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The milkﬁsh Chanos chanos, an economically important cultured marine species in Southeast Asia, exhibits
stenothermal and euryhaline characteristics and huge mortality usually occurs during extreme cold weather in
winter. Under conditions beyond optimal temperatures, ectothermic species experience an increase in anaerobic
glycolysis. To better understand the hypothermal acclimation response of this tropical species, the lactate metabolic proﬁles of freshwater (FW)- and seawater (SW)-acclimated milkﬁsh were compared under control (optimal temperature; 28 °C) and hypothermal treatment (18 °C) conditions. In this study, the lactate dehydrogenase (LDH) isoform genes, ldha and ldhb, were identiﬁed in milkﬁsh livers and muscles, respectively. The
LDH is a bidirectional enzyme that triggered the conversion of pyruvate to lactate via anaerobic glycolysis as
LDH exhibits the reductase activity (LDH-R), while via the reverse direction as LDH exhibits the oxidase activity
(LDH-O). The hypothermal stress signiﬁcantly upregulated the LDH-R activity in the muscles and the monocarboxylate transporter activity in both muscles and livers, of SW- and FW-acclimated milkﬁsh. The levels of
blood lactate, however, decreased in SW-acclimated milkﬁsh. Under hypothermal stress, anaerobic metabolism
increased in the muscles of both FW and SW individuals, whereas the liver of SW-acclimated milkﬁsh showed
better acute phase capacity to utilize blood lactate than FW-acclimated milkﬁsh. Taken together, in the present
study, the major functions of the bidirectional enzyme LDH were identiﬁed according to its LDH-O and LDH-R
activities. Furthermore, environmental salinities were found to aﬀect the acute anaerobic metabolic strategies of
euryhaline teleosts under hypothermal stress and were correlated with their hypothermal tolerance ability.

1. Introduction
The enzyme lactate dehydrogenase (LDH; E.C. 1.1.1.27) is a bidirectional enzyme that catalyzes the interconversion of pyruvate and
lactate for anaerobic metabolism or gluconeogenesis pathway. The LDH
exhibiting reductase (LDH-R) and oxidase (LDH-O) activity was found
in several teleosts dependent on diﬀerent tissues that played diﬀerent
roles in the organism (Markert and Faulhaber, 1965; Polakof et al.,
2007; Polakof and Soengas, 2008). Moreover, LDH enzyme activities
have been reported in teleosts, including the sun catﬁsh (Horabagrus
brachysoma; Dalvi et al., 2017), Atlantic salmon (Salmo salar; VargasChacoﬀ et al., 2017), coho salmon (Oncorhynchus kisutch; VargasChacoﬀ et al., 2017), rainbow trout (Oncorhynchus mykiss; Polakof
et al., 2007; Polakof and Soengas, 2008), Nile tilapia (Oreochromis niloticus; Abdel-Tawwab and Wafeek, 2017), common perch (Perca

ﬂuviatilis; Ekström et al., 2017), European ﬂounder (Platichthys ﬂesus;
Pedron et al., 2017), Senegalese sole (Solea senegalensis; Arjona et al.,
2009), and obscure puﬀer (Takifugu obscurus; Cheng et al., 2018). In
recent studies, LDH has been shown to play an important role in energy
supply via anaerobic glycolysis under stressful conditions, enabling the
energy production pathway of carbohydrate consumption to produce
ATP in the absence of oxygen (Dalvi et al., 2017; Ekström et al., 2017;
Cheng et al., 2018). LDH is a tetramer composed of four subunits, of
which LDH-M (muscle, LDHA) and LDH-H (heart, LDHB), encoded by
the ldha and ldhb genes, respectively, are the two most common subunits (Echigoya et al., 2009). These two subunits can form various
tetramers (isozymes), which are enzymatically similar but have different tissue distribution and functions. The isozyme composition of A4
and A3B1 preferentially reduces pyruvate to lactate in anaerobic tissues, and the isozyme composition of B4 and B3A1 preferentially
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lactate dehydrogenase-oxidase; LDH-R, lactate dehydrogenase-reductase; MCT, monocarboxylate transporter; RM, red muscle; WM, white muscle
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in this study will further illustrate the salinity-dependent cold-tolerant
ability of this euryhaline teleost.

