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Hormones of the brain-pituitary-peripheral axis regulate metabolism, gonadal maturation,
and growth in vertebrates. In fish, reproduction requires a significant energy investment to
metabolically support the production of hundreds of eggs and billions of sperms in females
and males, respectively. This study used an LC-MS-based metabolomics approach to
investigate seasonally-related changes in metabolic profile and energy allocation patterns
in female goldfish liver. We measured basal metabolic profile in female goldfish at three
phases of the reproductive cycle, including 1) Maximum growth period in postovulatory
regressed phase, 2) mid recrudescence in fish with developing follicles, and 3) late
recrudescence when the ovary contains mature ovulatory follicles. We also investigated
changes in the liver metabolism following acute treatments with GnRH and GnIH, known to
be involved in controlling reproduction and growth in goldfish. Chemometrics combined
with pathway-driven bioinformatics revealed significant changes in the basal and GnRH/
GnIH-induced hepatic metabolic profile, indicating that metabolic energy allocation is
regulated to support gonadal development and growth at different reproductive cycles.
Overall, the findings support the hypothesis that hormonal control of reproduction involves
accompanying metabolic changes to energetically support gonadotropic and
somatotropic activities in goldfish and other oviparous vertebrates.

Keywords: seasonal reproductive cycle, targeted metabolomics, LC-MS, chemometrics, growth and reproduction,
gonadotropin releasing hormone (GnRH), gonadotropin-inhibitory hormone (GnIH)

1 INTRODUCTION

A number of oviparous species, including many fishes, are seasonal breeders and follow cycles of
predominantly reproductive and growth phases. Integrated control of reproduction, growth and
metabolism is multifactorial, involving neurohormones, the pituitary gonadotropins (LH and FSH),
growth hormone (GH), gonadal hormones, and thyroid hormones (Zohar et al., 2009; Yaron, 2011;
Habibi et al., 2012; Plant, 2015; Ma et al., 2020a; Ma et al., 2020b; Rajeswari et al., 2020; Somoza et al.,
2020; Trudeau and Somoza, 2020). Ovarian follicular development starts with the growth of many
small early-stage transparent oocytes accumulating neutral lipids in the ooplasm as lipid droplets
(early recrudescence). The growing follicles increase in size progressively by taking up
glycolipophosphoproteins termed vitellogenin (Vtg) which is the precursor molecule for the yolk
proteins during mid recrudescence (Reading and Sullivan, 2011), and eventually form the
preovulatory follicles (late recrudescence). A surge of LH and FSH at the end of the ovarian
cycle leads to resumption of meiosis, ovulation and spawning, followed by a regressed gonadal phase,
which corresponds to a period of maximum growth (Marchant and Peter, 1986; De Leeuw et al.,
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1989). Changes in metabolism accompany seasonal variation in
the reproductive cycle to sustain this energy-demanding process
specific to the stage of gonadal development or period of growth.
Vitellogenesis requires a significant metabolic energy allocation
(Schneider, 2004; Fernandez-Fernandez et al., 2006; Shahjahan
et al., 2014; Ladisa et al., 2021) to support the production of
hundreds of mature eggs filled with lipoprotein-filled yolk
(Jalabert, 2005). This is critical in oviparous species since
embryonic development and early larval stages depend entirely
on energy molecules stored in the egg during the maturation
(Reading and Sullivan, 2011). For example, in rainbow trout,
ovaries grow from 0.5% to approximately 20% of the bodyweight
prior to ovulation, and during gametogenesis, the oocyte
diameter increases from less than 1–5 mm (Tyler et al., 1990).
At the end of the vitellogenic period, yolk proteins derived from
Vtg contribute to 80–90% of the dry mass of a mature egg
(Reading and Sullivan, 2011). Estrogens stimulate the
production of Vtg in the liver, which is transported through
the bloodstream to the ovaries, and processed into yolk proteins
in the oocytes (Jalabert, 2005; Lin et al., 2006; Reading and
Sullivan, 2011; Mcbride et al., 2015). In the blood, Vtg also
functions as a carrier for various molecules, including calcium,
magnesium, iron, vitamins, steroids and thyroid hormones
(Reading and Sullivan, 2011). It is well established that
dramatic changes occur in the liver of fish related to the
gonadal maturation and vitellogenesis (Rinchard and
Kestemont, 2003). The reproductive cycle begins, in part, with
the production of the hypothalamic gonadotropin-releasing
hormone (GnRH) in response to environmental and metabolic
cues (Zohar et al., 2009; Plant, 2015). GnRH stimulates the
synthesis and release of LH and FSH from the anterior
pituitary, promoting gonadal hormones and gametogenesis
(Zohar et al., 2009; Yaron, 2011). The reproductive process is
integrated with the growth response controlled by GH, which is
regulated by a complex network of hormonal and nutritional
factors, including GnRH ((Chang et al., 2000; Canosa et al., 2007;
Chang and Wong, 2009). All vertebrate species have multiple
isoforms of GnRH (Lethimonier et al., 2004; Okubo and
Nagahama, 2008; Chang and Pemberton, 2018). The two
endogenous GnRH isoforms in goldfish, GnRH-II [chicken
GnRH-II] and GnRH-III [salmon GnRH] (Peter et al., 1985;
Yu et al., 1988; Kim et al., 1995; Chang and Pemberton, 2018), are
involved in the control of pituitary gonadotropin and GH
production (Peter et al., 1985; Chang et al., 2000; Klausen
et al., 2001) and regulation of seasonal reproductive cycle in
goldfish (Omeljaniuk et al., 1989; Gamba and Pralong, 2006;
Moussavi et al., 2013; Moussavi et al., 2014; Ma et al., 2020a; Ma
et al., 2020b). There is now evidence that gonadotropin-
inhibitory hormone (GnIH) is also involved in the
multifactorial regulation of growth and reproduction, together
with GnRH and thyroid hormones (Ma et al., 2020a; Ma et al.,
2020b). In birds and mammals, GnIH inhibits the release of
gonadotropins (Tsutsui et al., 2000; Ubuka et al., 2006; Kriegsfeld
et al., 2010; Pineda et al., 2010; Tsutsui et al., 2013). However, in
other vertebrates like fish, GnIH can exert both inhibitory and
stimulatory actions on the production of gonadotropins in a
seasonally dependent manner (Amano et al., 2006; Moussavi

