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High water temperature is a major environmental stressor affecting the survival and
physiological condition of cultured fish. This study evaluated survival, plasma
biochemical responses, stress-related indicators, and heat-shock protein expression in
starry flounder (Platichthys stellatus) exposed to gradual or acute high-temperature
conditions. A total of 140 fish were used: 20 were sampled to determine the initial
physiological status, and the remaining 120 were assigned to control, gradual-exposure,
and acute-exposure groups, with two replicate tanks containing 20 fish each per
treatment. Fish in the control group were maintained at 20°C, whereas those in the
gradual-exposure group were exposed to 26—-27°C over 110 h and those in the
acute-exposure group were exposed to 29°C for 6 h. Final survival was 100.0%, 77.5%,
and 7.5% in the control, gradual-exposure, and acute-exposure groups, respectively. The
hepatosomatic index did not differ significantly among the groups. Plasma glucose
concentrations measured using a dry-chemistry analyzer were significantly higher in both
high-temperature groups than in the control group. Plasma aspartate aminotransferase
activity was significantly higher in the acute-exposure group than in the control group,
while lactate dehydrogenase activity was significantly higher in the acute-exposure group
than in both the control and gradual-exposure groups. No significant differences were
observed in the activities of alanine aminotransferase, alkaline phosphatase, or lipase, or
in the concentrations of total cholesterol, triglyceride, total protein, albumin, or total
carbon dioxide. ELISA measurements showed no significant differences in plasma
catalase or glucose concentrations, whereas plasma cortisol concentrations were
significantly elevated in the gradual- and acute-exposure groups compared with the
initial group. Plasma IgM concentrations showed a numerical decrease following
high-temperature exposure, although this difference was not statistically significant.
HSP70 expression was significantly affected by high-temperature exposure in the liver,
kidney, and muscle, whereas HSP90 expression was significantly affected in the kidney
and muscle but not in the liver. These findings indicate that high-temperature exposure
is associated with marked physiological stress, metabolic disturbance, tissue-related
biochemical responses, and changes in heat-shock protein expression in starry flounder,
with acute exposure to 29°C being associated with particularly severe mortality and
physiological disruption.

INTRODUCTION and metabolic activity. Consequently, conditions outside
the optimal thermal range can increase the metabolic bur-

Water temperature is a key environmental factor influenc-  den associa.ted with oxygen .dema'md, energy uti'lization,
ing survival, growth, metabolism, and physiological home- and the maintenance of physiological homeostasis. Acute
ostasis in fish. As ectotherms, fish depend directly on am- ©F Sustained exposure to high water temperatures can af-

bient water temperature for body temperature regulation tect the neuroendocrine system and energy metabolism,
and prolonged environmental stress can negatively affect
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growth, immune function, and survival.l-4 Changes in wa-
ter temperature can also alter plasma metabolite levels and
metabolic responses in cultured fish, and the magnitude of
these responses may depend on both temperature and ex-
posure duration.>®

The starry flounder (Platichthys stellatus) is a cold-water
flatfish distributed along the coasts of the North Pacific and
is an important marine fish species cultured in Northeast
Asia, including Korea. Owing to its physiological character-
istics as a cold-water species, elevated summer water tem-
peratures can become an important environmental factor
affecting rearing stability and survival. A previous study re-
ported that temperature fluctuations and nutritional sta-
tus affect the survival and adaptive physiological responses
in starry flounder. Thus, nutritional status should also be
considered when evaluating thermal stress because tem-
perature-related physiological changes may occur simul-
taneously with changes in energy availability.” Previous
studies on this species have identified age-related differ-
ences with regard to survival, plasma cortisol and glucose,
and heat-shock gene expression under increasing tempera-
tures.8 Comparative liver transcriptomics have linked heat
exposure to changes in glycolysis/gluconeogenesis and
heat-shock responses in juvenile and adult starry flounder.?

In fish, exposure to environmental stressors such as high
water temperature or hypoxia elicits a series of physio-
logical stress responses mediated by neuroendocrine and
metabolic pathways. The primary stress response involves
the release of stress hormones, including cortisol and cate-
cholamines, whereas secondary responses involve changes
in glucose and other blood biochemical parameters. 12

Glucose is frequently used as an indicator of energy mo-
bilization during stress; however, it can also be influenced
by handling, nutritional status, and other experimental
conditions. Therefore, physiological responses to high tem-
peratures are better evaluated using multiple biochemical
indicators rather than relying on a single stress marker
such as glucose.l0.11 Recent studies have supported the
use of multiple plasma biochemical parameters to char-
acterize thermal stress in fish. Short-term high-tempera-
ture exposure in juvenile blunt snout bream (Megalobrama
amblycephala) resulted in time-dependent changes in ala-
nine aminotransferase (ALT), aspartate aminotransferase
(AST), alkaline phosphatase (ALP), total protein, albumin,
and glucose levels. In particular, ALT and AST responses
varied over the exposure period, indicating that biochemi-
cal responses to thermal stress can depend on exposure du-
ration.12

Similar temporal responses have been observed in juve-
nile olive flounder, in which the duration of acute tempera-
ture exposure influences plasma metabolite levels and gene
expression in the liver and brain. These findings suggest
that physiological responses to elevated temperatures may
depend on the temperature reached and on the duration
and pattern of exposure.’

