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ABSTRACT

Over the past few decades, the climate has undergone significant transformations, with increasing temperatures
emerging as one of the most critical threats to marine ecosystems. Mounting evidence of marine heatwaves
(MHWs) events in the Southern Ocean and Antarctic region has intensified scientific efforts, revealing that these
fragile ecosystems may act as crucial early indicators of wider climate-driven changes in marine environments'
biodiversity. This study explores the transcriptional responses of Trematomus bernacchii to thermal stress,
focusing on the liver and spleen, key organs in immune defence and metabolic regulation. Adult specimens (total
n = 30) were collected from Terra Nova Bay (Ross Sea) during the austral summer (late October 2022) and
exposed to a temperature gradient, mimicking MHWs, ranging from 0 °C to +3 °C; a separate control group was
maintained at 0 °C. Expression levels of antioxidant-related genes (prdx3, prdx5, cat, sod1, sod2, gpx1, gpx3, gpx4)
along with two innate immunity genes (tr2 and tlr9) were analysed in liver and spleen tissues from five bio-
logical replicates. The liver showed an early and dynamic response: gpxs, sod2, Prdxs, and tlrs were upregulated at
+1 °C and +2 °C but downregulated at +3 °C, suggesting early mitochondrial antioxidant response and immune
activation. In contrast, the spleen remained largely unresponsive at mild stress levels, with marked activation of
gpx1, sods, Prdxs, and tlrs only at +3 °C. Cat remained unresponsive to thermal stress. These results indicate a
delayed but coordinated response, suggesting an energy-conservation mechanism under increasing thermal
stress. They underscore the limited plasticity of polar fish physiology and offer molecular insights into the
vulnerability of Antarctic marine species in a warming climate.

1. Introduction

shifts, Antarctica stands out not only for its climatic extremes but also for
the increasing frequency of unusual warming events, challenging its

Anthropogenic climate change is causing rapid and profound trans- historic reputation for thermal isolation (Ducklow et al., 2013). This
formations in marine ecosystems worldwide, with polar regions expe- warming has been particularly pronounced along the western coast of
riencing some of the fastest and most unpredictable shifts. Among these the Peninsula, during the summer months, with significant

Abbreviations: CAT, catalase; DAMP, damage-associated molecular pattern; GPX, glutathione peroxidase; HIS, hepato-somatic index; MHW, marine heatwave;
PRDX, peroxiredoxin; PRR, pattern recognition receptor; qRT-PCR, quantitative Real time PCR; ROS, reactive oxygen species; SEM, standard error of the mean; SOD,
superoxide dismutase; SSI, spleen-somatic index; TLR, toll-like receptor.
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consequences for the cryosphere, contributing to glacier recession and a
reduction in sea ice (Ding and Steig, 2013).

In parallel, increased freshwater input into coastal systems is leading
to ocean freshening, which, as demonstrated by recent studies, may
further challenge ectothermic organisms by altering osmotic balance,
metabolic processes, and thermal sensitivity (Portner et al., 2004; Var-
gas-Chacoff et al., 2021).

Previous studies have shown that T. bernacchii exhibits limited upper
thermal tolerance and lacks an inducible heat shock protein response,
indicating constrained physiological capacity to cope with acute
warming (Hofmann et al., 2000). Nonetheless, transcriptomic and
physiological analyses have revealed that T. bernacchii can mount a
coordinated cellular stress response to longer-term temperature in-
creases, involving metabolic and immune pathways, even if classical
heat-shock responses remain muted (Dowd and Kueltz, 2023). Oxidative
stress in fish affects both immune regulation as well as cellular integrity.
Reduced immune competence can result from elevated ROS levels that
alter cytokine release, reduce phagocytic activity, and disrupt the bal-
ance between pro- and anti-inflammatory responses (Gao et al., 2024).
The impacts are particularly pronounced in cold-adapted Antarctic
species, where low constitutive antioxidant capacity and limited meta-
bolic flexibility may aggravate oxidative-immune interactions in
increasing temperatures (Saravia et al., 2022; Scharsack and Franke,
2022). This interaction indicates the heat-induced oxidative imbalance
could damage the innate immune systems of polar teleosts, further
reducing their capacity to endure marine heatwaves.

Episodic marine heatwave (MHW) events, in the Southern Ocean,
can last from a few days to several weeks (Samuels et al., 2021), a
concerning trend given its high biodiversity and the presence of species
already living near their thermal tolerance limits (Smale et al., 2019). In
the Southern Ocean, these events are becoming more frequent and
intense, with significant impacts on marine ecosystems (Smith et al.,
2023), as they challenge the survival and resilience of endemic Antarctic
fish, such as the emerald rockcod T. bernacchii, a stenothermal species
highly adapted to survive extreme thermal constancy, with physiolog-
ical systems finely tuned to function within a narrow temperature range
(Dowd and Kueltz, 2023).

Even modest increases in environmental temperature can cause
wide-ranging disruptions in cellular homeostasis. MHWs events may
trigger both direct and indirect effects on the body and on many bio-
logical functions, including heart rate, metabolism, reproduction,
behaviour, and immune responses, leading to mass mortality events
(Villeneuve and White, 2024). These disruptions could overwhelm the
organism's capacity to maintain redox balance and immune integrity,
compromising the organism's resilience to stress.

