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RNA-seq revealed the effects of
heat stress on different brain
regions of Leiocassis longirostris

Senyue Liu1†, Qiang Li1†, Yongqiang Deng1, Zhongwei Wang2,
Yang Feng1, Han Zhao1, Zhongmeng Zhao1, Lu Zhang1,
Yuanliang Duan1, Zhipeng Huang1, Jian Zhou1* and
Chengyan Mou1*
1Sichuan Fisheries Research Institute, Chengdu, Sichuan, China, 2Institute of Hydrobiology, Chinese
Academy of Sciences, Wuhan, China

Understanding how distinct brain regions of Leiocassis longirostris molecularly
adapt to heat stress is vital for improving aquaculture sustainability and guiding
conservation strategies in a warming climate. To elucidate the region-specific
molecular mechanisms underlying heat stress responses in the brain of L.
longirostris, we exposed L. longirostris to acute heat stress (32°C) for 24 h and
performed RNA-seq and WGCNA on five brain regions (OB: olfactory bulb,
FB: pituitary, hypothalamus, forebrain, MB: mesencephalon, CB: cerebellum,
and SC: spinal cord). The results showed that, after heat stress, the FB region
significantly activated the ER stress pathway, and the abnormal proteins were
synergically cleared by HSP-mediated UPR (such as Hsp70, Hsp90, IRE1α, Perk,
ATF6) and UPS-mediated ERAD (such as UBE2, UBE3, TRIM63). Meanwhile,
the SC region showed marked downregulation of lipid metabolism and PPAR
signaling pathway, suggesting energy conservation as a compensatory strategy.
WGCNA further highlighted the FB as the hub for ER stress and the SC for
metabolic suppression. In conclusion, our study suggests that distinct brain
regions of L. longirostris adopt different strategies under heat stress, in which the
FB region mediates protein quality control and the SC region drives metabolic
inhibition. These findings highlight the adaptation strategies of the L. longirostris
brain to heat stress and provides a potential target for improving its survival under
global warming.
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1 Introduction

As poikilotherms, fish exhibit body temperatures that equilibrate rapidly
with ambient water, making temperature a pivotal abiotic factor governing
their physiological and biochemical processes (Beitinger et al., 2000). Climate
change-induced temperature extremes, such as heatwaves, pose significant threats
to aquatic ecosystems (Somero and Hochachka, 1971). Previous studies have
mainly focused on the effects of heat stress on the gills and intestines of fish
(Dawood et al., 2022; Sun et al., 2015). However, the brain, which serves as the central
hub for sensing environmental changes and coordinating systemic adaptations, has
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been relatively understudied, especially how different brain regions
react at the molecular level.

The vertebrate brain is anatomically and functionally
compartmentalized. In fish, the brain is divided into five regions
(OB: olfactory bulb, FB: pituitary, hypothalamus, forebrain, MB:
mesencephalon, CB: cerebellum, and SC: spinal cord) (Wang et al.,
2021) with different physiological functions. For example, regions
such as the hypothalamus (located in the FB region) regulate
stress response and homeostasis (Uchimura et al., 2019), while the
SC region regulates metabolic activity (Grillner, 2021). However,
whether distinct brain regions employ specialized strategies to
counteract heat stress, and how these strategies interact to ensure
survival, are critical questions yet to be resolved. Addressing these
gaps is essential for understanding the evolutionary adaptations of
fish to warming environments and for mitigating aquaculture losses
caused by rising temperatures.

Leiocassis longirostris, one of the most economically valuable
freshwater fish in China, thrives at 25°C–28°C but faces survival
challenges beyond 32°C (He et al., 2021). Previous studies on this
species have primarily examined gill and intestinal damage under
acute heat stress (Zhao et al., 2024), leaving its neural adaptation
mechanisms poorly characterized. Exploring how heat stress affects
different brain regions in Leiocassis longirostris will deepen our
comprehension of its metabolic physiology and stress response,
and also offer insights into how this species evolves to cope with
temperature change.

In this study, the transcriptomic responses of five brain
regions of L. longirostris under heat stress were systematically
analyzed to elucidate the specific molecular adaptation mechanisms
and their synergistic effects. Our findings not only advance the
understanding of heat-adaptation mechanism of L. longirostris, but
also identify potential targets for enhancing thermal adaptation in
aquaculture species, which is a pressing need in the context of global
climate change.

2 Materials and methods

2.1 Experimental fish

As previously described (Zhao et al., 2024), the L. longirostris
used in this study came from the Sichuan Fisheries Research
Institute. Fish that were 3 months old, had similar sizes (10.45 ±
0.26 cm; 18.32 ± 1.11 g), showed normal swimming behavior and
the absence of any physical injurieswere selected as the experimental
fish. Before the formal experiment, fish were temporarily raised
for 1 week in a round breeding tank under specific environmental
conditions. The water temperature was 26°C ± 0.5°C, the dissolved
oxygen ≥6.5 mg L−1 and pH = 7.4 ± 0.14. One-third of the water was
changed daily, and the fish were feed twice (9 a.m. and 9 p.m.).

2.2 Heat stress experiment and sample
collection

L. longirostris exhibits an optimum growth temperature range
of 25°C–28°C (He et al., 2021). Therefore, fish in this study
were divided into two groups, the heat stress group (32°C,

group G) and the control group (26°C, group C). Each group
comprised three replicates, and within each replicate, there were
ten fish. Subsequently, the two groups of fish were subjected
to acute heat stress for 24 h under the predefined temperature
conditions (Figure 1).

After 24 h of heat stress, one fish was randomly selected from
each of the three parallels in the two temperature treatment groups,
and anesthetized with buffered MS222 (250 mg L−1, Aladdin,
China). And according to the study of Wang et al. (2021), the brain
was further divided into five distinct regions (OB, FB, MB, CB and
SC). After collecting the brain region samples of the two groups (a
total of 30 samples, three samples obtained from each brain region
within both Group C and G group), these samples were promptly
stored at −80°C for downstream analysis.