et al., 2012; Moussavi et al., 2013; Ma et al., 2020a; Ma et al.,
2020b). In goldfish, the presence of three GnIH variants has been
demonstrated (LPXRFa-1, -2, and-3), although only LPXRFa-3
was identified as a mature peptide (Sawada et al., 2002). In several
vertebrates, GnRH and GnIH are also involved in the regulation
of growth by modulating GH production (Chang and Wong,
2009). Studies conducted on several fish species, including
goldfish, have shown the presence of GnRH receptors on
somatotroph cells and demonstrated its stimulatory action on
the synthesis and release of GH (Melamed et al., 1995; Klausen
et al., 2001; Klausen et al., 2002; Bhandari et al., 2003).
Additionally, GnIH can influence growth and metabolism by
regulating food intake and GH secretion (Clarke, 2014). GnIH
orthologs stimulate GH release in frogs (Koda et al., 2002; Ukena
et al., 2003), sockeye salmon (Amano et al., 2006) and rat
(Johnson et al., 2007). In goldfish, GnIH regulates GH
synthesis and release in vivo and in vitro in a seasonally-
dependent manner (Moussavi et al., 2014; Ma et al., 2020a;
Ma et al., 2020b). There is evidence that GnRH receptor level
changes between reproductive stages. In goldfish, GnRH
receptors undergo seasonal variation, and the highest pituitary
content is found during the late recrudescence (Habibi et al.,
1989). Similarly, treatments with GnIH and GnRH alone or
combined influence pituitary GnIH receptor expression in a
seasonally dependent manner (Moussavi et al., 2013; Moussavi
et al., 2014). Thus, variation in GnRH and GnIH receptor levels is
likely to influence the hormone-mediated seasonal changes.
Goldfish undergo a distinct seasonal cycle and provide a
suitable model organism to study energy allocation associated
with reproduction and growth. We used an LC-MS-based
metabolomics approach to investigate the hepatic metabolic
profile of adult female goldfish during three stages of the
reproductive cycle, including maximum growth period in
postovulatory regressed phase, mid recrudescence in fish with
developing follicles, and late recrudescence when the ovary
contains mature ovulatory follicles. We also investigated
seasonally related changes in the liver metabolism following
acute treatments with GnRH and GnIH, known to be involved
in controlling reproduction and growth in goldfish. Most
metabolic pathways and cellular regulatory mechanisms are
common among vertebrates, and metabolomics data can be
interpreted similarly in different species. However, significant
differences in metabolic energy allocation exist when comparing
oviparous and viviparous species such as fish and humans,
respectively, at different stages of reproduction. The present
study provides an insight into the metabolic changes
accompanying seasonal variation in the reproductive cycle in
fish and other seasonally reproducing vertebrates.

2 MATERIALS AND METHODS

2.1 Experimental Animals
In all studies, we used sexually mature (post-pubertal) 4–6 inch
(average weigh 34.6 g) goldfish (Carassius auratus). Fish were
imported by a local supplier (Aquatic Imports, Calgary, AB,
Canada) from a fish farm in Pennsylvania (Mercersburg, PA,
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United States), where they were reared under the natural daylight
and temperature cycles. Each experimental group was assigned 20
fish to ensure that a minimum of six female fish could be used in
this study. We used fish at three stages of the annual reproductive
cycle, including regressed/maximal growth phase (July-August),
mid recrudescence (December- January) and late recrudesce
(March-April). At arrival, fish were acclimatized for 4–7 days
in a flow through system in 25 L tanks kept under the daylight
and temperature corresponding to the environmental conditions.
Fish were fed a commercial fish diet once a day to satiation
(Nutrafin floating pellets; Hagen, Baie d’Urfé, QC, Canada). A
buffered MS-222 solution (tricaine methanesulfonate, 160 mg/L,
Sigma Aldrich St Louis, MO, United States) was used to
anesthetize the fish before intraperitoneal injection and
euthanization following the protocols approved by the
University of Calgary animal care committee (protocol
#AC19-0161) under the guidelines of the Canadian Council of
Animal Care. Ovarian stages were assessed by visual inspection
after euthanization before tissue collection. Photographs of
ovaries used at different gonadal stages are shown in Figure 4.
Immediately after collection, liver tissue samples were snap-
frozen in liquid nitrogen to arrest the metabolism and stored
at −80°C until further analysis.