ALT, AST, ALP, and lactate dehydrogenase (LDH) levels
can provide additional information on tissue metabolic sta-
tus and physiological burden. LDH is associated with gly-
colysis and the conversion of pyruvate to lactate. Changes
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in LDH-related pathways have been observed under re-
duced oxygen availability in Japanese flounder, supporting
the relationship between oxygen availability and glycolytic
metabolism.13

Acute thermal stress has also been associated with
changes in enzyme activity and energy distribution in fish
muscles, further indicating that abrupt temperature
changes can alter metabolic demands and energy utiliza-
tion. However, because plasma AST and ALT activities are
not specific to a single organ in fish, changes in their ac-
tivities should be interpreted alongside other biochemical
parameters rather than as direct evidence of damage to a
particular tissue.l4 Acute heat-stress experiments in spot-
ted seabass have also identified size-dependent changes in
plasma enzymes, glucose, and heat-shock responses, illus-
trating that physiological responses can differ among fish
of different sizes.!5

High water temperatures can also influence lipid and
protein metabolism. Total cholesterol and triglycerides pro-
vide information on lipid storage and mobilization,
whereas total protein and albumin provide supplementary
information on protein metabolism and nutritional status.
Temperature influences muscle lipid metabolism in fish,
whereas starvation and refeeding can independently alter
growth, digestive function, and lipid metabolism-related
gene expression.16:17

Dietary carbohydrate and lipid balance can also influ-
ence stress and physiological responses. Consequently,
feeding and fasting status should be considered when inter-
preting lipid- and protein-related biochemical parameters
under high-temperature conditions.!8 Feeding status can
modify thermal stress responses. Restricted feeding altered
oxidative and endocrine responses during chronic heat ex-
posure in channel catfish, whereas an acute temperature
challenge in juvenile olive flounder affected several plasma
biochemical parameters in a study investigating dietary
gamma-aminobutyric acid. These findings support consid-
eration of nutritional history when comparing thermal-
stress experiments.lg’20

Changes in water temperature are also closely associated
with metabolic rate and oxygen demand. Respirometry
studies have demonstrated temperature-dependent
changes in oxygen consumption and metabolic status in
fish, supporting the close relationship between thermal
conditions and respiratory metabolism.32!

Total blood carbon dioxide (TCOz), which exists predom-
inantly in bicarbonate-related forms, may provide supple-
mentary information on acid-base balance and respiratory
metabolic status; however, TCO, alone cannot identify spe-
cific changes in ventilation or CO. excretion and should be
interpreted alongside other biochemical or blood-gas para-
meters, where available.

Thermal stress can also involve oxidative and immune
pathways, making antioxidant and immune-related mea-
surements useful complements to plasma metabolic in-
dices.22 Recent experiments in Monopterus albus, Gymno-
cypris eckloni, and Micropterus salmoides have reported
changes in antioxidant, inflammatory, or immune-related
responses under elevated-temperature conditions; how-
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ever, these responses depend on the exposure regime and
measured biological compartment.23-25

Heat shock proteins contribute to cellular protein home-
ostasis during environmental stress, and their transcrip-
tional responses provide a molecular complement to circu-
lating stress indicators.26:27 A recent study on farmed fish
exposed to heat treatment in a recirculating aquaculture
system reported changes in heat-shock and cytokine tran-
scripts, emphasizing the value of combining molecular and
physiological measurements.28

Physiological responses to elevated temperatures vary
depending on temperature, heating rate, and exposure du-
ration. As these factors may interact, comparisons among
exposure regimes should account for the full temperature
profile rather than a single component of it.57-12

Although previous studies have examined short-term
thermal stress, exposure duration, temperature fluctua-
tions, and associated metabolic responses in several fish
species, relatively few studies have directly compared acute
and gradual high-temperature exposure within the same
experimental system while simultaneously evaluating mul-
tiple plasma biochemical pathways. This distinction is par-
ticularly relevant in aquaculture environments, where fish
may experience both abrupt thermal events and gradual in-
creases in water ternper.?lture.5’7’12

In the present study, starry flounder were assigned to
control, gradual high-temperature exposure, and acute
high-temperature exposure groups, and plasma biochemi-
cal changes were compared among these groups. ALT, AST,
ALP, and LDH levels were analyzed, along with glucose, to-
tal cholesterol, triglyceride, lipase, total protein, albumin,
and TCO,. The objectives were to characterize survival and
plasma biochemical, endocrine, immune-related, and heat-
shock responses in starry flounder across three specified
temperature regimes, and to identify biochemical variables
warranting further evaluation as indicators of high-temper-
ature exposure.

MATERIALS AND METHODS

EXPERIMENTAL FISH AND ACCLIMATION

A total of 140 starry flounder were used in this study.
Twenty fish were allocated to the initial sampling group to
establish their baseline physiological status. The remain-
ing 120 fish were randomly assigned to one of three treat-
ment groups: control, gradual high-temperature exposure,
or acute high-temperature exposure. Each treatment com-
prised two replicate tanks, with 20 fish per tank, for a total
of 40 fish per treatment group. The mean body weight and
total length of the experimental fish were approximately
100.0 + 10.8 g and 20 cm, respectively. After introduction
into the experimental tanks, fish were acclimated for 110
h (approximately 5 days) in 60-L rectangular recirculating
tanks at 20.0 = 0.2°C or below, under a 12:12 h light:dark
photoperiod, with the water circulation rate maintained at
1,200% per day. The fish were fasted throughout the ex-
perimental period until final sampling. Twenty fish in the
initial sampling group were used for dissection and blood
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collection to establish the baseline physiological status,
whereas the remaining 120 fish were used in the tempera-
ture-exposure trial.