2.3 Total RNA extraction

Total RNA was extracted from 30 brain samples using Trizol
reagent (Takara Bio, Japan) according to the manufacturer’s
instructions. Nanodrop2000 was used to detect the concentration
and purity of the RNA, agarose gel electrophoresis was used to detect
the RNA integrity, and Agilent 2100 was used to determine the
RIN value. Samples meet the standards were used for subsequent
test (Total RNA ≥1 μg, RNA concentration ≥45 ng μL−1, 1.8 ≤
OD260/280 ≤ 2.2, 2.0 ≤ OD260/230 ≤ 2.2). After total RNA was
extracted, eukaryotic mRNA was enriched by Oligo(dT) beads.

2.4 Transcriptomics (RNA-seq) analysis

2.4.1 Library preparation and sequencing
TheRNA-seq was performed by Omicsmart (Guagzhou, China)

using the Illumina NovaSeq6000 platform. To ensure the quality
of the data and the accuracy of subsequent analysis outcomes,
the software FastQC was employed to conduct quality control
on the original sequencing data. The RNA-seq data generated
in this study is publicly accessible in the National Center of
Biotechnology Information (NCBI) database, with the accession
numbers PRJNA1209670 and PRJNA1211834.

2.4.2 Sequence reads mapping
The high-quality mRNA reads were mapped with the

reference genome (GDR21070358-2 _std_1) to obtain mapped
data (reads) for subsequent analysis. HISAT2 software (https://
github.com/DaehwanKimLab/hisat2) was used for sequence
alignment analysis. And software Cufflinks (http://cole-
trapnelllab.github.io/cufflinks/) was used to assemble the
mapped reads (Kim et al., 2019).

2.4.3 Functional annotation and sample
relationship analysis

All transcripts and corresponding genes were compared for
functional annotation and classification with the Gene Ontology
(GO), Kyoto Encyclopedia of Genes and Genomes (KEGG)
databases. Principal component analysis (PCA) was performed with
R package gmodels (http://www.r-project.org/) in this experience.
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FIGURE 1
Model diagram of experimental treatment OB, olfactory bulb; FB, pituitary, hypothalamus, forebrain; MB, mesencephalon; CB, cerebellum; SC, spinal
cord. Refer to Wang et al. (2021).

2.4.4 Analysis of differentially expressed genes
(DEGs) and functional enrichment

RNAs differential expression analysis was performed byDESeq2
software (Love et al., 2014) amongfive groups (C-OBvs.G-OB,C-FB
vs. G-FB, C-MB vs. G-MB, C-CB vs. G-CB and C-SC vs. G-SC). To
account for the false discovery rate (FDR), P-values were modified
using the Benjamini–Hochberg approach (Madar andBatista, 2016).
Specifically, the thresholds for identifying significant differential
expression were set as |log2FC| > 1 and p adjust < 0.05.

2.5 RNA-seq data analysis

The raw RNA-seq data obtained by sequencing were quality
controlled using fastp to obtain clean read segments. The transcript
read counts were calculated for each sample using RSEM. The
number of read counts in each samplewas normalized and transcript
expression levels were analyzed using the DESeq2 software package.

2.6 Gene set enrichment analysis (GSEA)

Gene set enrichment analysis was performed by R
software package (Subramanian et al., 2005) to identify whether a
set of genes in specific GO terms\KEGG pathways shows significant
differences in two groups. Briefly, the gene expression matrix was
input, and the genes were ranked by SignaltoNoise normalization
method. Enrichment scores and p value was calculated in default
parameters.

2.7 Weighted gene co-expression ntwork
analysis (WGCNA)

The Weighted Gene Co-expression Network Analysis
(WGCNA) of L. longirostris brain was performed using R packets,
with the aim of exploring the core genes within the network.
Expression matrix transformation of transcriptome data was
performed using Variance Stabilizing Transformation (VST). The

appropriate soft thresholding power was determined according
to the scale-free network principle, and the gene co-expression
network was constructed. Topological overlap degree (TO) was
used to characterize the correlation degree among genes, and the
adjacency matrix was transformed into topological overlap matrix
(TOM). Subsequently, module identification was performed by
applying the dynamic tree cut method, with 1 - TOM being utilized
as the gene clustering distance (Langfelder and Horvath, 2008;
Chen et al., 2022). To identify significant modules, the correlation
between the expression of heat acclimation marker HSF (heat shock
transcription factors) (Gomez-Pastor et al., 2018; Rao et al., 2022)
and the modules was calculated. Finally, the regulatory network was
visualized through the application of Cytoscape software.

2.8 Ethical approval

All animal handling procedures were approved by the Animal
Care andUse Committee of the Fisheries Research Institute, Sichuan
Academy of Agricultural Sciences (Chengdu, China), following the
recommendations in the ARRIVE guidelines, under permit number
20210307001-5. At the same time, all methods were carried out by
relevant guidelines and regulations.

3 Results

3.1 Evaluation of transcriptome sequencing
data

Transcriptome sequencing of 30 samples was performed using
the Illumina NovaSeq6000 platform. Raw reads were subjected
to quality control in fastp format, and low-quality data were
filtered to obtain clean reads. After the data was filtered, the base
composition andmass distribution were analyzed to visually display
the data quality. The Sequencing data quality table is presented in
Supplementary Table S1. The results of mapping comparison with
reference genomes are shown in Supplementary Table S2, and the
mapping rate (Total Mapped) was higher than 88.14%.
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FIGURE 2
Relationship analysis of five brain regions samples (A) Principal component analysis (PCA) of five brain regions. (B) The intersample Venn diagram
shows common genes and specific genes between groups. The numbers in the overlapping regions represent the number of common genes between
the groups, and the numbers in the non-overlapping regions represent the genes unique to each group.