2.2 Hormones and Injection Treatments
GnRH-III (salmon GnRH) (Pyr-HWSYGWLPG-NH2) was
purchased from Bachem (Torrance, CA, United States).
Goldfish GnIH (LPXRFa-3; SGTGLSATLPQRF-NH2) was
synthesized by the University of Calgary Peptide Services
(Calgary, AB, Canada). Before injection, hormones were
dissolved in phosphate-buffered saline (PBS). GnRH-III,
GnIH, and PBS (control) were administered intraperitoneally
twice, at 9 am (T-0 h) and 9 pm (T-12 h; Table 1). Fish were
euthanized, and tissue samples were collected 24 h after the final
injection. The control group (Group 1) received a sham injection
of PBS at T-0 and T-12 h. The injection protocol was chosen
based on previous studies demonstrating that double injection
with GnRH or GnIH had a more significant stimulatory effect on
GH and LH release in goldfish, compared to single injection
indicating that the first injection serves as a primer for tissue
response (Klausen et al., 2001; Klausen et al., 2002; Moussavi
et al., 2012; Klausen et al., 2014; Ma et al., 2020a; Ma et al., 2020b).
Doses of GnRH-III and GnIH were chosen based on previous
studies conducted on goldfish (Moussavi et al., 2012; Moussavi
et al., 2013; Moussavi et al., 2014; Ma et al., 2020a; Ma et al.,

2020b). In particular, GnRH-III: 100 ng/g of fish, and GnIH:
50 ng/g of fish were injected based on the weight of fish in the
three experimental seasons.

2.3 Extraction of Metabolites and LC-MS
Several preparation protocols have been developed for the
extraction of small molecules from tissue samples, and most
involve the addition of organic solvents (Li and Bartlett, 2014). In
the present study, we used a water-methanol extraction protocol.
This process allowed the extraction of polar metabolites while
maintaining the biophysical characteristics of the metabolites
present in the sample (Wu et al., 2008; Li and Bartlett, 2014).
The metabolites extraction protocol involved homogenizing liver
samples in a 50% cold water-methanol solution using a bead-
beating homogenizer (TissueLyser II, QIAGEN). Samples
(~50 mg) were extracted with methanol [ratio of 1:20 sample
(mg): methanol (μl)]. After homogenization, samples were
centrifuged at 13,500 rpm for 20 min, and the supernatant was
stored at −80°C until further analysis. A Quality control (QC)
group was generated by pooling ~20 mg from five random
samples, extracted and analyzed in five statistical replicates
together with the investigated groups (Vuckovic, 2012).
Metabolite extracts were analyzed using Ultra-High-
Performance Liquid Chromatography (UHPLC) mass
spectrometry (MS) coupled with a Thermo Fisher Scientific
Q-Exactive HF mass spectrometer. A hydrophilic interaction
liquid chromatography column (Syncronis HILIC, Thermo
Fisher) was used to separate the metabolites. High-resolution
full-scan MS data were acquired using negative-mode
electrospray ionization, and data were analyzed with MAVEN
freeware (Melamud et al., 2010) based on retention times andm/z
of standards in a targeted profiling approach. MAVEN’s feature
detection algorithm extracts peak groups with retention times
and m/z matching specified standards (Clasquin et al., 2012).
Relative quantification of metabolites is estimated based on the
intensity of the analyzed peaks. Area top was used to measure
peak intensity, representing the average intensity of the top three
points of the peak.

2.4 Statistical Analysis
We used normalization by median, log transformation and
Pareto scaling approach described previously (Katajamaa and
Orešič, 2007) to eliminate noise and artifact. To reduce the innate
complexity of metabolomics data, multivariate analysis and
dimensionality reduction tools such as Principal Component
Analysis (PCA) and Partial Least Squared—Discriminant
Analysis (PLS-DA) were used to identify significant differences
in the metabolic profile of the groups investigated. PCA was
performed on treatment groups and the QC group to validate the
LC-MS analysis’s accuracy and identify the presence of outliers
(Sangster et al., 2006). Moreover, PLS-DA was performed on the
treatment groups to highlight differences in metabolic profiles
and identify important metabolites (Lee et al., 2018).

