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Salinity strongly influences osmoregulation energy metabolism, and physiological

performance in euryhaline fishes. The marine medaka, Oryzias dancena is an

emerging model for investigating the molecular and physiological basis of salinity

adaptation. Here, fish were exposed to hypo- (5 ppt), near-isoosmotic (23 ppt), and

hyperosmotic (35 ppt) salinities, and assessed integrated physiological, biochemical,

and molecular responses. Hepatic histology showed pronounced vacuolization at 5

and 35 ppt, whereas 23 ppt supported more uniform hepatocellular morphology.

Whole-body digestive and antioxidant enzymes exhibited salinity-dependent

modulation, with elevated protease and SOD activity at 5 ppt and higher lipase

activity at 23 ppt. Gene expression analysis showed upregulation of nka under salinity

extremes, while lipid oxidation genes (ppar-d, cpt1) peaked at 23 ppt, indicating a

trade-off between osmoregulatory demand and lipid catabolism. Muscle fatty acid

composition remained largely conserved; however, hyperosmotic stress (35 ppt)

caused a significant decline in docosahexaenoic acid (DHA, 22:6n-3), together with a

concomitant increase in monounsaturated fatty acids, particularly palmitoleic acid

(16:1), indicating selective changes inmembrane lipid composition under high salinity.

Although hepatic fatty acid composition was not measured in this study, the

combined evidence from hepatocellular morphology and lipid metabolic gene

expression provides clear indications of salinity-dependent shifts in hepatic lipid

handling. Collectively, this study provides foundational insight into the

osmoregulatory and metabolic strategies of O. dancena, establishing its value as a

tractable marine model for integrative studies on salinity adaptation.

KEYWORDS

euryhaline, lipid remodelling, marine model fish, nutrigenomics, Oryzias dancena,
salinity stress
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1 Introduction

Environmental salinity is a major abiotic factor influencing

energy metabolism, osmoregulation, and overall physiological

performance and health in fish (Bal et al., 2021; Bœuf and Payan,

2001; Evans and Kültz, 2020; Tseng and Hwang, 2008). Euryhaline

fishes exhibit remarkable physiological plasticity that allows them to

tolerate wide salinity fluctuations through coordinated adjustments

in ion transport, water balance, and metabolic fuel allocation. These

adaptations involve not only changes in ionregulatory mechanisms

but also substantial shifts in lipid metabolism, which provides both

structural components for cellular membranes and a key energy

source supporting osmoregulatory processes (Evans, 2008; Tseng

and Hwang, 2008; Edwards and Marshall, 2012; Ern et al., 2014).

Despite considerable progress in understanding ion transport

mechanisms, relatively less attention has been given to how

salinity fluctuations impact lipid metabolism at both tissue and

molecular levels. Salinity driven osmotic gradients force euryhaline

fishes to reorganize ion transport, water balance, and energy

metabolism in order to maintain cellular homeostasis (Bœuf and

Payan, 2001; Kültz, 2015) and this process is energetically

demanding. A major component of this cost arises from Na+/K+-

ATPase (nka), a primary ion pump responsible for sustaining

electrochemical gradients. Elevation of NKA activity at salinity

extremes increases ATP requirements, thereby influencing

metabolic pathways, particularly mitochondrial b-oxidation and

hepatic lipid mobilization (Evans and Kültz, 2020; Tseng and

Hwang, 2008). Because lipids act as dense energy reserves and

regulate membrane fluidity, salinity acclimation often triggers

adjustments in fatty acid profiles and expression of genes

regulating LC-PUFA biosynthesis and lipid oxidation (Bœuf and

Payan, 2001; Monroig et al., 2013; Tocher, 2003). Thus,

osmoregulatory demand mediated through NKA is intrinsically

linked to lipid metabolic pathways such as PPAR-regulated b-
oxidation and LC-PUFA biosynthesis, highlighting the

importance of an integrative approach when examining salinity-

driven metabolic adjustments.

The liver plays a central role in these adjustments, coordinating

lipid mobilization and storage to meet energy demands imposed by

salinity stress. Exposure to hypo- or hyperosmotic conditions can

disrupt hepatic lipid homeostasis, often leading to vacuolization and

altered expression of lipid metabolic genes (Evans and Kültz, 2020;

Kültz, 2015). While moderate, near-isosmotic salinities typically

support optimal nutrient assimilation and metabolic efficiency,

extreme conditions elevate metabolic costs, forcing a trade-off

between energy allocation for osmoregulation and other

physiological functions (Bœuf and Payan, 2001; Imsland et al.,

2001). These metabolic shifts are often reflected in tissue-specific

fatty acid profiles, that membrane fluidity and function under

osmotic challenge. Notably, long-chain polyunsaturated fatty

acids (LC-PUFA) like docosahexaenoic acid (DHA) are vital for

membrane integrity, and its depletion under stress can induce

deficiency (Sargent et al., 2003; Tocher, 2003).

Muscle tissue commonly maintains stricter homeostasis in

membrane FA composition than the liver, but selective changes,

especially in docosahexaenoic acid (DHA, 22:6n-3), are often
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observed under osmotic or dietary stress and can affect

membrane fluidity and cellular signalling (Sargent et al., 2003;

Tocher, 2003; Xie et al., 2021). Studies on the influence of rearing

salinity on tissue LC-PUFA levels indicate inconsistent findings.

