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Cytochrome c oxidase (COX) catalyzes the terminal oxidation reaction in the electron transport chain (ETC) of
aerobic respiratory systems. COX activity is an important indicator for the evaluation of energy production by
aerobic respiration in various tissues. On the basis of the respiratory characteristics of muscle, we established an
optimal method for the measurement of maximal COX activity. To validate the measurement of cytochrome c
absorbance, diﬀerent ionic buﬀer concentrations and tissue homogenate protein concentrations were used to
investigate COX activity. The results showed that optimal COX activity is achieved when using 50–100 μg ﬁsh
gill homogenate in conjunction with 75–100 mM potassium phosphate buﬀer. Furthermore, we compared
branchial COX activities among three species of euryhaline teleost (Chanos chanos, Oreochromis mossambicus, and
Oryzias dancena) to investigate diﬀerences in aerobic respiration of osmoregulatory organs. COX activities in the
gills of these three euryhaline species were compared with COX subunit 4 (COX4) protein levels. COX4 protein
abundance and COX activity patterns in the three species occurring in environments with various salinities
increased when ﬁsh encountered salinity challenges. This COX activity assay therefore provides an eﬀective and
accurate means of assessing aerobic metabolism in ﬁsh.

Introduction
Upon salinity challenge, the osmoregulatory organs (e.g., the gills
and kidneys) of euryhaline ﬁsh utilize active transport and Na+, K+ATPase (NKA) as the driving force to regulate osmolality and maintain
homeostasis. Osmoregulation is thought to increase energy expenditure
from less than 10% to more than 30% of total metabolism in teleosts
[1,2]. Evidence has shown that modulation of mitochondrial enzymes
in ﬁsh ensures suﬃcient ATP production to meet energy demands [3,4].
In order to rapidly and speciﬁcally investigate the eﬀect of salinity on
the gills of euryhaline ﬁsh, evaluation of the functioning electron
transport chain (ETC) in the mitochondria is crucial.
In ﬁsh, oxygen consumption measurements provide an important
indication of energy metabolism. In hypertonic solutions such as seawater, oxygen consumption in rainbow trout and tilapia is higher than
that in isotonic brackish water [5–7]. In the croaker ﬁsh, Leiostomus
xanthurus, a reduction in whole-body oxygen consumption was detected
in environments with decreasing salinity [8]. In contrast, a reduction in
oxygen consumption was found in the killiﬁsh, Aphanius dispar, under
hypersaline acclimation [9]. Although salinity changes that alter
oxygen consumption of the whole individual may be complex, respiratory inhibition of the mammalian kidney results in the suppression
of active transport, which in turn leads to an ionic imbalance in
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intracellular ﬂuid [10,11]. Reduced oxygen consumption has also been
found in renal tissue slices from rabbit cortices after treatment with
high ouabain concentrations [12]. In addition, active transport and
NKA pumping associated with cellular respiratory changes has been
observed in mammalian brain slices [13] and toad bladder tissue [14].
Thus, measuring aerobic metabolism in the gill may be used to evaluate
energy expenditure related to osmoregulation.
In the gills of tilapia, expression of the mitochondrial enzyme subunit, cytochrome c oxidase (COX) subunit 4 was correlated with a
higher metabolic rate and environmental salinity [15]. COX is the ﬁnal
enzyme in the ETC that transfers electrons from reduced cytochrome c
to hydrogen, thereby producing water molecules [16]. COX is an important enzyme that maintains a proton gradient across the mitochondrial intermembrane space. Harboring ATP/ADP binding sites,
COX is sensitive to ATP concentrations for allosteric regulation [17,18].
COX subunit 4 (COX4) is a transmembrane subunit that spans extramembrane domains in the mitochondrial matrix and inter-mitochondrial membrane space. This nucleus-encoded subunit of the eukaryotic
COX complex was reported to play a signiﬁcant role in electron transport and proton pumping [19–22], such as adjustment of proton motive
force by manipulating the ratio of protons translocated per electron
[23]. Therefore, as the rate-limiting enzyme of the mitochondrial respiratory chain, COX can regulate oxidative phosphorylation, proton
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on muscle oxidative respiration have indicated higher COX activity in
red muscle than in white muscle [40,41]. In order to assess the validity
of our assay, milkﬁsh muscles were separated into red muscle, sampled
along the region near the lateral line, and white muscle, sampled from a
deep region along the spine [42]. The protein content in all samples was
measured using a BCA Protein Assay kit (Pierce, Rockford, IL, USA),
using Pierce bovine serum albumin (BSA) as the standard.

