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Global warming is predicted to increase prolonged thermal challenges for aquatic 
ectotherms, i.e. it causes metabolic performance declines, impacts food intake, and 
finally causes impaired growth. In this research work, we investigated whether a tropical 
fish, Danio rerio (zebrafish), could tolerate prolonged thermal challenges and whether the 
temperature increase has a significant impact on growth and metabolism. To answer our 
questions, we evaluate the metabolomic performance, a question that has received little 
attention so far, using differential chemical isotope labeling (CIL) liquid chromatography-
mass spectrometry (LC-MS). Three groups of fish were exposed to various temperatures 
of 27.6 ± 2°C, 30.7 ± 2°C or 32.2 ± 2°C during 270 days post fecundation (dpf) to evaluate 
the impact of the temperature increase on the growth and metabolomic performance. The 
results obtained demonstrated different metabolomic changes in response to acclimation 
to the different temperatures. After 270 days, the fish maintained at the highest tested 
temperature (32°C) showed reduced growth, reduced condition factor, and elevated levels 
of metabolites associated with amino acid catabolism and lipid metabolism pathways in 
the liver and intestine compared with fish kept at lower temperatures (27.6 ± 2°C). These 
findings demonstrate an explicit redistribution of energy stores and protein catabolism 
in fish at the highest temperature, thus showing a preference for maintaining length 
growth during limited energy availability. Moreover, here we also screened out both the 
marker metabolites and the altered metabolic pathways to provide essential insights to 
ascertain the effects of the water temperature increase on the growth and development of  
tropical fish.
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HIGHLIGHTS

• Metabolic response of zebrafish reared at different 
temperature were studied

• Brain, liver an intestine tissue reflects metabolic changes in 
physiology of fish

• Amino acid, protein catabolism and energy metabolism 
pathways are altered in all tissues by the temperature 
conditions

• The altered metabolome may be useful as a key indicator of 
adverse effect of the water warming

INTRODUCTION

Aquatic ecosystems worldwide are warm-up, and their average 
temperatures are progressively increasing due to climate change. 
Environmental temperature commands growth and metabolic 
performance in ectotherms, including most fish (Neuheimer 
et al., 2011). Metabolites (e.g., glucose, glycerol, and alanine) are 
products and intermediate metabolism compounds that respond 
to shifts in the environment (Bundy et  al., 2009). Metabolite 
profiles play essential roles in the biochemical pathways that 
shape individual phenotypes (Wagner et  al., 2013; Wagner 
et  al., 2014). Metabolomics is a cutting-edge technology that 
offers considerable advantage over other omics techniques 
since metabolites are preserved among organisms, unlike 
genes or proteins. Gas chromatography-mass spectrometry, 
liquid chromatography-mass spectrometry (LC-MS), and 
nuclear magnetic resonance are the three most commonly used 
analytical technologies for metabolic analysis (Samuelsson et al., 
2006; Samuelsson and Larsson, 2008; Samuelsson et  al., 2011). 
In aquatic organisms, researchers have used metabolomic 
approaches to evaluate the impact of temperature increases 
on organisms such as molluscs (Ellis et  al., 2014), crustaceans 
(Hammer et  al., 2012) and marine coral communities (Coelho 
et al., 2015). However, despite their advantages, the evaluation of 
the impact of the water temperature increase on the metabolite 
composition in fish is still an underexplored area.

The survival of aquatic organisms underwater temperature 
increases depends on their capacity for physiological and cellular 
adaptation (Donelson et  al., 2012; Miller et  al., 2012). Most 
studies on thermal impacts on fish relate elevated temperatures 
with traits relevant to thermal stress resistance, including the 
induction of heat shock proteins (HSPs). HSPs are highly 
conserved, ubiquitously expressed families of stress response 
proteins induced in diverse organisms by different physiological 
and environmental stressors (Sørensen et al., 2003; Fabbri et al., 
2008). In fish, prolonged exposure to high temperatures induces 
proteotoxic stress. Thus, the rise in the temperature leads to 
severe problems, such as the accumulation of misfolded proteins 
that involve an additional stress source on the proteostasis 
network, including protein translation, folding, trafficking, and 
turnover. Specifically, HSPs prevent and reduce the aggregation 
of other proteins damaged by heat and assist in the refolding or 
degradation of stress-damaged proteins (Wallace et  al., 2015; 

Riback et al., 2017). In fish, the HSP protein expression increases 
when individuals are exposed to elevated temperature, and their 
sensitivity varies with species, developmental stage and season 
(Wallace et al., 2015), indicating a potential ecological relevance 
of HSPs in global warming. HSPs in fish have been studied 
extensively at the protein level and from the molecular aspect 
to quantifying the mRNA abundance. For example, the hsp70 
mRNA has been identified in rainbow trout (Kothary et  al., 
1984), medaka (Arai et  al., 1995), zebrafish (Lele et  al., 1997), 
and tilapia (Molina et al., 2000), and well-increased mRNA levels 
have been registered due to heat stress. Recent studies in fish 
have shown that hsp90 and hsp47 increase due to heat stress in 
Puntius sophore and Channa striatus; the expression of several 
HSP proteins as hsp60, hsp70, hsp78, and hsp90 was up-regulated 
by the action of the increase on the temperature (Purohit et al., 
2014; Mahanty et al., 2017).