While some report increases in EPA and DHA at higher salinities

(Dong et al., 2020; Marrero et al., 2021), others observe a depletion

of DHA under osmotic stress (Liu et al., 2017). These divergent

patterns highlight that the net fatty acid outcome is governed by a

complex interplay of species-specific metabolism, dietary input, and

the balance between LC-PUFA biosynthesis and catabolism

(Tocher, 2010; Monroig et al., 2013). In addition to lipid

remodelling, digestive and antioxidant systems also respond to

salinity variation and modulate the organism’s capacity to supply

metabolic fuel and to counteract stress-induced reactive oxygen

species (ROS). Salinity-dependent modulation of digestive enzymes

such as proteases and lipases can alter nutrient partitioning and

energy supply, as shown in American shad (Alosa sapidissima) (Liu

et al., 2017), yellowfin tuna (Thunnus albacares) (Zhang et al.,

2023), and Spotbanded Scat (Selenotoca multifasciata) (Liu et al.,

2024). Concurrently, the induction of antioxidant defenses,

including superoxide dismutase (SOD), catalase, and total

antioxidant capacity (TAC), helps to mitigate oxidative stress that

arises under osmotic extremes (Atli et al., 2006; Lushchak, 2011;

Martıńez-Álvarez et al., 2005). This interplay between energy

acquisition and oxidative stress management is therefore critical

for sustaining energy balance under salinity stress.

The marine medaka (Oryzias dancena), also known as the

Indian Ricefish, has emerged as a promising model for studying

the mechanisms of salinity adaptation due to its remarkable

euryhalinity, ranging from freshwater to hypersaline conditions.

Its close phylogenetic relation to the well-established model Oryzias

latipes provides a valuable comparative framework, particularly for

osmoregulatory studies (Ranjan et al., 2022). However, a

comprehensive understanding of the interactive effects of salinity

on lipid metabolic pathways that integrates histological,

biochemical, and molecular responses is lacking for this species.

In particular, no previous study has jointly examined hepatic

histomorphology, enzymatic responses, lipid metabolic gene

expression, and tissue fatty acid composition across salinity

gradients in Oryzias dancena. The present study addresses this

gap by providing an integrated physiological characterization of

salinity-dependent metabolic adjustments in this emerging

euryhaline model. Rather than proposing new osmoregulatory

mechanisms, this work establishes foundational baseline data

necessary for interpreting metabolic plasticity and for supporting

the broader use of O. dancena in studies of environmental

adaptation. The present study therefore aimed to evaluate the

integrated physiological responses of O. dancena to hypoosmotic

(5 ppt), near isosmotic (23 ppt), and hyperosmotic (35 ppt)

conditions. Because osmoregulation imposes substantial ATP

demand through Na+/K+-ATPase (NKA) activity, shifts in

energetic allocation are expected to influence key lipid metabolic

pathways, particularly mitochondrial b-oxidation (regulated by

ppar-d and cpt1) and LC-PUFA biosynthesis (fads2, elovl5). By

combining liver histology, whole-body digestive and antioxidant

enzyme activity, expression of osmoregulatory and lipid metabolic
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genes, and muscle fatty acid profiles, we provide a multidimensional

assessment of how salinity-driven osmoregulatory costs interact

with metabolic pathways. This integrative characterization offers

foundational insight into the osmoregulatory–metabolic strategies

of O. dancena, supporting its development as a marine model

species for studies of environmental adaptation.
2 Materials and methods

2.1 Experimental design and feeding trial

Two-month-old marine medaka (Oryzias dancena) with an

average body weight of 0.30 ± 0.025 g and total length of 2.5 ± 0.2

cm were procured from the ICAR-CMFRI Vizhinjam Regional

Centre and transported to the wet laboratory of ICAR-CMFRI,

Kochi, in oxygenated containers. On arrival, fish were disinfected

with potassium permanganate (KMnO4) to prevent disease

transmission and acclimated for two weeks in 1000 L FRP tanks

under continuous aeration. During acclimation, fish were fed CMFRI

Varna ornamental feed (38% protein, 9% lipid) three times daily.

Following acclimation, healthy fingerlings of uniform size were

randomly distributed into nine glass aquaria (50 L capacity; 35 L

water volume) at a density of 15 fish per tank (45 fish/salinity

group). The experiment was conducted in a completely randomized

design with three salinity treatments: 5 ppt (hypoosmotic stress), 23

ppt (near isosmotic/optimal salinity), and 35 ppt (hyperosmotic

stress), each in triplicate. The selection of these levels was based on

prior evidence that O. dancena performs optimally at 20–25 ppt

(Ranjan et al., 2022), making 23 ppt the reference condition, while 5

and 35 ppt represent physiologically challenging extremes. Salinities

were achieved by diluting natural seawater (35–37 ppt) with

dechlorinated freshwater and adjusting gradually (3–5 ppt day-1).

A salinity of 5 ppt was selected instead of 0 ppt freshwater to avoid

acute osmotic shock and to better represent ecologically relevant

low-salinity conditions experienced by O. dancena in estuarine and

coastal environments.

Fish were reared for 45 days and fed a formulated diet (40%

protein, 10% lipid) to apparent satiation three times daily (09:00,

13:00, 17:00 h). Feed composition and fatty acid profiles are

provided in Supplementary file S1. Continuous aeration was

supplied to all tanks. Uneaten feed and fecal matter were

siphoned out daily, and 25–50% of the water was replaced with

pre-adjusted water of the corresponding salinity.

All experimental procedures involving fish, including rearing,

handling, and sampling, were reviewed and approved by the Animal

Ethics Committee of the Central Marine Fisheries Research

Institute, Kochi, India. Every effort was made to minimize fish

stress by maintaining optimal rearing conditions. At the end of the

trial, fish were anesthetized with clove oil (Himedia, India; 50µL L-1)

prior to euthanasia and sampling.

2.2 Sampling

At the end of the 45-day salinity challenge, fish from each

treatment were randomly sampled for biochemical, histological,
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fatty acid, and molecular analyses. Prior to sampling, fish were

subjected to 24 h fasting and anesthetized as described above. For

histological analysis, liver samples from three fish per tank were

excised and immediately fixed in 10% neutral buffered formalin

(NBF, Sigma-Aldrich, HT501128). For biochemical assays, whole-

body samples were collected from three individual fish per tank (nine

fish per treatment). Each fish was processed independently. Whole-

body tissues were homogenized in ice-cold sucrose buffer at a 1:19 (w/

v) tissue-to-buffer ratio, centrifuged, and the resulting supernatants

were stored at −80°C until analysis. For gene expression analysis, liver

tissues from three fish per tank were dissected and immediately

placed in Eppendorf tubes containing 0.5 mL of RNAlater®

(Invitrogen™, Thermo Fisher Scientific; Cat. No. AM7020), kept at

4°C for 24 h, and then stored at -80°C until further processed. For

fatty acid analysis, white muscle tissue from three fish per tank was

collected individually and stored at −20°C until lipid extraction and

fatty acid methyl esters (FAME) preparation.