R2 and Q2 parameters estimate the “goodness of fit” and
“goodness of prediction” for each model, respectively (Triba
et al., 2015). PLS-DA models with R2 and Q2 > 0.5 were
deemed good fitting and good predictability, respectively.

TABLE 1 | Injection design of GnRH-III (100 ng/g fish wet weight) and gGnIH
(50 ng/g fish) treatments, dissolved in PBS solution. Double injection with PBS
(Group 1) served as control group. Intraperitoneal injections were administered at
T0 and T12 h followed by samples collection at 24 h post first injection.

Group T0 h T12 h

1 PBS PBS
2 PBS GnRH
3 GnRH GnRH
4 PBS GnIH
5 GnIH GnIH
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Furthermore, a cross-validation process (CV-ANOVA) based on
a 7-fold cross-validation permutation testing method was used to
assess the significance of the PLS-DA models. Models with a
p-value <0.05 were considered significant.

We used Variable Importance in Projection (VIP) > 1 as a
variable selection method and threshold to identify significant
metabolites in the PLS-DA models. Metabolites with VIP score
>1 were selected for each model to generate heatmaps and
pathway analysis (MetPA; MetaboAnalyst 4.0). The clustered
heatmaps display the relative concentration of metabolites and
an overview of the metabolic profile for various treatment groups
to visualize changes in metabolite concentrations. Hierarchical
clustering was conducted on the rows/variables of the data matrix
and the dendrograms cluster metabolites that undergo similar
changes in abundance. Finally, differences in the levels of
metabolites in various groups were tested by one-way
ANOVA, followed by Tukey’s post-hoc analyses that identify

differences between groups (Table 2). To further investigate
differences between seasons, we conducted multiple t-tests,
and the p-values are also shown in Supplementary Table S5.
The effect of single and double injection with GnRH and GnIH
on basal metabolism was also analyzed with ANOVA and
multiple t-tests (Supplementary Tables S6–S13).

p-value adjusted for multiple comparisons using False
Discovery Rate (FDR) < 0.05 indicates a significant difference
between groups.

2.5 Pathway Analysis
The concentration levels of the VIP > 1 metabolites identified for
every PLS-DA model were used to conduct pathway analysis and
determination of metabolic pathways involved in different
treatment groups. In the present study, we used the MetPA
metabolomics pathway analysis offered by the Metaboanalyst
4.0 platform as an analytical tool (Xia et al., 2010). Pathway

TABLE 2 | One-way ANOVA results of all the VIP > 1 metabolites identified for the three PLS-DA models investigating the metabolic changes between reproductive phases
(Regressed, Mid and Late). Tukey’s post-hoc test was used for multiple comparisons following ANOVA.

VIP metabolites p-value FDR Tukey’s HSD

Taurine 1.55 × 10−5 0.00041 Late-Regressed; Late-Mid
Glutamic acid 2.16 × 10−5 0.00041 Late-Regressed; Late-Mid
GMP 2.36 × 10−5 0.00041 Mid-Regressed; Late-Mid
Asparagine 3.75 × 10−5 0.00046 Mid-Regressed; Late-Mid
Uridine 4.44 × 10−5 0.00046 Mid-Regressed; Late-Mid
Acetylglutamine 0.00011 0.00092 Mid-Regressed; Late-Mid
Ophthalmic acid 0.00019 0.0014 Mid-Regressed; Late-Regressed
Acetoacetic acid 0.00028 0.0017 Late-Regressed; Late-Mid
Uric acid 0.00029 0.0017 Mid-Regressed; Late-Mid
Glucose 1-phosphate 0.0005 0.0026 Late-Regressed; Late-Mid
Adenine 0.0006 0.0026 Mid-Regressed; Late-Mid
Pantothenic acid 0.0008 0.0033 Late-Regressed; Late-Mid
CMP 0.0009 0.0036 Late-Mid
Glutathione 0.0012 0.0044 Late-Regressed; Late-Mid
Glycogen 0.0014 0.0048 Mid-Regressed
Glucose 0.0017 0.0054 Late-Regressed
Inosinic acid 0.0028 0.0081 Mid-Regressed; Late-Mid
Histidine 0.0028 0.0081 Late-Regressed; Late-Mid
Guanosine 0.0058 0.015 Mid-Regressed; Late-Regressed
Adenosine 0.0060 0.015 Mid-Regressed
Fructose 0.0061 0.015 Late-Regressed
Allantoin 0.0078 0.018 Late-Mid
Arginine 0.0081 0.018 Late-Regressed
EAP 0.0088 0.019 Late-Mid
Ornithine 0.011 0.022 Late-Mid
Citrulline 0.011 0.023 Late-Mid
Creatine 0.013 0.024 Late-Regressed; Late-Mid
Aminoadipic acid 0.015 0.028 Mid-Regressed; Late-Mid
AMP 0.016 0.028 Late-Mid
UMP 0.016 0.028 Late-Regressed; Late-Mid
Alanine 0.017 0.029 Late-Regressed; Late-Mid
Valine 0.021 0.032 Late-Regressed
Inosine 0.021 0.032 Mid-Regressed
Tyrosine 0.022 0.032 Late-Regressed
Phenylalanine 0.022 0.032 Late-Regressed
Malonate 0.022 0.032 Late-Mid
Lysine 0.029 0.040 Late-Regressed
Pterin 0.030 0.040 Late-Mid
Leucine 0.030 0.040 Late-Regressed
Ciliatine 0.035 0.045 Late-Regressed