In this research work, we report a method based on high-
performance chemical isotope labelling (CIL) LC-MS platform 
(Su et al., 2016) that enables us to investigate the impact of the 
increase in water temperature on the metabolic performance of 
zebrafish a tropical species. Tropical fish species, in particular, 
are expected to have lower thermal adaptation capacity than 
temperate species because they have evolved in a more stable 
thermal environment (Wysocki, et al., 2009; Sinclair et  al., 
2016; Rezende and Bozinovic, 2019; Morgan et  al., 2020). In 
particular, adult zebrafish is eurythermal and can occasionally 
tolerate warm temperatures in a short time (days), around 38°C 
(López-Olmeda and Sánchez-Vázquez, 2011). However, during 
the development, the zebrafish larvae and juvenile stage are 
highly susceptible to warm temperatures above 32°C (Pype et al., 
2015). Therefore, for the fish that live within the limits of their 
thermal capacities, such as zebrafish, the prolonged exposure 
to warm temperatures (as projected by climate change) during 
their development can pleasantly impact their physiology and 
metabolic performance (Somero, 2010). Consequently, this study 
addresses questions regarding the mechanisms underlying the 
long time-scale impact of the water temperature increase during 
the development of zebrafish Danio rerio. Previous studies have 
shown variable effects on the growth of fish reared at >2°C and  > 
3–4°C above the current-day temperature water (Johansen and 
Jones, 2011). However, even if the increase in water temperature 
can impact fish growth, its effects on the animal’s metabolic 
performance are unknown. The fish liver is an essential metabolic 
organ that controls metabolism, bile secretion, and glycogen 
storage and plays an essential role in environmental adaptation 
(Jiao et al., 2020). Additionally, the liver is vital to establishing 
energy balance to maintain general homeostasis and cope with 
environmental and physical disturbances. We use metabolomics 
to inspect changes in metabolites produced in a biological system 
(cell, tissue, or organism) in response to external stimuli, such 
as temperature in the liver. It can also be used to describe the 
observable chemical profiles of the metabolites (Ott et al., 2003). 
To inspect this metabolic profile, we also used the intestine, and 
brain tissue of fish reared for a long time at warm temperatures. 
Previous CL-based metabolomics studies on fish have revealed 
that the acute elevated temperature leads to changes in essential 
metabolites, including decreased liver glycogen and decreased 
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muscle phosphocreatine and ATP levels, indicating increased 
energetic costs at the higher temperature. However, to the date no 
studies have investigated the long-term response to temperature 
on the tissue metabolome in zebrafish while monitoring growth. 
Thus, this study aimed to clarify the effect of elevated temperature 
on the metabolome and dynamics concerning growth and food 
consumption in the water environment.

MATERIAL AND METHODS

Fish Husbandry and  
Experimental Conditions
All experiments were carried out at the ThermoFish Lab, 
Biotechnology Centre, University of Concepcion, Concepcion, 
Chile. Fish were handled in accordance with the “International 
Guiding Principles for Biomedical Research Involving Animals” 
established by the European Union Council (2010/63/EU). 
Zebrafish (Danio rerio) was used as a typical ectothermic animal. 
An advantage of these fishes is an enormous amount of scientific 
literature and a completely deciphered genome. Zebrafishes were 
maintained on a 14-h light/10-h dark cycle, and fertilized eggs 
were collected (Aquaneering zebrafish system). 540 embryos 
from the same parents were kept in 0.3× Danieau’s solution [17.4 
mM NaCl, 0.21 mM KCl, 0.12 mM MgSO4·7H2O, 0.18 mM Ca 
(NO3) 2, 1.5 mM HEPES (pH 7.6)] were obtained from JT Baker 
Chemical (Phillipsburg, NJ, USA). The larvae were maintained 
at 25°C with a 12  h light:12 h dark cycle in culture water 
(UV-sterilized and well-aerated water, pH 7.2 ± 0.5, dissolved 
oxygen: 6.6 ± 0.3 mg/L, electrical conductivity: 0.256 ± 0.005 mS/
cm, water hardness: 185 ± 9 mg/L CaCO3) and acclimated in 15 
L glass tanks for 2 weeks before the experiment. At the start of 
the experiment, the temperature of three tanks was 27°C, then 
establishing experimental temperatures of 27.6 ± 0.9°C, 30.7 ± 
1.2°C and 32.2 ± 0.8°C (Figure  1), in triplicate tanks for each 
temperature (3 thermal chambers per temperature). Each system 
had a flow rate of 5 m3 h-1, and water was U.V.-sterilized. The 
water temperature of each tank was measured twice per day. 
Dissolved oxygen was also measured daily and always remained 
above 6.6 ± 0.3 mg/L. Ammonia, nitrite, and pH were measured 

twice per week. Total ammonia and nitrite concentrations in each 
tank were kept under 0.05 and 0.01 mg L-1, and pH remained at 
8.0 ± 0.5. The thermal gradient was fixed through an outer water 
jacket system situated at unlike temperatures. The experimental 
set up was carried out as to correlate whether differences in 
the thermoregulation environment drive different metabolic 
traits and establish whether the growth parameters, heat-shock 
proteins expression and metabolic regulation is influenced by the 
water temperature. Fish were allowed to acclimate to the tanks 
and experimental temperatures for 7 days, and during this period 
the fish were not fed. On day 8, feeding was started. At month 
1 (30 dpf) and month 9 (270 dpf) after the start of temperature 
acclimation, 9 fish/per condition were randomly sampled. We 
reared fish for a long time at unlike thermal conditions during 
270 dpf. Our first sample time was at 30dpf after the first 
feeding. There were 60 fish in each replicate and thermal tank 
(N=180 by thermal group; n= 60 by replicate) and were fed a 
maintenance diet (Skretting, GEMMA Micro 300) twice daily for 
270 dpf. Fish were sacrificed by over-anaesthesia with tricaine 
methanesulfonate (MS222, Sigma Aldrich). Body weight (BW) 
and length (L) was immediately determined and posteriorly used 
to calculate Fulton’s K condition factor (100*(weight/length3)). 
After 270 days of exposure, liver, intestine and brain were 
dissected and treated according to the metabolomic and gene 
expression approaches.