One of the primary consequences of this imbalance induced by
thermal stress is the overproduction of reactive oxygen species (ROS),
driven by enhanced mitochondrial respiration and electron transport
chain leakage (Banh et al., 2016; Filho, 2007). Although ROS play sig-
nalling roles at physiological levels, their accumulation under stress
conditions can result in oxidative damage to lipids, proteins, and nucleic
acids (Madkour, 2020; Pacchini et al., 2023). To counteract this, or-
ganisms rely on a complex network of antioxidant defences. In teleost
fish, the glutathione peroxidases (GPXs), superoxide dismutases (SODs),
catalase (CAT), and peroxiredoxins (PRDXs) represent core components
of this defence system (Nualart et al., 2025; Pacchini et al., 2025a;
Schumann et al., 2025). There are also proteins and molecules rich in
cysteine, such as glutathione and metallothioneins, which play a
fundamental role as a non-enzymatic scavengers system (Bakiu et al.,
2022; Espirito-Santo et al., 2025). These proteins and molecules act in a
combined manner to neutralise superoxide radicals and hydrogen
peroxide, preserving cellular integrity and maintaining redox homeo-
stasis. The transcriptional regulation of these genes in response to
temperature elevation provides insight into how Antarctic fish attempt
to mitigate oxidative damage during heat stress (Bakiu et al., 2024;
Rizzotti et al., 2022).
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These thermal fluctuations not only affect oxidative pathways but
has been shown to modulate neuroendocrine regulation through the
hypothalamic-pituitary-interrenal (HPI) axis (Faught and Schaaf, 2024;
Schumann et al., 2024). In teleost fish, heat stress primarily stimulates
cortisol synthesis, which in turn drives systemic physiological adjust-
ments, including changes in intermediary metabolism and osmoregu-
lation (Farrell, 2011). Because ion balance and osmotic homeostasis rely
on membrane fluidity, membrane-associated proteins, and enzymatic
function, these processes are highly temperature sensitive and can be
altered under thermal stress (Vargas-Chacoff et al., 2021, 2020). In
addition to these physiological effects, cortisol-mediated signalling in-
fluences cytokine networks, innate immune activity, and overall stress
resilience. At the cellular level, thermal stress can induce protein dam-
age, triggering the activation of heat-responsive genes, proteasomal
degradation of irreversibly damaged proteins, and, under severe con-
ditions, programmed cell death pathways (Saravia et al., 2022).

In teleosts, temperature modulates immune activity, with innate
immune responses predominating at low temperatures, while acquired
immunity operate more effectively at intermediate temperatures
(Scharsack and Franke, 2022; Xv et al., 2024). Stress can markedly affect
the number and distribution of leucocytes in fish blood and tissues; acute
stress rapidly leads to a transient increase in circulating leukocytes,
typically involving a reduction in lymphocytes and monocytes, together
with an elevation in neutrophils (Dhabhar, 2002; Wojtaszek and Ada-
mowicz, 2003). Chronic stress results in a decline in overall leucocyte
numbers in circulation. Among immune effector molecules, immuno-
globulins are a key group. In teleosts, immunoglobulins are classified
mainly as IgM, IgD, and IgT/IgZ (species-dependent). IgM is the pre-
dominant serum isotype, whereas IgT/IgZ plays a key role at mucosal
surfaces (Bilal et al., 2021; Watts et al., 2001).

In addition, key elements of the innate immune system are toll-like
receptors (TLRs), a class of proteins that belong to the pattern recogni-
tion receptors (PRRs) family that recognize pathogen-associated mo-
lecular patterns (PAMPs) and are key elements of the innate immune
response against pathogens (Akira et al., 2001). To date, 21 TLRs have
been identified in multiple teleost species and are categorised into six
families according to their genetic nature and the specific pathogens that
they can identify. TLR2 and TLR9 are especially important in fish im-
munity, recognising bacterial lipoproteins and unmethylated CpG DNA
motifs, respectively.

Stress-induced changes in the expression of these receptors may
reflect immune shifts or systemic inflammation, highlighting their value
as molecular markers of immune reactivity (Zhang et al., 2014).

In Antarctic and sub-antarctic fish (like Notothenia rossii, N. coriiceps,
and Eleginops maclovinus), thermal stress can trigger vertebrate-like in-
flammatory responses. For instance, results obtained in Harpagifer ant-
arcticus highlight transcriptional shifts in energy metabolism and
oxidative stress pathways despite lacking a classical heat shock response
(Saravia et al., 2022; Guillen et al., 2022; Martinez et al., 2020; Thorne
et al., 2010; Zafalon-Silva et al., 2017). Furthermore, high temperature
increases expression of several genes involved in the innate immune
response, among others, tIr]1 and tIr3. Molecular analysis of the tlr2 gene
of the Antarctic species T. bernacchii and Chionodraco hamatus highlights
specific codons under significant Darwinian selection and negative se-
lection. This adaptive process involves changes in the molecular struc-
ture to enhance flexibility, allowing it to function under extremely cold
conditions (Varriale et al., 2012).

To comprehensively understand the physiological impact of thermal
stress, it is essential to investigate not only gene expression patterns but
also organ-specific responses. The liver supports detoxification, meta-
bolism, and the production of antioxidant enzymes, whereas the spleen
is a critical organ for haematopoiesis and the activation of immune cells
(Piva et al., 2022). Their sensitivity to environmental stressors makes
them useful indicators of systemic physiological status. Furthermore, the
relative size of organs to body mass can reflect energy allocation stra-
tegies under stress. Hepato-somatic index (HSI) and spleno-somatic
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index (SSI) are common proxies to assess potential shifts in metabolic
activity, immune investment, or organ atrophy in response to environ-
mental challenges (Morado et al., 2017).

The aim of this research was to explore how temperature variations,
ranging from 0 °C, typical of the Southern Ocean coastal areas, to +3 °C,
affect the oxidative and immune responses in T. bernacchii. These tem-
perature regimes simulate present-day and short-term marine heatwave
projections, thereby allowing a comprehensive analysis of the potential
future impacts on the species. Specifically, we quantified the expression
of key antioxidant genes (gpx1, gpx3, gpx4, sod1, sod2, cat, prdx3, prdx5)
and innate immunity genes (tr2, tIr9) in liver and spleen, two organs
pivotal to oxidative balance and immune defence. Comparing gene
expression across different temperature conditions in Antarctic fish en-
ables us to identify potential shifts in immune function that may reflect
either adaptive capacity or thermal sensitivity. This integrative
approach offers new insights into the susceptibility and resilience of
Southern Ocean endemics under short-term, yet ecologically significant,
thermal perturbations.