2.3 Biochemical assay

Digestive, antioxidant, and metabolic enzyme activities were

measured using whole-body homogenates. The final body weight of

O. dancena at the end of the 45-day experimental period was ~0.6 ±

0.1 g, which did not permit reliable and reproducible tissue-specific

enzymatic assays with adequate replication. Liver tissue was

therefore prioritized exclusively for RNA extraction to ensure

sufficient quantity and integrity for gene expression analyses, and

the remaining tissue mass was insufficient for parallel, tissue-

specific biochemical assays. Accordingly, antioxidant enzymes

(superoxide dismutase, catalase, total antioxidant capacity)

and metabolic enzymes (aspartate aminotransferase, alanine

aminotransferase), as well as digestive enzymes, were assessed

using whole-body homogenates to obtain an integrated measure

of organism-level physiological responses to salinity stress. This

approach is commonly applied in small teleost models, including

medaka and zebrafish, for digestive and oxidative enzyme analyses

(Guerrera et al., 2015; Yeh et al., 2013; Ramıŕez-Duarte et al., 2016,

2017). While this method does not resolve tissue-specific enzyme

sources, interpretations are accordingly restricted to systemic

physiological responses rather than organ-specific regulation.

Protease activity was determined using the casein digestion

method (Drapeau, 1976), amylase using the DNS method (Rick and

Stegbauer, 1974), and lipase using p-nitrophenyl palmitate as

substrate (Katsivela et al., 1995). Protease activity was expressed

as µg tyrosine equivalents mg-1 protein, lipase activity as µmol p-

nitrophenol equivalents mg-1 protein, and amylase activity as µg

maltose equivalents mg-1 protein. Antioxidant enzymes were

measured as follows: superoxide dismutase (SOD) using

inhibition of epinephrine auto-oxidation (Misra and Fridovich,

1977), catalase (CAT) based on H2O2 decomposition (Aebi,

1984), and total antioxidant capacity (TAC) using the

phosphomolybdenum method (Prieto et al., 1999). Superoxide

dismutase (SOD) and catalase (CAT) activities were expressed as

units per minute per milligram of soluble protein (U min-1 mg-1

protein), while total antioxidant capacity (TAC) was expressed as µg

ascorbic acid equivalents per milligram of protein. Metabolic

enzymes, including aspartate aminotransferase (AST) and alanine
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aminotransferase (ALT), were quantified using IFCC-based

diagnostic kits (Coral Clinical Systems, India; AST Cat. No.

10707001; ALT Cat. No. 10701001). AST and ALT activities were

expressed as units per minute per milligram of soluble protein

(U min-1 mg-1 protein). All enzyme activities were normalized to

soluble protein concentration. Protein concentration was

determined using the Bradford method, and no significant

differences in total soluble protein content were observed among

salinity treatments. All enzyme assay analyses were in triplicate with

a control and a blank to ensure analytical precision.

2.4 Gene expression

Total RNA was extracted from liver tissues using RNAiso Plus

(Takara Bio Inc., Japan; Cat. No. 9109) following the

manufacturer’s instructions. RNA concentration and purity were

assessed using a Nano Drop spectrophotometer (Thermo Fisher

Scientific, USA). Equal amounts of RNA (500 ng per sample) were

used for first-strand cDNA synthesis with the PrimeScript™ 1st

Strand cDNA Synthesis Kit (Takara Bio Inc., Japan; Cat. No.

6110A), which included a genomic DNA elimination step. The

synthesized cDNA was stored at −20°C until further use.

The mRNA expression levels of fads2, elovl5, ppar-d, cpt1, and
nka were quantified by quantitative real-time PCR (qPCR). Primers

(Table 1) were designed with Primer3 software (v.0.4.0; https://

primer3.ut.ee/) based on available GenBank sequences: fads2

(Oryzias dancena; PP957852) elovl5 (O.dancena; PP957853), ppar-

d (O.latipes; XM_023956218.1), cpt1 (O.latipes; XM_004071865.4),

nka (O.dancena; EU490421) and b-actin (O.dancena; EU490422).

For ppar-d and cpt1, primers were designed using O. latipes

sequences because annotated sequences for these genes are not

yet available for O. dancena; O. latipes is a closely related congeneric

species with high sequence conservation. For cross-species primers,

sequence identity was confirmed through BLAST alignment against

Oryzias spp. sequences. Primer specificity was further validated by

conventional PCR, which yielded single expected-size amplicons, as

well as by single-peak melt curves. Primer efficiency was validated
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cDNA, and only primers with efficiencies between 90–110% were

used (Tine, 2017). Quantitative PCR reactions were performed on

an AriaMx Real-Time PCR System (Agilent Technologies,

Singapore) in 20 mL volumes containing 10 mL SYBR Green

Supermix (Takara Bio Inc., Japan; Cat. No. RR820A), 1 mL of

each primer, 7 mL of nuclease-free water, and 1 mL of cDNA

template. The amplification program consisted of an initial

denaturation at 95°C for 3 min, followed by 35 cycles of 95°C for

30 s, 60°C for 30 s, and 72°C for 30 s. A melt-curve analysis was

included at the end of each run to confirm single-product

amplification. Relative expression levels were calculated using the

efficiency-corrected Pfafflmethod (Pfaffl, 2001). b-actin was used as

the reference gene. The stability of b-actin expression across salinity

treatments was statistically validated using Shapiro–Wilk tests for

normality, Levene’s test for homogeneity of variances, and one-way

ANOVA, with no significant differences detected among treatments

(P > 0.05; Supplementary file S2). Although the use of multiple

reference genes is generally recommended, single-gene

normalization has been widely applied in teleost qPCR studies

when a stably expressed reference gene is used for normalization

(Pfaffl, 2001; Pfaffl et al., 2004; Huggett et al., 2005; Li et al., 2010,

2020; Satkar et al., 2025). Normalized expression values were used

for statistical comparison.