Homogenization and  
Metabolite Extraction
Liver, brain and intestine samples were collected from 9 individuals 
reared at three different temperatures. The individuals were 
randomly chosen. Milli-Q water was produced from a Millipore 
purification system (Waters-Millipore Corporation, Milford, 
MA, USA) Ceramic beads and 4:1 (v/v) pre-cooled LC-MS grade 
methanol:water (according to sample weight) were added into 
each of the individual sample tubes. Tissues were homogenized 
for one cycle of 15 seconds using a bead beater homogenizer 
(TissueLyser L, Qiagen). The tubes were centrifuged at 12,000 g 
for 10  min at 4°C. From each sample, all the supernatant was 
transferred into a new vial and dried down. The extracts were 
stored at -80°C until further analysis.

A B

FIGURE 1 |   Experimental setup. (A) Schematic diagram of the experimental setup 30 dpf. (B) Schematic diagram of the experimental setup 270 dpf.
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Sample Quantification and Chemical 
Isotope Labelling
The dried extracts were taken from the -80°C freezer and 
re-dissolved in 30 μL of water. The total concentrations of samples 
were determined using the NovaMT Sample Normalization kit. 
For the samples having total concentration higher than 2 mM, 
water was added accordingly to adjust their concentrations 
to 2 mM. After concentration adjustment, supernatant was 
divided in 2 aliquots for labelling, backup and preparation of 
pooled sample. For the aliquot for amine-/phenol- labelling, 25 
μL of samples was used. The individual samples were labelled 
separately using 12C2-dansyl chloride and quantified by LC-UV 
based on absorption at 338 nm (Wu and Li, 2012). A pooled 
reference by tissue (i.e., liver-pool, intestine-pool and brain-
pool) was prepared by mixing the same amount of aliquot 
from each of the 3 tissues. The reference-pool was taken and 
labeled by 13C-dansylation (13C2-dansyl labeling). An aliquot of 
the 13C-labeled pool was mixed with a 12C-labeled individual 
sample in 1:1 molar ratio to produce a mixture for LC-MS 
analysis. 12C-dansyl chloride (DnsCl) and amino acid standards 
were purchased from Sigma-Aldrich Canada (Markham, ON, 
Canada). The isotopic compound used to synthesize 13C-dansyl 
chloride was purchased from Cambridge Isotope Laboratories 
(Cambridge, MA, USA).

LC-MS
An Agilent 1290 series binary UPLC system with a Waters 
ACQUITY UPLC BEH C18 column (2.1  mm 10  cm, 1.7  mm 
particle size, 130 Å pore size) connected to an Agilent electrospray 
ionization (ESI) time-of-flight mass spectrometer (Model 6230, 
Agilent, Palo Alto, CA, USA) was used for LC-MS analysis. For 
the TOF instrument, the ion source conditions were: nitrogen 
nebulizer gas: 1.38 Bar, dry gas flow: 5 L/min, dry temperature: 
325  C, capillary voltage: 4000  V, end plate offset: 120  V, mass 
range: m/z up to 1700, and spectra rate: 1  Hz. The resolving 
power of the instrument was typically about 11,000 (FWHM) at 
m/z 622. All MS spectra were obtained in the positive ion mode. 
For LC-MS, LC solvent A was 0.1% (v/v) formic acid in water, 
and solvent B was 0.1% (v/v) formic acid in ACN. The gradient 
elution profile was as follows: t 1⁄4 0 min, 15% B; t 1⁄4 2 min, 15% 
B; t 1⁄4 15 min, 45% B; t 1⁄4 20 min, 65% B; t 1⁄4 26 min, 98% B; 
t 1⁄4 29 min, 98% B; t 1⁄4 29.1 min, 15% B. The flow rate was 250 
mL/min. The sample injection volume varied, depending on the 
applications.

Data Processing
The MS data were internally mass-calibrated and then processed 
using a peak-pair picking software, IsoMS (Zhou et  al., 2014). 
The level 1 peak pairs, along with their peak intensity ratios, were 
aligned from multiple runs by retention time within 20 s and 
accurate mass within 10 ppm using IsoMS-Align to generate the 
initial metabolite-intensity table. The Zero-fill program was used 
to find the missing ratios in the table from the raw LC-MS peak 
list and then fill in these values to produce the final table (Huan 
and Li, 2015a). Iso-Quant was finally applied to calculate the 

individual peak ratio based on chromatographic peak areas of 
the 12C- and 13C-labeled peaks with a peak pair in the table (Huan 
and Li, 2015b; Huan et al., 2015). The ratio values were used for 
statistical analysis (Supplementary Tables S1–S6).

