conditions, cortisol stim-
ulates gluconeogenesis to increase GLU production, providing
energy to cope with stressors (Faught & Vijayan, 2016). In this
study, the transient increases in GOT, GPT, GLU, and cortisol
levels indicate that energy substrates were mobilized to main-
tain homeostasis during thermal stress and were subsequently
restored during recovery. Interestingly, GPT levels showed no
significant difference at 6 hours of exposure, which may suggest
that recovery had already begun prior to sampling. This incon-
sistency underscores the importance of understanding how
exposure duration influences metabolic responses, highlighting
the need for further research. It is well known that thermal
stress disrupts energy balance and alters lipid metabolism, in-
cluding TCHO and TG (Liu et al,, 2019). Similarly, studies have
consistently reported the mobilization of energy substrates in
stressed fish (Brandao et al., 2015). However, in this experiment,
no significant differences or trends were observed in TP, TG,
and TCHO levels, suggesting that homeostasis in these metabo-
lites may not have been significantly affected.

In this experiment, gene expression analysis in the liver and
brain revealed tissue-specific responses to acute thermal stress.
hsp70, a molecular chaperone, exhibited significantly upregu-
lated levels immediately after thermal stress, followed by a rapid
decrease during recovery. This result aligns with previous find-
ings that Asp70 is upregulated following acute thermal stress
and normalizes during recovery (Lewis et al., 2010; Lund et al,,
2003). gpx, an enzyme essential for antioxidant systems that
mitigate oxidative damage caused by stress (Cheng et al., 2018;
Srikanth et al., 2013), did not display a clear trend in expression
levels in the liver and brain in this study. This suggests variabili-
ty in oxidative stress responses depending on the duration of ex-
posure and recovery time. Yuan et al. (2022) reported that irf3,
a gene associated with innate immune function, was signifi-
cantly affected by temperature stress in stone loach (Triplophysa
bleekeri). In our study, significant differences in irf3 expression
levels were observed in both the brain and liver, showing an up-
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regulation trend during the recovery period. This may indicate
the activation of stress recovery mechanisms, as both organs
play vital roles in coordinating immune and metabolic respons-
es. Gépase, a key enzyme in gluconeogenesis, showed elevated
expression levels in the liver during the recovery period. How-
ever, no significant differences were observed at the 4-hour and
6-hour exposure intervals in the brain, emphasizing the liver’s
primary role in energy metabolism and its importance in facili-
tating recovery after stress (Yuan et al., 2020). In contrast, ppars
and cox did not show consistent trends, while ampkp, a central
regulator of cellular energy homeostasis (Bremer et al., 2016;
Cantd & Auwerx, 2009), displayed increased expression in the
liver in the 2-hour exposure group. However, in the 4-hour and
6-hour exposure groups, expression levels tended to decrease
as the recovery period progressed. This suggests the dynamic
involvement of ampkf in maintaining energy balance during
stress and recovery (Hardie et al., 2012).

In conclusion, this study demonstrated that acute thermal
stress induces diverse physiological and molecular responses
in juvenile olive flounder, highlighting the complexity of stress
adaptation across tissues and metabolic pathways. The differen-
tial recovery rates observed in metabolites and gene expression
levels indicate that thermal stress does not uniformly affect the
fish but instead triggers tissue-specific and gene-specific adapta-
tions. This research provides important insights into the mech-
anisms by which olive flounder cope with rapid environmental
changes, such as those driven by climate change, offering
foundational knowledge for enhancing aquaculture resilience.
Additionally, plasma GLU, cortisol, and hsp70 expression were
identified as potential markers for monitoring thermal stress
and adaptation, providing practical tools for future research and
aquaculture management. By identifying critical stress markers
and their recovery dynamics, this study establishes a framework
for improving olive flounder health and sustainability in aqua-
culture systems. Future research should focus on identifying
stress markers under conditions of long-term chronic thermal
stress or repeated thermal stress, particularly in relation to fish
physiology and energy metabolism.

Competing interests
No potential conflict of interest relevant to this article was re-

ported.

Funding sources
This study was supported by the project ‘Development of ap-

https://doi.org/10.47853/FAS.2025.e18

Fisheries and Aquatic Sciences FA S

plied technology for smart breeding of olive flounder based on
digital information’” (grant number, R2025032) of the National
Institute of Fisheries Science.

Acknowledgements

We would like to thank all the members of the Feeds and Foods
Nutrition Research Center (Pukyong National University, Bu-
san, Korea) for their contribution to the biochemical analyses.