3.2 Sample relationship analysis and basic
differential gene analysis

To analyze the repeatability among samples, we conducted PCA
based on the expression level. The outcomes demonstrated that 30
samples (three samples obtained from each brain region within
both Group C and G group) were clustered into separate and
independent groups respectively (Figure 2A). According to Venn
analysis (Figure 2B), there were a large number of common genes
and unique genes among the 10 groups. As shown in the Figure 3, a
total of 383DEGs, 411DEGs, 615DEGs, 1,417DEGs, and 539DEGs
were obtained between C-OB vs. G-OB, C-FB vs. G-FB, C-MB vs.
G-MB, C-CB vs. G-CB and C-SC vs. G-SC, respectively.

3.3 GO enrichment analysis of DEGs in
brain tissue

To further explore the function of DEGs, all DEGs were mapped
to GO term encompassed within the GO database for enrichment
and classification.These GO terms were categorized into three main
aspects, including molecular function (MF), cellular component
(CC), biological process (BP) as shown in Supplementary Figure S1.
According to the enrichment results of the top 20 items presented
by GO enrichment analysis (Figure 4), the GO functions enriched
between C-FB and G-FB (Figure 4B) mainly included response to
heat, response to temperature, protein folding, and DNA binding.
This outcome implies that the FB region serves as a major region
responsible for responding to thermal stimulation and might
be closely associated with protein synthesis and folding under
high-temperature stimulation conditions. Furthermore, the Lipid
metabolic process was found to be enriched in C-SC vs. G-
SC (Figure 4E), suggesting that the SC region may play a role in
regulating lipid metabolism within the brain of L. longirostris under
heat stress.

3.4 KEGG enrichment analysis of DEGs in
brain tissue

In order to further explore the biological processes involved
in DEGs, we mapped all the transcripts of DEGs into the KEGG
database to enrich and classify them, and the results were presented
in Supplementary Figure S2. According to the top 20 enrichment
KEGG pathways (Figure 5), metabolism-related pathways were
widely enriched across all the five brain regions. These pathways
weremainly related to fatty acid and amino acidmetabolism, such as
fatty acid metabolism, biosynthesis of amino acids, alpha-linolenic
acid metabolism, and fatty acid biosynthesis.

Moreover, C-FB vs. G-FB (Figure 5B) enriched Protein
processing in endoplasmic reticulum (ER), and Ubiquitination-
mediated proteolysis. This indicates that the FB region may repair
misfolded proteins by activating the ER protein processing, and
meanwhile degrade abnormal proteins that cannot be repaired
through the ubiquitination mechanism, so as to maintain the body’s
homeostasis.

It is worth noting that, the SC region showed reduced activity in
the PPAR pathway (Figure 5E), a critical regulator of fat production,
indicating that SC region plays a central role in controlling lipid
metabolism during heat stress. Together, these results suggest that
different brain regions underwent differentmolecular and biological
processes during heat stress.

The vertical axis represents the name of the pathway, and
the horizontal axis Rich factor represents the ratio of Sample
number/Background number. The size and color of the dots
represent the number of genes and the P adjust of each pathway,
respectively.

3.5 Effects of heat stress on heat response
and protein processing in brain

As numerous studies (Kopp et al., 2019; Hwang and Qi,
2018) have demonstrated that heat treatment has a significant
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FIGURE 3
Analysis of basic differences in five brain region samples (A) The number of DEGs that met the threshold screening in each group. (B–F) The volcano
plot shows the distribution of DEGs between C-OB vs. G-OB, C-FB vs. G-FB, C-MB vs. G-MB, C-CB vs. G-CB and C-SC vs. G-SC, respectively. Red dots
indicate upregulated DEGs, orange dots indicate downregulated DEGs, and blue dots indicate genes with no difference.

impact on protein synthesis and folding, we have selected the key
genes and signaling pathways related to heat response, ER protein
processing and folding, and ubiquitination-mediated proteolysis
for analysis.

As shown in the results, compared with the control group,
the expression of heat shock protein (HSP) genes was significantly
upregulated across all five brain regionswithinGroupG (Figure 6A),
especially the FB region. GSEA analysis conducted using the GO
database revealed that the heat response pathway in the FB region
was markedly upregulated (Figure 6E). These results indicated that
the FB region widely expressed HSP-related genes and actively
engages in responding to heat stress under high-temperature
conditions.

In the analysis of protein processing, we found that, after
heat stress, genes related to ER mediated protein folding
and processing (Figure 6B), as well as genes associated with
protein ubiquitination degradation (Figure 6C) were observably
higher in the FB region. Moreover, GSEA analysis revealed
that three pathways including protein folding (Figure 6F),
protein processing in endoplasmic reticulum (Figure 6G) and
ubiquitination mediated proteolysis (Figure 6H) were also
significantly upregulated in the FB region. In light of the above
findings, we hypothesized that the FB region induces ER stress under
heat stress.

Through the mapping of the Protein-protein interaction (PPI)
networks based on the protein interaction relationship (Figure 6D),
it was found that under high-temperature conditions, the
coordination between HSP and ubiquitin ligase can promote
protein processing within the ER and contribute to the removal
of abnormal proteins from the body, among which UBE202, ATF6,
Hsp70, Hsp90a, Eif2ak3, BIP and DNAJ (Hsp40) were identified
as key genes.

3.6 Effects of heat stress on lipid
metabolism in brain

Since we found that metabolism-related processes, especially
lipid metabolism, were widely enriched across the five brain
regions, we hypothesized that heat stress strongly affects
the regulation of lipid metabolism within the brain of the
L. longirostris.