2. Materials and methods
2.1. Ethical procedures

Sample collection and animal research were conducted in compli-
ance with regulations set by the Italian Ministry of Education, Univer-
sity, and Research regarding activities and environmental protection in
Antarctica, as well as with the Protocol on Environmental Protection to
the Antarctic Treaty (Annex I, Article 3). All animal-related procedures
carried out during the XXXIII Italian Antarctic Expedition were overseen
by the PNRA Ethics Referent, representing the Italian Ministry of
Foreign Affairs. The project identification code is PNRA16_00099. The
ethics committee or institutional review board responsible for oversight
is the Italian Ministry of Foreign Affairs. The designated PNRA Ethics
Referent is Dr. Carla Ubaldi from ENEA Antarctica, Technical Unit.
Additionally, all experiments were performed in accordance with the U.
K. Animals (Scientific Procedures) Act 1986 and related guidelines, the
EU Directive 2010/63/EU, and the Italian Legislative Decree 2014/26
governing animal experimentation.

2.2. Fish sampling and maintenance

A total of 30 adult females of T. bernacchii (Boulenger, 1902; mean
length: 23.76 + 2.99 cm; mean weight: 211.92 + 80.40 g) were
captured in late October 2022 from Baia Terra Nova in the Ross Sea
(74°42'S, 164°7'E), at depths ranging between 60 and 100 m, using
hook-and-line methods with artificial lures. Following capture, the fish
were temporarily maintained in containers and immediately transferred
to the aquarium facility at the Mario Zucchelli Station, where they were
housed in 100-L aerated tanks, continuously supplied with running
seawater pumped from a depth of 5 m, closely replicating their natural
environmental conditions. The water temperature was maintained at 0
+ 0.02 °C to promote acclimation and recovery from capture-related
stress over a period of five days (Guillen et al., 2022). To further
mimic natural conditions at their typical living depth and minimise
stress from human activity, tanks were covered to simulate low-light
conditions. During this acclimation phase, fish were not fed, consistent
with established protocols for short-term thermal experiments
(Guerreiro et al., 2022; Johnston and Battram, 1993; Peter et al., 2020;
Stepanowska and Nedzarek, 2020). Both water quality and temperature
were regularly monitored to ensure a stable environment. Additionally,
behavioural observations, including activity levels and body posture,
were used to assess the animals' recovery status (Martins et al., 2012).
Following acclimation, fish were gradually exposed to increasing tem-
peratures (from 0 °C up to +3 °C) according to the experimental protocol
described below (Section 2.3), with continuous monitoring to prevent
thermal shock.
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2.3. Experimental set-up

After acclimation, the fish were randomly divided into control (n =
15) and experimental (n = 15) groups and housed in two separate 100-L
tanks. The control group was maintained in a tank at the same condi-
tions used during the acclimation step (described in Section 2.2), and the
experimental group was housed in the second tank equipped with a
thermostat system to simulate MHWs-like thermal stress. Fish density
and husbandry conditions were identical in control and experimental
tanks throughout the experiment. The experimental design involved
sequential sampling over time, with the same number of individuals
removed at each temperature step, thereby progressively reducing fish
density in both tanks in parallel. This approach ensured that tempera-
ture was the only experimental variable and that potential density-
related stress was constant across treatments. The thermal stress for
the experimental group began with a gradual temperature increase from
0°Cto +1 °C over 24 h, to prevent thermal shock, followed by four days
of exposure at +1 °C. At the end of this first phase, five experimental fish
(+1 °C) and five control fish (0 °C) were randomly selected and
euthanised. Afterward, the temperature in the experimental tank was
raised slowly to +2 °C over 24 h, followed by four additional days of
exposure. Upon completion of this second phase, five fish were sampled
from both the experimental group and the control group. In the final
phase, the temperature in the experimental tank was further increased to
+3 °C with the same timing as previously described. After fifteen days,
the remaining fish from each group were sampled: five experimental fish
(exposed to +3 °C) and five control fish (always at 0 °C). The temper-
ature ramping protocol followed established procedures for Antarctic
fish (Tolomeo et al., 2019, 2016). Temperature was increased gradually
by +1 °C every four days to reduce mortality risk, approximate natural
thermal fluctuations, and accommodate logistical limitations of con-
ducting experiments in Antarctic field conditions. As only one tank per
temperature treatment was available, replication at the tank level was
not feasible. Consequently, individual fish were considered the experi-
mental units, and inferences should be interpreted as reflecting indi-
vidual responses under the specific tank conditions rather than fully
replicated system-level effects.

Efforts were made to reduce artificial stressors, such as light and
noise, to mimic natural environmental conditions. Key water quality
parameters, including pH (8.03 + 0.01), salinity (34.79 £+ 0.01 PSU),
and dissolved oxygen (pOz, 6.82 + 0.04 mL/L), were continuously
monitored using calibrated multiparameters sensors and maintained at
stable levels to ensure that temperature remained the sole experimental
variable.

Before tissue collection, the fish were anaesthetised with a clove oil
solution (50 mg/L) to minimise handling stress. Once entirely unre-
sponsive, fish were humanely euthanised via spinal cord severance, in
accordance with ethical standards for animal experimentation. Each
specimen was measured (total length and total weight), and the liver
and spleen were immediately dissected, flash-frozen in liquid nitrogen,
within one minute to prevent RNA degradation, and stored at —80 °C for
subsequent analyses.

2.4. Primer design, total RNA extraction, cDNA synthesis, PCR
amplification, and sequencing

The coding sequences of cat, sod1, sod2, gpx1, gpx3, gpx4, prdx3,
prdx5, tir2 and tir9 genes were designed on the genome of T. bernacchii
(Bista et al., 2023). Primers for quantitative real-time PCR (qQRT-PCR,; see
Table S1) were designed based on these coding regions and evaluated for
quality and performance using the IDT Oligo Analyzer tool (https://eu.
idtdna.com/calc/analyzer). The specificity and amplification efficiency
of each primer pair were verified by running the PCR products on 2%
agarose gels.