pumping, and ATP production [24].
There are well-established assays for the measurement of oxidative
phosphorylation-related enzymes in the human body [25–28]. General
methods traditionally applied for the determination of COX activity are
as follows: (i) spectrophotometric determinations, which involve measurement of the rate of cytochrome c oxidation at the absorptive wavelength of reduced cytochrome c (OD = 550 nm) [29,30], and (ii)
polarographic/manometric determinations, which measure the rate of
oxygen uptake [31]. Compared with the polarographic/manometric
methods, which are time-consuming and unstable [31], spectrophotometric/calorimetric determination is faster and easier to perform.
In addition, these methods can be performed using smaller amounts of
sample [32], which enables eﬃcient evaluation in small animals. More
importantly, spectrophotometry is a universal technique that is performed in most analytical laboratories. Hence, spectrophotometry is the
preferred method for the measurement of mitochondrial COX activity
[28]. In previous studies, COX activity in ﬁsh was mainly evaluated in
muscle using relatively complicated methods [33,34]. Shaklee [35]
validated an alternative method using non-detergent assay buﬀers to
successfully measure COX activity in non-muscle tissues, which could
also be eﬀective when applied to ﬁsh muscle. Therefore, it is necessary
to accurately evaluate energy expenditure in gill tissue through a universal assay for COX activity (the rate-limiting step of oxidative phosphorylation) that can be applied to a variety of ﬁsh species from different environments.
On the basis of the excellent ability of euryhaline ﬁsh to adapt to
changes in salinity, this study aimed to use euryhaline ﬁsh gills as a
model to establish a rapid and accurate criterion for the determination
of ﬁsh aerobic respiratory ability [36]. Three species of euryhaline ﬁsh
with diﬀerent salinity preferences were used: seawater-preferring
milkﬁsh, Chanos chanos [37], brackish water-preferring medaka, Oryzias dancena [38], and fresh water-preferring tilapia, Oreochromis
mossambicus [39].

Preparation of reduced cytochrome c
A 3-mM stock solution of cytochrome c was prepared by dissolving
cytochrome c powder (Bio-vision, Milpitas, CA, USA) in pure water, and
was stored at −20 °C thereafter. After a 10-fold dilution with assay
buﬀer and addition of appropriate amounts of the reducing agent dithiothreitol (DTT, Bio-vision, 1 M) at room temperature (25 °C) for
15 min, cytochrome c was reduced, as indicated by a change in color to
orange-pink. The absorbance of a mixture containing 20 μL reduced
cytochrome c and 100 μL assay buﬀer was then measured at a wavelength of 550 nm to conﬁrm the eﬃciency of cytochrome c reduction.
After conﬁrmation of cytochrome c reduction, the 0.3 mM solution of
reduced cytochrome c was further adjusted into ﬁnal concentration of
0.1 mM.
COX activity

Materials and methods

Enzymatic activity was determined spectrophotometrically
(VERSAmax; MolecularDevices, Sunnyvale, CA, USA) at 550 nm and
25 °C in 96-well plates (Corning, NY, USA) using assay buﬀer containing reduced cytochrome c (0.1 mM) as the substrate and 25–200 μg
protein pretreated with 0%–0.1% (v/v) Triton X-100 (Sigma). Activity
was calculated as [optical density (ΔOD)/time (Δt, min)]/[7.04
mM−1cm−1 (molar extinction coeﬃcient) × protein (g)] and determined according to the following principles proposed by Spinazzi
[27]: (1) maximal speciﬁc enzymatic activities, (2) highest precision,
and (3) linearity with time.