EXPERIMENTAL DESIGN AND HIGH-TEMPERATURE
EXPOSURE

To compare physiological responses to different patterns
of high-temperature exposure, the fish were assigned to
three experimental groups: control, gradual high-tempera-
ture exposure, and acute high-temperature exposure. Each
treatment was independently replicated in two tanks, with
20 fish per tank and 40 fish assigned to each treatment
group. The control group was maintained at a water tem-
perature of 20°C or below throughout the experimental pe-
riod. In the gradual high-temperature exposure group, the
water temperature was raised stepwise over approximately
110 h to 26-27°C. The acute high-temperature exposure
group was maintained under the same conditions as the
control group and then exposed to 29°C for 6 h immediately
before the final blood sampling. The gradual high-temper-
ature exposure group was designed to simulate a sustained
temperature increase that could occur over several days un-
der aquaculture conditions, whereas the acute high-tem-
perature exposure group was designed to assess the bio-
chemical response to an abrupt temperature rise occurring
over a short period.

BLOOD COLLECTION AND PLASMA SEPARATION

To assess the baseline plasma biochemical status of the
starry flounder before high-temperature treatment, initial
sampling was performed 2 d after tank introduction.
Twenty fish were allocated to the initial sampling group,
and samples collected from 10 fish were used for biochem-
ical analysis and subsequent statistical evaluation (n = 10).
Fish were anesthetized using 200 mg/L MS-222 (tricaine
methanesulfonate), after which the total length and body
weight were measured. Approximately 2 mL of blood was
collected from the caudal vein using 3-mL EDTA-treated sy-
ringes. Blood samples were chilled immediately after col-
lection and centrifuged at 4,000 x g for 10 min at 4°C to sep-
arate plasma, which was stored at -80°C until biochemical
analysis.

Final sampling was performed 5 days after the start of
the experiment in the control, gradual high-temperature
exposure, and acute high-temperature exposure groups,
following the same anesthesia, blood collection, and
plasma separation procedures used for initial sampling.

PLASMA BIOCHEMICAL ANALYSIS

Plasma biochemical analysis was performed using the FUJI
DRI-CHEM system (Fujifilm, Tokyo, Japan) to evaluate
physiological changes in starry flounder in response to
high-temperature exposure. Eleven plasma biochemical in-
dices were measured: ALT, AST, ALP, LDH, glucose, total
cholesterol, total protein (TP), triglyceride, albumin, TCOa,
and lipase. ALT, AST, ALP, and LDH levels were analyzed
as indices of tissue-level metabolic burden and changes in
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enzyme activity. Glucose was used to assess the carbohy-
drate-based energy mobilization response to stress, and to-
tal cholesterol and triglycerides were used to evaluate lipid
metabolism and energy storage status. Total protein and
albumin served as auxiliary indices of protein and nutri-
tional metabolic status, while TCO, served as an auxiliary
index of acid-base and respiratory metabolic status. Li-
pase was included to assess the changes in lipid-related en-
zyme activity. Samples with values falling outside the ana-
lyzer’s measurement range or for which an instrument error
was identified were reanalyzed. Results that remained out-
side the quantifiable range after reanalysis were interpreted
with consideration of the analyzer’s measurement limits.

ELISA MEASUREMENT OF PLASMA STRESS-,
METABOLIC-, OXIDATIVE-, AND IMMUNE-RELATED
PARAMETERS

Plasma catalase, glucose, cortisol, and immunoglobulin M
(IgM) concentrations were measured using fish-specific
ELISA kits (MyBioSource, Inc., San Diego, CA, USA), ac-
cording to the manufacturer’s instructions. Plasma samples
were analyzed without dilution in triplicate, and the mean
of the three technical replicates was used as the value for
each fish. Three fish per group were analyzed for each assay
(n = 3). Assay detection ranges, sensitivities, and intra- and
inter-assay coefficients of variation were determined ac-
cording to the respective manufacturers’ instructions.