Total RNA was extracted from tissue samples (65 + 10 mg of liver
and 51 + 12 mg of spleen) using Trizol® reagent (Invitrogen), following
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the manufacturer's instructions with reagent volumes adjusted to sample
weight. To eliminate carbohydrate contaminants, RNA was further pu-
rified via overnight precipitation with 8 M Lithium Chloride (LiCl). A
DNase treatment (Promega) step was included to remove residual
genomic DNA. RNA concentration and purity were assessed using a
Nanodrop ND-1000 spectrophotometer (Thermo Fisher Scientific),
based on the Azg0/A2g0 and Aggp/Azso absorbance ratios. RNA integrity
was also checked by electrophoresis on a 1% agarose gel.

cDNA synthesis was carried out in a single-step reaction. Each re-
action contained 2 pl of 10 mM dNTP mix, 0.5 pl of RNase inhibitor (40
U/ul), 0.5 pl of Oligo(dT)12-18 (10 pM), 4 pul of 5x reverse transcriptase
buffer (final concentration 1x), 1 pl of RNA template (1000 ng/pl), 1 pl
of RevertUP™ II Reverse Transcriptase, and 11 pl of nuclease-free water.
PCR amplifications were performed on 50 ng of cDNA using 2x Your-
Taq™ PCR Master Mix and the specific primers listed in Table S1. The
thermocycling conditions included an initial denaturation at 95 °C for 5
min, followed by 40 cycles of 95 °C for 30 s, annealing at gene-specific
temperatures for 30 s, and 72 °C for 1 min, with a final extension at 72 °C
for 5 min.

2.5. Quantitative real-time PCR (qRT-PCR)

Gene expression levels were assessed via quantitative real-time PCR
(qRT-PCR) using the gqPCR BIO SyGreen Mix Separate-ROX kit (PCR
Biosystems) in a total reaction volume of 10 pl, which included a 1:10
dilution of cDNA. Reactions were performed on an Applied Biosystems
7500 Real-Time PCR System. The thermal cycling protocol consisted of
an initial denaturation step at 95 °C for 2 min, followed by 38 cycles of
95 °C for 20 s and 60 °C for 1 min. A melting curve analysis was sub-
sequently conducted to detect potential genomic DNA contamination,
with the following conditions: 95 °C for 15 s, 60 °C for 1 min, 95 °C for
15 s, and 60 °C for 15 s. Each reaction was carried out in technical
triplicate to ensure reproducibility. Relative expression levels were
calculated using the Pfaffl method (2722CY (pfaffl, 2001). Transcript
levels were normalised to the housekeeping gene p-actin to account for
variations in cDNA quantity. Gene expression in fish exposed to each
temperature increment was compared with that of the respective control
group, which was maintained at 0 °C to identify temperature-dependent
changes in gene expression.

2.6. Morphological indexes

After each exposure step, five fish were randomly sampled from the
control and experimental groups. The fish were weighed and measured
in total length. Subsequently, the liver and spleen were excised and
weighed.

Hepato-somatic index (HIS) and spleno-somatic index (SSI) were
thus calculated using the following formulas:

SSI=((spleenweight(g)/(totalbody weight (g) — (gonads weight (g))*100

HSI=((liver weight (g)/(total body weight (g) — (gonads weight (g) )*100

Gonad weight was removed from total body weight calculations to
exclude possible bias due to differences in the maturity stage of the fe-
male gonads (Pham and Nguyen, 2019).

2.7. Statistical analysis

All statistical analyses were conducted using GraphPad Prism
(version 10.4.1, build 532; December 3, 2024). The Shapiro-Wilk test
was employed to assess data normality, which informed the selection of
appropriate statistical tests. To investigate the physiological responses of
T. bernacchii under heatwave-like conditions, a two-way ANOVA was
performed on morphological indices across three temperature treat-
ments, with Tukey's post hoc test applied for multiple comparisons. For
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gene expression data, unpaired t-tests with Welch's correction were
used, followed by Holm-Siddk post hoc tests to adjust for multiple
comparisons.

Statistical significance was considered at a p-value cutoff of 0.05.
Results are reported as mean (n = 5) + standard error of the mean
(SEM). Significance levels are indicated as follows: p < 0.05 (*), p < 0.01
(**), p < 0.001 (***), and not significant (ns) for p > 0.05.

3. Results
3.1. Liver gene expression

The relative transcript levels of cat, gpx1, gpx3, and gpx4 in the liver
were analysed following exposure to increasing temperatures (Fig. 1).
All four genes are key representatives of hydrogen peroxide-scavenging
enzymes. The cat expression exhibited a significant reduction at +1 °C
(—40.5% relative to control; p < 0.01) and + 2 °C (—44.5% vs. control; p
< 0.05), while no statistically significant change was observed at +3 °C,
the highest temperature tested.

By contrast, gpx1 displayed a stress-dependent expression pattern. Its
mRNA levels were significantly elevated at +1 °C (+122% compared to
the control; p < 0.01), returned to baseline at +2 °C (with no significant
difference from the control), and were then significantly downregulated
at +3 °C (—37.3% vs. the control; p < 0.01). The gpx3 transcription
showed no difference from control at +1 °C, but was strongly induced at
+2 °C, reaching a 13-fold increase (+1196.8% vs. control; p < 0.01).
However, expression levels sharply declined at +3 °C, falling signifi-
cantly below control values (—37% vs. control; p < 0.05). Another gene
that was markedly upregulated under moderate thermal stress was gpx4,
with significant transcript induction at both +1 °C and + 2 °C (+188.2%
and + 173.6% vs. control, respectively; p < 0.001 for both). At +3 °C,
this trend reversed, and expression was significantly suppressed by 54%
compared to the control (p < 0.01).

The expression dynamics of sod1 and sod2 (Fig. 2), which encode
cytosolic and mitochondrial SOD isoforms, revealed a precise
temperature-specific modulation.

The gene sod2 exhibited a transient yet significant increase in tran-
script abundance at +1 °C (+180% vs. control; p < 0.05). On the other
hand, only at +2 °C, there is evidence of a minimal but still significant
activation of the cytoplasmic isoform sodl (+32.6% vs. control; p <
0.05). In the other exposure conditions, the transcript levels of sod2 do
not exhibit different patterns between the control and exposed groups.
Conversely, sodl exhibits a downregulation in its expression profile
when exposed to +3 °C, with a 54% decrease compared to the control (p
< 0.01).

The expression of prdx3 and prdx5 in the liver is shown in Fig. 3. Both
genes encode peroxiredoxin enzymes that scavenge hydrogen peroxide,
with PRDX3 primarily localized in mitochondria, and PRDX5 distributed
across mitochondria, cytoplasm, and peroxisomes. A significant upre-
gulation of both genes was observed only at +1 °C. Specifically, prdx3
showed a 3-fold induction (+179% vs. control; p < 0.05), while prdx5
exhibited the highest induction among all genes analysed in the liver,
with a 62-fold increase (+6123% vs. control; p < 0.01). No statistically
significant changes were detected at temperatures of +2 °C and + 3 °C
for both genes.