RNA Extraction, cDNA Synthesis, and 
Transcript Quantification
9 random fish were sampled for each temperature (27.6 ± 2°C, 
30.7 ± 2°C or 32.2 ± 2°C), and subsequently snap-frozen in 
liquid nitrogen and conserved at -80°C. Total RNA was extracted 
from the liver, intestine and brain of individual fish with the 
TRI Reagent® (0.5  ml; Sigma-Aldrich Missouri, United States) 
and quantified by absorbance at 260 nm. Only samples with an 
A260/280 ratio between 1.8 and 2.1, and an A260/230 ratio above 
1.8 were used for reverse transcription. Purified RNA integrity 
was confirmed by agarose denaturing gel electrophoresis. cDNA 
was synthesized from 50 μl of total RNA (200 ng/µl) using the 
RevertAid H Minus First Strand cDNA Synthesis Kit (Fermentas, 
Waltham, MA, USA) according to the manufacturer’s indications. 
RT-qPCR was performed using the StepOnePlus™ Real-Time 
PCR System (Applied Biosystems, Life Technologies, Carolina, 
USA), and each assay was run in triplicate using the Maxima 
SYBR Green qPCR Master Mix-2X (Bio-Rad, Carolina, USA). 
For qPCR assays, 5 μl of synthetized cDNA were diluted with 
15 μl of nuclease-free water (Qiagen, Hilden, Germany). Each 
qPCR mixture contained the SYBR Green Master Mix, 2 μl of 
diluted cDNA, 500 nmol/l each primer, and RNase free water to 
a final volume of 10 μl. Amplification was performed in triplicate 
on 96-well plates with the following thermal cycling conditions: 
initial activation for 10 min at 95°C, followed by 40 cycles of 15 
seconds (s) at 95°C, 30 s at 60°C, and 30 s at 72°C (primer table in 
Supplementary Table S7). An absolute quantification approach 
was used that involved calculating the number of gene copies in 
unknown ‘‘test” samples from comparison with a standard curve 
prepared using a dilution series of linearized plasmids with known 
concentrations. The PCR product for each gene was extracted 
from agarose gel using the Nucleospin Gel and PCR Clean-Up 
Kit (Macherey-Nagel, Dueren, Germany). The PCR amplicons 
were cloned the using pGEM-T Easy Vector and JM109 High-
Efficiency Competent Cells (Promega, Madison, WI, USA). The 
Nucleospin Plasmid Quick Pure Kit (MACHEREY-NAGEL) 
was used to purify the plasmid DNA containing the PCR insert. 
Then, the plasmid was linearized using the HindIII restriction 
enzyme to prevent amplification efficiency problems that can 
arise from using supercoiled plasmids, and the amount of dsDNA 
was quantified using the Quant-iT PicoGreen dsDNA Assay Kit 
(Invitrogen, California, United States). The concentration of each 
plasmid was calculated by absorbance at 260 nm, and a five-fold 
dilution series produced for copy number calculations via qPCR 
and using Eq. (1).

Number of copies amount
length

=
×

×
* ,

* *
6 022 10

1 10 650

23

9

where the amount of DNA (ng) was derived from absorbance at 
260 nm and length (base pairs) was determined by adding the 
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PCR product length to the size of the plasmid. The use of these 
standard curves controlled for amplification efficiency differences 
between assays and permitted calculating the ‘‘absolute” number 
of mRNA transcripts, thereby facilitating gene comparisons.

Statistical Analysis
For statistical analysis of the organ samples, only the common 
peak-pairs shown up in at least 50% of the samples were retained 
for analysis. No outliers were found and all observations 
(n=27 for each of the temperature groups for each time point) 
were included in the data analyses. Orthogonal Partial Least 
Squares Discriminant Analysis (OPLS-DA) (Trygg and Wold, 
2002; Nicholson et al., 2007) was conducted to find differences 
between temperature groups and different time points. Since 
only pairwise comparisons are possible in OPLS-DA we focused 
on effects of the highest temperature. Evaluation of the OPLS-DA 
models were conducted by assessing the model fit (R2) and 
prediction quality (Q2). Principle component analysis (PCA) and 
orthogonal partial least square discriminant analysis (OPLS-DA) 
were performed using SIMCA-Pþ 12.0 (Umetrics, Umeå, 
Sweden). The data were mean-centered and pareto-scaled (unit 
variance) prior to analysis. Condition factor (CF) was calculated 
as 100 × (BW × FL− 3) for initial and final average sizes of each 
group. Positive metabolite identification was performed based 
on mass and retention time match to the dansyl standard library 
containing 273 unique amines/phenols using DnsID (Huan et al., 
2015). Putative identification was done based on accurate mass 
match to the metabolites in the human metabolome database 
(HMDB) (8021 known human endogenous metabolites) and the 
Evidence-based Metabolome Library (EML) (375,809 predicted 
metabolites with one reaction) using MyCompoundID (Li et al., 
2013). The mass accuracy tolerance window was set at 10 ppm 
for database search.