Availability of data and materials
Upon reasonable request, the datasets of this study can be avail-
able from the corresponding author.

Ethics approval and consent to participate

Approved by the Institutional Animal Care and Use Committee
(IACUC) of Pukyong National University, Busan, Korea (proto-
col code: 554).

ORCID

Sulhye Park https://orcid.org/0009-0008-6485-5805
Jeongwhui Hong https://orcid.org/0009-0002-1375-9545
Haham Kim https://orcid.org/0000-0002-3201-0938
Hyuncheol Jeon https://orcid.org/0000-0003-2585-9930
Deni Aulia https://orcid.org/0009-0004-2788-2514
Dain Lee https://orcid.org/0000-0002-5675-8000
Seunghyung Lee https://orcid.org/0000-0003-0914-9613
References

Baeck S, Min E, Kang JC. Combined effects of copper and tem-
perature on hematological constituents in the rock fish,
Sebastes schlegeli. ] Fish Pathol. 2014;27:57-65.

Brandio E Cappello T, Raimundo J, Santos MA, Maisano M,
Mauceri A, et al. Unravelling the mechanisms of mercury
hepatotoxicity in wild fish (Liza aurata) through a triad
approach: bioaccumulation, metabolomic profiles and oxi-
dative stress. Metallomics. 2015;7:1352-63.

Bremer K, Kocha KM, Snider T, Moyes CD. Sensing and re-
sponding to energetic stress: the role of the AMPK-PGCla-
NRF1 axis in control of mitochondrial biogenesis in fish.
Comp Biochem Physiol B Biochem Mol Biol. 2016;199:4-
12.

Canté C, Auwerx J. PGC-1a, SIRT1 and AMPK, an energy
sensing network that controls energy expenditure. Curr
Opin Lipidol. 2009;20:98-105.

https://www.e-fas.org | 211



FA S Fisheries and Aquatic Sciences

Cheng CH, Guo ZX, Luo SW, Wang AL. Effects of high tem-
perature on biochemical parameters, oxidative stress, DNA
damage and apoptosis of pufferfish (Takifugu obscurus).
Ecotoxicol Environ Saf. 2018;150:190-8.

Deng W, Sun J, Chang Z, Gou N, Wu W, Luo X, et al. Energy
response and fatty acid metabolism in Onychostoma mac-
rolepis exposed to low-temperature stress. ] Therm Biol.
2020;94:102725.

Eugster W, Erik JS and Fyn BE Wind effects. In: Eugster W, edi-
tor. Encyclopedia of ecology. Amsterdam: Elsevier; 2008. p.
1879-84.

Faught E, Vijayan MM. Mechanisms of cortisol action in fish
hepatocytes. Comp Biochem Physiol B Biochem Mol Biol.
2016;199:136-45.

Fevolden SE, Roed KH, Fjalestad KT. Selection response of
cortisol and lysozyme in rainbow trout and correlation to
growth. Aquaculture. 2002;205:61-75.

Guillen AC, Borges ME, Herrerias T, Kandalski PK, de Arruda
Marins E, Viana D, et al. Effect of gradual temperature in-
crease on the carbohydrate energy metabolism responses
of the Antarctic fish Notothenia rossii. Mar Environ Res.
2019;150:104779.

Hardie DG, Ross FA, Hawley SA. AMPK: a nutrient and energy
sensor that maintains energy homeostasis. Nat Rev Mol
Cell Biol. 2012;13:251-62.

Jentoft S, Held JA, Malison JA, Barry TP. Ontogeny of the corti-
sol stress response in yellow perch (Perca flavescens). Fish
Physiol Biochem. 2002;26:371-8.

Kim JH, Park HJ, Kim DH, Oh CW, Lee ]S, Kang JC. Changes
in hematological parameters and heat shock proteins in
juvenile sablefish depending on water temperature stress. ]
Aquat Anim Health. 2019;31:147-53.

Kumar N, Gupta SK, Bhushan S, Singh NP. Impacts of acute
toxicity of arsenic (III) alone and with high temperature on
stress biomarkers, immunological status and cellular me-
tabolism in fish. Aquat Toxicol. 2019;214:105233.

Lee S, Moniruzzaman M, Farris N, Min T, Bai SC. Interactive
effect of dietary gamma-aminobutyric acid (GABA) and
water temperature on growth performance, blood plasma
indices, heat shock proteins, and GABAergic gene expres-
sion in juvenile olive flounder (Paralichthys olivaceus).
Metabolites. 2023;13:619.