RELATIVE EXPRESSION ANALYSIS OF HEAT SHOCK
PROTEIN GENES

Total RNA was extracted from the liver, kidney, and muscle
tissues of starry flounder using TRIzol reagent (Invitrogen,
Carlsbad, CA, USA). Briefly, each tissue sample was homog-
enized in 1 mL TRIzol reagent, mixed with 200 pL chloro-
form, and incubated at -20°C for 5 min. After centrifuga-
tion at 12,000 rpm for 15 min at 4°C, the aqueous phase
was collected, mixed with an equal volume of isopropanol,
and incubated at room temperature for 10 min. Following a
second centrifugation, the supernatant was discarded, and
the RNA pellet was washed with 100 puL 80% ethanol. Af-
ter complete removal of the ethanol, the RNA pellet was
dissolved in 100 pL diethyl pyrocarbonate-treated water.
To eliminate genomic DNA contamination, the extracted
RNA was treated with DNase I (Qiagen, Hilden, Germany).
RNA concentration and purity were assessed using a Nan-
oDrop One C spectrophotometer (Thermo Fisher Scientific,
Waltham, MA, USA), and RNA integrity was evaluated using
1% agarose gel electrophoresis. Complementary DNA
(cDNA) was synthesized from the purified RNA using
PrimeScript RT Master Mix (TaKaRa Bio Inc., Shiga, Japan)
and stored at -80°C until analysis. Relative mRNA expres-
sion levels of heat shock protein 70 (HSP70) and heat shock
protein 90 (HSP90) were evaluated using a CronoSTAR 96
Real-Time PCR System (TaKaRa Bio Inc.). Each 25-pL reac-
tion mixture contained 1.6 pL each of forward and reverse
primers (10 pM), 1 uL ¢cDNA, 6.8 pL sterile water, and 14
uL TB Green Premix Ex Taq (Tli RNaseH Plus; TaKaRa Bio
Inc.). The thermocycling conditions were 94°C for 30 s fol-
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lowed by 40 cycles of 94°C for 30 s, 60°C for 30 s, and
72°C for 30 s. Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) was used as the reference gene. Primer sequences,
GenBank accession numbers, and expected amplicon sizes
are listed in Table 2. For each tissue, GAPDH-normalized
expression in the control group was used as a calibrator.
Relative expression was calculated using the 2°AACq
method, where ACq = Cq(target gene) - Cq(GAPDH) and
AACq = ACq(sample) — mean ACq(control).2% For graphical
presentation, HSP70 values are expressed as log, fold
change (-AACq), whereas HSP90 values are expressed as
untransformed relative fold change (2-AACq); 0 on the log,
scale and 1 on the untransformed scale correspond to the
control calibrator. Three fish from each treatment group
were analyzed as biological replicates (n = 3).

STATISTICAL ANALYSES

Statistical analyses were performed using IBM SPSS Statis-
tics, version 32.0. One-way analysis of variance (ANOVA)
was used to evaluate differences among treatment groups
for plasma biochemical, ELISA, and gene expression data.
When the treatment effect was significant, Tukey’s hon-
estly significant difference test was used for post hoc com-
parisons. Cumulative survival was evaluated using the log-
rank test and Fisher’s exact test, as indicated for survival
analysis. Statistical significance was set at p < 0.05. Results
are presented as the mean * standard error of the mean.

RESULTS

SURVIVAL AND BIOLOGICAL INDICES

In the control group, survival was 100% at the end of the
110-h experimental period. Mortality occurred progres-
sively in the gradual high-temperature group, whereas a
marked decline in survival was observed near the end of ex-
posure in the acute high-temperature group (Fig. 1). The
final survival rates were 100% in the control group, 77.5%
in the gradual group, and 7.5% in the acute group. Survival
was significantly lower in the acute group than in the con-
trol and gradual groups (p < 0.05). The hepatosomatic index
was 1.03% * 0.21% in the control group, 1.27% * 0.29% in
the gradual group, and 1.15% #* 0.12% in the acute group,
with no significant differences among treatments (p > 0.05;
Table 1).

CHANGES IN PLASMA ENZYMES ACTIVITIES RELATED
TO TISSUE METABOLISM

Plasma ALT activity was 80.67 * 18.59 U/L in the control
group, 283.50 = 195.01 U/L in the gradual group, and 437.00
+183.02 U/L in the acute group. Although the mean ALT ac-
tivity was numerically highest in the acute group, the over-
all difference between groups was not statistically signifi-
cant (p > 0.05). Several ALT measurements were above the
quantifiable range of the DRI-CHEM analyzer, contributing
to the large within-group variation and limiting the inter-
pretation of the absolute values. Plasma AST activity in-
creased from 23.00 = 1.88 U/L in the control group to 78.00
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Table 2. Sequences of primers used in gene expression analysis and accession numbers.

Gene Accession number Primer sequence (5" -3) Amplicon size (bp)
HSP70 AB010871 F: AGTCCAGGCTGCTATCCTCA 113
R: GTGTCATGACTCCACCAGCA
HSP90 KY856948 F: GGATGGTGAGGACAAGCCAA 120
R: AGCTCCTCCTGGTCGATGTA
GAPDH AJ305222 F: CAGCCTTCACCTCCAAGAAG 181

R: CCCTCTCGTGGAAAACTGAG

HSP70 = Heat shock protein 70 kDa; HSP90 = Heat shock protein 90 kDa; GAPDH = glyceraldehyde 3-phosphate dehydrogenase.
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Fig. 1. Cumulative survival of starry flounder under different temperature-exposure conditions. Survival in the
Control, Chronic, and Acute groups was monitored over 110 h. Data are presented as the percentage of surviving
fish. Different letters at specific time points indicate significant differences among groups, as determined using

the log-rank test and Fisher’s exact test.