RESULTS

Growth, Condition Factor and Molecular 
Regulation of Heat-Shock Proteins (Hsps)
The fish in each thermal tank were acclimatized to an artificial 
photoperiod of 12  h light:12 h dark 300 dpf. The cumulative 
mortality at different thermal gradients was 0.67%, 1.1%, 
and 2.7%, respectively. There were no significant differences 
in cumulative mortality in the treatment groups (p > 0.05). 
The fish grew in weight and length at all three temperatures, 
but the highest temperature tested significantly affected the 
growth (two-way ANOVA temperature * time p = 0.0001). A 
significant interaction between temperature and time on growth 
(p =  0.0001) was detected, while there was no difference in 
growth among the groups exposed to different temperatures 
during the first month (30 dpf). Fish at 32.2°C had a significantly 
lower BW (Figure 2B) and L (Figure 2D) than fish kept at the 
lower temperatures after 270 dpf (p = 0.0001 for both variables, 
Figures  2A–D). CF was affected by temperature and time  
(p = 0.02 and p = 0.0001, respectively), with a significant interaction 
between these variables (p = 0.0001). The fish at 30.7 and 32.2°C 

show a significant difference in CF just at 270 dpf in fish reared at 
32.2°C with lower CF than fish at 27.6 and 30.7°C (p =0.002 and 
0.0001, respectively, Figures 2E, F). A commonly used molecular 
marker of thermal stress is the molecular expression of cell 
chaperones, such as heat-shock proteins (HSPs). his represents a 
response rate where hsp mRNA levels were significantly altered 
in response to high temperatures. As shown in Figure  3, the 
expression of the hsp genes in the zebrafish was greatly enhanced 
upon exposure to 32°C heat stress mainly, in the liver and brain.

Metabolomic Analysis
Figure  1 shows the workflow for parallel organ metabolome 
profiling using CIL LC-MS. First, each organ is directly analysed. 
Next, the 12C-dansyl labelled individual samples are separately 
injected into LC-UV to measure each sample’s total concentration 
of labelled metabolites for sample amount normalisation. Based 
on the total concentration, the volume of an individual sample 
(unlabelled) was mixed with an equal amount of other unlabelled 
samples to generate a pooled organ sample (i.e., liver-pool, brain 
pool, and intestine pool from 9 individuals in each thermal 
treatment). Then, the pooled sample labelled by 13C-dansylation 
served as a reference or internal standard for the 12C-labelled 
samples. Next, an equal amount of the 12C-labelled individual 
sample and the 13C-labeled pooled sample was mixed. Finally, 
a quality control (QC) sample was prepared by mixing an equal 
amount of the 12C-labeled and 13C- labelled pooled samples. 
LC-TOF-MS analysed the mixtures of 13C-pool (Figure  4A). 
A table of metabolite intensity was produced after peak pair 
extraction and peak ratio calculation. The peak ratio values 
(12C2-peak vs 13C2-peak) for a given metabolite peak pair 
in all individual samples reflected the relative concentration 
differences of the metabolite in these samples. The quantitative 
metabolome tables generated from all organs were used for data 
comparison and statistical analysis.

Liver Metabolome
The liver samples subjected to metabolic analysis by CIL-LC/
MS were analysed posteriorly using the Metabolome Database 
(HMDB) and the Evidence-Based Metabolome Library (EML). 
A chart diagram (Figure 4B) was generated for the metabolites 
detected in the total sample after 270 dpf for each thermal 
treatment. Peak pairs that were presented in at least 89.4% of 
samples in any group were retained. Less commonly detected peak 
pairs were filtered out to ensure data quality (69.8%). The ratio 
of total proper signals was normalised for all data. The missing 
values of peak pairs in some samples due to low signal intensity 
(i.e., below the detection limit) were replaced with a rationally 
determined ratio by a unique zero-imputation program. 12 
12C-/13C-mixtures were produced from triplicate experiments 
of 9 Liver samples using the workflow shown in Figure  4A. 
LC-MS individually analysed these mixtures, and three injections 
of the QC sample spaced evenly among the 9 sample injections 
were also performed (9 individual livers and three pools of the-
liver samples, N=12). The QC data clustered together, indicating 
excellent analytical reproducibility in LC-MS data acquisition. 
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FIGURE 2 | Analysis of biometric parameters and condition factor of Danio rerio during the experimental period. (A) Body weight 30 dpf, (B) body weight 180 
dpf, (C) length 30 dpf, (D) length 180 dpf, (E) condition factor 30 dpf, (F) condition factor 180 dpf. Different letters correspond to significant differences among 
temperature groups for each time point. Asterisk denotes significant change over time within each temperature group. Values are means ± SEM (n=27 for each 
experimental group).
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Some separations of the three thermal treatments were already 
visible. Figure  5A shows the PCA plot of the liver dataset 
according to three individuals by thermal treatment. 500 
metabolites were detected positively (Figure  4B), including 
amino acids, nucleotides, carbohydrates, organic acids, and 
lipids (Supplementary Tables S1, S2).

PCA was used to show the impact of the temperature on 
the liver’s metabolic functions. The PCA results revealed 
clear differences in metabolite profiles among the thermal 
treatments, indicating great differences in liver function 
after 270 days at different temperatures. OPLS-DA was used 
to identify differentially expressed metabolites in the liver 
of D. rerio in response to different temperatures during 
the development. The OPLS-DA results revealed notable 
differences in the metabolite profiles among treatments 
after 270 days of exposure to 30.7°C and 32.2°C. Figure  5B 
shows the OPLS-DA plot of the liver dataset according to 
the treatments. These three treatments are clearly separated 
(R2X = 0.369, R2Y = 0.952, and Q2 = 0.944). The R2Y metric 
describes the percentage of variation explained by the model, 
while the Q2 metric describes the model’s predictive ability 
(27.6°C, Figure 5B).