Experimental animal processing procedures

Preparation of the mitochondrial fraction

The artiﬁcial seawater (35‰, SW) and brackish water (15‰, BW)
used in this study were prepared from aerated local fresh tap water
(FW) using appropriate amounts of Blue Treasure tropical ﬁsh sea salt
(Qingdao Sea-Salt Aquarium Technology, Qingdao, China). Juvenile
milkﬁsh (C. chanos) were obtained from a local ﬁsh farm and reared in
SW. The standard lengths and body weights of these ﬁsh were 10–11 cm
and 13–15 g, respectively. Tilapia (O. mossambicus) were obtained from
laboratory stocks and reared in FW. The standard lengths and body
weights of these ﬁsh were 4–6 cm and 5–9 g, respectively. Adult Indian
medaka (O. dancena) were obtained from a local aquarium and reared
in BW for at least 3 weeks before sampling. Their standard lengths were
2–3 cm. The water in which the ﬁsh were maintained was continuously
circulated through fabric-ﬂoss ﬁlters and partially refreshed every 2
weeks. The ﬁsh were maintained at a temperature 28 ± 1 °C with a
daily 12-h photoperiod and a daily diet of commercial pellets. The
protocol used for the experimental milkﬁsh was reviewed and approved
by the Institutional Animal Care and Use Committee of the National
Chung Hsing University (IACUC approval no. 98–110 to T.H. Lee). Prior
to sampling, the ﬁsh were fasted for 24 h and then anesthetized with
500 μL/L 2-phenoxyethanol. The muscles of milkﬁsh and the gills of
milkﬁsh, tilapia, and Indian medaka were washed in phosphate-buffered saline (PBS: 137 mM NaCl, 3 mM KCl, 10 mM Na2HPO4,
2 mM K2HPO4, pH 7.4) to remove clots and mucous. Samples were
homogenized on ice in various concentrations of K2HPO4 assay buﬀer
(25–200 mM) containing 0%–0.1% (v/v) Triton X-100 (Sigma, Saint
Louis, USA; pH 7.4) using a POLYTRON PT1200E (Kinematica, Lucerne,
Switzerland). Samples were subsequently centrifuged at 1500 × g for
10 min to isolate supernatants for the following experiments. Reports