p-value <0.05 indicates statistically significant differences between groups. False Discovery Rate (FDR) indicates the p-value adjusted for multiple comparisons.
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analysis in MetPa combines quantitative enrichment analysis
based on the metabolite concentration values and topological
analysis that measures the importance of a metabolite in the
metabolic pathway. The nodes importance value (pathway
impact) is calculated from centrality measures, normalized by
the sum of the importance value of metabolites in the pathway
(Xia et al., 2010). In this regard, the impact value of zero indicates
a relatively low number of connections of one node to others. This
suggests that the matched metabolites for a specific pathway have
a marginal role concerning the “length” and complexity of the
pathway. The global test and Relative-betweenness Centrality
were selected as algorithms for the enrichment and topological
analysis, respectively (Chong et al., 2019). In the present study, we
used the zebrafish (Danio rerio) KEGG pathway library as a
reference.

3 RESULTS

3.1 Characterization of Fish Hepatic
Metabolism at Different Stages of the
Seasonal Cycle
Female liver samples collected at different stages of the
reproductive cycle were analyzed using LC-MS for relative
quantification of metabolites. Samples were analyzed using
negative-mode electrospray ionization, and complementary
analysis using positive-mode was not carried out in the
present study. A targeted metabolomics profiling approach
using an m/z and retention times standard library led to the
identification of 71 metabolites in the aqueous phase of liver
extracts. Examples of peak detection and measurements are
shown in Supplementary Figure S1. Furthermore, the average
peak intensity (±SEM) of the VIP > 1metabolites during the three
investigated reproductive stages is provided in Supplementary
Table S1. In this study, we used both univariate and multivariate
statistical and visualization techniques to comprehensively
characterize the metabolic profile of different reproductive
stages and investigate seasonal variations in metabolism.
Chemometrics tools such as PLS-DA and PCA were used to
reduce the dimensionality of the dataset and to visualize
similarities (cluster formation) and dissimilarities (cluster
separation) between the investigated groups. PCA was
conducted on the metabolic data obtained from the Control
samples collected from female goldfish at three stages of
reproduction. The three groups included fish at regressed
gonadal phase/somatotropic phase (n = 10), mid
recrudescence (n = 10), and late recrudescence (n = 10). We
also used a quality control group (QC, n = 5) (Supplementary
Figure S2). The PCA scatter plot shows a strong cluster
formation for the QC group, confirming the reliability of our
dataset and the absence of outliers as all samples fall within the
95% confidence area. We performed PLS-DA on the dataset to
further explore the shift seen in the PCA analysis. In the
supervised multivariate modelling method, the PLS-DA
algorithm combines dimensionality reduction and discriminant
analysis, using the group ID of samples. Hence, PLS-DA provides

a robust predictive and descriptive regression model (Lee et al.,
2018). The score scatter plot obtained from PLS-DA analysis
revealed a significant shift in the metabolic profile of the three
gonadal stages (Regressed, Mid and Late; Figure 1). Statistical
significance of the identified shift was assessed by the R2 and Q2