Based on the OPLS-DA results, the differential metabolites 
among the groups were classified (Supplementary Tables 
S1, S2). The significant differences in the levels of differential 
metabolites among the groups were normalized, and clustered 
heat maps were generated (Figure  5C). Significant differences 
were registered in the liver metabolite profiles among the groups 
in response to different water temperatures, with most differences 
observed in the amino acid metabolism (20%), lipid metabolism 
(14.2%), protein and DNA methylation (13.9%, Figures  6A, 
B). Furthermore, a significant difference in the treatments 
were observed for the metabolites SCP-2 (sterol carrier 
protein 2), and HMG-CoA synthase (hydroxymethylglutaryl-
CoA synthase), S-Adenosyl-L-homocysteine, N-acetyl-5-
hydroxytryptamine, N-acetylserotonin, Serotonine, Alanine, 
Gamma-Glutamylglutamic acid, symmetric dimethylarginine,  
N(6)-Methyllysine, kanosamine, 7-Aminomethyl-7 carbaguanine 
and Very-low-density lipoprotein (VLDL), High-density 
lipoprotein (HDL). Interestingly, fish at normal thermal 
conditions also showed significantly lower concentrations of 
the metabolite annotated as Valyl-Aspartate than at higher 
temperatures. Valyl-Aspartate plays a critical role in the 
correct function of the fish liver. Significant treatment effects 

FIGURE 3 | Gene expression of heat-shock proteins (hsp). Heatmap of hsp expression from Danio rerio when comparing fish exposed to 30.7°C and 32.7°C with 
control fish (exposed to 27.6°C.

A B

FIGURE 4 | Workflow of the differential chemical isotope labeling LC-MS method for tissue metabolomic profiling. (A) Procedure for analyzing individual samples 
within liver, intestine or brain. (B) Identification results for each peak pair in liver, intestine or brain in each thermal set-up. Metabolites identified in tier 1 and tier 
2 correspond to high confidence identified results, and were used for pathway analysis the pathway analysis tools (CIL Library and Pathway Analysis module in 
MetaboAnalyst. Metabolites that were identified in tier 1 and tier 2 are shown in Supplemental Tables 1–6.
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were observed for the metabolites annotated as α-ketoglutaric 
acid, which is an essential metabolite in the tricarboxylic acid 
cycle (TCA) and plays an important role in the synthesis and 
decomposition of glutamic acid. Glutamic acid is the precursor 
of arginine, proline, and glutathione. Therefore, variations in 
the amount of glutamic acid reflect changes in glutathione, 
arginine, and proline metabolism. Simultaneously, cysteamine 
was also identified as being differentially expressed between 
the groups. Cysteamine can directly or indirectly stimulate the 
release of growth hormones by inhibiting or weakening the 
effect of somatostatin, thereby promoting the growth differences 
observed in the fish reared at different temperatures. This 
observation highlights the impact of higher temperatures on the 
liver’s metabolism.

Intestine Metabolome
In total, 12 12C-/13C-mixtures were produced from triplicate 
experiments of 9 intestine samples by using the workflow 
shown in Figure  4A. These mixtures were analysed 
individually by LC-MS, and three injections of the QC sample 
spaced evenly among the 9 sample injections were also 
performed (9 individual intestines and three pool-intestine 
samples, N=12). The QC data were clustered together, 
indicating excellent analytical reproducibility in LC-MS data 
acquisition. Some separations of the three thermal treatments 
were already visible. Figure  5D shows the PCA plot of the 
intestine dataset according to three individuals by thermal 
treatment. A total of 541 metabolites were detected (Figure 4B 

and Supplementary Tables S3, S4). The PCA results revealed 
clear differences in the profiles of the metabolites among the 
different thermal treatments, showing higher differences in 
intestine function after 270 days of exposure to the different 
temperatures. The OPLS results also revealed notable 
differences in the metabolite profiles among treatments after 
270 days of exposure to 27.6, 30.7 and 32.2°C. Figure  5E 
shows the OPLS-DA plot of the intestine dataset according to 
the treatments. These three treatments are clearly separated 
(R2X = 0.989, and Q2 = 0.193). Based on the OPLS-DA 
results, the differential metabolites among the groups were 
classified (Supplementary Tables S3, S4). The significant 
differences in the levels of differential metabolites among 
the groups were normalised, and clustered heat maps were 
generated (Figure 5F). The temperature-induced differences 
in the intestine metabolite profiles among the groups show 
the most differences in metabolites, such as nucleotide 
biosynthesis (46.4%), followed by D-amino acid metabolism 
and lipid metabolism-related metabolites (Figures 6C, D). A 
significant treatment effect was registered for the metabolites 
annotated as VLDL, HDL, 5-Guanidino-2-oxopentanoic acid, 
and Isomer 1 5-Guanidino-2-oxopentanoic acid, which display 
significantly higher concentrations than in the intestines of 
fish reared at higher temperatures (Figure 6D).