oxidizes lactate to pyruvate (Echigoya et al., 2009). Under insuﬃcient
oxygen supply, ATP is produced through anaerobic glycolysis in the
muscle and is used to convert pyruvate to lactate via LDH-R. Thereafter,
the lactate is released from the muscle cells via the circulatory system
and is taken up by the liver through LDH-O activity for gluconeogenesis
(Garcia et al., 1994; Katz and Tayek, 1999). However, the protein spot
of hepatic LDH has been identiﬁed by two-dimensional gel electrophoresis in milkﬁsh under hypothermal stress in a previous study
(Chang et al., 2016b). Therefore, it is intriguing to elucidate the activities and potential functions of LDH in the livers of milkﬁsh under
hypothermal stress.
The homeostasis of glucose and lactate is maintained in the plasma
because carboxylate transporters play a critical role in supporting and
recycling the energy source in organisms (Katz et al., 1999; Krasnov
et al., 2001; Tseng et al., 2014). When the brown trout (Salmo trutta)
and gilthead sea bream (Sparus aurata) were acclimated to high and low
temperatures, their blood lactate levels increased acutely and then recovered to normal levels after 4 h and 10 days, respectively (Kyprianou
et al., 2010; Preston et al., 2017). When aquatic organisms are exposed
to temperatures beyond the optimal range, their energy balance is
modulated for acclimation by several ways, including depression of
metabolic rate, elevation of anaerobic capacity, and an increase in
energy demand for protective mechanisms (Pörtner et al., 2007;
Sokolova et al., 2012). Anaerobic glycolysis can produce ATP under
hypoxic conditions more eﬃciently and suppress oxidative metabolism.
Garcia et al. (1994) reported that the liver cells can convert carbohydrate to glucose via gluconeogenesis for glycogen accumulation or for
releasing glucose back into the circulatory system via glucose transporters (GLUTs). In addition, under hypothermal stress, some lactate
may be transported into the circulatory system via monocarboxylate
transporter (MCTs) for reutilization.
Milkﬁsh (Chanos chanos) is a euryhaline species widely distributed
in the tropical and subtropical Indo-Paciﬁc oceans (Martinez et al.,
2006). It is a commercially important species in Southeast Asia (Fachry
et al., 2018). Juvenile milkﬁsh cultured in brackish water (25‰) show
better feed conversion rate than those cultured in fresh water (Jana
et al., 2006). The optimal temperature range for milkﬁsh culture lies
between 20 and 33 °C, with an optimum for spawning at 28 °C
(Martinez et al., 2006). High mortality of cultured milkﬁsh usually
occurs during a cold snap (lower than 10 °C) in winter, leading to huge
economic losses (Liao, 1991). Kang et al. (2015) reported that SW-acclimated juvenile milkﬁsh have better hypothermal tolerance than FWacclimated ﬁsh. The FW milkﬁsh exhibit higher branchial Na+/K+ATPase activity than SW individuals, indicating more energy demands
in response to hypoosmotic challenge (Lin et al., 2003; Kang et al.,
2015). Under the combined stress from hypoosmotic and hypothermal
factors, hepatic glycogen degradation maintains blood glucose homeostasis and supports normal physiological responses in both SW and FW
milkﬁsh (Chang et al., 2018). In addition, under hypothermal stress, the
liver cells of FW milkﬁsh have a higher oxidative status than those of
SW milkﬁsh (Chang et al., 2016a, 2017). Therefore, ambient salinity
combined with hypothermal stress may result in more stressful conditions for milkﬁsh (Chang et al., 2016b, 2019 submitted). Under stressful
conditions, the shift of the carbohydrate metabolism pathway to
anaerobic metabolism and reduced ATP production has been reported
in several teleosts, including milkﬁsh (Pörtner et al., 2007; Sokolova
et al., 2012; Chang et al., 2019). Since FW- and SW-acclimated milkﬁsh
were found to have diﬀerent cold-tolerant ability (Kang et al., 2015)
and LDH was identiﬁed in the hypothermal response of milkﬁsh livers
by the proteomics analysis (Chang et al., 2016b), the present study will
address the enzyme characteristics of LDH-R and LDH-O in the muscle
and liver, respectively, of both FW- and SW-acclimated milkﬁsh to investigate their energy turnover and metabolism under hypothermal
stress. Additionally, this study will elucidate the patterns of the correlated MCTs and GLUTs indicating lactate metabolism proﬁles. Salinity
eﬀects on the lactate metabolism of milkﬁsh under hypothermal stress

2. Materials and methods
2.1. Experimental ﬁsh
Juvenile milkﬁsh were purchased from a local ﬁsh farm in Lukang,
Changhua, Taiwan. The ﬁsh used for this experiment were maintained
in fresh water (FW) or sea water (SW; 35‰) in 400 L tanks at
28.0 ± 0.5 °C with a 12-h/12-h light/dark photoperiod for at least one
month. The ﬁsh of the experimental and control groups were fed daily
with commercial pellets (Fwusow Industry, Taichung, Taiwan).
Synthetic sea water was prepared using local tap water and Reef Sea
Salt (Qingdao Sea-Salt Aquarium Technology, Qingdao, China). The
water in the rearing tanks was continuously re-circulated through
fabric-ﬂoss ﬁlters and partially replaced every month.
A total of 180 ﬁsh were equally distributed into two FW and SW
tanks for the (1) hypothermal stress treatment, (2) normal temperature
(control) group, and (3) hypothermal stress time-course experiment.
For (1) the hypothermal stress experiments, total of 18 milkﬁsh in three
replicates were randomly selected, transferred to two FW or two SW
tanks and stabilized for at least two days to reduce handling stress. Each
tank was equipped with a diﬀerent cooling system (PF-225 M, PRINCE,
Tainan, Taiwan). According to Chang et al. (2016b), an exposure to
lethal hypothermal stress (16 °C) generated mortality responses in
milkﬁsh after 4 days under laboratory conditions. Therefore, a nonlethal hypothermal stress treatment at 18 °C for one week was used in
the following experiments. The water of hypothermal SW and FW
groups was cooled down at a constant rate (2 °C h−1) from 28 to 18 °C
(hypothermal treatment), and subsequently maintained at 18 °C for one
week. (2) The control groups (total of 18 milkﬁsh in three replicates)
followed identical transfer processes and were raised in SW and FW
tanks at 28 °C before sampling. (3) For the hypothermal stress timecourse experiment, the milkﬁsh (total of 144 ﬁsh in three replicates)
were sampled after subjecting them to the hypothermal treatment
(18 °C) for 1, 3, 6, 12, 24, 48, 96, and 168 h.
The experimental ﬁsh were fed once per day until one day before
sampling. The sampled ﬁsh (average total length: 10.5 ± 0.3 cm, Fig.
S1A; average body weight: 15.2 ± 1.4 g) were anesthetized with 0.5%
2-phenoxyethanol and subsequently euthanized by cutting their spinal
cords. The liver and muscle of milkﬁsh (Fig. S1B, Fig. S1C) were dissected quickly, immersed in liquid nitrogen, and stored at −80 °C until
the following analyses. Our experimental protocol was reviewed and
approved by the Institutional Animal Care and Use Committee (IACUC)
of the National Chung Hsing University, Taichung, Taiwan (IACUC
Approval No. 105–024 to THL).