For further study, the fatty acid metabolism (Figure 7A) and
fatty acid biosynthesis (Figure 7B) pathways were selected for
GSEA analysis. The results showed that the whole brain region
expression of group G was downregulated compared with group C.
Subsequently, key genes involved in lipid metabolism were selected
for cluster analysis (Figure 7C), and the results showed that most
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FIGURE 4
GO enrichment analysis of DEGs in different brain regions of Leiocassis longirostris after heat stress (A–E) GO enrichment analysis of DEGs between
C-OB vs. G-OB, C-FB vs. G-FB, C-MB vs. G-MB, C-CB vs. G-CB and C-SC vs. G-SC, respectively. The vertical axis represents the name of the pathway,
and the horizontal axis Rich factor represents the ratio of sample number/background number. The size and color of the dots represent the number of
genes and the P adjust of each pathway, respectively.
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FIGURE 5
KEGG enrichment analysis of DEGs in different brain regions of Leiocassis longirostris after heat stress (A–E) KEGG enrichment analysis of DEGs
between C-OB vs. G-OB, C-FB vs. G-FB, C-MB vs. G-MB, C-CB vs. G-CB and C-SC vs. G-SC, respectively.
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FIGURE 6
Effects of heat stress on heat response and protein processing in brain of Leiocassis longirostris (A–C) Hierarchical clustering analysis based on FPKM
of DEGs related to HSP, protein processing in ER and ubiquitination mediated proteolysis, respectively. Red and blue indicated that the gene expression
level was upregulation and downregulation, respectively. (D) PPI networks after heat stress. (E–H) GSEA analysis of the FB region for heat response,
protein folding, protein processing in ER and ubiquitination mediated proteolysis, respectively.

Frontiers in Physiology 08 frontiersin.org

https://doi.org/10.3389/fphys.2025.1579499
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org


Liu et al. 10.3389/fphys.2025.1579499

FIGURE 7
Effects of heat stress on lipid metabolism in brain of Leiocassis longirostris (A, B) GSEA analysis of fatty acid metabolism and fatty acid biosynthesis,
respectively. (C) Hierarchical clustering analysis of DEGs related to lipid metabolism. (D) PPAR signaling pathway of SC region.

of the lipid metabolism-related genes in the whole brain region
were downregulated after high temperature stress. Among them,
the downregulation of SC region was the most obvious (Figure 7C).
Moreover, the PPAR signaling pathway, a key regulator of lipid
metabolism, was found to be significantly downregulated in C-
SC vs. G-SC (Figure 7D).

Collectively, lipid metabolism in the brain of L. longirostris
was inhibited under high-temperature stress, and the SC region
was the key target region. By reducing the consumption of
oxygen and energy, this inhibition process can achieve a
compensatory regulatory effect on energy metabolism disorders
caused by high temperature stress.

3.7 Weighted gene co-expression network
analysis (WGCNA)

In order to find the co-expressed gene modules, explore the
relationships and networks among various genes, as well as find
the hub gene, we used WGCNA to analyze DEGs. A total of 19
modules with related expression patterns were clustered together
(Supplementary Figure S3). Through the correlation analysis
between characters and modules (Figure 8A), as well as the MM-GS
analysis (Module Membership and Gene Significance, Figure 8B),
we found that the Module tan was most closely related to
heat stress.
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Subsequently, genes in Module tan were mapped to the KEGG
database for enrichment and classification, with Ko 04141 (protein
processing in endoplasmic reticulum) and ko 01100 (metabolic
pathway) were the most representative pathways (Figure 8C).
Cluster analysis of key genes of Ko 04141 showed an upregulation
trend in all five brain regions. Among them, the FB region was
the area with the most significant change, and HSP70 and DNAJB1
(HSP40) were the key regulatory genes with the most obvious
changes (Figure 8D). Different from Ko 04141, the key genes
of Ko 01100 were downregulated in all five brain regions. The
downregulation of SC region was the most significant, and FSN and
ACADM were the most critical genes (Figure 8E).

4 Discussion

4.1 Brain regions exhibit distinct
thermoregulatory roles

In this study, GO and KEGG analyses revealed specialized
molecular responses across L. longirostris’ brain regions. After
heat stress, the FB region (hypothalamus-containing region)
emerged as the central hub for heat stress adaptation, marked by
upregulation of heat response, protein processing in endoplasmic
reticulum, and ubiquitination-mediated proteolysis (Figures 4,
5). Therefore, we hypothesized that, the FB region maintain
homeostasis through timely repair and degradation of damaged
proteins, which is consistent with the widely reported function
of the hypothalamus as a receptor for external temperature
stimulation (Duan and Xu, 2019).

The SC region is located in the ventral part of the cerebellum
and extends backward. It serves as the center of various life
activities, such as controlling cardiovascular activities and regulating
metabolism (Grillner, 2021). In this study, after high-temperature
stress, the SC region showed pronounced suppression of lipid
metabolism (Figures 7C, D), including downregulated PPAR
signaling pathway and genes related to fatty acid biosynthesis and
fatty acid metabolism. This indicates that the SC region is a key
region responsible for regulating fatty acid metabolism following
high-temperature stress.

4.2 ER stress is a hallmark of heat-stressed
brain tissue

ER is a large and intricate network composed of complex
membranes, with approximately one-third of protein production
and folding taking place within this organelle (Hebert andMolinari,
2007). Inside ER, secretory and membrane proteins undergo
folding, modification, and assembly procedures to form their final
functional protein structures. The release of such proteins from
ER is precisely regulated, and only properly folded proteins can be
expelled from ER (Wickner and Schekman, 2005). Nevertheless,
given that protein folding is a complex and error-prone process,
the protein folding capacity of ER is easily saturated under certain
physiological conditions or environmental stresses (including
nutrient deficiency, hypoxia, and high temperature), leading to
ER stress (Mao et al., 2019).