+23.21 U/L in the gradual group and 330.83 * 136.14 U/L in
the acute group. AST activity was significantly higher in the
acute group than in the control group (p < 0.05), whereas
that in the gradual group did not differ significantly from
either group. ALP activity was 1.00 # 0.00 U/L, 20.17 + 18.17
U/L, and 13.83 % 8.24 U/L in the control, gradual, and acute
groups, respectively, with no significant treatment effect
(p > 0.05). Because most ALP measurements were close to
the lower detection limit, this variable’s ability to discrimi-
nate between treatments was limited. LDH activity was sig-
nificantly affected by treatment, increasing from 155.67 *
36.14 U/L in the control group and 240.67 = 38.08 U/L in
the gradual group to 515.17 = 85.85 U/L in the acute group.
The LDH activity was significantly higher in the acute group
than in the control and gradual groups (p < 0.05), whereas
the control and gradual groups did not differ significantly

(Fig. 2).
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CHANGES IN PLASMA INDICES RELATED TO
CARBOHYDRATE AND LIPID METABOLISM

Plasma glucose concentration was 25.50 * 1.61 mg/dL in
the control group, 110.83 # 16.05 mg/dL in the gradual
group, and 156.50 = 41.12 mg/dL in the acute group. Both
high-temperature groups had significantly higher glucose
concentrations than the control group (p < 0.05), whereas
the glucose concentrations in the gradual and acute groups
did not differ significantly from each other. Total choles-
terol concentrations were 113.17 = 6.49, 155.00 * 14.53,
and 117.83 = 10.82 mg/dL in the control, gradual, and acute
groups, respectively. No significant treatment-related dif-
ferences were detected (p > 0.05). Triglyceride concentra-
tions were numerically higher in the gradual and acute
groups than in the control group (88.67 = 11.32, 84.17 #
10.68, and 59.00 * 4.23 mg/dL, respectively), but the overall
group difference was not significant (p > 0.05). Lipase activ-
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Table 1. Biological indices and plasma biochemical parameters of starry flounder (Platichthys stellatus) in the
control, gradual high-temperature exposure (26-27°C over approximately 110 h), and acute high-temperature
exposure (29°C for the final 6 h) groups. Initial values represent baseline measurements.

Parameters Treatment
Initial Control Chronic Acute

Biological indices
Survival, % 1002 1002 77.52 7.5b
HSI, % 1.40+£0.15 1.03+0.21 1.27£0.29 1.15+0.12
Plasma biochemical parameters (DRI-CHEM)
Albumin, g/dL 1.17+0.10 1.22+0.14 1.27 £0.08 1.33+0.17
Glucose, mg/dL 29.10+1.91b 2550+ 1.61b 110.83 £ 16.052 156.50 £ 41.122
Total protein, g/dL 451+0.38 3.65+0.40 4.97 +0.94 3.40+0.31
Triglyceride, mg/dL 63.10+5.58 59.00 +4.23 88.67+11.32 84.17 + 10.68
Total cholesterol, mg/dL 123.60+8.17 113.17 +6.49 155.00 + 14.53 117.83+10.82

Total carbon dioxide, mmol/L 8.90+0.88 10.53+241 8.92+1.68 7.17 +1.82
Lipase, U/L 49.40+8.83 36.83+4.38 75.00 +43.20 117.00 + 54.13
LDH, U/L 171.70 + 47.48b 155.67 + 36.14bP 240.67 +38.08P 515.17 +85.852
ALP, U/L 8.10+2.68 1.00 +0.00 20.17 +18.17 13.83+8.24
AST, U/L 42.70+11.70b 23.00+ 1.88P 78.00+ 23.212b 330.83+136.142
ALT, U/L 26800+ 115.92 80.67 + 18.59 283.50 + 195.01 437.00 + 183.02
Plasma metabolites (ELISA)
Catalase, U/mL 33.64+2.68 43.90+4.64 38.41+2.30 3479 +4.55
Glucose, mg/dL 14.78 +0.50 14.70 £0.63 15.95+0.41 14.41+1.64
Cortisol, ng/mL 208.57 + 37.56P 409.82 + 49.823b 613.07 +73.512 610.14 + 92.592
IgM, pg/mL 11.73+0.38 16.87+0.29 9.25+0.44 3.35+0.33

HSI = hepatosomatic index; LDH = lactate dehydrogenase; ALP = alkaline phosphatase; AST = aspartate aminotransferase; ALT = alanine aminotransferase; IgM = immunoglobulin M.
Values are the means * standard error of the mean (SEM) for continuous variables (DRI-CHEM: n = 10 for Initial and n = 6 for the final treatment groups; ELISA, including cortisol: n
=3 per group). For each ELISA sample, the three technical replicates were averaged to obtain one value per individual. Different superscript letters indicate significant differences
among the groups (one-way ANOVA followed by Tukey’s honestly significant difference test, p < 0.05). Survival values are the final percentages and were evaluated using the survival

analysis methods described in the Materials and methods section.

ity was 36.83 * 4.38 U/L in the control group, 75.00 * 43.20
U/L in the gradual group, and 117.00 £ 54.13 U/L in the
acute group. Although the mean lipase activity increased
numerically across the temperature regimes, the difference
was not statistically significant (p > 0.05), and the variabil-
ity was substantial in both high-temperature groups (Fig.
2).