Interestingly, fish at normal thermal conditions also 
displayed significantly lower concentrations of the metabolite 
annotated as Aspartyl-Glycine and Valyl-Aspartate than 
the fish reared at the higher temperature. D-Amino acids 
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FIGURE 5 | Validation diagrams of metabolomics data and orthogonal partial least square discriminant analysis of liver, intestine and brain samples. (A) Liver 
principle component analysis (PCA) 2D scores plot (with QC). (B) Liver OPLS-DA score plots (without QC). (C) Liver OPLS-DA VIP Scores Heatmap. (D) Intestine 
principle component analysis (PCA) 2D scores plot (with QC). (E) Intestine OPLS-DA score plots (without QC). (F) Intestine OPLS-DA VIP Scores Heatmap.  
(G) Brain principle component analysis (PCA) 2D scores plot (with QC). (H) Brain OPLS-DA score plots (without QC). (I) Brain OPLS-DA VIP Scores Heatmap.
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play a significant role in relevant biological functions, such 
as D-Amino, which may have adverse effects as they can be 
found in some bacteria or form spontaneously in specific 
reactions for example, those induced by high temperatures. 
D-Amino acid oxidase (DAAO) is one of the main enzymes 
that metabolise D-Amino acids via deamination. DAAO is 
highly specific toward D-amino acids and favours free neutral 
D-amino acids or those with hydrophobic, polar, or aromatic 
groups (Figure 6D).

Brain Metabolome
454 metabolites were positively detected in the brain 
(Figure 4B), including amino acids, nucleotides, carbohydrates, 
organic acids, and lipids (Supplementary Tables S5, S6). 
The QC data were clustered together, indicating excellent 
analytical reproducibility in LC-MS data acquisition. Some 
separations of the three thermal treatments were already 

visible. Figure 5G shows the PCA plot of the intestinal dataset 
according to three individuals by thermal treatment. PCA 
was carried out to explore the effect of temperature on the 
metabolic functions of the brain. The PCA results revealed 
clear differences in metabolite profiles among the different 
thermal treatments, showing higher differences in brain function 
after 270 days of exposure to the different temperatures. The 
OPLS results revealed differences in the metabolite profiles 
among treatments after 270 days of exposure to 27.6, 30.7 and 
32.2°C (Figure  5H). These three treatments were separated  
(R2Y = 0.999 and Q2 = 0.765). Significant differences in the levels 
of differential metabolites among the groups were normalized, 
and clustered heat maps were generated (Figure  5I). Notable 
differences were observed in the brain metabolite profiles 
among the groups in response to different water temperatures, 
with the most differences in lipid metabolism, arginine 
biosynthesis and phenylalanine, tyrosine and tryptophan 
biosynthesis  (Figures 6E, F).

A B

D

E F

C

FIGURE 6 | Bubble diagrams of different metabolites between tissues. The abscissa in the bubble graphs represents the Rich factor (the ratio of the number of 
differentially expressed metabolites in the corresponding pathway to the total number of metabolites annotated by the pathway detection; the greater the value, the 
greater the degree of enrichment), while the ordinate is the name of the passage. A deeper red colour of the points indicates that the enrichment is more significant. 
The size of the spots represents the number of enriched differential metabolites. (A) A bubble diagram of the differential metabolites of Liver individuals at 27.6 ± 2°C 
and 30.7 ± 2°C. (B) A bubble diagram of the differential metabolites of Liver control individuals 27.6 ± 2°C and 32.7 ± 2°C. (C) A bubble diagram of the differential 
metabolites of Intestine individuals at 27.6 ± 2°C and 30.7 ± 2°C. (D) A bubble diagram of the differential metabolites of Intestine individuals at 27.6 ± 2°C and 32.7 
± 2°C. (C) A bubble diagram of the differential metabolites of Brain individuals at 27.6 ± 2°C and 30.7 ± 2°C. (D) A bubble diagram of the differential metabolites of 
Brain individuals at 27.6 ± 2°C and 32.7 ± 2°C.
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DISCUSSION

Climate change imposes various thermal challenges on 
organisms, mainly those inhabiting aquatic environments. It is 
projected that the mean temperature will increase by 1.5-5°C 
compared to early 1900 (IPCC, 2014), with heatwaves increasing 
frequency and severity (Perkins et  al., 2012). Ectotherms, 
especially aquatic organisms, are vulnerable as their body 
temperature directly follows their environment (Angilletta, 
2009). In this study, the growth and the metabolic performance 
are influenced in fish conditioned during the long term (270 dpf) 
at high temperatures (32°C). Specifically, we showed that fish 
reared at higher temperatures below the lethal (32.2°C) presented 
a reduced growth, reduced condition factor and significant 
increase in metabolites related to protein catabolism energy and 
lipid metabolism. These results agree with previous studies and 
show that specific zebrafish is sensitive to temperatures above 
32°C (Åsheim et al., 2020) and showed that fish conditioned to 
long-term to supra-optimal temperatures drive reduced growth 
and fecundity (Pörtner et  al., 2001; Pörtner and Knust, 2007; 
Gräns et al., 2014; Åsheim et al., 2020).

In this study, we demonstrated the utility of the CIL-LC/
MS-based metabolomics method for assessing changes in 
the metabolome of D. rerio in the brain, intestine and liver of 
fish reared at high temperatures. In ectotherms, have been 
observed that the liver is the tissue impacted mainly by high 
temperatures. The physiological response of the liver to high 
temperatures remains consistent between different taxa, with 
significant metabolite performance; in contrast, the impact of 
the warm temperature on the metabolite composition in the 
fish intestine and other tissues is still limited. In mammals, 
high temperatures significantly increase hepatic lactate uptake 
through gluconeogenesis (Lucke, 1978; Hall et  al., 1980). For 
example, mice exposed to high temperatures for a long time have 
been observed to alter the gluconeogenesis process, TCA cycle 
components (fumarate, malate, and 2-ketoglutarate) and the 
urea cycle (Araújo et al., 2019). Our results agree with mammal 
studies and show that the high temperature impacts the TCA 
cycle, gluconeogenesis, and fatty acid metabolism.