Numerous studies have shown that heat treatment has a
significant impact on protein synthesis and increases chaperon-
mediated protein folding, ultimately inducing ER stress
(Ma et al., 2022; Chen et al., 2023). In this study, through
WGCNA we identified Module tan as heat-responsive, with
key genes (HSP70, DNAJB1) linked to ER protein processing
(KEGG:04141, Figure 8D). And the endoplasmic reticulum stress
processes such as UPR and ERAD were significantly activated
in the FB (Supplementary Figure S4). Those align with ER’s role in
managing misfolded proteins under thermal stress, confirming FB
as the primary site for ER stress mitigation in L. longirostris’ brain.

4.3 The regulatory mechanism of
endoplasmic reticulum quality control
under heat stress

Under heat stress conditions, cells respond to ER stress induced
by misfolded protein accumulation mainly through ER unfolded
protein response (UPR) (Buchberger et al., 2010) and ER associated
degradation (ERAD) (Li et al., 2017). In this study, three ER
stress receptors/transmembrane proteins (IRE1, EIF2AK3, ATF6)
(Deng et al., 2011) were significantly expressed in the FB region after
high temperature treatment (Figure 6B), indicating that this region
is the core region involved in ER stress. Heat shock protein (HSP), as
a major ER chaperone (Park and Park, 2019), helps repair damaged
proteins by promoting proper protein folding and mediating UPR
(Cheng et al., 2015; Han et al., 2025) In this study, after heat stress,
HSP protein-related genes showed an upregulation trend in the
whole brain region (Figure 6A), indicating that HSP helped repair
damaged proteins and alleviate ER stress through UPR.

If the misfolded protein cannot be repaired, ERAD can directly
degrade the low-quality proteins through the ubiquitin proteasome
system (UPS) to avoid ER stress and the release of defective proteins
(Li et al., 2017; Lemmer et al., 2021). This study showed that UPS-
related genes such as UBE2, UBE3, TRIM63, etc. (Figure 6C) were
significantly upregulated in the whole brain region after heat stress,
indicating significant UPS-mediated ERAD activation. Moreover,
the FB exhibited pronounced enrichment of ubiquitination-
mediated proteolysis (Figure 5B), underscoring its role as the ERAD
regulatory hub. It is noteworthy that the coordination betweenHSPs
and ubiquitin ligase can facilitate the removal of misfolded proteins
through ERAD (Matsumura et al., 2013).

Therefore, this study suggests that abnormal proteins may be
removed through a synergistic regulatory mechanism of UPR repair
and ERAD degradation to maintain ER homeostasis and mitigates
cytotoxicity in L. longirostris under thermal stress.

4.4 Under heat stress, lipid metabolism is
inhibited

The normal metabolic activity of fish is highly dependent on
the environment temperature, and temperature variation beyond
a certain range will cause physiological disorders and eventually
become toxic to fish (Fang et al., 2023; Alfonso et al., 2021).
In this study, global downregulation of lipid metabolism genes
(FSN, ACADM) and PPAR signaling were also observer in the
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FIGURE 8
WGCNA after heat stress (A) correlation analysis of characters and modules. (B) MM-GS correlation analysis. (C) KEGG enrichment analysis of Module
tan. (D) Cluster analysis of the key genes in ko 04141. (E) Cluster analysis of the key genes in ko 01100.
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SC region (Figures 7C, D), suggesting that lipid metabolism is
inhibited, which may be a strategy to reduce energy consumption
in L. longirostris.

The ER plays an important role in lipid synthesis, transport
and lipid droplet formation in cells (Deng et al., 2023). The ER
dysfunction is a key driver of abnormal lipidmetabolism (Celik et al.,
2023). In this study, heat stress not only induced ER stress in FB
region, but also led to lipid metabolism disorder in SC region. This
indicates that ER stress in the FB region and metabolic suppression
in the SC region may collectively counteract heat stress-induced
energy imbalance through cross-regional synergistic mechanisms,
thereby maintaining systemic physiological homeostasis.

Regrettably, although this study has systematically analyzed for
the first time the division of labor of different brain regions of
L. longirostris in response to heat stress, there are still potential
limitations in the research results. On the one hand, the study only
involves a 24 h acute high-temperature stress, which fails to reflect
the impacts of chronic heat stress. On the other hand, whether there
is an interaction between the inhibition of lipidmetabolism in the SC
region and the acute ER stress in the FB region remains unclear. In
the follow-up research, we will combine acute and chronic models
to comprehensively evaluate the dynamic responses to heat stress.
Meanwhile, by integrating proteomics and metabolomics, we will
further conduct an in-depth analysis of the mechanisms by which
heat stress affects different brain regions of L. longirostris.

5 Conclusion

This study has for the first time revealed the differential response
mechanisms of five brain regions (OB, FB, MB, CB and SC) of
the L. longirostris to heat stress. Specifically, the FB region clears
abnormal proteins by activating ER stress, while the SC region
reduces energy consumption by inhibiting lipid metabolism. These
two regions work synergistically to maintain homeostasis under
heat stress. Our findings provide new insights into heat-adaptation
mechanism of L. longirostris and lays the foundation for the research
on fish neurometabolic diseases. Future studies need to integrate
multi-omics data to explore the interaction mechanism between ER
stress and lipid metabolism, and explore chronic stress models, so as
to further promote the in-depth analysis of heat stress mechanisms
and provide a theoretical basis for the protection of fish resources
under climate change.

Data availability statement

The datasets presented in this study can be found in online
repositories.The names of the repository/repositories and accession
number(s) can be found in the article/Supplementary Material.

Ethics statement

The animal study was approved by Animal Care and Use
Committee of the Fisheries Research Institute, Sichuan Academy of
Agricultural Sciences. The study was conducted in accordance with
the local legislation and institutional requirements.