Gene expression analysis of the immune-related genes reveals that
tlr2 is overexpressed 14-fold at +1 °C (+1296% vs. control; p < 0.001),
whereas it is only 4-fold overexpressed at +2 °C (+330% vs. control; p <
0.05) (Fig. 4). Similarly to peroxiredoxins, tlIr2 mRNA levels return to
baseline at +3 °C. Conversely, qPCR analysis of tIr9 shows a first
expression at +1 °C (4+244% vs. control; p < 0.001), reaching the highest
level of mRNA at +2 °C (+3143% vs. control; p < 0.001). Like dr2, tir9
expression also declines (—30% vs. control; p < 0.05) at the last tem-
perature trigger, even reaching lower levels compared to the controls.

Overall trends in liver antioxidant gene expression across tempera-
ture treatments are summarized in Table S2 in the Supplementary
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Fig. 1. Gene expression levels of cat (A), gpx1 (B), gpx3 (C), and gpx4 (D) in liver tissue across temperature treatments (+1 °C, +2 °C, and +3 °C; red bars) and
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section.

3.2. Spleen gene expression

The relative mRNA expression levels of cat, gpx1, gpx3, and gpx4 in

the spleen were analysed following exposure to increasing temperatures
(Fig. 5). First, similarly to the liver, cat expression doesn't show signif-
icant changes, except for a decrease at a temperature of +3 °C (—77% vs.
control; p < 0.001). On the other hand, gpx1 shows a stress-dependent
modulation, with a marked repression at +1 °C (—84% vs. control, p
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< 0.001), which remains slightly significant even at +2 °C (—30% vs.
control; p < 0.05). However, at the end, its expression significantly in-
creases at +3 °C (+435% vs. control; p < 0.01). Similarly to gpx1, the
transcription of the gpx3 gene also shows a notable decline in gene
expression compared to control levels when first triggered by +1 °C (p <
0.001). Whereas both at +2 °C and + 3 °C, gpx3 mRNA levels do not
differ significantly from physiological control levels. As regards gpx4,
transcript levels underwent significant declines at +1 °C (—46%; p <
0.01) and + 2 °C (—35%; p < 0.05), while they reached control levels at
+3°C.

Moving on to superoxide anion scavengers, our results reveal a
similar pattern for both sod1 and sod2 (Fig. 6). Neither gene activates
significantly compared to the control in the first two MHW-like events.
Instead, they are both triggered only when facing the last temperature
ramp (+3 °C). In particular, sod1 shows a 15-fold change (+1390% vs.
control; p < 0.001) whereas sod2 exhibits only a weaker induction
(+97% vs. control; p < 0.05).

The qPCR analysis of the key antioxidant genes, prdx3 and prdx5,
reveals an opposite pattern compared to the liver (Fig. 7). Notably, prdx3
shows a 33-fold induction (+3224% vs. control; p < 0.01) at +3 °C,
which is the highest mRNA induction, compared to the control, among
the investigated gene expression in the spleen. The second in terms of
activation is prdx5 with a 19-fold change compared to the control group

(+1796% vs. control; p < 0.001), always at +3 °C.

On the contrary, a downregulation when the temperature began to
rise was observed for both prdx3 (—82% vs. control; p < 0.001) and
prdx5 (—65% vs. control; p < 0.001), with no significant changes at the
second temperature trigger.

Gene expression analysis of the immune-related genes reveals that
tlr2 is under-expressed at +1 °C (—74% vs. control; p < 0.001) and at
+2 °C (—78% vs. control; p < 0.001) (Fig. 8). Real time PCR analysis of
tlr9 shows a significantly reduced expression at +1 °C (—69% vs. con-
trol; p < 0.001) and a slight increase at +2 °C (—33% vs. control; p <
0.01). The gene activation is triggered only at +3 °C (+256% vs. control;
p < 0.05), similarly to tIr2. The results from the spleen regarding toll-like
receptors show a high degree of similarity with the expression of per-
oxiredoxins, with tIr2 mRNA levels also increasing at +3 °C (+155% vs.
control; p < 0.01). Overall trend in spleen antioxidant gene expression
across temperature treatments is summarized in Table S3 in the Sup-
plementary section.

3.3. Somatic indexes

The HSI and SSI indices were calculated for T. bernacchii during the
experimental temperature increase (Fig. 9).
The HSI showed statistically significant increases (+72% vs. control;
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p < 0.01) between the control group and fish exposed to +1 °C, while at vs. +1; p < 0.01).
the end of the experiment, a clear reduction in liver size was observed in For the SSI, the two-way ANOVA analysis revealed no statistically
the exposed group at +3 °C compared to that exposed at +1 °C (—43% significant differences between the groups.
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4. Discussion

This study sheds light on the transcriptional regulation of antioxidant
pathways and innate immunity genes in Trematomus bernacchii. It pro-
poses a robust organ-specific dynamic of physiological modulation in
T. bernacchii under projected marine heatwave scenarios. Notably, the
liver of T. bernacchii responded to simulated MHWSs with a temporal
transcriptional modulation of genes related to antioxidant enzymes and
immunity. At mild to moderate thermal stress levels (1 °C and + 2 °C),
antioxidant responses were rapidly activated, with several genes peak-
ing during the early or intermediate phases. However, at +3 °C, this
activation sharply declined, suggesting a threshold beyond which the
liver's compensatory mechanisms begin to fail. This trajectory likely
reflects a dose-dependent physiological adjustment, balancing initial
acclimation with signs of functional overload.