CHANGES IN PLASMA INDICES RELATED TO PROTEIN
METABOLISM AND ACID—BASE BALANCE

Total protein concentrations were 3.65 * 0.40 g/dL in the
control group, 4.97 = 0.94 g/dL in the gradual group, and
3.40 %= 0.31 g/dL in the acute group. Albumin concentrations
were 1.22 +0.14, 1.27 £ 0.08, and 1.33 * 0.17 g/dL, respec-
tively. The total protein and albumin levels did not differ
significantly among the treatment groups (p > 0.05). TCOg
concentrations were 10.53 * 2.41 mmol/L in the control
group, 8.92 * 1.68 mmol/L in the gradual group, and 7.17 #
1.82 mmol/L in the acute group. Although the mean TCO,
concentration was numerically lower in the high-temper-
ature groups, particularly in the acute group, the overall
treatment effect was not significant (p > 0.05). Therefore,
these data do not independently demonstrate alterations in
blood acid-base regulation.

PLASMA STRESS-, OXIDATIVE-, AND IMMUNE-RELATED
INDICES

ELISA measurements showed no significant differences in
plasma catalase or glucose concentrations among the
groups (both p > 0.05; Fig. 3; Table 1). Catalase concentra-
tions were 43.90 * 4.64 U/mL in the control group, 38.41
2.30 U/mL in the gradual group, and 34.79 £ 4.55 U/mL in
the acute group. ELISA-based glucose concentrations were
14.70 £ 0.63, 15.95 + 0.41, and 14.41 * 1.64 mg/dL, respec-
tively. Plasma cortisol concentrations differed significantly
among the groups (overall, p < 0.001). Cortisol concentra-
tions were significantly higher in the gradual and acute
groups than in the initial group, whereas the final control
group did not differ significantly from either the initial or
the high-temperature groups. Mean IgM concentrations de-
creased from 16.87 = 0.29 pg/mL in the control group to
9.25 = 0.44 pg/mL in the gradual group and 3.35 = 0.33
pg/mL in the acute group. Although plasma IgM concen-
trations decreased numerically following high-temperature
exposure, the differences among groups were not statisti-
cally significant (p > 0.05; Fig. 3; Table 1).
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Fig. 2. Plasma biochemical parameters of starry flounder (Platichthys stellatus) exposed to different high water
temperature stress conditions. Parameters were measured using a DRI-CHEM analyzer. Values represent the
means * SEM (n = 10 for Initial; n = 3 for others). Statistically significant differences among the groups are
indicated by different letters (one-way ANOVA, Tukey’s test, p < 0.05). LDH = lactate dehydrogenase; ALP =
alkaline phosphatase; AST = aspartate aminotransferase; ALT = alanine aminotransferase.

HEAT SHOCK PROTEIN GENE EXPRESSION

HSP70 expression differed significantly among the treat-
ment groups in the liver, kidney, and muscle (overall, p <
0.001 for each tissue; Fig. 4). Expression was elevated under
high-temperature conditions, with the highest levels ob-
served in the liver and kidneys of the acute group. Pairwise
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differences among groups are indicated by different super-
script letters in Fig. 4. HSP90 expression varied by tissue
type (Fig. 5). Liver HSP90 expression did not differ signif-
icantly among the groups (p = 0.191), whereas significant
treatment effects were detected in the kidney and muscle
(overall, p < 0.001 for both tissues). These findings indi-
cated that HSP90 responses were tissue-dependent. Primer
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Fig. 3. Plasma biochemical parameters of starry flounder (Platichthys stellatus) exposed to different high water
temperature stress conditions. Plasma samples were analyzed via ELISA. Values represent the means * SEM (n =
3). Statistically significant differences among the groups are indicated by different letters (one-way ANOVA,

Tukey’s test, p < 0.05). IgM = immunoglobulin M.

sequences, accession numbers, and expected amplicon
sizes are listed in Table 2.

DISCUSSION

This study evaluated the effects of different modes of high-
temperature exposure on biological indices and plasma bio-
chemical characteristics of starry flounder. Although re-
sponses varied among indices, high-temperature treatment
was associated with changes in several parameters, includ-
ing glucose, AST, LDH, lipase, and TCO2, with some re-
sponses being particularly pronounced in the acute high-
temperature group. These findings suggest that the
high-temperature response of starry flounder depends not
only on the maximum temperature reached but also on the
rate of temperature increase and exposure duration. A sum-
mary of the biological indices and plasma biochemical pa-
rameters is presented in Table 1.

When exposed to environmental changes, fish exhibit
stress responses mediated by the neuroendocrine system
that can alter energy metabolism and blood biochemical
parameters. Glucose is one of the most widely used indica-
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tors of the secondary stress response in fish, and its blood
concentration may increase to meet the elevated energy
demands of stress. In the present study, glucose concen-
trations tended to increase progressively across the con-
trol, gradual high-temperature, and acute high-tempera-
ture groups, with the highest levels observed in the acute
high-temperature group. This pattern suggests that energy
mobilization may have increased in response to the abrupt
rise in water temperature.l2 Previous studies on starry
flounder have identified temperature-associated cortisol
and glucose responses, as well as changes in liver glycoly-
sis/gluconeogenesis pathways.8? Therefore, the glucose re-
sponse observed in this study is broadly consistent with
previous evidence of altered energy metabolism under
high-temperature conditions.