parameters (R2 = 0.842,Q2 = 0.658) and by CV-ANOVA (p = 2.75 ×
10−5) (Figure 1). To further investigate the observed metabolic
shift, we performed pairwise analysis for each group and obtained
significant differences for all PLS-DA models: Regressed/Mid:
0.0011; Mid/Late: 0.0009; Late/Regressed: 4.91 × 10−5 (Figure 1).
In the present study, each season was compared with the other
two. We identified the dominant metabolites in each PLS-DA
model by selecting the metabolites with VIP score >1 to
characterize the phenotypes at the three recrudescence stages
investigated (Figure 2). Given the large number of variables
provided by LC-MS analysis, data sets are often difficult to
interpret and feature selection prior to pattern recognition
becomes a critical step in the metabolomics studies (Lê Cao
et al., 2011). Thus, metabolites with a VIP score >1 can be
regarded as molecular markers that indicate the status of a
given condition and differences among the treatment groups
(Gorrochategui et al., 2016). The stacked bar graph shown in
Figure 2 compares the VIP score (>1) of the identified
metabolites in each model as a contribution to the whole
dataset (Figure 2). Furthermore, Figure 2 shows similarities
between models and highlights differences in the contribution
of variables, suggesting that the hepatic metabolic profile of the
three stages of reproduction is considerably different. Figure 3
illustrates the relationship between the three built models by
showing the number of overlapping variables. The Venn diagram
can directly compare models, determine the number of identified
VIP > 1 metabolites in each model, and highlight the number of
unique and shared variables. In the Regressed/Mid models, we
identified 30 VIP > 1 metabolites where 15 metabolites were
similar to the Late/Regressed model and 11 with the Mid/Late
model. We also identified 30metabolites with VIP > 1 in the Late/
Regressed model and 31 in the Mid/Late-model, with 14 common
metabolites between these two. The three metabolites with a VIP
score >1 common in all groups were Acetoacetic acid, Guanosine
monophosphate (GMP) and Uric acid. We combined the
metabolites with VIP > 1 of each model for heatmap
generation among the 52 distinguishing metabolites. The
clustered heatmap presented in Figure 4 shows the group-
average concentration of all VIP > 1 metabolites, providing
insight into the relationship between metabolites in the three
reproductive stages, facilitating the visualization of their relative
abundance (Figure 4). Additionally, the hierarchical clustering
analysis accompanying the heatmap revealed the presence of
three primary metabolites clusters since three main branches
occur at similar distances (Figure 4). The interpretation of the
heatmap is further facilitated by one-way ANOVA results
(Table 2) and multiple t-test comparisons (Supplementary
Table S5). Finally, to fully characterize the changes in basal
metabolism related to the three reproductive stages, we
conducted a pairwise pathways analysis to investigate the
differences. Metabolites with VIP > 1 obtained in the three
built models were submitted to the Metaboanalyst 4.0
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platform for the pathway analysis (Xia et al., 2010). The analysis
of the biochemical processes data in this study was based on the
zebrafish (Danio rerio) pathway library of the Kyoto
Encyclopedia of Genes and Genomes (KEGG) (Kanehisa et al.,
2019). Pathway analysis used in this study integrates quantitative
pathway enrichment analysis (QEA) that measures differences in
metabolites concentration between groups (p-value), and
network topology analysis that estimates the relative
importance of metabolites based on their relative position in a
given pathway (pathway impact). The results of the pairwise
pathway analysis shown in Figure 5 describe differences in
metabolic activities and patterns of energy allocation between
the seasons. The detailed results of the pathways impacted in each
comparison are presented in Supplementary Tables S2–S4. Our
results demonstrate that purine and pyrimidine metabolism are
among the main pathways contributing to the differences
observed between the fish at regressed phase and mid
recrudescence, and between mid and late recrudescence groups
(Figure 5). Changes in the concentration of metabolites such as
guanosine, inosine, adenine, and adenosine suggest increased
activity of the purine salvage pathway during the regressed
phase compared to mid recrudescence (Figure 4). On the
other hand, the high levels of inosinic acid, AMP and GMP
suggest an increased de novo purine synthesis during mid
recrudescence, compared to regressed and late recrudescence
(Figure 4). On the contrary, elevated concentration of
allantoin, hypoxanthine and xanthine in late compared to mid
recrudescence suggests an enhanced purine degradation in the
late recrudescence stage (Figure 4). Pathway analysis comparing
regressed and mid recrudescence and regressed and late
recrudescence indicate changes in the metabolism of several
amino acids, including taurine, arginine, tyrosine, lysine,
methionine, valine, leucine, histidine, alanine, threonine and
phenylalanine (Figure 5). The heatmap, supported by
ANOVA and multiple t-test analysis (Table 2; Supplementary
Table S5), indicates that these amino acids have significantly
higher concentrations during the regressed phase than mid and
late recrudescence. Thus, the results suggest higher levels of
amino acid turnover to support protein synthesis during the
stage of maximal growth (gonadal regressed phase; Figure 4). The
glycogen concentration was significantly higher in the regressed
than the mid and late recrudescence groups, as shown in the
heatmap (Figure 4) and the ANOVA and t-test analysis (Table 2;
Supplementary Table S5). In fish, the liver is the main site for
glycogen buildup, and lower concentrations occur in the brain
and the skeletal muscle (Soengas et al., 1993). Our results
demonstrate an enhanced glycogen synthesis during the
regressed phase, consistent with previous studies in brackish-
water fish, common roach R. rutilus (Rinchard and Kestemont,
2003) and flounder (Petersen and Emmersen, 1977). Finally,
taurine, hypotaurine and tyrosine metabolism are enhanced
during the regressed phase, as shown in the heatmap and
pathway analysis comparing regressed to mid and late
recrudescence (Figures 4, 5). The functional amino acid
taurine and thyroid hormones (derived from tyrosine) are
essential for normal growth (Power et al., 2001; Andersen
et al., 2016). The results demonstrate enhanced anabolic