Building upon the observed interplay among antioxidant mecha-
nisms, notably in the liver, several genes involved in oxidative stress
response shared a similar temporal pattern of expression, indicating a
possible coordination across different key antioxidant factors in
response to heat stress. Among these, all gpx isoforms exhibited an initial
upregulation, although their expression peak occurred at different time

points. gpx1, gpx3, and gpx4 exhibited a biphasic pattern, with early
induction at lower or intermediate stress levels, followed by marked
downregulation at +3 °C. The instant upregulation against hydrogen
peroxide (H202), a crucial ROS generated during increased metabolic
activity, suggests that these enzymes may participate in an early yet
transient oxidative defence mechanism, with an early boost at the onset
of stress (Esposito et al., 2000). Found primarily in the cytoplasm, GPX1
includes all five residues involved in the GSH-dependent reduction of
peroxides. It functions in close cooperation with glutathione reductase
(GR), and its peaking gene expression could pose a generalized oxidative
stress risk to the cell.

The gpx3 gene encodes an enzyme secreted extracellularly that may
respond to an increase in the formation of systemic ROS rather than local
intracellular damage (Lee et al., 2008). The gpx4, a mitochondrial iso-
form, on the other hand, plays a unique role in neutralising lipid hy-
droperoxides and protecting cellular membranes from peroxidation, a
form of damage that may take longer to develop (Li et al., 2018). Its
strong and consistent expression up to +2 °C indicates its essential role
in mitochondrial ROS detoxification during early stress exposure and the
prolonged need for membrane protection (Piva et al., 2022).

The behaviour of sod genes further supports the presence of this
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temporal specificity in antioxidant responses. The sod1 gene, encoding
the cytosolic isoform, displayed delayed upregulation, peaking at +2 °C,
while sod2 (mitochondrial) responded earlier, at +1 °C. This comple-
mentary timing between cytosolic (gpx1 and sod1) and mitochondrial
(gpx4 and sod2) antioxidant defences activation aligns with the idea of a
compartmentalised oxidative defence. A possible explanation for the
earlier induction of sod2 is that mitochondria represent a primary source
of reactive oxygen species during rapid increases in metabolic rate under
thermal stress. In support of this hypothesis, in vitro assays simulating
acute heat stress have shown a pronounced increase in mitochondrial
superoxide and H20: production in several teleost species, including
rainbow trout, carp, and lake sturgeon, suggesting that fish mitochon-
dria are particularly sensitive to rapid temperature elevations (Banh
et al., 2016). These observations support the hypothesis that early
mitochondrial ROS production may drive the earlier activation of
mitochondrial antioxidant defences.

In contrast, cat was significantly downregulated at +1 °C and + 2 °C,
and showed no significant change at +3 °C. This pattern suggests that cat
may not play a major role in the early antioxidant response to thermal
stress in this species, possibly due to limited H-0- accumulation, or more
likely, as indicated by our results, due to a preferential reliance on the
GPX pathway (Pacchini et al., 2025b). Previous studies have shown that
this gene is highly sensitive to ROS overproduction and is susceptible to
thermal inactivation (Kazmi et al., 2022; Mieiro et al., 2011). In Ant-
arctic fish, the generally low activity of CAT is often attributed to the
compensatory action of other antioxidant enzymes (Bagnyukova et al.,
2005). GPXs, which also neutralise H20, are considered the primary
compensatory mechanism when CAT activity decreases (Mieiro et al.,
2011). However, it is also true that CAT is specifically expressed in
peroxisomes, and the lack of upregulation might suggest that these or-
ganelles are not adversely affected by heat stress.

Peroxiredoxins also exhibited distinct temporal expression profiles.
Our results indicate that prdx3 and prdx5 responded with transient
upregulation at +1 °C, like sod2 and gpx4, reinforcing their role in early
mitochondrial antioxidant defence. This exclusive upregulation at +1 °C
could represent a first threshold-dependent line of defence under mild
oxidative conditions in the liver. Among them, prdx5 exhibits the most
pronounced response with respect to the control among all the genes
analysed, which may reflect its wider subcellular distribution, including
the cytoplasm, mitochondria, nucleus, and peroxisomes, enabling it to

engage more actively in oxidative stress conditions (Knoops et al.,
2011). Instead, as prdx3 is exclusively mitochondrial, it may have a more
targeted scope and localized function (Rebelo et al., 2021).

Beyond antioxidant regulation, we aimed to investigate a possible
link between redox homeostasis responses and immunological responses
to broaden our knowledge related to Antarctic fish physiological
responses.

In mammals, members of the peroxiredoxin family, particularly
PRDX1, PRDX2, and PRDX5, can function as DAMPs by directly binding
to Toll-like receptors like TLR2, which activate pro-inflammatory sig-
nalling cascades via NF-kB and MAPK pathways. Although the precise
molecular interactions in Antarctic teleosts remain unexplored, our
observed parallel upregulation of prdxs and tlrs suggests that a similar
redox-immune coupling may exist in T. bernacchii (Shichita et al., 2012).
Mitochondrial oxidation and the subsequent release of PRDXs could
function as endogenous signals that stimulate TLRs during heat stress,
increasing immune capacity and coordinating inflammatory and anti-
oxidant responses. In the absence of typical heat shock reactions, this
mechanism would serve as an adaptive way to identify and react to
cellular damage, presenting another stress-sensing route that links redox
imbalance to innate immunity.

Our data reveal the early transcriptional activation of innate immune
sensors in the liver, suggesting preliminary crosstalk between antioxi-
dant and immune systems. From the first temperature trigger (+1 °C),
the mRNA expression of both tIr2 and tIr9 started to increase, returning
to the control levels only at the final temperature point (+3 °C).

Significantly, tlr2 peaked earlier than tIr9 (at +1 °C and + 2 °C,
respectively), suggesting a more immediate immune alert mechanism,
while tlr9 was possibly engaged in more sustained or downstream im-
mune signalling. This difference could be explained by their subcellular
localization TLR2, a surface receptor, responded earlier, maybe
requiring less sustained stimuli for peak activation, while TLR9, which
resides in endosomal compartments, peaked later, likely reflecting dif-
ferences in ligand access and activation kinetics (Medvedev and Vogel,
2008).

Interestingly, the expression profiles of tIr2 and tir9 partially mirror
those of prdx3 and prdx5, supporting the idea that the liver initiates a
short-term, broad-spectrum innate immune response that diminishes as
stress persists (Khansari et al., 2019). It is well recognised that ROS can
act as signalling molecules modulating innate immune activation,
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including the TLRs signalling route (Yang et al., 2013). Conversely, TLRs
activation can promote oxidative bursts via NADPH oxidases and
mitochondrial dysfunction (Manoharan et al., 2024). Although specu-
lative, our findings raise the possibility that T. bernacchii engages a ROS-
TLRs axis in the liver tissue under thermal stress, coordinating an inte-
grated response that couples environmental sensing, redox detoxifica-
tion, and immune activation.