2.2. Blood glucose and plasma lactate content
Blood samples of milkﬁsh were collected from dorsal arteries and
veins using 1-mL heparinized syringes (H0878, Sigma-Aldrich, St.
Louis, MO, USA) with 27-gauge needles. The blood glucose levels were
determined directly by a glucose meter (HMD BioMedical, Hsinchu,
Taiwan). The plasma sample was collected by centrifuging the blood at
1000 ×g and 4 °C for 10 min. A 10 μL plasma sample from each experimental ﬁsh was applied to the Lactate Colorimetric/Fluorometric
Assay Kit (#K607–100, Biovision, Milpitas, CA, USA), according to the
manufacturer's instructions. The lactate content was determined by
measuring the absorbance at a wavelength of 570 nm using the
VersaMax ELISA Microplate Reader (Molecular Devices, San Jose, CA,
USA), according to the serial dilution of the L-Lactate standard
(100 nmol/μL; Biovision).
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2.3. Total RNA extraction and cDNA preparation

2.5. Quantitative real-time PCR

The methods used for total RNA extraction and cDNA preparation
were modiﬁed from those described by Chang et al. (2016c). The RNA
samples were extracted using the Tripure Isolation Reagent (Roche,
Mannheim, Germany). The genomic DNA contamination in the RNA
preparation was eliminated using the RNA cleanup protocol provided
with the RNAspin Mini Isolation Kit (GE Health Care, Piscataway, NJ,
USA). The quality of the extracted total RNA was determined using the
NanoDrop 2000 spectrophotometer (Thermo, Wilmington, CA, USA)
and was assessed by 1.0% agarose gel electrophoresis. The ﬁrst-strand
cDNA was synthesized using the iScript™ Reverse Transcription Supermix (Bio-Rad, Hercules, CA, USA) according to the manufacturer's
instructions. The cDNA products were stored at −20 °C until subsequent analyses were performed.

All primer pairs for quantitative real-time PCR (qPCR) are listed in
Table 1. The ampliﬁcation eﬃciencies of the primer pairs used in the
qPCR that utilized serial cDNA dilution were predicted to be 90–105%.
The PCR products were veriﬁed by (i) 1.5% agarose gel electrophoresis,
(ii) melting curve analysis, and (iii) sequencing. The qPCR mixture
contained 8 μL of cDNA (100× dilution), 2 μL of 1 μM primer pair, and
10 μL of 2× SYBR Green Supermix (Bio-Rad). The qPCR was performed
by the MiniOpicon Real-Time PCR System (Bio-Rad). For each unknown
sample, the relative expression was obtained using the formula 2^- [(Ct
target gene, n – Ct rpl2p, n) – (Ct target gene, c – Ct rpl2p, c)], where “Ct” corresponds to the threshold cycle number (Livak and Schmittgen, 2001),
“n” indicates each cDNA sample used in these experiments, and “c”
indicates the control mixed with cDNAs from many organs.
2.6. Enzyme activity

2.4. cDNA cloning and sequence analysis

The frozen tissues were homogenized in SEID buﬀer (150 mM sucrose, 10 mM EDTA, 50 mM imidazole, and 0.1% sodium deoxycholate,
pH 7.5) containing proteinase inhibitor (v/v: 25/1; Roche) using a
Polytron PT1200E (Kinematica, Lucerne, Switzerland) at maximal
speed for 30 s on ice. The homogenates were centrifuged at 10000 ×g
at 4 °C for 10 min. The protein concentrations were determined with
the BCA Protein Assay (Thermo), using bovine serum albumin as a
standard. The LDH activity in this study was divided to oxidation (LDHO) and reduction (LDH-R) reactions, according to previous studies
(Starne, 2008; Crooke et al., 2013). Since the liver plays a role in gluconeogenesis and muscle plays a role in anaerobic glycolysis, diﬀerent
substrates and cofactors were used to assay the LDH-O and LDH-R activities in the liver and muscle, respectively. The LDH-O activity reaction buﬀer contained 100 mM Tris-HCl (pH 8.5), 3 mM NAD+, and
13.0 mM L-lactate, whereas the LDH-R activity reaction buﬀer contained 100 mM Tris-HCl (pH 7.4), 1 mM EDTA, 0.564 mM NADH, and
2.272 mM pyruvate. The enzyme reaction mixtures were incubated at
28 or 18 °C according to the original environmental temperature, and
then the changes in the absorbance of NADH were measured at 340 nm
using the VersaMax ELISA Microplate Reader (Molecular Devices).

Partial sequences presenting homology to Ccldha and Ccldhb were
obtained from the milkﬁsh transcriptome database (Hu et al., 2015).
The full-length Ccldha (KT279709) and Ccldhb (KT279710) cDNA sequences were identiﬁed by polymerase chain reaction (PCR) and submitted to the National Center for Biotechnology Information (NCBI)
GenBank (http://www.ncbi.nlm.nih.gov/) to get the accession numbers. For full-length sequence ampliﬁcation, a 2-μL sample of cDNA
(25× dilution) was used as a template in a 50-μL reaction volume
containing 0.25 mM dNTPs, 2.5 U Ex-Taq polymerase (Takara, Shiga,
Japan), and 0.4 μM of each primer. All primer pairs are listed in
Table 1. The PCR products were subcloned into the pGM-T vector
(Genemark, Taipei, Taiwan) and amplicons were sequenced for identiﬁcation. The open reading frame was predicted with the ORF ﬁnder
(http://www.ncbi.nlm.nih.gov/gorf.html). The poly(A) signal sequence
was predicted with the Poly(A) Signal Miner (http://dnafsminer.bic.
nus.edu.sg/PolyA.html). The protein molecular weight and theoretical
isoelectric point were predicted using the ExPASy Compute pI/Mw Tool
(http://web.expasy.org/compute_pi). The signal peptide cleavage sites
in the amino acid sequence were predicted by the SignalP 4.1 servers
(http://www.cbs.dtu.dk/services/SignalP/). The LDH amino acid sequences of diﬀerent species retrieved from the Ensembl database
(https://asia.ensembl.org/index.html) were aligned using ClustalW
(https://www.ebi.ac.uk/Tools/msa/clustalw2/), and a phylogenetic
tree was constructed using the maximum likelihood method in MEGA 6
(https://www.megasoftware.net/). All accession numbers used for the
phylogenetic analysis are listed in Table S1.