Protein samples from the gills of experimental ﬁshes were steeped in
a mixture of homogenization buﬀer (SEI buﬀer, 150 mM sucrose,
10 mM EDTA, 50 mM imidazole, pH 7.4) and proteinase inhibitor
(Roche, Mannheim, Germany; v/v: 1/50). Homogenization was performed with a POLYTRON PT1200E (Kinematica, Lucerne,
Switzerland). Pellets were removed after centrifugation at 1500 × g at
4 °C for 10 min. The supernatants were then centrifuged at 13,000 × g
[43] at 4 °C for 10 min twice to obtain mitochondrial fractions. The
ﬁnal pellets were re-suspended in SEI buﬀer and stored at −80 °C.
Protein concentrations were measured using reagents from the BCA
Protein Assay (Pierce, Rockford, IL, USA) using Pierce BSA as the
standard.
Antibodies
The primary antibody used in this study was the rabbit monoclonal
antibody (3E11, Cell Signaling Technology, Danvers, MA, USA) with a
synthetic peptide corresponding to residues surrounding the Lys29 residue of human COX4. The secondary antibodies used for immunoblots
was horseradish peroxidase-conjugated rabbit anti-goat IgG (Pierce,
Rockford, IL, USA).
Immunoblotting
The sample mixture containing protein buﬀer dye and gill proteins
(v/v = 1/5) was heated at 95 °C for 5 min (for the mitochondrial
samples) or 37 °C for 30 min (for the membrane homogenates) to denature the proteins. Mitochondrial fraction samples were separated by
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electrophoresis on a 14% sodium dodecyl sulfate (SDS)-polyacrylamide
gel (20 μg of protein/lane) on a Mini-protein II electrophoresis cell (BioRad, Hercules, CA, USA). The separated proteins were subsequently
transferred to polyvinylidene ﬂuoride (PVDF) membranes (Millipore,
Bedford, MA, USA). After non-speciﬁc binding blocking, the blots were
incubated with the primary antibody followed by the secondary antibody. Images were developed using Immobilon™ Western (Millipore)
under a cooling charge-coupled device (CCD) image sensor (ChemiDoc
XRS+, Bio-Rad), and associated software Quantity One version 4.6.8
(Bio-Rad). The immunoreactive bands were converted to quantitative
values representing relative protein abundance and compared using the
software ImageLab 3.0 (Bio-Rad).
Results and discussion
Validation for the measurement of cytochrome c absorbance
During the process of cytochrome c oxidation, COX and cytochrome
c form a complex, which is followed by dissociation of oxidized cytochrome c from COX [44]. Linear changes in the absorbance of reduced
cytochrome c at OD 550 nm correlated with time are crucial to activity
calculations. The negative absorbance observed in Fig. 1, Fig. 6, and
Supplementary Fig. 1 correspond to decreases in absorbance at 550 nm
from the starting time point. From the absorbance values reported in
the present study, a stable tangent slope representing a linear change
within 60 s (normally during the initial part of the time-course) was
selected, according to Smith and Stotz [32]. The slope of cytochrome c
absorbance from a mixture of red and white muscle was measured.
Optimal COX activity in the milkﬁsh red and white muscle mixture
(1:1 wt ratio) was detected in the 100 mM K2HPO4 assay buﬀer with a
protein weight of 50 μg (Fig. 1). The addition of small amounts of
protein homogenate (25 μg) to the reaction resulted in ﬂuctuations in
the absorbance curve (Supplementary Fig. 1). In the 100 mM K2HPO4
assay buﬀer, the activity of COX increased 2-fold as protein content
increased from 25 μg to 50 μg, and the activities of these two points
were the highest compared to that obtained with other concentrations
of the assay buﬀer (Fig. 2). However, an excessive amount of protein
(e.g., 100 μg) resulted in relatively lower activity (Fig. 2). It was
speculated that adding a small amount of protein homogenate to the
reaction ensures suﬃcient continuous cytochrome c binding to the
catalytic site of COX. On the other hand, excessive amounts of protein
would result in a relatively low volume of reduced cytochrome c and

Fig. 2. Eﬀects of varying ionic concentrations in assay buﬀer and protein
concentrations in homogenates (mixtures of red and white muscle) on COX
activity in seawater (SW) milkﬁsh.

lower activity [45]. The ionic concentration of the assay buﬀer thus has
an important eﬀect on enzymatic activity in an ideal sample volume
[26,45]. Therefore, suﬃcient substrate, reduced cytochrome c, and an
appropriate contact area with COX in the reaction mixture are required
to meet the principles of maximal speciﬁc enzymatic activity and the
highest precision. Optimal COX activity conditions were then applied to
the comparison between red and white muscle of milkﬁsh. The results
showed that COX activity in red muscle was signiﬁcantly higher than
that in white muscle in 100 mM assay buﬀer with a protein weight of
50 μg (Fig. 3). To maintain the strength of contraction, tension, and
continuity, red muscle, which has higher mitochondrial contents than
white muscle, produces ATP eﬃciently and steadily [39,40]. Our
standard procedure for ﬁsh COX activity measurement reﬂects the
diﬀerences in oxidative phosphorylation in ﬁsh muscle, as expected.