Author contributions

SL: Conceptualization, Investigation, Methodology, Writing –
original draft, Writing – review and editing. QL: Methodology,
Resources, Writing – review and editing. YoD: Investigation,
Methodology, Writing – review and editing. ZW: Investigation,
Methodology, Writing – review and editing. YF: Investigation,
Writing – review and editing. HZ: Investigation, Methodology,
Writing – review and editing. ZZ: Formal Analysis, Investigation,
Writing – review and editing. LZ: Investigation, Writing – review
and editing. YuD: Methodology, Writing – review and editing. ZH:
Conceptualization, Methodology, Writing – review and editing.
JZ: Formal Analysis, Funding acquisition, Methodology, Resources,
Writing – review and editing. CM: Writing – review and editing.

Funding

The author(s) declare that financial support was received
for the research and/or publication of this article. This research
was supported by the Investigation on Fishery Resources
and Environment in Key Waters of Northwest China and
Agriculture Research System of China (CARS-46), Sichuan
Science and Technology Planning Project (2021YFYZ0015),
Technology Program of Sichuan Academy of Agricultural
Sciences (1+9KJGG004), Sichuan Natural Science Foundation
project (2025ZNSFSC1078), "5+1" agricultural frontier technology
research project of Sichuan Academy of Agricultural Sciences
(5+1QYGG006), and the Sichuan Freshwater Fish Innovation Team
of the National Modern Agricultural Industrial Technology System.

Acknowledgments

The authors would like to express their gratitude to the
funding agency.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative AI statement

The author(s) declare that no Generative AI was used in the
creation of this manuscript.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the

Frontiers in Physiology 12 frontiersin.org

https://doi.org/10.3389/fphys.2025.1579499
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org


Liu et al. 10.3389/fphys.2025.1579499

reviewers. Any product thatmay be evaluated in this article, or claim
thatmay bemade by itsmanufacturer, is not guaranteed or endorsed
by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fphys.2025.
1579499/full#supplementary-material

SUPPLEMENTARY TABLE S1
Sequencing data quality table.

SUPPLEMENTARY TABLE S2
The results of mapping comparison with reference genomes.

SUPPLEMENTARY FIGURE S1
GO enrichment and classification.

SUPPLEMENTARY FIGURE S2
KEGG enrichment and classification.

SUPPLEMENTARY FIGURE S3
WGCNAmodule clustering.

SUPPLEMENTARY FIGURE S4
k04141 (Endoplasmic reticulum Protein Processing) in the FB
region.

References

Alfonso, S., Gesto, M., and Sadoul, B. (2021). Temperature increase and its effects on
fish stress physiology in the context of global warming. J. Fish. Biol. 98 (6), 1496–1508.
doi:10.1111/jfb.14599

Beitinger, T. L., Bennett,W.A., andMccauley, R.W. (2000). Temperature tolerances of
north American freshwater fishes exposed to dynamic changes in temperature. Environ.
Biol. Fishes 58 (3), 237–275. doi:10.1023/a:1007676325825

Buchberger, A., Bukau, B., and Sommer, T. (2010). Protein quality control in the
cytosol and the endoplasmic reticulum: brothers in arms. Mol. Cell 40 (2), 238–252.
doi:10.1016/j.molcel.2010.10.001

Celik, C., Lee, S. Y. T., Yap, W. S., and Thibault, G. (2023). Endoplasmic
reticulum stress and lipids in health and diseases. Prog. Lipid Res. 89, 101198.
doi:10.1016/j.plipres.2022.101198

Chen, J., Luo, S. F., Yuan, X., Wang, M., Yu, H. J., Zhang, Z., et al. (2022).
Diabetic kidney disease-predisposing proinflammatory and profibrotic genes identified
by weighted gene co-expression network analysis (WGCNA). J. Cell Biochem. 123 (2),
481–492. doi:10.1002/jcb.30195

Chen, Y., Wu, X., Li, P., Liu, Y., Song, M., Li, F., et al. (2023). Integrated
metabolomic and transcriptomic responses to heat stress in a high-altitude fish,
Triplophysa siluroides. Fish. Shellfish Immunol. 142, 109118. doi:10.1016/j.fsi.
2023.109118

Cheng, C. H., Yang, F. F., Liao, S. A., Miao, Y. T., Ye, C. X., Wang, A. L.,
et al. (2015). High temperature induces apoptosis and oxidative stress in pufferfish
(Takifugu obscurus) blood cells. J. Therm. Biol. 53, 172–179. doi:10.1016/j.jtherbio.
2015.08.002

Dawood, M. A. O., Alkafafy, M., and Sewilam, H. (2022). The antioxidant responses
of gills, intestines and livers and blood immunity of common carp (Cyprinus carpio)
exposed to salinity and temperature stressors. Fish. Physiol. Biochem. 48 (2), 397–408.
doi:10.1007/s10695-022-01052-w

Deng, Y., Humbert, S., Liu, J. X., Srivastava, R., Rothstein, S. J., and Howell, S. H.
(2011). Heat induces the splicing by IRE1 of a mRNA encoding a transcription factor
involved in the unfolded protein response in Arabidopsis. Proc. Natl. Acad. Sci. U. S. A.
108 (17), 7247–7252. doi:10.1073/pnas.1102117108

Deng, Z. C., Yang, J. C., Huang, Y. X., Zhao, L., Zheng, J., Xu, Q. B., et al.
(2023). Translocation of gut microbes to epididymal white adipose tissue drives
lipid metabolism disorder under heat stress. Sci. China Life Sci. 66 (12), 2877–2895.
doi:10.1007/s11427-022-2320-y

Duan, B., and Xu, X. Z. S. (2019). How to break a fever: a feedback circuit for body
temperature control. Neuron 103 (2), 179–181. doi:10.1016/j.neuron.2019.06.023