2.7. Statistical analysis
The values were expressed as mean ± SEM (standard error of the
mean). The sample size in each experiment was mentioned in the ﬁgure
legend. The results were analyzed by two-way analysis of variance
(ANOVA) followed by Tukey's honestly signiﬁcant diﬀerence (HSD)
post-hoc method, with p < 0.05 set as the signiﬁcance level. The data
from enzyme activity in the acute phase and tissue distributions were

Table 1
Primers used for quantitative real-time PCR (qPCR).
Gene

Primer sequence (5′-3′)

Amplicon size (bp)

Accession number

Ccldha
(E: 0.97)
Ccldhb
(E: 0.93)
Ccrpl2p
(E: 0.99)
Ccglut2
(E: 0.98)
Ccglut4
(E: 1.02)
Ccmct1
(E: 1.00)
Ccmct4
(E: 0.99)

F: GTCTCCCTCAAGTCTCTTCAC
R: ACTTCATAAGCACTGTCAACC
F: TGAGAGTCTGATGAAGAACC
R: ATGTGATCACACTACCGA
F: TGGGAATAGAGGCTGATGAC
R: TGGTACGGAGGCTAATTTAGAG
F: GAAAGCAGAGAAGGAAGAGG
R: ATCATCAGAGCCACAAAGAGC
F: TATATCGTCCGTTGCCAAGAG
R: TATCCATTCTCCTCTTCTCCTC
F: AGAGAAGAAAGAAGAGGAGAGG
R: CTGAGTGAGAGGAGTGGAC
F: ACCTCTTCAGTTTCGCCAT
R: CTTCTCCGTCCCAACAATG

98

KT279709

77

KT279710

110

Locus_61308*

101

Locus_4095*

114

XM030779555

123

Locus_42676*

167

Locus_111146*

E, primer eﬃciency; F, forward primer; R, reverse primer. *, the sequence information was obtained from the milkﬁsh transcriptome database (Hu et al., 2015).
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Fig. 1. Levels of blood glucose and plasma lactate in FW and SW milkﬁsh under hypothermal stress. Values are means ± SEM, n = 9. Diﬀerent letters, a vs. b and x
vs. y, indicate signiﬁcant diﬀerences between the groups exposed to 28 and 18 °C at the same salinity level and between the FW and SW groups at the same
temperature, respectively, by the Tukey HSD pairwise comparison following the two-way ANOVA (P < 0.05). SW, seawater; FW, freshwater; HSD, honestly signiﬁcant diﬀerence; ANOVA, analysis of variance.

3.3. Eﬀects of low-temperature and salinity treatments on the expression of
ldha and ldhb

compared using one-way ANOVA analysis with Tukey's pairwise
method. All analyses were performed on R version 3.4.2 (R Core Team,
2014).

The mRNA expression of ldha in the liver was not signiﬁcantly
diﬀerent between FW and SW milkﬁsh at both 28 and 18 °C (Fig. 2A),
while that of ldhb was signiﬁcantly increased in both FW and SW
milkﬁsh under hypothermal stress. Additionally, at 18 °C, the mRNA
abundance of ldhb was signiﬁcantly higher in the FW group than in the
SW group (Fig. 2B). The two-way ANOVA analyses revealed that ldhb
expression in the liver was aﬀected by hypothermal stress (Table 2). In
the red muscle, the mRNA expression of either ldha or ldhb was not
signiﬁcantly diﬀerent between the FW and SW groups at both 28 and
18 °C (Fig. 2C and D). In the white muscle, ldha was the major isoform,
which was downregulated under hypothermal stress in both FW and SW
milkﬁsh (Fig. 2E). The mRNA expression of ldhb, on the other hand, was
not signiﬁcantly diﬀerent between the normal temperature and hypothermal groups of both FW and SW milkﬁsh (Fig. 2F). The two-way
ANOVA analyses revealed that ldha expression in the white muscle was
aﬀected by hypothermal stress (Table 2).

3. Results
3.1. Levels of blood glucose and plasma lactate under hypothermal stress
Under hypothermal stress, the blood glucose levels signiﬁcantly
decreased in FW milkﬁsh (FW/28 °C vs. FW/18 °C: 76.78 ± 3.70 vs.
64.11 ± 4.97 mg/dL), but were signiﬁcantly higher in SW milkﬁsh
(SW/28 °C vs. SW/18 °C: 76.56 ± 3.08 vs. 85.33 ± 4.31 mg/dL). In
addition, the blood glucose levels were signiﬁcantly diﬀerent between
the FW/18 °C and SW/18 °C groups (Fig. 1A). On the other hand, under
hypothermal stress, the plasma lactate levels showed no signiﬁcant
change in FW milkﬁsh (FW/28 °C vs. FW/18 °C: 1.26 ± 0.06 vs.
1.37 ± 0.08 mmol/L), but were down-regulated in the SW group (SW/
28 °C vs. SW/18 °C: 1.28 ± 0.05 vs. 0.76 ± 0.09 mmol/L). The twoway ANOVA analyses further revealed that the plasma content of glucose and lactate was aﬀected by the synergistic interaction between
temperature and salinity (Table 2).