Fig. 3. COX activity in red and white muscle in seawater (SW) milkﬁsh determined with 50 μg muscle homogenate in 100 mM K2HPO4 assay buﬀer. The
asterisk symbols (**) indicates a signiﬁcant diﬀerence in values between the
two groups, as determined by Student's t-test (P < 0.01). Values are
means ± SEM (n = 6).

Fig. 1. Time-course changes in the linear absorbance of reduced cytochrome c
determined at OD 550 nm. The gradual linearity of slopes represents stable
absorbance changes in cytochrome c shown in 100 μM assay buﬀer containing a
50-μg mixture of milkﬁsh red and white muscle.
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Fig. 5. Gill COX activity in diﬀerent species of euryhaline ﬁsh acclimated to
environments of their preferred salinity. COX activities in tilapia, medaka, and
milkﬁsh are shown. The ﬁsh were sampled after acclimation to these environments for 2 weeks. The signiﬁcance of diﬀerences between populations were
marked with the asterisk symbols (***), as determined by Tukey's multiple
comparison tests following one-way analysis of variance (P < 0.001). Values
are means ± SEM (n = 6).

conditions in the gills of diﬀerent ﬁsh species. COX activities obtained
with various protein volumes among species at each assay buﬀer concentration are shown in Fig. 4. In milkﬁsh, the optimal activity that
follows the three aforementioned principles was detected using
100 mM K2HPO4 buﬀer containing 100 μg protein (Fig. 4A). For both
medaka and tilapia, the optimal amount of protein was 50 μg in
75 mM K2HPO4 buﬀer (Fig. 4B and C). In vitro measurements of COX
activity with an appropriate assay buﬀer and sample volume were obtained when using a limited range of buﬀer concentrations, between 75
and 100 mM for 50–100 μg protein weight, despite diﬀerences in the
habitats and preferred salinities (i.e., FW, BW, or SW) of the various
species. Comparisons of the maximal COX activities of the three species
revealed that the highest COX activity was recorded in the gills of
medaka (1.73 μkat/g protein), and the lowest in the gills of milkﬁsh
(0.68 μkat/g protein), which is similar to that in tilapia (0.73 μkat/g
protein, Fig. 5). Investigation of COX activity in medaka, which was
higher than that in milkﬁsh and tilapia, indicated that the diﬀerences in
maximal activity among species may be attributed to diﬀerences in
aerobic respiration capacity or enzymatic density.
The eﬀects of Triton X-100 on COX activity in gills of euryhaline ﬁsh
When using 0.1% (v/v) Triton X-100 in all three species, the halflives of the reactions were less than 36 s (Fig. 6). Moreover, when using
branchial homogenate from tilapia, the reaction ceased within 48 s
(Fig. 6C). The coeﬃcient of variation (CV) calculated from the variance
ratio per 12 s within 60 s was 0.77 for tilapia and 0.51 for milkﬁsh. In
the absence of detergent, all CV values were lower than 0.3. Addition of
an appropriate amount of detergent is believed to enhance the measurement of COX activity, as detergents can penetrate the mitochondrial membrane, thereby helping to expose cytochrome c binding sites
for the binding of exogenously supplied cytochrome c [46], and preventing damage to the ETC caused by endogenous interference [47]. In
previous studies, three common detergents, lauryl maltoside (LM),
Tween, and Triton X-100, were used to determine COX activity. The
results obtained by Sinjorgo [48] showed that at the critical micelle
concentration (CMC) of LM, a protein-detergent complex forms to increase the turnover number of COX. However, the linear relationship
between enzymatic activity and protein volume was not observed when

Fig. 4. Eﬀects of varying ionic concentrations in assay buﬀer and protein
concentrations in homogenates on gill COX activity in diﬀerent species of
euryhaline ﬁsh in their preferred salinity habitats. A, milkﬁsh in seawater (SW);
B, medaka in brackish water (BW); C, tilapia in freshwater (FW).