2.5 Fatty acid analysis

Muscle lipids were extracted using the Bligh and Dyer method

(1959), with modifications after Manirakiza et al. (2001). Samples

were homogenized in chloroform–methanol–water (2:1:0.2, v/v/v)

under nitrogen, shaken, incubated at 4°C, and phase-separated with

saturated NaCl. The organic layer was dried over anhydrous sodium

sulfate, filtered, concentrated by rotary evaporation (40°C), and

dried under nitrogen. Lipids were converted to FAMEs using

methanolic boron trifluoride (Metcalfe et al., 1966).

FAMEs were analyzed on a gas chromatograph (PerkinElmer

Autosystem XL, USA) fitted with an Elite 225 capillary column
TABLE 1 Primers used for real-time quantitative PCR (qPCR).

Primers Sequence Amplicon size Efficiency (%) GenBank accession no. Reference

fads2
F-GGGTGGATTTGGCGTGGTAT

122 107 PP957852.1 Self-designed
R-CCAGTGACTCTCCAGGAACC

elovl5
F-CTCCGGCCTTATCTGTGGTG

151 101 PP957853.1 Self-designed
R-TCGTGCCCATGTAGCTGATC

ppar-d
F-GCAGGTGGAACAGAGTCAGG

156 102 XM_023956218.1 Self-designed
R-AGTAGAGGGTGGAGCGAGGT

cpt1
F-TGGGGTCAACAAAAGGTCTC

200 105 XM_004071865.4 Self-designed
R-CGCTCTTCCCGTTCTTGTAG

nka
F- GGAAGACAGCTACGGACAGC

135 98 EU490421.1 (Kang et al., 2008)
R-GAGTTCCTCCTGGTCTTGCA

b-actin
F-GGAAATCGTGCGTGACATCA

188 110 EU490422.1 Self-designed
R-TACCAAGGAATGAGGGCTGG
fads2, D6 fatty acid desaturase2; elovl5, elongation of very long chain fatty acid5; ppar-d, peroxisome proliferator receptor-delta; cpt1, carnitine palmitoyltransferase1; nka, Na+/K+-ATPase;
b-actin-beta actin.
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(30 m × 0.25 mm × 0.25 µm) and a flame ionization detector.

Nitrogen served as the carrier gas (0.5 ml min-1). The oven program

was 110°C to 240°C (2.7°C min-1), held 3 min, then raised to 280°C

and held 5 min. Fatty acids were identified by comparison with a

Supelco 37 Component FAME Mix (Sigma-Aldrich, USA; Cat. No.

47885), and results expressed as relative percentage of total

identified FAMEs.

2.6 Histology

Fresh livers were collected and fixed in a 10% neutral formalin

buffer solution. The samples were then dehydrated in a graded

alcohol series, cleared in xylene (Auto-Tissue processor (Leica

TP1020), paraffin-embedded (Thermo Electron Corporation;

Shandon Histocentre 3), sectioned at 3mm (Leica RM2125 RTS,

Germany), and stained with hematoxylin and eosin (H&E) with

slight modification based on tissue. Sections were then examined

under a microscope (Nikon Eclipse 80i). The vacuolization

measured in terms of the number and size of vacuoles (Gora

et al., 2022, 2023) was analyzed using the ImageJ software

(Schneider et al., 2012).

2.6 Statistical analysis

For all biochemical assays, gene expression, histology, and fatty

acid profile, three individual fish were sampled from each of the

three tanks per salinity group, yielding nine independent biological

replicates per treatment (n = 9). Data were first checked for

normality using the Shapiro–Wilk test and for homogeneity of

variances using Levene’s test. Differences among salinity treatments

were assessed using one-way ANOVA followed by Tukey’s HSD

post hoc test when significant effects were detected (P < 0.05). All

statistical analyses were performed using GraphPad Prism 8.0

(GraphPad Software Inc., San Diego, CA, USA).
3 Results

3.1 Biochemical analysis

The activities of digestive, antioxidant, and metabolic enzymes

in Oryzias dancena exposed to different salinities are given in

Figures 1–3, respectively. Protease activity was significantly higher

(P < 0.05) at 5 ppt compared to 35 ppt, while fish maintained at 23

ppt showed intermediate values. Lipase activity peaked at 23 ppt

(P < 0.05) relative to 5 ppt and 35 ppt, whereas amylase activity did

not differ significantly among treatments. Superoxide dismutase

(SOD) activity was significantly elevated at 5ppt compared to 35

ppt, with intermediate values observed for 23 ppt. In contrast,

catalase (CAT) activity and total antioxidant capacity (TAC) did

not differ significantly among salinity treatments (Figure 2). The

activity of metabolic enzymes aspartate aminotransferase (AST)

and alanine aminotransferase (ALT) did not differ significantly

across treatments, as shown in Figure 3. Although not statistically
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significant, AST activity was numerically higher at 5 ppt, whereas

ALT activity was numerically higher at 35 ppt.

3.2 Histology

Histological examination of the liver section showed salinity-

induced alteration in hepatocellular morphology of Oryzias

dancena. Fish reared at 5 ppt exhibited macrovesicular steatosis

characterized by large, irregular vacuoles, with nuclei displaced

toward the cell periphery. Similarly, fish at 35 ppt displayed

prominent vacuolization. In contrast, livers of fish at 23ppt

showed comparatively mild hepatic changes with smaller vacuoles

and nuclei located in the central or slightly displaced the hepatic

architecture at 23 ppt appeared closer to normal, in terms of vacuole

size and number, suggesting reduced metabolic stress compared

with hypo- and hypersaline conditions (Figure 4).