Similarly, the AST and ALT levels were relatively high in
the high-temperature treatment groups, particularly in the
acute group. These enzymes have been used in fish stud-
ies as biochemical indices to assess environmental stress
and tissue-level physiological changes; however, as AST
and ALT are not found exclusively in specific organs, it is
not appropriate to conclude that increased plasma activity
directly indicates liver damage. Accordingly, the increases
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Fig. 4. Relative mRNA expression of HSP70 in the liver, kidney, and muscle of starry flounder (Platichthys
stellatus) exposed to the control, gradual warming, and acute high-temperature regimes. Expression was
normalized to GAPDH and calculated using the 272AC4 method, with the control group in each tissue as the
calibrator. Values are presented as mean * SEM of log2 fold change (-AACq; n = 3 fish per treatment). Zero
corresponds to the control calibrator. Different letters indicate significant differences among groups (one-way
ANOVA followed by Tukey’s honestly significant difference test, p < 0.05). The absence of superscript letters
indicates no significant difference.
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Fig. 5. Relative mRNA expression of HSP90 in the liver, kidney, and muscle of starry flounder (Platichthys
stellatus) exposed to the control, gradual warming, and acute high-temperature regimes. Expression was
normalized to GAPDH and calculated using the 272AC4 method, with the control group in each tissue as the
calibrator. Values are presented as mean * SEM of relative fold change (n = 3 fish per treatment). One
corresponds to the control calibrator. Different letters indicate significant differences among groups (one-way
ANOVA followed by Tukey’s honestly significant difference test, p < 0.05). The absence of superscript letters
indicates no significant difference.

in AST and ALT levels observed in the present study are ing the systemic metabolic burden or tissue-level physio-
more appropriately interpreted as indirect changes reflect- logical disturbances associated with the abrupt rise in water

Israeli Journal of Aquaculture - Bamidgeh 273



Physiological, plasma biochemical, and heat-shock responses of starry flounder (Platichthys stellatus) to ac...

temperature. Because histopathological analysis and tis-
sue-specific enzyme activity measurements were not per-
formed in the present study, damage to specific organs
could not be directly confirmed. Size-dependent enzyme
and heat-shock responses in spotted sea bass further show
that plasma enzyme changes should be interpreted within
experimental and biological contexts.!>

LDH levels also tended to increase in the high-tempera-
ture treatment groups, with relatively high values observed
in the acute high-temperature group. As a glycolytic en-
zyme that catalyzes the interconversion of pyruvate and
lactate, LDH responds sensitively to shifts in the oxygen
utilization and energy production pathways. Under high-
temperature conditions, fish metabolic rate and oxygen de-
mand can increase, which in turn may increase the burden
on energy metabolism.3 The upward trend in LDH observed
in this study is therefore considered to reflect a possible
increase in glycolytic activity and overall energy metabolic
demand in starry flounder under high-temperature condi-
tions. Notably, the concurrent increase in AST, ALT, and
LDH levels in the acute high-temperature group suggests
that a rapid temperature increase may impose a tissue-level
metabolic burden more rapidly than a gradual one. Changes
in LDH-related pathways under hypoxic conditions and en-
zyme activity during acute thermal stress have also been re-
ported in other fish species.1314

Lipase activity tended to increase in the high-tempera-
ture treatment groups; however, this finding does not di-
rectly demonstrate increased lipid digestion or mobiliza-
tion of stored body fat. Because plasma lipase activity can
be influenced by various metabolic factors, these findings
should be interpreted with caution and treated as supple-
mentary evidence that lipid-related enzyme activity may
change in response to high-temperature exposure. Future
studies incorporating analyses of tissue lipid content, fatty
acid composition, and expression of genes related to lipid
metabolism may provide a clearer understanding of the
changes in lipid metabolism induced by high-temperature
exposure.

TP and albumin levels did not differ significantly among
the treatment groups. These parameters can be influenced
by various physiological factors, including nutritional sta-
tus, protein synthesis and degradation, and liver function,
and their responses to short-term environmental changes
may be less pronounced than those of acute stress-related
indicators such as glucose. Moreover, because all experi-
mental groups were fasted under identical conditions, ex-
ternal nutrient supply did not differ among groups. There-
fore, the absence of clear changes in TP and albumin levels
should not be interpreted as evidence that high temper-
atures had no effect. Rather, it suggests that changes in
plasma protein levels may not have been detectable during
the short exposure period under uniform fasting condi-
tions. Feed restriction experiments in channel catfish have
demonstrated that feeding conditions can modulate heat-
associated endocrine and oxidative responses. This sup-
ports considering fasting as part of the experimental con-
text rather than attributing all biochemical changes solely
to temperature.1?
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TCO- tended to decrease in the high-temperature treat-
ment groups compared with the control group. Because
TCO. in the blood exists predominantly in forms that in-
clude bicarbonate, it can be used as an indirect indicator re-
lated to acid-base balance and respiratory metabolism. As
water temperature increases, fish metabolic rate and oxy-
gen demand may rise, potentially altering respiratory ac-
tivity and acid-base regulation, which in turn may affect
blood TCO- levels. Because blood pH, pCO., bicarbonate,
and lactate levels were not measured directly in the present
study, the precise physiological mechanism underlying the
decrease in TCO5 could not be determined. Therefore, these
findings are more appropriately interpreted as supplemen-
tary evidence suggesting that changes related to acid-base
regulation or respiratory metabolism may have occurred
under high-temperature conditions. Temperature-depen-
dent changes in oxygen consumption and metabolic status,
as observed by respirometry, further support the close re-
lationship between thermal conditions and respiratory me-
tabolism.2!