Remarkably, at +3 °C, the highest temperature tested, almost all
antioxidant and immune genes were downregulated or returned to basal
levels. This consistent pattern suggests that the liver undergoes a plastic
regulatory shift during prolonged thermal stress (Shi et al., 2020),
reflecting multiple, non-exclusive mechanisms. These may include
metabolic overload, where increased energy demand limits the capacity
to sustain antioxidant activity that leads to antioxidant system fatigue
and a shift toward energy conservation (Helguera et al., 2013; Rani
et al., 2016). Moreover, this pattern is consistent with cellular stress
models in which oxidative damage to key metabolic regulators leads to a
strategic downregulation of energy-demanding processes in order to
limit further ROS production and preserve cellular integrity (Bigelow
and Squier, 2005). Together, these processes suggest a coordinated but
transient response of the liver antioxidant system under extreme thermal
stress. Rather than reflecting a simple failure of antioxidant capacity, the
downregulation of antioxidant and immune genes at higher tempera-
tures likely arises from integrated redox and metabolic feedback
mechanisms potentially involving mitochondrial dysfunction or sys-
temic stress-induced reprioritisation of energy allocation. Within this
framework, the liver initially mounts a coordinated antioxidant and
immune response, but subsequently suppresses these pathways under
extreme thermal stress to preserve energy and maintain essential
cellular functions, resulting in a coordinated but transient regulatory
response (Shi et al., 2020; Mooli et al., 2022). Prolonged ROS exposure
may also activate negative feedback mechanisms, in which redox-
sensitive pathways such as Nrf2 modulate antioxidant transcription to
prevent excessive or energetically costly responses (Schieber and
Chandel, 2014).

However, the observed decrease in HSI at the end of the experiment
could indeed indicate the massive reduction in liver size with respect to
the beginning of the experiment, thus suggesting a marked reallocation
of energy resources away from hepatic functions (Faught and Vijayan,
2016). The reduction may stem from cellular atrophy and metabolic
downscaling, consistent with the observed decline in gene expression
across both antioxidant and immune markers (Parra et al., 1995).
Together, these molecular and physiological responses underscore the
limited plasticity of Antarctic fish to cope with prolonged and intensi-
fying marine heatwave conditions.

In contrast to the liver, the spleen of T. bernacchii exhibited a
markedly different transcriptional response to thermal stress, charac-
terized by a delayed transcriptional response, with most antioxidant and
immune-related genes, primarily at the highest temperature exposure
(+3 °C). This organ-level specificity highlights the importance of
considering tissue context when investigating physiological strategies to
environmental change. It suggests a threshold-dependent activation in
the spleen, reserved for more extreme or prolonged stress conditions.

The overall expression pattern of antioxidant genes supports a tiered
activation model, in which specific enzymes are recruited depending on
stress intensity, tissue redox state, subcellular localization, or a combi-
nation of these factors. Among the key antioxidant enzymes, prdx3,
prdx5, gpx1, sod1, and sod2 were significantly upregulated at +3 °C.
Notably, gpx1 showed a biphasic pathway: it was significantly down-
regulated at +1 °C, moderately increased at +2 °C, and sharply upre-
gulated at +3 °C. This trend suggests that gpx1 is excluded from the early
antioxidant response in the spleen, but is recruited later, likely in
response to accumulated oxidative damage and peak immune activity
(Sun et al., 2024). The induction of sod1 and sod2 at the highest tem-
perature may reflect enhanced production of superoxide anions,
requiring increased dismutase activity. The initial downregulation of
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gpx1 may instead represent a physiological strategy to modulate ROS
levels, thereby facilitating redox-sensitive immune signalling through
pathways such as NF-kB and MAPKs (Gao et al., 2024). The final upre-
gulation of gpx1 coincided with the peak expression of tIr2, tir9, prdx3,
prdx5, sod1, and sod2, indicating a late-stage antioxidant increase likely
aimed at containing oxidative stress during immune activation. This
observation is consistent with previous studies linking GPX1 to the
maintenance of the redox balance in immune tissues and the resolution
of inflammation (Burk and Hill, 2015).

Notably, gpx3 and gpx4 were either consistently downregulated or
unchanged, suggesting a minimal contribution of these isoforms to
spleen antioxidant protection. Given its extracellular localisation, GPX3
primarily contributes to systemic redox buffering and may not play a
central role in intracellular oxidative regulation in spleen-resident im-
mune cells (Pei et al., 2023). Its muted activity suggests that gpx3 is
either non-essential under local thermal stress or possibly regulated by
systemic signals that were not strongly triggered under the conditions of
this experiment.

The expression of gpx4 followed a distinct pattern as it was signifi-
cantly downregulated at the first time point. It partially recovered at
+2°C, and by +3 °C, its expression returned to control levels. This trend
suggests that gpx4 is tightly regulated and mobilized only under sus-
tained or more severe oxidative conditions in the spleen. As GPX4 is
crucial for preventing lipid peroxidation and ferroptosis (He et al.,
2025), its modest activation in the spleen, compared to the liver, may
reflect compensatory prdx3 upregulation and the organ's lower mito-
chondrial density (Norin and Malte, 2012). This may result in reduced
oxidative burden and diminished demand for gpx4 expression. The
synchronised recovery to control levels, with increased prdxs and tirs
expressions, supports the idea that GPX4 could contribute to stabilising
membrane integrity as immune signalling intensifies (Jia et al., 2020).
Similarly to the liver, cat showed no significant regulation at each
temperature step, further reinforcing the idea that this hydrogen
peroxide scavenger is not engaged in heat stress responses in either of
the tissues.

Equally, both prdx3 and prdx5 in the spleen reached their peak
expression at the final time point (+3 °C), with prdx3, as previously said,
showing the highest induction with respect to control. This response was
mirrored by sod2, representing a model of coordinated mitochondrial
engagement under extreme oxidative pressure.