3.3 Gene expression

The expression of key genes associated with lipid metabolism

and osmoregulation was assessed using qPCR. Expression levels of

fads2 and elovl5, encoding fatty acid desaturase 2 and elongase of

very long-chain fatty acids 5, respectively, did not differ significantly

across salinity treatments, indicating that LC-PUFA biosynthetic

gene regulation remained stable under the tested conditions. In

contrast, ppar-d expression was significantly elevated at 23 ppt

compared with both 5 and 35 ppt, suggesting enhanced lipid

oxidative activity under near-iso-osmotic conditions. Similarly,

cpt1, a marker of mitochondrial b-oxidation, was upregulated at

23 and 35 ppt relative to 5 ppt. Expression of the osmoregulatory

gene nka (Na+/K+-ATPase) was significantly higher under both

hypo- and hypersaline conditions (5 and 35 ppt) compared with 23

ppt, consistent with greater osmoregulatory demand at salinity

extremes (Figure 5).

3.4 Fatty acid composition

The muscle fatty acid (FA) composition of Oryzias dancena is

presented in Table 2. Saturated fatty acids (SFA), predominantly

palmitic acid (C16:0), accounted for 32.6–34.5% of total FA and did

not vary significantly across salinity treatments. Monounsaturated

fatty acids (MUFA) were dominated by oleic acid (C18:1n9c),

which remained stable (~28–30%). However, palmitoleic acid

(C16:1) was significantly higher at 35 ppt (7.3%) compared to 5–

23 ppt (~4.4%). Consequently, ∑MUFA was elevated at 35 ppt

(36.79%). Among polyunsaturated fatty acids (PUFA), n-6 PUFA

(15–17%) showed no significant variation, although arachidonic

acid (ARA, C20:4n6) was lower at 23–35 ppt relative to 5 ppt. n-3

PUFA ranged between 11.3–13.6%, with a-linolenic acid (C18:3n3)

and EPA (C20:5n3) remaining stable. Notably, docosahexaenoic

acid (DHA, C22:6n3) declined significantly at 35 ppt (3.4%)

compared to 5–23 ppt (5.8–5.9%). This selective reduction in

DHA under hyperosmotic conditions may indicate its sensitivity

to osmotic stress, supporting its potential use as a physiological

biomarker in future studies.
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4 Discussion

Water salinity is a major abiotic driver of energy metabolism in

euryhaline fishes, where the liver plays a central role in coordinating

lipid storage and mobilization under osmotic stress (Evans and

Kültz, 2020; Kültz, 2015; Tseng and Hwang, 2008). In the present

study, salinity variation induced distinct changes in hepatic lipid

morphology, gene expression, enzyme activity, and muscle fatty

acid composition in Oryzias dancena.
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Hepatic vacuole morphology proved highly sensitive to salinity

fluctuations inOryzias dancena. At 5 ppt, fish exhibited macrovesicular

steatosis, characterized by numerous irregularly shaped vacuoles and

displaced nuclei, indicating disrupted lipid packaging and

hepatocellular stress. Similar histopathological alterations under

osmotic extremes have been reported in other teleosts, where

exposure to hypo- and hyperosmotic conditions caused

hepatocellular vacuolization, irregular nuclear positioning, and

disrupted tissue architecture (Xiao et al., 2022; Fridman, 2020).
FIGURE 1

Digestive enzyme activities measured in whole-body homogenates of Oryzias dancena reared under different salinity conditions. (A) Protease, (B)
Lipase, (C) Amylase. Different letters indicate statistically significant differences among treatments based on one-way ANOVA followed by Tukey’s
multiple comparisons test (P < 0.05). Data are expressed as mean ± SEM (n = 9). Protease activity is expressed as µg tyrosine equivalents mg-1

protein, lipase activity as µmol p-nitrophenol equivalents mg-1 protein, and amylase activity as µg maltose equivalents mg-1 protein.
FIGURE 2

Antioxidant enzyme activities measured in whole-body homogenates of Oryzias dancena reared under different salinity conditions. (A) Superoxide
dismutase (SOD), (B) Catalase (CAT), (C) Total Antioxidant Capacity (TAC). Different letters denote statistically significant differences among
treatments based on one-way ANOVA with Tukey’s post hoc test (P < 0.05). Data are expressed as mean ± SEM (n = 9). SOD and CAT activities are
expressed as U min-1 mg-1 protein, and TAC is expressed as µg ascorbic acid equivalents mg-1 protein.
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In contrast, at 23 ppt, vacuoles were smaller and more uniform,

suggesting efficient lipid turnover and a reduced metabolic load,

consistent with optimal metabolic homeostasis at near-iso-osmotic

conditions. The observed hepatic responses are consistent with

established models of euryhaline fish adaptation, which rely on

tissue-specific strategies to manage ionic and energetic demands in

fluctuating environments (Varsamos et al., 2005). These results

highlight the liver’s dynamic role in responding to environmental

salinity shifts, where vacuolar changes are a key indicator of metabolic

and osmotic stress. This adaptive mechanism may reflect a trade-off

between energy storage and membrane structural integrity under high

salinity. Such morphological plasticity is critical for maintaining

hepatocyte function and overall cellular homeostasis, as the liver

plays a central role in lipid metabolism and osmoregulation in

euryhaline teleosts (Evans, 2008; Kültz, 2015).