A notable finding of the present study was that changes
in several plasma biochemical parameters were greater in
the acute high-temperature exposure group than in the
gradual high-temperature exposure group. This suggests
that the response of starry flounder to high temperature
may depend not only on temperature itself but also on the
rate of temperature increase and exposure duration. During
acute high-temperature exposure, metabolic demand and
stress responses may increase rapidly before fish have suf-
ficient time to acclimate, whereas gradual increases in wa-
ter temperature may allow some degree of physiological ac-
climation or compensatory response. Previous studies on
starry flounder have also reported that survival and physi-
ological responses may vary with temperature change pat-
terns and nutritional status.” The relatively higher levels
of glucose, AST, and LDH observed in the acute high-tem-
perature exposure group in the present study support the
need to consider not only the final water temperature but
also the rate of temperature increase and exposure duration
when evaluating high-temperature stress. Nevertheless,
the gradual and acute heat treatments also differed in their
final temperatures; this design did not isolate the indepen-
dent contributions of heating rate, exposure duration, and
final temperature.4

The cortisol and heat-shock protein results provide ad-
ditional evidence that high-temperature exposure affects
stress-related physiological pathways in starry flounder.
Cortisol concentrations were elevated in both high-temper-
ature groups, whereas expression of HSP70 differed signifi-
cantly among the treatment groups in all three tissues, and
HSP90 varied by tissue (Figs. 3-5). These responses should
be interpreted alongside plasma biochemical changes,
which indicate that thermal exposure is accompanied by
endocrine and molecular stress responses, as well as
changes in circulating metabolites and enzymes. Heat-
shock protein transcript responses reported in spotted
seabass and heat-treated farmed fish provide useful com-
parisons, although increased transcript abundance alone
does not establish successful physiological protection.!528
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The absence of a significant difference in plasma cata-
lase levels and the reported non-significant IgM response
should not be interpreted as an absence of oxidative or im-
mune effects. Studies in G. eckloni and M. albus measured
tissue, inflammatory, and immune responses that are not
directly comparable to the plasma endpoints assessed
here.23:24 Similarly, the largemouth bass study examined
multiple oxidative, immune, and histological endpoints
during chronic heat exposure.25 A broader assessment of
immune effects would therefore require additional func-
tional or tissue-level measurements.22

Some limitations should be considered when interpret-
ing the findings of the present study. First, plasma bio-
chemical analyses were performed using the FUJI DRI-
CHEM system. For some parameters, values either exceeded
the instrument’s measurement range or were close to the
lower detection limit. Therefore, the analyzer’s measure-
ment range and sensitivity should be considered when in-
terpreting the absolute values of certain parameters and
differences among treatment groups. Second, because all
experimental fish were maintained under fasting condi-
tions, it was difficult to distinguish completely between
the metabolic changes induced by high-temperature expo-
sure and those caused by fasting. Third, the gradual high-
temperature exposure period was relatively short (approx-
imately 110 h), limiting the assessment of complete
physiological acclimation or chronic metabolic changes as-
sociated with long-term high-temperature exposure. Thus,
the treatment is more appropriately described as gradual
high-temperature exposure rather than chronic exposure in
the strict sense. The interpretation of blood-based indica-
tors also depends on analytical performance and sampling
conditions, supporting the need for assay-specific valida-
tion when different methods produce discordant values.!!

In addition, as the present study focused primarily on
plasma biochemical parameters, the tissue- and molecular-
level mechanisms underlying the response to high-temper-
ature exposure could not be elucidated directly. Cortisol
concentrations were compared between the baseline and
treatment groups at the final sampling point. In contrast,
HSP70 and HSP90 expression was evaluated only at the fi-
nal sampling point using a limited number of biological
replicates; therefore, the temporal patterns of the heat-
shock response during gradual and acute high-temperature
exposure could not be fully characterized. Furthermore, the
changes in HSP70 and HSP90 mRNA expression were not
validated at the protein level. Future studies incorporating
multiple sampling time points, larger biological sample
sizes, and protein-level analyses could provide a more com-
prehensive understanding of the thermal stress response in
starry flounder. Histopathological analyses of tissues, such
as the liver, gills, and muscles, could help clarify the phys-
iological significance of changes in plasma enzymes, such
as AST, ALT, and LDH. Long-term high-temperature ex-
periments that include both fed and fasted groups could
also provide a more systematic evaluation of the interac-
tions between water temperature and nutritional status,
and their effects on energy metabolism and survival in
starry flounder.
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CONCLUSIONS

The plasma biochemical responses of starry flounder to
high-temperature exposure varied among parameters. Glu-
cose and several metabolic enzymes appeared relatively re-
sponsive to rapid increases in water temperature, whereas
changes in lipid- and protein-related parameters were lim-
ited given the short experimental duration and fasting con-
ditions. Together with the survival, cortisol, and heat-shock
protein responses, changes in glucose, AST, LDH, lipase,
and TCO» may serve as candidate plasma biochemical indi-
cators of physiological responses to high-temperature ex-
posure. Further experiments incorporating tissue- and mol-
ecular-level analyses are required to verify the
reproducibility and physiological significance of these find-
ings.
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