COX activity measurement in diﬀerent species using a universal experimental
method with similar assay buﬀer conditions
To facilitate comparative studies in various euryhaline ﬁsh, we
standardized the use of appropriate assay buﬀers and sample volume
for the measurement of COX activity. K2HPO4 assay buﬀer at various
concentrations (50 mM-200 mM) was used to determine optimal ionic
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Fig. 7. Relative expression of COX4 protein (A) and COX activity (B) in gills of
milkﬁsh under media with natural environmental salinities. The signiﬁcance of
diﬀerences between populations were marked with the asterisk symbols, as
determined by Tukey's multiple comparison tests following one-way analysis of
variance (*, **, and *** to denote levels P < 0.05, P < 0.01, and P < 0.001).
Values are means ± SEM, (n = 6).

background detection in spectrophotometric/colorimetric determination [27]. LM and Tween are thought to sustain the COX complex in a
pulsed state, thereby maintaining eﬃcient electron transfer [50,51]. In
contrast, the addition of Triton X-100 may maintain COX in a resting
state. Even at concentrations higher than the CMC, formation of a
protein-detergent complex leads to inhibition of steady-state COX activity [27] or maintains COX in an inactive form [44]. In mammalian
studies, 0.02% (v/v) Triton X-100 was used to show an increase in COX
activity in carp muscle, with a maximal value attained with 0.05% (v/

Fig. 6. Eﬀects of Triton X-100 concentration in buﬀers on gill COX activity in
diﬀerent species of euryhaline ﬁsh in their preferred salinity habitats. A, tilapia
in freshwater (FW); B, medaka in brackish water (BW); C, milkﬁsh in seawater
(SW).

detergent concentrations reach the CMC [27]. At concentrations higher
than the CMC, the structure of COX is disrupted, with a concomitant
decrease in its oxidative capacity [30]. Tween is able to stabilize cytochrome c oxidation rate [49] with few drawbacks related to increased

Table 1
Comparison of COX activity in untreated assay buﬀer and buﬀer treated with 0.1% (v/v) Triton X-100.
Species

Tilapia gill homogenate

Milkﬁsh gill homogenate

Treatments

FW

SW

n

FW

SW

n

Without Triton X-100
With 0.1% (v/v) Triton X-100

1.14 ± 0.08
3.19 ± 0.37

1.15 ± 0.07
2.80 ± 0.52

3
3

0.47 ± 0.03
2.44 ± 0.47

0.71 ± 0.05*
3.22 ± 0.52

3
3
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Fig. 8. Relative expression of COX4 protein (A) and COX activity (B) in gills of
medaka under media with natural environmental salinities. The signiﬁcance of
diﬀerences between populations were marked with the asterisk symbols, as
determined by Tukey's multiple comparison tests following one-way analysis of
variance (*, **, and *** to denote levels P < 0.05, P < 0.01, and P < 0.001).
Values are means ± SEM, (n = 6).

Fig. 9. Relative expression of COX4 protein (A) and COX activity (B) in gills of
tilapia under media with natural environmental salinities. The signiﬁcance of
diﬀerences between populations were marked with the asterisk symbols, as
determined by Tukey's multiple comparison tests following one-way analysis of
variance (*, **, and *** to denote levels P < 0.05, P < 0.01, and P < 0.001).
Values are means ± SEM, (n = 6).