pathways such as protein and glycogen synthesis during the
regressed gonadal phase, corresponding to the stage of the
maximal growth period. Pathway analysis comparing mid and
late recrudescence metabolic profiles demonstrate significant
differences in lipid metabolism (Figure 5). Based on the
results of distinguishing VIP metabolites and enriched
pathways, fatty acid biosynthesis, sphingolipid, and
glycerophospholipid metabolism were more active in the liver
of mid recrudescence fish than late (Figure 4). This is
corroborated by the ANOVA results of
O-Phosphoethanolamine (a metabolite of the phospholipid
synthesis pathway; EAP in the heatmap) and malonate (first
step product of fatty acids synthesis) that indicate a significant
increase of these metabolites in mid compared to late
recrudescence (Table 2). Consistent with previous studies,
these results indicate an enhanced lipid production and
mobilization in the liver supporting the vitellogenesis process
during mid recrudescence (Rinchard and Kestemont, 2003).
Validated by the ANOVA results, mid recrudescence is
characterized by high levels of ornithine and citrulline,
metabolites derived from arginine metabolism (Table 2).
Results of pathway analysis confirm the different activity of
the arginine biosynthesis pathway when comparing regressed
and mid recrudescence fish (Figure 5). Arginine metabolism is
associated with the reproductive system and can affect fecundity
by regulating vitellogenesis and egg quality (Waters et al., 1992).
Pathway analysis comparing Mid and late recrudescence
highlights changes in the metabolism of several amino acids,
including arginine, cysteine, methionine, taurine, hypotaurine,
histidine, leucine, tyrosine, phenylalanine, and glutamine
(Figure 5). The heatmap in Figure 4 demonstrates lower
concentrations of these and other amino acids during the late
recrudescence than regressed and mid, suggesting a lower activity
of amino acids and protein metabolism in the final stages of
gonadal recrudescence. The late recrudescence is also
characterized by significantly lower levels of the ketone bodies
acetoacetic acid and hydroxybutyric acid compared to regressed
and mid recrudescence as shown in the heatmap and ANOVA
analysis (Figure 4;Table 2). In male fish, however, late recrudesce
was characterized by significantly higher levels of ketone bodies
than those at regressed and mid recrudescence (Ladisa et al.,
2021). Furthermore, late recrudescence is characterized by
significantly higher glutathione levels (Figure 4; Table 2),
indicating an enhanced glutathione metabolism as
demonstrated by the pathway analysis results comparing late
to both regressed and mid recrudescence (Figure 5).

3.2 Effects of Acute Treatments With
Gonadotropin-Releasing Hormone and
Gonadotropin-Inhibitory Hormone on
Metabolism
GnRH and GnIH can regulate both gonadotropic and
somatotropic activities and are involved in the multifactorial
regulation of growth and reproduction in goldfish. We injected
GnRH and GnIH in adult female goldfish at three stages of the
gonadal cycle to investigate their potential effects on liver
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metabolism. GnRH-III, one of the two native isoforms in goldfish
(Yu et al., 1991), and goldfish GnIH (gGnIH) were used in the
present study. Fish received a single or double injection of GnRH-
III or GnIH at T0 and T12 h and sacrificed 24 h after the first
injection, as shown in Table 1. Injections with PBS (PBS + PBS)
served as the control (Ctrl) in the present study. The time-course
of the treatments was based on previous studies with GnRH on
goldfish in which the first injection served as a priming treatment.
Multiple GnRH injections were shown to enhance subsequent LH
production (Omeljaniuk et al., 1989; Moussavi et al., 2012,
Moussavi et al., 2013, Moussavi et al., 2014). However, it is
likely that the acute nature of GnRH and GnIH treatments
used in the present study may not be sufficient to elicit
changes seen in different seasons. The metabolomics data
collected for GnRH (Ctrl, PBS + GnRH, GnRH + GnRH) and
GnIH (Ctrl, PBS + GnIH, GnIH + GnIH) treatments were
analyzed independently to reduce the impact of artifacts and
maximize the predictive ability of multivariate analysis. A
standard library of retention times and m/z, with Maven
software, led to the identification of 64 metabolites in the
GnRH treated and 59 metabolites in the GnIH treated groups.
PLS-DA was performed on the three treatment groups (control,

single and double hormone injection) for each reproductive phase
to investigate differences in the metabolic profiles of the three
groups tested (Figure 6). PLS-DA models built for GnRH
treatments show a statistically significant difference in the
metabolic profile of the three treatment groups in the
regressed (p-value = 0.001) and mid recrudescence (p-value =
0.046; Table 3) stages. On the other hand, GnRH treatment in the
late recrudesce and GnIH treatment in all reproductive stages did
not result in a statistically significant PLS-DA model for various
treatment groups (Table 3). Variable selection based on the VIP
score >1 criterion identified 26 metabolites in the regressed stage,
25 in the mid and 24 in the late recrudescence for the GnRH
treatment groups (Figure 7A). For the GnIH treated groups,
variable selection based on the VIP score >1 criterion identified
23 metabolites in the regressed stage, and 16 and 18 for the mid
and late recrudesce, respectively (Figure 7B). The stacked bar
graphs presented in Figure 7 show differences between models in
terms of metabolite importance (VIP score >1), indicating
different metabolic actions of hormones at different stages of
gonadal recrudescence and providing a basis for comparing
GnRH and GnIH effects. We employed multivariate and
univariate statistical and visualization methods for each