Fang, M., Lei, Z., Ruilin, M., Jing, W., and Leqiang, D. (2023). High temperature
stress induced oxidative stress, gut inflammation and disordered metabolome
and microbiome in tsinling lenok trout. Ecotoxicol. Environ. Saf. 266, 115607.
doi:10.1016/j.ecoenv.2023.115607

Gomez-Pastor, R., Burchfiel, E. T., and Thiele, D. J. (2018). Regulation of heat shock
transcription factors and their roles in physiology and disease. Nat. Rev. Mol. Cell Biol.
19 (1), 4–19. doi:10.1038/nrm.2017.73

Grillner, S. (2021). Evolution of the vertebratemotor system - from forebrain to spinal
cord. Curr. Opin. Neurobiol. 71, 11–18. doi:10.1016/j.conb.2021.07.016

Han, X., Chen, X., Zheng, X., and Yan, F. (2025). Strawberry anthocyanin
pelargonidin-3-glucoside attenuatedOA-induced neurotoxicity by activatingUPR(mt).
Food Funct. 16 (4), 1330–1346. doi:10.1039/d4fo04639k

He, W. P., Zhou, J., Li, Z., Jing, T. S., Li, C. H., Yang, Y. J., et al. (2021).
Chromosome-level genome assembly of the Chinese longsnout catfish

Leiocassis longirostris. Zool. Res. 42 (4), 417–422. doi:10.24272/j.issn.2095-
8137.2020.327

Hebert, D. N., andMolinari, M. (2007). In and out of the ER: protein folding, quality
control, degradation, and related human diseases. Physiol. Rev. 87 (4), 1377–1408.
doi:10.1152/physrev.00050.2006

Hwang, J., and Qi, L. (2018). Quality control in the endoplasmic reticulum:
crosstalk between ERAD and UPR pathways. Trends Biochem. Sci. 43 (8), 593–605.
doi:10.1016/j.tibs.2018.06.005

Kim, D., Paggi, J. M., Park, C., Bennett, C., and Salzberg, S. L. (2019). Graph-based
genome alignment and genotyping withHISAT2 andHISAT-genotype.Nat. Biotechnol.
37 (8), 907–915. doi:10.1038/s41587-019-0201-4

Kopp, M. C., Larburu, N., Durairaj, V., Adams, C. J., and Ali, M. M. U. (2019). UPR
proteins IRE1 and PERK switch BiP from chaperone to ER stress sensor. Nat. Struct.
Mol. Biol. 26 (11), 1053–1062. doi:10.1038/s41594-019-0324-9

Langfelder, P., and Horvath, S. (2008). WGCNA: an R package for weighted
correlation network analysis. BMC Bioinforma. 9, 559–606. doi:10.1186/1471-2105-9-
559

Lemmer, I. L., Willemsen, N., Hilal, N., and Bartelt, A. (2021). A guide to
understanding endoplasmic reticulum stress in metabolic disorders. Mol. Metab. 47,
101169. doi:10.1016/j.molmet.2021.101169

Li, L. M., Lü, S. Y., and Li, R. J. (2017). The Arabidopsis endoplasmic
reticulum associated degradation pathways are involved in the regulation of heat
stress response. Biochem. Biophys. Res. Commun. 487 (2), 362–367. doi:10.1016/
j.bbrc.2017.04.066

Love, M. I., Huber, W., and Anders, S. (2014). Moderated estimation of fold change
and dispersion for RNA-seq data with DESeq2. Genome Biol. 15 (12), 550–560.
doi:10.1186/s13059-014-0550-8

Ma, B., Xing, T., Li, J., Zhang, L., Jiang, Y., and Gao, F. (2022). Chronic heat stress
causes liver damage via endoplasmic reticulum stress-induced apoptosis in broilers.
Poult. Sci. 101 (10), 102063. doi:10.1016/j.psj.2022.102063

Madar, V., and Batista, S. (2016). FastLSU: a more practical approach
for the Benjamini-Hochberg FDR controlling procedure for huge-
scale testing problems. Bioinformatics 32 (11), 1716–1723. doi:10.1093/
bioinformatics/btw029

Mao, J., Hu, Y., Ruan, L., Ji, Y., and Lou, Z. (2019). Role of endoplasmic
reticulum stress in depression (Review). Mol. Med. Rep. 20 (6), 4774–4780.
doi:10.3892/mmr.2019.10789

Matsumura, Y., Sakai, J., and Skach, W. R. (2013). Endoplasmic reticulum protein
quality control is determined by cooperative interactions between Hsp/c70 protein
and the CHIP E3 ligase. J. Biol. Chem. 288 (43), 31069–31079. doi:10.1074/jbc.
M113.479345

Park, C. J., and Park, J. M. (2019). Endoplasmic reticulum plays a critical role in
integrating signals generated by both biotic and abiotic stress in plants. Front. Plant
Sci. 10, 399–412. doi:10.3389/fpls.2019.00399

Rao, S., Gupta, A., Bansal, C., Sorin, C., Crespi, M., and Mathur, S. (2022). A
conserved HSF:miR169:NF-YA loop involved in tomato and Arabidopsis heat stress
tolerance. Plant J. 112 (1), 7–26. doi:10.1111/tpj.15963

Somero, G. N., and Hochachka, P. W. (1971). Biochemical adaptation
to the environment. Fish. Physiol. 6 (1), 99–156. doi:10.1016/s1546-5098
(08)60147-8

Subramanian, A., Tamayo, P., Mootha, V. K., Mukherjee, S., Ebert, B. L., Gillette,
M. A., et al. (2005). Gene set enrichment analysis: a knowledge-based approach for