Digestive and antioxidant enzyme activities reflected salinity-

dependent metabolic adjustments in Oryzias dancena. Protease

activity was significantly higher at 5 ppt, likely indicating enhanced

protein digestion to meet the demands of hypoosmotic stress,

consistent with reports in hybrid grouper (Epinephelus spp.;

Sutthinon et al., 2015) and golden-line seabream (Rhabdosargus

sarba; Woo and Kelly, 1995). However, despite this active protein

catabolism, poor lipid metabolism at low salinity was apparent,

evidenced by fat accumulation within tissues as vacuoles in

histological sections. This may suggest an inefficiency in utilizing

stored lipids for energy at low salinity, contributing to lipid storage

despite elevated protein breakdown. Conversely, lipase activity peaked

at 23 ppt, the near-iso-osmotic condition, indicatingmore efficient lipid

digestion and utilization. Lipases catalyze the hydrolysis of triglycerides

into free fatty acids and glycerol, which serve as key energy substrates

for mitochondrial b-oxidation. The observed increase in ppar-d and

cpt1 gene expression at 23 ppt supports the activation of lipid

metabolism regulatory pathways in this condition. This coordinated

upregulation suggests that moderate salinity (23 ppt) provides the most

metabolically favorable environment for lipid utilization as an energy
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source. In contrast, amylase activity remained consistent across salinity

treatments, indicating that carbohydrate digestion was not significantly

influenced by salinity variation. This is consistent with Liu et al. (2017),

who found no significant effect of salinity on amylase activity in

juvenile American shad (Alosa sapidissima), supporting the idea that

teleost fish exhibit relatively low plasticity in carbohydrate metabolism

compared to lipids.

Antioxidant enzyme responses in whole-body homogenates also

reflected stress at salinity extremes. In the present study, elevated

superoxide dismutase (SOD) and catalase (CAT) activity at 5 ppt,

together with increased total antioxidant capacity (TAC) at both 5 ppt

and 35 ppt, suggest activation of reactive oxygen species (ROS)

scavenging pathways to counteract oxidative stress (Sinha et al.,

2015; Atli and Canli, 2008). Similar organism-level antioxidant

responses assessed using whole-body homogenates have been

reported in medaka models. For instance, Ramıŕez-Duarte et al.

(2016, 2017) quantified SOD and CAT activities in whole-body

homogenates of Oryzias latipes under environmental stress,

demonstrating that whole-body antioxidant enzyme measurements

provide robust indicators of systemic oxidative status in small teleosts.

Similarly, tissue-specific oxidative responses have been reported in

other euryhaline teleosts. Jiang et al. (2022) demonstrated significantly

elevated SOD and CAT activities in gill tissues of silver carp

(Hypophthalmichthys molitrix) under hypoosmotic stress, whereas

antioxidant enzyme responses in kidney tissue were weaker or non-

significant. Furthermore, although differences in aspartate

aminotransferase (AST) and alanine aminotransferase (ALT)

activities were not statistically significant in the present study, AST

activity was numerically higher at 5 ppt, while ALT activity tended to

increase at 35 ppt. As ALT is predominantly associated with hepatic

metabolism (Koper et al., 2022), comparable increases in serum AST

and ALT have been reported in Nile tilapia (Oreochromis niloticus)

exposed to salinity stress, reflecting metabolic challenge at osmotic

extremes (Metwaly et al., 2025; Motamedi-Tehrani et al., 2025).

Together, these findings align with the observed enlargement and
FIGURE 3

Metabolic enzyme activities measured in whole-body homogenates of Oryzias dancena reared under different salinity conditions. (A) Aspartate
aminotransferase (AST), (B) Alanine aminotransferase (ALT). No statistically significant differences were detected among treatments (one-way
ANOVA, P > 0.05). Values shown as mean ± SEM (n = 9). AST and ALT activities are expressed as U min-1 mg-1 protein.
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irregularity of hepatic lipid vacuoles at 5 and 35 ppt, suggesting that

salinity-induced oxidative and metabolic stress may contribute to

disrupted hepatic lipid homeostasis under osmotic extremes.

Gene expression profiles provided mechanistic insights into these

histological observations. In the present study, upregulation of

hepatic Na+/K+-ATPase (nka) at 5 ppt and 35 ppt indicates higher

energetic costs for active ion transport under hypo- and

hyperosmotic stress, consistent with earlier findings in O. dancena

and other euryhaline models (Kang et al., 2008; Kültz, 2015;

Chandrasekar et al., 2014; Lin et al., 2004). In contrast, hepatic nka

expression was lowest at 23 ppt, reflecting reduced osmoregulatory

effort at near-iso-osmotic salinity. Similar biphasic responses have

been reported in other euryhaline teleosts at the tissue level. For

example, branchial nka expression and activity were elevated under

both low and high salinities in Etroplus suratensis, showing a

characteristic U-shaped response to salinity (Chandrasekar et al.,

2014). Collectively, these findings emphasize nka as a conserved

central regulator of ion transport and energy expenditure in salinity

adaptation, with biphasic elevation reflecting increased energetic
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investment to counter ion loss at low salinity and ion gain at high

salinity (Kültz, 2015; Kang et al., 2008).

In the present study, fads2 and elovl5, encoding key enzymes in

LC-PUFA biosynthesis, did not differ significantly across salinity

treatments, indicating that major shifts in LC-PUFA biosynthesis

were not evident at the transcriptional level under the tested

conditions, even though other euryhaline species (e.g., red tilapia)