3.4. LDH activities under hypothermal stress
In this study, the LDH activity was determined separately as LDH-O
and LDH-R activities, indicating the direction of gluconeogenesis in livers and anaerobic glycolysis in muscle, respectively. In milkﬁsh livers,
hepatic LDH-R and LDH-O activities of the FW individuals were not
signiﬁcantly diﬀerent among diﬀerent temperature groups (Fig. 3A).
The LDH-O activity in the livers of SW milkﬁsh, however, was signiﬁcantly downregulated by 20% under hypothermal stress at 18 °C
(Fig. 3B). On the other hand, the LDH-R activity in the red and white
muscles were enhanced signiﬁcantly under hypothermal stress at 18 °C
(Fig. 3C and E). In contrast, the LDH-O activity in the red muscle was
enhanced signiﬁcantly under hypothermal stress at 18 °C (Fig. 3D). The
two-way ANOVA analyses revealed that the LDH-R activity in the red
and white muscles was aﬀected by low-temperature conditions
(Table 2).
In the hypothermal stress time-course experiment, the LDH-O activity was found to be signiﬁcantly higher than the LDH-R activity in
the livers of both FW and SW milkﬁsh (Fig. 4A and B). The LDH-O
activity in the livers of SW milkﬁsh was elevated after 1 to 24 h after
hypothermal treatment (Fig. 4B). In the red and white muscles, the
LDH-R activity was signiﬁcantly higher than the LDH-O activity in both
FW and SW milkﬁsh after hypothermal treatment (Fig. 4C-F). The LDHR activity in the red muscles of FW and SW milkﬁsh were upregulated
after 1 h of hypothermal treatment until 7 days (Fig. 4C and D). In

3.2. Molecular characterization, phylogenetic analyses, and tissue
distribution
The full-length Ccldha cDNA (KT279709) contained 2147 bp with
an open reading frame of 1002 bp, coding for 333 amino acids. The fulllength Ccldhb cDNA (KT279710) contained 1913 bp with an open
reading frame of 1005 bp, coding for 334 amino acids. No signal peptide was found in these two isoforms of milkﬁsh ldh sequences, like
other teleosts. The calculated molecular weights of LDHA and LDHB
were 36.6 and 36.5 kDa, respectively, with the theoretical pI values of
7.28 and 6.39, respectively. Moreover, the two milkﬁsh LDH isoforms
were highly conserved, showing 87.4% identity in their amino acid
sequences. The phylogenetic analyses were categorized into diﬀerent
branches between LDHA and LDHB. The LDHA and LDHB enzymes of
teleosts and other vertebrates (e.g., chicken, mouse, wild boar, and
human) were classiﬁed into diﬀerent branches (Fig. S1). The tissue
distribution patterns of ldha and ldhb in SW milkﬁsh were determined
by qPCR analyses. The highest expression of ldha was found in the
white muscle, at least 100-fold higher than that in the other tissues (Fig.
S2A). Meanwhile, the ldhb gene was mainly expressed in the red muscle
and heart tissues (Fig. S2B).
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Table 2
Results of two-way ANOVA evaluating the source of temperature and salinity variation in milkﬁsh.
Temperature

Blood glucose
Plasma lactate
Liver
ldha
ldhb
LDH-R activity
LDH-O activity
glut2
mct1
Red muscle
ldha
ldhb
LDH-R activity
LDH-O activity
glut4
mct4
White muscle
ldha
ldhb
LDH-R activity
LDH-O activity
glut4
mct4

Salinity

Temperature × salinity

F

df

P

F

df

P

F

df

P

2.32
1.25

1, 32
1, 32

0.14
0.28

13.57
35.56

1, 32
1, 32

< 0.01
< 0.01

6.93
0.59

1, 32
1, 32

0.01
< 0.01

0.03
17.17
3.93
1.92
8.51
6.24

1, 20
1, 20
2, 30
2, 48
1,20
1, 20

0.86
< 0.01
0.37
0.16
< 0.01
0.02

0.09
3.80
2.71
2.17
7.02
1.60

1,
1,
1,
1,
1,
1,

20
20
30
48
20
20

0.77
0.07
0.31
0.15
< 0.01
0.22

0.09
2.84
4.07
2.15
18.76
0.79

1, 20
1, 20
2, 30
2, 48
1, 20
1,20

0.77
0.11
0.57
0.13
< 0.01
0.38

2.53
0.27
14.76
5.64
9.12
2.15

1,
1,
2,
2,
1,
1,

20
20
48
42
20
20

0.13
0.61
< 0.01
0.46
< 0.01
0.05

0.01
0.25
0.91
6.54
8.00
0.08

1,
1,
1,
1,
1,
1,

20
20
48
42
20
20

0.91
0.62
0.35
0.34
0.01
0.78

0.01
1.70
1.11
2.14
6.55
0.66

1,
1,
2,
2,
1,
1,

20
20
48
42
20
20

0.98
0.20
0.34
0.83
0.02
0.43

6.36
0.01
6.09
0.51
7.12
23.89

1,
1,
2,
2,
1,
1,

20
20
48
36
20
20

0.02
0.92
< 0.01
0.45
0.01
< 0.01

0.72
0.97
0.23
0.82
5.76
7.89

1,
1,
1,
1,
1,
1,

20
20
48
36
20
20

0.41
0.34
0.63
0.48
0.03
0.01

0.29
0.26
0.26
0.01
1.27
2.29

1,
1,
2,
2,
1,
1,

20
20
48
36
20
20

0.60
0.61
0.77
0.99
0.27
0.15

ANOVA, analysis of variance; LDH-R, lactate dehydrogenase-reductase; LDH-O, lactate dehydrogenase-reductase.
bold as signﬁciant diﬀerence (p < 0.05), and tissue

4. Discussion

addition, the LDH-R activity of milkﬁsh white muscle was found upregulated after 3 h of hypothermal treatment until 7 days (Fig. 4E and
F).