v) Triton X-100 [52]. Absorbance values decreased with an increase in
the concentration of Triton X-100, particularly when this was higher
than the CMC (0.015%, w/v) at 25 °C [53]. In a comparison of the
groups without Triton X-100, the rate of ferrocytochrome c oxidation,
as evaluated by a change in absorbance, increased markedly over a
short period of time. The variable slopes obtained for the detergenttreated groups revealed several characteristics, showing unstable linearity and considerably lower reaction time for activity determination.
Investigation of the rate of cytochrome c oxidation in the gills of tilapia
and milkﬁsh revealed no signiﬁcant diﬀerences in oxidase activity in
FW and SW, which is inconsistent with the pattern observed in groups
not treated with Triton X-100 (Table 1). Addition of detergents also
increased COX activity measured in milkﬁsh, but no signiﬁcant diﬀerences were recorded when adding Triton X-100 to pretreated ﬁsh gills
(Table 1). Thus, from the perspective of application to various ﬁsh
species and tissues, we concluded that assay buﬀers without detergents
were more reliable for investigating COX activity in gills.

The relevance of COX activity to environmental salinities
The results of COX expression, used as an indicator for aerobic respiration, from the gills of milkﬁsh acclimated to environments of different salinities are shown in Fig. 7. Individuals in the BW group
showed the greatest gill COX activity (0.75 μkat/g), followed by ﬁsh in
the SW group (0.67 μkat/g), while the lowest COX activity (0.32 μkat/
g) was found in the FW group (milkﬁsh, Fig. 7B). In the BW and SW
groups, COX4 protein expression, observed as a single band at 17 kDa,
was respectively 1.7- and 1.5-fold higher than that in FW group individuals (Fig. 7A). COX4 protein expression showed similar trends in
the gills of medaka (Fig. 8A) and tilapia (Fig. 9A) among diﬀerent
salinities. Increased salinity resulted in an increase in COX4 protein
expression in all three species. SW-exposed individuals exhibited the
highest COX4 protein abundance compared to the ﬁsh acclimated to
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FW, which showed signiﬁcantly lower expression. In addition, branchial COX activity in medaka also increased when environmental salinity was increased (Fig. 8B). COX activities measured in both SW
(2.48 μkat/g) and BW group individuals (1.73 μkat/g) were higher than
that found in FW medaka (1.15 μkat/g). In SW-reared tilapia (Fig. 9B),
the average COX activity (0.81 μkat/g) was slightly higher than that in
the FW group (0.73 μkat/g). However, there was no signiﬁcant diﬀerence when compared with the BW group. Hüttemann et al. [54] reported that COX4 protein abundance was positively correlated with
COX activity. In tilapia, COX4 protein expression was signiﬁcantly
higher in the SW group than in the FW group, and contributed to higher
metabolic rate [15]. This increase in COX activity was associated with
elevated salinity in the gills of the Atlantic wolﬃsh [55]. Our results
regarding COX activity in milkﬁsh and medaka also showed an increase
that was correlated with increased COX4 protein abundance. However,
non-synonymous expression of COX4 and COX activity in the gills of
milkﬁsh in diﬀerent salinity environments may be attributed to multiple parameters that aﬀect COX function under diverse environmental
challenges. Duggan et al. [56] revealed that diﬀerent transcript levels of
several nuclear-encoded subunits failed to reﬂect COX activity precisely, whereas COX5B2 and COX6A2 abundances were appropriately
correlated with activity in the hypothermal case. Apart from COX4,
other protein subunits and regulators, such as nuclear respiratory factor
(NRF), peroxisome proliferator-activated receptor-γ coactivator 1α
(PGC-1α), and PGC-1β were also required for COX synthesis [57,58].
In summary, a few studies have discussed the diﬀerences in COX
activity among various euryhaline ﬁsh. The present study showed COX
activity patterns and subunit protein levels in three species of euryhaline ﬁshes from environments of various salinities. After evaluating our
results, we concluded that the eﬀects of environmental ﬂuctuation on
COX activity in diﬀerent ﬁsh species can be measured by using a universal experimental method with similar assay buﬀer conditions. We
also conﬁrmed that COX activity and COX4 protein levels could be
novel salinity-dependent markers in the gills of euryhaline ﬁshes.
Environmental inﬂuences on aerobic metabolism in ﬁsh can be evaluated at the tissue level by measuring COX activity.
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