Frontiers in Physiology 13 frontiersin.org

https://doi.org/10.3389/fphys.2025.1579499
https://www.frontiersin.org/articles/10.3389/fphys.2025.1579499/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphys.2025.1579499/full#supplementary-material
https://doi.org/10.1111/jfb.14599
https://doi.org/10.1023/a:1007676325825
https://doi.org/10.1016/j.molcel.2010.10.001
https://doi.org/10.1016/j.plipres.2022.101198
https://doi.org/10.1002/jcb.30195
https://doi.org/10.1016/j.fsi.2023.109118
https://doi.org/10.1016/j.fsi.2023.109118
https://doi.org/10.1016/j.jtherbio.2015.08.002
https://doi.org/10.1016/j.jtherbio.2015.08.002
https://doi.org/10.1007/s10695-022-01052-w
https://doi.org/10.1073/pnas.1102117108
https://doi.org/10.1007/s11427-022-2320-y
https://doi.org/10.1016/j.neuron.2019.06.023
https://doi.org/10.1016/j.ecoenv.2023.115607
https://doi.org/10.1038/nrm.2017.73
https://doi.org/10.1016/j.conb.2021.07.016
https://doi.org/10.1039/d4fo04639k
https://doi.org/10.24272/j.issn.2095-8137.2020.327
https://doi.org/10.24272/j.issn.2095-8137.2020.327
https://doi.org/10.1152/physrev.00050.2006
https://doi.org/10.1016/j.tibs.2018.06.005
https://doi.org/10.1038/s41587-019-0201-4
https://doi.org/10.1038/s41594-019-0324-9
https://doi.org/10.1186/1471-2105-9-559
https://doi.org/10.1186/1471-2105-9-559
https://doi.org/10.1016/j.molmet.2021.101169
https://doi.org/10.1016/j.bbrc.2017.04.066
https://doi.org/10.1016/j.bbrc.2017.04.066
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1016/j.psj.2022.102063
https://doi.org/10.1093/bioinformatics/btw029
https://doi.org/10.1093/bioinformatics/btw029
https://doi.org/10.3892/mmr.2019.10789
https://doi.org/10.1074/jbc.M113.479345
https://doi.org/10.1074/jbc.M113.479345
https://doi.org/10.3389/fpls.2019.00399
https://doi.org/10.1111/tpj.15963
https://doi.org/10.1016/s1546-5098(08)60147-8
https://doi.org/10.1016/s1546-5098(08)60147-8
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org


Liu et al. 10.3389/fphys.2025.1579499

interpreting genome-wide expression profiles. Proc. Natl. Acad. Sci. U. S. A. 102 (43),
15545–15550. doi:10.1073/pnas.0506580102

Sun, S. M., Zhu, J., Ge, X. P., Zhang, C. F., Miao, L. H., and Jiang, X. J. (2015). Cloning
and expression analysis of a heat shock protein 90 β isoform gene from the gills of
Wuchang bream (Megalobrama amblycephala Yih) subjected to nitrite stress. Genet.
Mol. Res. 14 (2), 3036–3051. doi:10.4238/2015.April.10.14

Uchimura, T., Hara, S., Yazawa, T., Kamei, Y., and Kitano, T. (2019). Involvement
of heat shock proteins on the transcriptional regulation of corticotropin-
releasing hormone in medaka. Front. Endocrinol. (Lausanne) 10, 529–535.
doi:10.3389/fendo.2019.00529

Wang, Q., Peng, C., Yang, M., Huang, F., Duan, X., Wang, S., et al. (2021). Single-cell
RNA-seq landscape midbrain cell responses to red spotted grouper nervous necrosis
virus infection. PLoS Pathog. 17 (6), e1009665. doi:10.1371/journal.ppat.1009665

Wickner, W., and Schekman, R. (2005). Protein translocation across
biological membranes. Science 310 (5753), 1452–1456. doi:10.1126/
science.1113752

Zhao, Z., Zhao, H., Wang, X., Zhang, L., Mou, C., Huang, Z., et al. (2024).
Effects of different temperatures on Leiocassis longirostris gill structure and
intestinal microbial composition. Sci. Rep. 14 (1), 7150–7160. doi:10.1038/s41598-
024-57731-6

Frontiers in Physiology 14 frontiersin.org

https://doi.org/10.3389/fphys.2025.1579499
https://doi.org/10.1073/pnas.0506580102
https://doi.org/10.4238/2015.April.10.14
https://doi.org/10.3389/fendo.2019.00529
https://doi.org/10.1371/journal.ppat.1009665
https://doi.org/10.1126/science.1113752
https://doi.org/10.1126/science.1113752
https://doi.org/10.1038/s41598-024-57731-6
https://doi.org/10.1038/s41598-024-57731-6
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org

	1 Introduction
	2 Materials and methods
	2.1 Experimental fish
	2.2 Heat stress experiment and sample collection
	2.3 Total RNA extraction
	2.4 Transcriptomics (RNA-seq) analysis
	2.4.1 Library preparation and sequencing
	2.4.2 Sequence reads mapping
	2.4.3 Functional annotation and sample relationship analysis
	2.4.4 Analysis of differentially expressed genes (DEGs) and functional enrichment

	2.5 RNA-seq data analysis
	2.6 Gene set enrichment analysis (GSEA)
	2.7 Weighted gene co-expression ntwork analysis (WGCNA)
	2.8 Ethical approval

	3 Results
	3.1 Evaluation of transcriptome sequencing data
	3.2 Sample relationship analysis and basic differential gene analysis
	3.3 GO enrichment analysis of DEGs in brain tissue
	3.4 KEGG enrichment analysis of DEGs in brain tissue
	3.5 Effects of heat stress on heat response and protein processing in brain
	3.6 Effects of heat stress on lipid metabolism in brain
	3.7 Weighted gene co-expression network analysis (WGCNA)

	4 Discussion
	4.1 Brain regions exhibit distinct thermoregulatory roles
	4.2 ER stress is a hallmark of heat-stressed brain tissue
	4.3 The regulatory mechanism of endoplasmic reticulum quality control under heat stress
	4.4 Under heat stress, lipid metabolism is inhibited

	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References