4.1. Temperature eﬀects on glucose and lactate levels in teleostean blood
Temperature is an important abiotic factor that aﬀects physiological
responses in aquatic organisms. Temperatures higher or lower than the
optimal range lead to metabolic rate depression, energy reserve depletion, hypoxemia, and oxidative stress in organisms, such as the
North Sea eelpout (Zoarces viviparus), Antarctic eelpout (Pachycara
brachycephalum), Antarctic bivalve (Laternula elliptica), and several
other (Pörtner et al., 2007; Sokolova, 2013). Therefore, the levels of
metabolites (lactate, glucose, ROS, and cortisol) in the blood are indicators of the physiological responses of the whole body under
stressful conditions (Barton, 2002). Diﬀerent energy utilization strategies of ﬁsh were found between acute or chronic phase when exposed to
environmental stress. In the puﬀerﬁsh, Takifugu obscurus, the blood
glucose levels elevated with acute environmental temperature increase
(Cheng et al., 2018). After 1-month hyperthermal acclimation, the
blood glucose levels in the catﬁsh H. brachysoma were elevated, along
with an increase in the energy source from hepatic glycogen degradation (Dalvi et al., 2017). Upon hypothermal stress, the levels of blood
cortisol, an indicator of stress, were signiﬁcantly upregulated in the
grouper Epinephelus coioides. In addition, the levels of blood glucose and
lactate were upregulated to maintain energy supply and metabolic
production (Lee et al., 2017). In the present study, after 1 week of
hypothermal stress, the levels of blood glucose were downregulated in
FW-acclimated milkﬁsh. The results suggested that the energy demand
in other tissues was greater in FW milkﬁsh than in SW milkﬁsh at low
temperatures because of the utilization of hepatic glycogen in FW individuals (Chang et al., 2018). On the other hand, the blood glucose
levels increased, while the lactate levels decreased in SW-acclimated
milkﬁsh under hypothermal stress. Since hepatic glycogen was not
utilized in SW milkﬁsh exposed to hypothermal stress (Chang et al.,
2019), the downregulated blood lactate levels might be due to reduced
lactate production from anaerobic metabolism tissues or lactate reutilization in the liver. Moyes and West (1995) reported that in exercised ﬁsh, the lactate production in the white muscle was mainly

3.5. Expression of the carboxylate transporter in the liver and muscle
The tissue-speciﬁc isoforms of GLUT and MCT play important roles
in transporting glucose and lactate, respectively, and the major isoforms in the liver and muscle, respectively, were selected and quantiﬁed according to previous studies on teleosts. In the liver, the mRNA
expression of glut2 was signiﬁcantly up- and down-regulated in the FW
and SW groups under hypothermal stress, respectively (Fig. 5A).
Meanwhile, at 28 °C, glut2 mRNA abundance in SW milkﬁsh livers was
signiﬁcantly higher than that in FW milkﬁsh livers. In contrast, glut2
expression in SW milkﬁsh livers was signiﬁcantly lower than that in FW
milkﬁsh livers at 18 °C (Fig. 5A). The two-way ANOVA analyses revealed that glut2 expression was aﬀected by the synergistic interaction
between temperature and salinity (Table 2). Moreover, the mRNA expression of mct1 was signiﬁcantly upregulated in the livers of both FW
and SW groups under hypothermal stress (Fig. 5B) and was aﬀected
only by the temperature factor according to the two-way ANOVA
analyses (Table 2). At 18 °C, mct1 expression in the SW group livers was
signiﬁcantly higher than that in the FW group livers (Fig. 5B). Under
hypothermal stress, the mRNA expression of glut4 in the red and white
muscles was signiﬁcantly up-regulated in the FW group, while there
was no signiﬁcant diﬀerence in the SW group (Fig. 5C and E). The twoway ANOVA analyses revealed that the expression of glut4 in the red
and white muscles was aﬀected by hypothermal or salinity stress
(Table 2). On the other hand, the mRNA expression of mct4 was signiﬁcantly upregulated in the red and white muscles of both FW and SW
milkﬁsh at low temperatures (Fig. 5D and F). According to the two-way
ANOVA analyses, the expression of mct4 in the muscle was aﬀected only
by the temperature factor (Table 2).
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Fig. 2. Expression of the two isoforms of ldh in freshwater (FW) and seawater (SW) milkﬁsh acclimated to 28 °C (white bar) and 18 °C (striped bar). The mRNA
abundance of ldha and ldhb was determined in the liver (A, B), red muscle (C, D), and white muscle (E, F). Values are means ± SEM, n = 6. Diﬀerent letters, a vs. b
and x vs. y, indicate signiﬁcant diﬀerences between the groups exposed to 28 and 18 °C at the same salinity levels and between the FW and SW groups at the same
temperature, respectively, by the Tukey's HSD pairwise comparison following the two-way ANOVA (P < 0.05); HSD, honestly signiﬁcant diﬀerence; ANOVA,
analysis of variance.