The expression of the immune-related genes tir2 and tr9 further
supports this model of late-phase activation in the spleen. Both toll-like
receptors showed significant upregulation only at +3 °C, perfectly
reflecting the expression patterns of prdx3 and prdx5, in contrast to their
early activation in the liver. This parallel suggests a coordinated
immune-antioxidant response, likely driven by heat-induced cellular
stress and the release of DAMPs that engage both TLR signalling and
redox-sensitive pathways (Kono and Rock, 2008). The observed syn-
chronisation of TLR and peroxiredoxin responses, both in spleen and
liver, is consistent with previous studies in teleosts, which have
demonstrated crosstalk between innate immunity and oxidative stress
pathways, particularly under intense or prolonged environmental stress
(Biller and Takahashi, 2018). Studies on murine models revealed that
TLR agonists can also act as activators of the Nrf2 pathway, increasing
the expression of antioxidant molecules and linking the organism's im-
mune responses to its antioxidant system (Mohan and Gupta, 2018).

Considered together, the spleen's transcriptional profile under ther-
mal stress supports a model in which physiological responses are coor-
dinated as part of a strategy to conserve energy as much as possible,
engaging each defence only when stress intensity reaches a critical
point, after which innate immune signalling and antioxidant enzymes
are both activated simultaneously (Mariana and Badr, 2019). This
behaviour may reflect a strategic energy conservation mechanism, with
the spleen functioning as a backup immune-metabolic organ, engaging
only when needed. Such a delay in activation, while potentially pro-
tective against unnecessary inflammation or energy loss under mild



E. Piva et al.

conditions, may also suggest a limited plasticity in this organ, raising
concerns about its capacity to cope with sustained or recurrent MHWSs
events. The SSI shows no significant differences in spleen size between
the control and the exposed group at the start and end of the experiment,
indeed, suggesting that the organ did not undergo major structural
changes despite the transcriptional activation observed at the highest
temperature. This stability may indicate that the spleen's response is
predominantly functional and transient rather than morphological,
further supporting the idea of a threshold-dependent, energy-efficient
activation (Udroiu and Sgura, 2017). With due caution, we are confident
that the observed results were minimally influenced by housing condi-
tions during the acclimation period. However, it must be acknowledged
that the lack of feeding may have influenced the results. Antarctic fish
have exceptionally low metabolic rates compared to temperate and
tropical species (Johnston and Battram, 1993), and although they are
known to feed infrequently during summer and may completely cease
feeding during winter, we cannot rule out that hunger may still influence
specific physiological processes. Stepanowska and Nedzarek (2020)
have reported that up to 50 days of starvation periods caused no sig-
nificant changes in body weight or chemical composition in two Ant-
arctic species, Notothenia coriiceps and N. rossii. The same authors
reported a marked reduction in excretion rates in starved fish, indicating
changes in metabolic activity after the first day of starvation, with
limited changes (non-statistically significant) thereafter. This can only
provide a conceptual example of metabolic adjustment in different
Antarctic species under energetic challenge, which should be specif-
ically investigated in T. bernacchii to determine whether the fasting
period used in our experiment contributed to some of the temporal
differences observed, particularly in the initial phase. To our knowledge,
no studies have specifically examined the physiological effects of star-
vation in T. bernacchii, highlighting an important knowledge gap in our
understanding of species- specific energetic responses. Future studies
should focus specifically on the broader physiological adjustments to
warming, integrating metabolic, endocrine, and oxidative parameters to
provide a more comprehensive understanding of thermal resilience.
However, it should be considered that ensuring frequent nutrition can
also increase metabolism at feeding time, temporarily increasing oxygen
consumption. It is known that this factor increases the production of
reactive oxygen species, leading to the activation of the antioxidant
system, which in these fish is very efficient (Bakiu et al., 2024) and to
post-transcriptional regulation (Piva et al., 2024) that may affect the
results.

5. Conclusion

This study reveals that T. bernacchii mounts distinct, tissue-specific
responses to simulated marine heatwave stress, with the liver acting as
an early, metabolically driven responder and the spleen remaining
largely inactive until late-stage exposure. While the liver promptly
activated antioxidant and immune gene expression at moderate tem-
perature increases, this response diminished at +3 °C, indicating a
possible tipping point beyond which physiological defences collapse. In
contrast, the spleen initiated its response only under the most extreme
thermal condition, suggesting a threshold-based activation strategy
possibly aimed at conserving energy under mild stress. These patterns
highlight a precise temporal and functional partitioning between the
two organs: the liver, rich in mitochondria and central to metabolic
regulation, rapidly senses and reacts to thermal perturbations, while the
spleen, an immune-hematopoietic organ, delays its engagement until
damage signals accumulate. This delayed activation may reduce un-
necessary immune expenditure but could also limit resilience to pro-
longed or recurrent thermal stress. Crucially, the coordinated
transcription of antioxidant and toll-like receptor genes in both tissues
supports the hypothesis of crosstalk between redox homeostasis and
innate immunity, offering new insights into how Antarctic fish integrate
multiple stress pathways. This interaction may represent a conserved

11

Comparative Biochemistry and Physiology, Part C 305 (2026) 110509

physiological strategy but also a potential point of vulnerability if en-
ergy demands exceed available resources. Altogether, our findings un-
derscore the limited plasticity of T. bernacchii in coping with sustained
warming and raise concerns about its ability to withstand increasingly
frequent MHW events. As climate change accelerates, understanding the
thresholds and coordination of physiological responses across organ
systems will be essential for predicting species survival in polar envi-
ronments. Future studies should explore how thermal stress influences
immune performance by combining similar experimental approaches
based on treatment with pathogens or immunostimulants mimicking
bacterial or viral infections, and by assessing how these biological
challenges interact with thermal stress to modulate antioxidant capac-
ity, immune responses, and energy allocation. Moreover, future work
should also investigate the effects of combined thermal and chemical
stressors, such as environmental pollutants, to better reflect realistic
climate change scenarios. Additionally, further research is needed to
investigate antioxidant enzyme activities in the same organs, which
would provide evidence for potential post- and pre-transcriptional
regulation of gene expression (Pacchini et al., 2023; Piva et al., 2024;
Tittarelli et al., 2026).
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