have shown salinity-dependent modulation of these genes (Yu et al.,

2021; Tocher et al., 2006; Chen et al., 2023). In contrast to the stable

expression of fads2 and elovl5, upregulation of ppar-d and cpt1 at 23

ppt reflects enhanced mitochondrial b-oxidation and lipid turnover,

aligning with the smaller vacuole size and suggesting optimal

metabolic efficiency at near-iso-osmotic salinity. This trade-off

between lipid synthesis and oxidation across salinity regimes

highlights the metabolic plasticity of euryhaline fishes (Jin et al.,

2025; Marrero et al., 2021; Si YuFeng et al., 2018; Torres-Rodrıǵuez

et al., 2025). The downregulation of cpt1 at 5 ppt further suggests a

metabolic shift away from lipid catabolism, likely reflecting

prioritization of energy toward osmoregulatory functions or
FIGURE 4

A representative liver histological section of Oryzias dancena under different salinities (5, 23, and 35 ppt) (H&E stain, 40X). (A) 5ppt, the red arrows
show very large vacuoles, the yellow arrows show both small and large vacuoles, and the rectangular box shows the displacement of nuclei to the
cell periphery in the liver cells. (B) 23 ppt, the black arrows show small vacuoles in the liver cells. Some cells have the nucleus in the centre or
slightly to the side, showing mild fat accumulation. (C) 35ppt, the orange arrows show large vacuoles and uniform size and shape. The vacuole size
(D) and Number of vacuoles (E) were analysed using ImageJ software. Different letters denote statistically significant differences among treatments
based on one-way ANOVA with Tukey’s post hoc test (P < 0.05). Data are expressed as mean ± SEM (n = 9).
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impaired efficiency under cellular stress. Collectively, the gene

expression profiles reflect a coordinated regulatory mechanism

whereby O. dancena enhances ion transport under salinity stress,

while lipid catabolism is favoured under homeostatic conditions.

These molecular responses align with liver histological observations,

wherein higher vacuolization was observed at salinity extremes,

suggesting altered lipid turnover, whereas smaller, regular vacuoles

at 23 ppt indicate efficient lipid utilization and metabolic

homeostasis. Comparable salinity-driven metabolic trade-offs have

been reported in several economically important euryhaline teleosts,

reinforcing the broader physiological relevance of the present

findings. In Etroplus suratensis, branchial Na+/K+-ATPase activity

and energy expenditure increase under both hypo- and hyperosmotic

conditions, reflecting elevated osmoregulatory costs similar to those

observed in O. dancena (Chandrasekar et al., 2014). Likewise, studies

in Nile tilapia (Oreochromis niloticus) demonstrate salinity-

dependent modulation of hepatic metabolism, antioxidant defenses,

and lipid utilization, with near-iso-osmotic salinities supporting
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improved metabolic efficiency (Metwaly et al., 2025; Motamedi-

Tehrani et al., 2025). In marine and estuarine species such as

gilthead seabream (Sparus aurata), sole (Solea senegalensis), and

Japanese sea bass (Lateolabrax japonicus), salinity has been shown

to alter lipid oxidation capacity and tissue fatty acid composition,

including DHA dynamics, highlighting conserved energetic strategies

across euryhaline taxa (Imsland et al., 2001; Dong et al., 2020;

Marrero et al., 2021). Together, these comparisons indicate that the

metabolic patterns observed in O. dancena align with established

responses in commercially relevant species, supporting its suitability

as a model for studying salinity-driven physiological and metabolic

adaptation with relevance to aquaculture and fisheries biology.

Muscle fatty acid (FA) profiles were largely conserved across

salinities, indicating strong homeostatic control over membrane

lipid composition. However, at 35 ppt, DHA (22:6n3) content

declined significantly, accompanied by an increase in

monounsaturated fatty acids (MUFA), particularly palmitoleic

acid (C16:1). Given DHA’s critical role in maintaining membrane
FIGURE 5

Hepatic mRNA expression of osmoregulatory and lipid metabolic genes in Oryzias dancena reared under different salinity conditions. (A) fatty acid
desaturase 2 (fads2), (B) elongase of very long-chain fatty acids 5 (elovl5), (C) peroxisome proliferator-activated receptor-delta (ppar-d), (D) carnitine
palmitoyltransferase 1 (cpt1), (E) Na+/K+-ATPase (nka). Different letters indicate statistically significant differences among treatments based on one-
way ANOVA followed by Tukey’s multiple comparisons (P < 0.05). Data are expressed as mean ± Standard error mean (SEM), n = 9.
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fluidity and supporting cellular signalling (Sargent et al., 2003), its

depletion under hyperosmotic stress suggests a degree of metabolic

vulnerability, potentially reflecting increased DHA utilization for

membrane stabilization or limited substrate availability. This

phenomenon has also been reported in tilapia and salmonids

exposed to salinity challenge (Tocher, 2003; Morais et al., 2011).

In contrast, several studies have reported the marked increases in

EPA and DHA in response to elevated salinities in different fish

species, including Japanese sea bass (Lateolabrax japonicus) (Dong

et al., 2020), black seabream (Acanthopagrus schlegelii) (Li et al.,

2022), sole (Solea senegalensis) (Marrero et al., 2021), largemouth

bass (Micropterus salmoides) (Du et al., 2022), blue tilapia (Zhou

et al., 2024), and Fundulus heteroclitus (Torres-Rodrıǵuez et al.,

2025). These contradictory patterns likely reflect species-specific

lipid regulatory strategies, differences in dietary input, experimental

conditions, or tissue-specific biosynthetic versus utilization balance

(Tocher, 2010; Monroig et al., 2013). In the present study, the lack

of significant changes in fads2 and elovl5 suggests that the reduced

DHA at 35 ppt was not compensated by increased LC-PUFA

biosynthesis, implying that DHA depletion likely reflects

oxidative utilization or remodeling demands rather than

enhanced synthesis. Alternatively, muscle tissue may prioritize

structural lipid stability over adaptive remodelling, leading to

selective DHA depletion as an unavoidable metabolic cost during

osmotic stress.

Interestingly, the observed increase in palmitoleic acid (C16:1n-

7) at 35 ppt may reflect a compensatory membrane remodeling

strategy to maintain fluidity and function when DHA is limiting.
Frontiers in Marine Science 10
Supporting this, a recent preprint study on Fundulus heteroclitus

reported that palmitoleic acid accumulated most at 60 ppt in neural

tissues, likely contributing to membrane structural stability under

hyperosmotic stress (Torres-Rodrıǵuez et al., 2025). Furthermore,

the concurrent accumulation of MUFAs aligns with histological

observation of enlarged hepatic lipid vacuoles at high salinity,

indicating a metabolic shift toward neutral lipid storage.