Additionally, we observed the up-regulation of SCP-2 (sterol 
carrier protein 2) and HMG-CoA synthase (hydroxymethylglutaryl-
CoA synthase). Specific, SCP-2 binds and transports lipid 
ligands such as long-chain fatty acids and their CoA thioesters 4 
(Hayashi et al., 2002) and phospholipids (Shimazu et al., 2013). 
HMG-CoA synthase catalyzes the condensation of acetyl-CoA 
with acetoacetyl-CoA to form 3-hydroxy-3-methylglutaryl-
CoA (HMG-CoA), an intermediate in cholesterol synthesis and 
ketogenesis (Shimazu et al., 2010). HMG-CoA contributes to the 
synthesis of cholesterol, an essential component of membrane 
fluidity (Polymeropoulos et al., 2009). Fatty acids synthesized in 
the liver should be integrated into triacylglycerols and packaged 
into VLDL or HDL (Vitali et  al., 2017), which drives the fatty 
acids to other tissues for use or storage (Xiao et al., 2020). We 
observed that changes in VLDL and HDL levels induced by the 
rise in the temperature indicate that lipids might be broken down 
into smaller, simple molecules, suggesting that the individuals 

are in a catabolic state. Thus, our results are in concordance with 
previous studies and show that the metabolic activity of the liver 
is highly susceptible to a catabolic state by external stressors, such 
as a rise in the water temperature (Surai et al., 2019; Xiao et al., 
2020; Zhang et al., 2021).

Perhaps the most compelling finding is that heat treatment 
produced significant changes in the intestinal metabolites in the 
intestine, with most metabolites significantly reduced compared 
with the group reared at 27, 6°C, including oleic acid, palmitic 
acid, stearic acid, and mannose, myristic acid, and carbazole. 
These metabolites are involved in the fatty acid synthesis, mainly 
with energy and lipid metabolism (Savage et al., 2007; Loscalzo, 
2011; Li et  al., 2017). Previous reports have also shown that 
lengthy exposure to elevated temperature impacts the metabolism 
of the fatty acids in the intestine, including increased levels of 
VLDL and decreased HDL. As shown in Figure 6, the fatty acid 
pathway, VLDL, and HDL greatly impacted the intestine. This 
study also highlights those high temperatures induce a specific 
change in the amino-acid (AA) metabolism, mainly in the 
intestine and brain. The bubble diagram shows that the heat 
treatment inhibited fatty acid synthesis in the intestine and drove 
changes in the intestine’s amino-acid (AAs) metabolism, linked 
explicitly with the AA turnover (Bouchama and Knochel, 2002; 
Kovats and Hajat, 2008; He et  al., 2019). Our results indicate 
that fish reared at high temperatures reduce the phenylalanine 
and tyrosine pathways, suggesting an increased AA turnover 
(Boglione et  al., 2013; Messineo et  al., 2018). Several reports 
have shown that high temperature impacts the AAs’ turnover 
(Kullgren et  al., 2013; Sommer and Wolf, 2014; Salamanca 
et  al., 2021), causing tyrosine and phenylalanine deficiency 
and reducing fish growth (Todgham et  al., 2017; Valenzuela 
et  al., 2018). These results are in concordance with our results 
that show that the warm temperature impacts AA turnover and 
reduces growth (Figures 2, 6). However, the specific roles of AA 
deficiency by increased temperature and its relationship with 
reduced growth need further investigation.

One interesting finding is that AA deficiency is a process 
highly impacted in the three tissues. For example, in the liver 
and intestine, metabolites related to aminoacidic catabolism and 
some neuropeptides, both pathways linked to AA deficiency and 
feeding behaviour, were affected significantly in fish reared at high 
temperatures (Sanhueza et al., 2018), as observed in the brain. Our 
results are in concordance with the study in Acipenser stellatus 
and, in particular, show that warm temperature changes the 
turnover of L-glutamic acid, L-alanine, L-tryptophan, L-valine, 
and L-tryptophan, L-valine, L-valine L-leucine (Monselise et al., 
2011; Mushtaq et al., 2014). We observed that other amino acids’ 
synthesis also significantly impacted the three tissues, liver, 
intestine and brain, such as D -Serine or Alanine. D-Serine is 
related to the locomotor activity induced by environmental 
stressors and diseases (Fry, 1971; Reilly and Thompson, 2007; 
Hayes and Volkoff, 2014; Rosewarne et al., 2016; Speers-Roesch 
et al., 2018; Jutfelt, 2020; Le et al., 2020). In our study, D-Serine 
was highly expressed in fish reared at warm temperatures in all 
tissues. In fish, reports show that modifications on the D-Serine 
and the Alanine levels were triggered by heat stress.
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CONCLUSION

The current research allowed the identification of significant 
changes in the metabolite performance of fish reared at high 
temperatures. Moreover, at high temperatures, fish show 
significant differences in the mean body weights. We identified 
vital metabolites and processes involved in thermal acclimation, 
including enhanced fatty acid oxidation, lipid and carbohydrate 
metabolism and amino acid catabolism such as α-ketoglutaric 
acid, SCP-2, HMG-CoA synthase, D-serine or alanine, serotonin, 
5-hydroxytryptamine. Future research into genetic and epigenetic 
mechanisms and their effect on the metabolic pathways identified 
will help improve our understanding concerning the fish responses 
to climate change. This information may also be valuable for 
biomarker discovery research in untargeted metabolomics.
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