Lewis JM, Hori TS, Rise ML, Walsh PJ, Currie S. Transcriptome
responses to heat stress in the nucleated red blood cells of
the rainbow trout (Oncorhynchus mykiss). Physiol Ge-

212 | https://www.e-fas.org

Responses to acute temperature exposure duration in juvenile olive flounder

nomics. 2010;42:361-73.

Liu Y, Liu ], Ye S, Bureau DP, Liu H, Yin J, et al. Global met-
abolic responses of the lenok (Brachymystax lenok) to
thermal stress. Comp Biochem Physiol D Genom Proteom.
2019;29:308-19.

Logan CA, Somero GN. Effects of thermal acclimation on tran-
scriptional responses to acute heat stress in the euryther-
mal fish Gillichthys mirabilis (Cooper). Am ] Physiol Regul
Integr Comp Physiol. 2011;300:R1373-83.

Lund SG, Lund MEA, Tufts BL. Red blood cell Hsp 70 mRNA
and protein as bio-indicators of temperature stress in the
brook trout (Salvelinus fontinalis). Can J Fish Aquat Sci.
2003;60:460-70.

Morris JP, Thatje S, Hauton C. The use of stress-70 proteins in
physiology: a re-appraisal. Mol Ecol. 2013;22:1494-502.
Pérez-Casanova JC, Afonso LOB, Johnson SC, Currie S,
Gamperl AK. The stress and metabolic responses of ju-
venile Atlantic cod Gadus morhua L. to an acute thermal

challenge. ] Fish Biol. 2008;72:899-916.

Rossi A, Bacchetta C, Cazenave J. Effect of thermal stress on
metabolic and oxidative stress biomarkers of Hoplosternum
littorale (Teleostei, Callichthyidae). Ecol Indic. 2017;79:361-
70.

Srikanth K, Pereira E, Duarte AC, Ahmad L. Glutathione and its
dependent enzymes’ modulatory responses to toxic metals
and metalloids in fish: a review. Environ Sci Pollut Res.
2013;20:2133-49.

Sterner RW. Nutrient stoichiometry in aquatic ecosystems. In:
Mehner T, Tockner K, editors. Encyclopedia of inland wa-
ters. 2nd ed. Amsterdam: Elsevier; 2022. p. 376-89.

Statistics Korea (KOSTAT). (2023). Aquaculture production
statistics, 2022. Retrieved from https://kosis.kr/statHtml/
statHtml.do?sso=ok&returnurl=https%3A%2F%2Fk
osis.kr%3A443%2FstatHtml%2FstatHtml.do%3Flist_
id%3DK2_4%260bj_var_id%3D%26seqN0%3D%26tblI
d%3DDT_1EZ0013%26vw_cd%3DMT_ZTITLE%260rg
1d%3D101%26path%3D%252FstatisticsList%252Fstatisti
csListIndex.do%26conn_path%3DMT_ZTITLE%26itm _
id%3D%26lang_mode%3Dko%26scrId%3D%26

Volkoft H, Rennestad 1. Effects of temperature on feeding and
digestive processes in fish. Temperature. 2020;7:307-20.

Wendelaar Bonga SE. The stress response in fish. Physiol Rev.
1997;77:591-625.

Woo §J, Kim NY, Kim SH, Ahn §J, Seo JS, Jung SH, et al. Tox-
icological effects of trichlorfon on hematological and bio-

https://doi.org/10.47853/FAS.2025.e18



Sulhye Park, et al.

chemical parameters in Cyprinus carpio L. following ther-
mal stress. Comp Biochem Physiol C Toxicol Pharmacol.
2018;209:18-27.

Yuan D, Chen X, Gu H, Zou M, Zou Y, Fang J, et al. Chromo-
somal genome of Triplophysa bleekeri provides insights
into its evolution and environmental adaptation. Giga-
Science. 2020;9:giaal32.

Yuan D, Wang H, Liu X, Wang S, Shi ], Cheng X, et al. High
temperature induced metabolic reprogramming and lipid
remodeling in a high-altitude fish species, Triplophysa
bleekeri. Front Mar Sci. 2022;9:1017142.

Ziegeweid JR, Black MC. Hematocrit and plasma osmolality
values of young-of-year shortnose sturgeon following acute
exposures to combinations of salinity and temperature.
Fish Physiol Biochem. 2010;36:963-8.

https://doi.org/10.47853/FAS.2025.e18

Fisheries and Aquatic Sciences FA S

https://www.e-fas.org | 213