Notably, despite the selective depletion of DHA, the stability of

EPA (C20:5n3), ARA (C20:4n6), and the n-3/n-6 ratio suggests that

O. dancena prioritizes the essential fatty acid balance, likely to

preserve membrane integrity and cellular performance during

osmotic challenges. Similar maintenance of fatty acid balance was

reported in gilthead seabream (Sparus aurata) under varying

salinities, where the n-3/n-6 ratio remained constant despite

changes in individual fatty acids (Marrero et al., 2021),

underscoring the regulatory importance of conserving this

balance. Together, these findings highlight the complex interplay

between environmental salinity and lipid homeostasis in euryhaline

teleosts. The selective DHA depletion, stability of EPA/ARA/n-3-n-

6 balance, and compensatory MUFA accumulation underscore a

multifaceted strategy enabling O. dancena to cope with osmotic

extremes, with DHA emerging as a potential biomarker of

hyperosmotic stress and a metabolically sensitive fatty acid during

salinity adaptation. As muscle fatty acids alone cannot resolve

tissue-specific lipid remodeling, future work should incorporate

direct hepatic fatty acid profiling to determine whether DHA

depletion reflects altered synthesis, utilization, or redistribution

during salinity stress.
TABLE 2 Fatty acid composition (percentage of total fatty acids) of the muscle of Oryzias dancena reared under different salinity conditions.

Fatty acids 5ppt 23ppt 35ppt

C14:0 (Myristic) 2.00 ± 0.14 1.85 ± 0.19 2.08 ± 0.05

C16:0 (Palmitic) 22.76 ± 0.64 24.44 ± 0.25 22.98 ± 0.52

C18:0 (Stearic) 7.13 ± 0.04 7.37 ± 0.22 7.13 ± 0.07

C20:0 (Arachidic) 0.75 ± 0.02 0.79 ± 0.05 0.82 ± 0.02

∑SFA 32.63 ± 0.75 34.46 ± 0.39 33.00 ± 0.55

C16:1 (Palmitoleic) 4.33 ± 0.08 b 4.52 ± 0.15 b 7.29 ± 0.54 a

C18:1n9c (Oleic) 29.60 ± 0.17a 28.25 ± 0.27b 29.01 ± 0.44a

C20:1n9 (cis-11-Eicosenoic) 0.49 ± 0.14 0.50 ± 0.07 0.50 ± 0.10

∑MUFA 34.42 ± 0.39 33.26 ± 0.08 36.79 ± 0.85

C18:2n6c (Linoleic) 15.47 ± 0.64 16.02 ± 0.35 16.18 ± 0.26

C18:3n6 (g-Linolenic) 0.37 ± 0.07 0.38 ± 0.02 0.37 ± 0.04

C20:4n6 (Arachidonic) 1.53 ± 0.23 1.16 ± 0.10 1.28 ± 0.03

∑n-6 PUFA 17.37 ± 0.43 17.55 ± 0.32 17.82 ± 0.30

C18:3n3 (a-Linolenic) 6.44 ± 0.53 6.12 ± 0.21 6.44 ± 0.25

C20:3n3 (cis-11,14,17-Eicosatrienoic) 0.34 ± 0.01 0.32 ± 0.03 0.34 ± 0.03

C20:5n3 (cis-5,8,11,14,17-Eicosapentaenoic) 1.11 ± 0.07 1.23 ± 0.06 1.18 ± 0.09

C22:6n3 (cis-4,7,10,13,16,19-Docosahexaenoic) 5.88 ± 0.25a 5.80 ± 0.25a 3.38 ± 0.31b

∑n-3 PUFA 13.76 ± 0.76a 13.47 ± 0.36a 11.34 ± 0.24b
SFA-saturated fatty acids, MUFA-Monounsaturated fatty acids, PUFA-poly unsaturated fatty acids.
Different letters indicate statistically significant differences among treatments based on nested one-way ANOVA followed by Tukey’s multiple comparisons (P < 0.05). The data are expressed as
mean ± Standard error mean (SEM), n = 3.
Bold values represent the summed fatty acid classes (∑SFA, ∑MUFA, ∑PUFA, ∑n-6 PUFA and ∑n-3 PUFA).
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5 Conclusion

The present study demonstrates that Oryzias dancena exhibits

distinct tissue-specific responses to environmental salinity. Hepatic

histology and gene expression revealed that salinity extremes (5 and 35

ppt) are associated with altered lipid storage dynamics, elevated

osmoregulatory demand as indicated by nka expression, and reduced

indicators of lipid oxidation capacity, whereas near-iso-osmotic salinity

(23 ppt) promotes more efficient lipid utilization, reflected in smaller

hepatic vacuoles and higher ppar-d and cpt1 expression. In contrast,

muscle fatty acid composition remained largely conserved, except for

DHA depletion at 35 ppt, suggesting a metabolically sensitive response

to hyperosmotic stress. This selective reduction highlights DHA as a

potential biomarker of salinity-induced metabolic strain in euryhaline

teleosts. Although hepatic fatty acid profiling was not performed, the

combined assessment of hepatocellular vacuolization, muscle fatty acid

patterns, and transcriptional markers of lipid metabolism provides

coherent evidence of salinity-associated adjustments in hepatic lipid

handling. Overall, this study provides foundational evidence

supporting Oryzias dancena as a useful euryhaline model for

studying salinity-driven physiological and metabolic processes,

complementing established laboratory species such as zebrafish.

Future work should incorporate direct hepatic fatty acid profiling to

resolve synthesis–utilization trade-offs and clarify the mechanistic basis

of lipid homeostasis under salinity stress.
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Ramıŕez-Duarte, W. F., Jin, J., Kurobe, T., and Teh, S. J. (2016). Effects of prolonged
exposure to low pH on enzymatic and non-enzymatic antioxidants in Japanese Medaka
(Oryzias latipes). Sci. Total Environ. 568, 26–32. doi: 10.1016/j.scitotenv.2016.05.179
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