LDH-O and LDH-R activities in milkﬁsh livers and red and white muscles were determined. Here, we observed LDH-mediated gluconeogenesis as well as anaerobic glycolysis in milkﬁsh livers and red and white
muscle, respectively, according to the analyses of the LDH-R and LHD-O
activities. In some teleosts experiencing stressful heat or cold conditions, anaerobic glycolysis seemed to prevail in the energy utilization
strategy of livers (Abdel-Tawwab and Wafeek, 2017; Pédron et al.,
2017; Wen et al., 2017; Cheng et al., 2018). Our study, however, demonstrated by the results of the LDH-R and LDH-O activities that in
milkﬁsh, the liver plays a role in gluconeogenesis and lactate metabolism. These ﬁndings were supported by previous studies on the rainbow
trout, Oncorhynchus mykiss (Polakof et al., 2007; Polakof and Soengas,
2008) and gilthead sea bream, Sparus auratus (Sangiao-Alvarellos et al.,
2006).
Hypothermal stress leads to a decrease in the oxygen diﬀusion rate
and aﬀects the oxygen supply pathway in the circulatory and

delivered to the red muscle as fuel for energy supply and to the liver for
recycling. In the common carp (Cyprinus carpio), decreasing levels of
plasma lactate, which might alter the LDH activity, were found under
hypothermal stress (Tanck et al., 2000). The levels of plasma lactate in
SW milkﬁsh should be related to the capacity of lactate output from the
muscle, utilization in the liver, and transport between organs and tissues. Therefore, the content of the LDH-O or LDH-R isoforms can provide the evidence for the lactate utilization strategy used upon lactate
accumulation or energy recycling state.
4.2. LDH-O and LDH-R of milkﬁsh under hypothermal stress
LDH, a terminal enzyme in the glycolytic pathway, has the reversible ability to convert lactate to pyruvate via the gluconeogenesis
pathway in diﬀerent tissues. The LDH-O and LDH-R activity was mainly
exhibited in the liver and muscle, respectively. In the present study, the
6
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Fig. 3. LDH-R and LDH-O activities in the liver (A, B), red muscle (C, D), and white muscle (E, F) of FW and SW milkﬁsh under hypothermal stress. Values are
means ± SEM, n = 7–9. Diﬀerent letters, a vs. b and x vs. y, indicate signiﬁcant diﬀerences between the 28 and 18 °C groups at the same salinity level and between
the FW and SW groups at the same temperature, respectively, while the Tukey's HSD pairwise comparison was applied following the two-way ANOVA (P < 0.05).
LDH-R, lactate dehydrogenase-reductase; LDH-O, lactate dehydrogenase-oxidase; WM, white muscle; RM, red muscle; HSD, honestly signiﬁcant diﬀerence; ANOVA,
analysis of variance.

in milkﬁsh red and white muscles. According to the temperature coefﬁcient (Q10) and enzyme kinetics, a 10 °C decrease in reaction temperature resulted in at least a 50% decline in enzyme activity (Laidler
and Peterman, 1979). The enzyme activity at diﬀerent experimental
temperature treatments should correspond to the theory of temperature
coeﬃcient and enzyme kinetics. The treatment temperatures, however,
were correlated with the regulatory post-translational modiﬁcations to
regulate enzyme activity in vivo. The compensatory responses were
classiﬁed into (i) no compensation, (ii) partial compensation, (iii) perfect compensation, and (iv) over compensation, leading to metabolic
depression or maintenance of physiological responses, depending on
the diﬀerent levels of regulatory mechanisms (Umminger, 1971;
Lucassen et al., 2003; St-Pierre et al., 1998; Prosser, 2013). According

ventilatory systems, causing anaerobic glycolysis to supply energy in
diﬀerent tissues (Pörtner et al., 2007; Sokolova, 2013). Kyprianou et al.
(2010) reported that the LDH activity and lactate content in the heart
and muscles of the gilthead sea bream (Sparus aurata) were upregulated
at low temperatures, indicating that hypothermal stress leads to ATP
production through anaerobic glycolysis in several tissues. In the present study, we observed an increase of anaerobic glycolysis in the red
and white muscles of both SW and FW milkﬁsh under hypothermal
stress, as suggested by an approximately 1.5-fold increase in the LDH-R
activity. The hypothermal samples were analyzed at either normal
(28 °C) or low temperature (18 °C), suggesting that the temperature
impacts on enzyme activities may rely on post-translational modiﬁcations, leading to the over-compensatory response of the LDH-R activity

7

Comparative Biochemistry and Physiology, Part A 248 (2020) 110744

C.-H. Chang, et al.

Fig. 4. Comparisons of the LDH-R and LDH-O activities in the liver (A, B), red muscle (C, D), and white muscle (E, F) between FW and SW milkﬁsh in the hypothermal
stress time-course experiments. Values are means ± SEM, n = 7–9. All samples were analyzed at 18 °C. Diﬀerent letters indicate signiﬁcant diﬀerences between
diﬀerent time points, by the Fisher's pairwise method following the one-way ANOVA (P < 0.05). The asterisk indicates signiﬁcant diﬀerence between LDH-O and
LDH-R activities at the same time point. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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Fig. 5. Expression of glut2 (A) and mct1 (B) in the livers and glut4 (C, E) and mct4 (D, F) in the red and white muscles of FW and SW milkﬁsh under hypothermal
stress. Values are means ± SEM, n = 6. Diﬀerent letters, a vs. b and x vs. y, indicate signiﬁcant diﬀerences between the 28 and 18 °C groups at the same salinity level
and between the FW and SW groups at the same temperature, respectively, by the Tukey's HSD pairwise comparison following the two-way ANOVA (P < 0.05). FW,
freshwater; SW, seawater; HSD, honestly signiﬁcant diﬀerence; ANOVA, analysis of variance; RM, red muscle; WM, white muscle.

Oreochromis aureus, and Tilapia zillii; El-Alfy et al., 2008), killiﬁsh
(Aphanius fasciatus; Maltagliati, 1999), and spotted snakehead (Channa
punctata; Ahmad and Hasnain, 2005). In the present study, ldha and
ldhb were found to be the major isoforms expressed in the white and red
muscles, respectively, with LDH playing a role in anaerobic glycolysis in
both white and red muscles. According to the diﬀerences between the
LDH-O and LDH-R activities in milkﬁsh livers, the LDH activity functions in gluconeogenesis under normal and hypothermal conditions,
although the expression levels of the isoforms ldha and ldhb were similar. An indicator of gluconeogenesis, ldhb, was found to be upregulated in SW-acclimated milkﬁsh under hypothermal stress. The temperature is an important factor inﬂuencing gluconeogenesis pattern in
the liver. In addition, the LDH-O activity under hypothermal stress has
an ability to enhance gluconeogenesis response under acute responses
in the livers of SW milkﬁsh.

to the LDH-R and LDH-O enzyme activities, milkﬁsh livers play an
important role in lactate metabolism via the gluconeogenesis pathway.
The hepatic LDH-O activities were found to be the perfect and partial
compensatory responses in the FW- and SW-acclimated milkﬁsh, respectively.

4.3. Isoforms of ldha and ldhb were correlated with LDH enzyme activity
LDH is a tetramer enzyme in which two subunits compose ﬁve
possible LDH isozymes (A4, A3B1, A2B2, A1B3, and B4). The LDHA isoform is primarily functional during anaerobic glycolysis and is predominately expressed in skeletal muscles. The LDHB isoform, on the
other hand, is predominantly expressed in highly oxygenated tissues
(including the heart and liver) and functions in the gluconeogenesis
reaction (Champion et al., 1975; Markert, 1984). These descriptions
were also supported by previous studies in tilapia (Oreochromis niloticus,
9
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up-regulated LDH-R activity to induce anaerobic metabolism. The LDH
activity showed the ability to regulate gluconeogenesis response in
acute phase under hypothermal stress. The over-compensatory response
of LDH activity was found in white and red muscles under hypothermal
stress to maintain ATP production via anaerobic glycolysis. In addition,
environmental salinities were found to impact the lactate utilization
capacity of milkﬁsh. Although both SW and FW milkﬁsh have the
ability to regulate anaerobic glycolysis in their muscles, only SW
milkﬁsh can upregulate lactate reutilization in their livers under hypothermal stress (Fig. 6). The results of this study suggested diﬀerential
energy utilization pathways between SW and FW milkﬁsh when exposed to hypothermal stress. This information might be useful for the
welfare of cultured milkﬁsh when experienced temperature ﬂuctuations.
Supplementary data to this article can be found online at https://
doi.org/10.1016/j.cbpa.2020.110744.

4.4. Expression of relative transporters under hypothermal stress
Carbohydrate transporters, including GLUT and MCT, with their
tissue-speciﬁc isoforms transferring glucose and lactate, respectively,
have been reported in teleosts (Manning et al., 2000; Krasnov et al.,
2001; Omlin and Weber, 2013; Deck et al., 2017). The glucose transporters, GLUT1 and GLUT4, play a role in glucose uptake in muscle cells
(Diaz et al., 2009). GLUT2 plays a role in glucose secretion from the
liver. The upregulation of Ccglut2 expression correlated with glycogen
breakdown has been observed in FW milkﬁsh under hypothermal stress.
In contrast, SW milkﬁsh exposed to low temperatures did not utilize
hepatic glycogen because of which the mRNA expression of glut2 was
not induced (Chang et al., 2018). The anaerobic glycolysis caused lactate eﬄux to the circulatory system via MCT4 (Fox et al., 2000). In the
present study, the expression of Ccglut4 was upregulated in both red
and white muscle tissues of FW-acclimated milkﬁsh under hypothermal
stress, whereas a greater glucose inﬂux and demand was observed in
FW-acclimated milkﬁsh than in SW-acclimated ones. The capacities of
anaerobic glycolysis and lactate eﬄux in the muscle were upregulated
after hypothermal stress, whereas the levels of blood lactate decreased
in SW milkﬁsh at 18 °C, which might indicate a correlation with lactate
utilization in their livers. The indicators of lactate transporters, Ccmct4
in the white muscle and Ccmct1 in the livers, were both upregulated
under hypothermal stress. The SW/18 °C group showed a higher
abundance of Ccmct4 and Ccmct1 than the FW/18 °C group. The acute
compensatory response of the LDH-O activity was found in the livers of
SW-acclimated milkﬁsh in the present study. However, the liver did not
play a major role in utilizing lactate from blood, as indicated by the
very low activity of LDH-O in the liver.
Under hypothermal stress, SW milkﬁsh showed better cold-tolerant
ability than FW milkﬁsh (Kang et al., 2015). Meanwhile, the proteomics
analysis of milkﬁsh livers revealed LDH as an indicator of hypothermal
responses (Chang et al., 2016b). Taken together, the results of this study
demonstrated the eﬀects of hypothermal stress on the lactate metabolism and carbohydrate transporters in FW and SW milkﬁsh livers and
muscles. The results also indicated that anaerobic glycolysis in the
white and red muscles increased under hypothermal stress, whereas
lactate reutilization strategy was upregulated in SW milkﬁsh (Fig. 6).
The LDH-O and LDH-R activities of milkﬁsh were identiﬁed on the
muscle and the liver, respectively, in SW- and FW-acclimated milkﬁsh
under hypothermal stress. The muscle of FW and SW milkﬁsh exhibited
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