FIGURE 1 | Score scatter plot of the built Partial-Least Squares—Discriminant analysis (PLS-DA) models. The “All groups” model investigate the change in liver
metabolism of the three groups corresponding to the three reproductive stages (A). Groups were also analyzed in a pair-wise manner: Regressed/Mid (B), Mid/Late (C)
and Late/Regressed (D). Each axis represents a component that is a source of variation between samples (shown as percentage in parenthesis). Each point represents
normalized concentrations of the complete metabolite set of a liver sample. Regressed: regressed gonadal phase/somatotropic phase (n:10); Mid: mid gonadal
recrudescence (n:10); Late: late gonadal recrudescence (n:10). The table shows results for statistical analysis obtained for the built models. R2 assess the “goodness of
fit” and Q2 asses the “goodness of prediction”. p-values were measured via CV-ANOVA based on a 7-fold cross validation permutation testing method. p-value <0.05
indicate significant difference.
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model’s VIP > 1 metabolites to investigate differences between
treatment groups. To analyze the acute effect of GnRH and GnIH
on seasonally-dependent basal metabolism, one clustered
heatmap was built for each PLS-DA model highlighting the
impact of single and double injection treatment (six in total,
Figure 8). One-way ANOVA accompanied by multiple t-tests
identified significant changes between experimental groups
(Supplementary Tables S6-S13). Pathway analysis performed
on the Metaboanalyst 4.0 platform identified metabolic pathways
and physiological processes altered by treatments with GnRH and
GnIH (Table 4). Within each reproductive phase, single and
double hormone injected groups were compared independently

to their respective control groups as the pathway analysis tool
only allows the comparison between two groups at a time. The
metabolic pathways impacted by single and double injection with
GnRH or GnIH in the three stages of gonadal recrudescence are
summarized in Table 4. Supplementary Tables S14, S15
provides more details on pathways analysis results.

3.2.1 Regressed Gonadal Phase—Growth Phase
During the regressed phase corresponding to the period of
maximal growth, a single injection with GnRH significantly
impacted purine and pyrimidine metabolism (Table 4). As
shown in the heatmap (Figure 8) and confirmed by ANOVA

FIGURE 2 | Stacked bar graph comparing the VIP > 1metabolites the three PLS-DAmodels: Reg/Mid (blue), Mid/Late (burgundy), Late/Reg (orange). Colored bars
represent the VIP score (>1) in each model as contribution to the whole. The VIP score estimates the importance of each metabolite in the PLS-DA models providing
useful insight on the differences between models.
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results (Supplementary Table S6), hypoxanthine, xanthine, and
uric acid were significantly increased following a single GnRH
injection, compared to the control, suggesting elevated purine
degradation. Interestingly, in the regressed phase, purine
metabolism was also significantly altered by double injection
with GnIH (Table 4). Single GnRH injection and single and
double injections with GnIH increased purine degradation by
inducing higher hypoxanthine, xanthine, and uric acid levels than
the control (Figure 8). It should be noted that basal
hypoxanthine, xanthine and uric acid levels were also higher
in the late recrudescence than regressed and mid recrudescence,
indicating that GnRH and GnIH treatment in the regressed phase
can alter the pathways to resemble that observed during late
recrudescence. As shown in the heatmap, a single injection with
GnRH decreased the concentration of several carbohydrates such
as glycogen, raffinose, oligomaltose, sucrose, fructose, glucose and
glucose 6-phosphate (Figure 8). However, based on ANOVA,
only differences for sucrose, fructose and glucose were statistically
significant (Supplementary Table S6), and starch, sucrose and
galactose metabolism were not significantly impacted (Table 4).
Furthermore, single injection with GnRH enhanced ketone
bodies metabolism resulting in a higher concentration of 3-
hydroxybutyric acid than the control, as highlighted by the
heatmap (Figure 8). Unlike single injection, double injection
with GnRH did not change the metabolic pathways (Table 4),
and the level of metabolites shown in the heatmap are similar to
the control (Figure 8). Single injection with GnIH during the

regressed phase also altered the metabolism of several amino
acids, including alanine, aspartate, glutamate, glycine, serine and
threonine metabolism, while double injection with GnIH
significantly impacted the metabolism of carbohydrates,
including galactose (Table 4). Accordingly, sucrose
concentration was decreased by both single and double
injection with GnIH (Figure 8). Single and double GnIH
injection increased creatine level (Figure 8), suggesting the
involvement of GnIH in the energy homeostasis. Creatine and
its phosphorylated form function as an energy buffer facilitating
ATP recycling to support the cellular energy balance (Borchel
et al., 2019).

3.2.2 Mid Recrudescence
Pathway analysis during mid recrudescence revealed different
metabolic pathways affected following single and double injection
with GnRH (Table 4). This is supported by the VIP > 1
metabolites’ heatmap, also showing a significantly different
profile between single and double GnRH-injected groups
(Figure 8). Single GnRH injection significantly altered
metabolic pathways connected to the lipid metabolism
(glycerophospholipid and glycerolipid metabolism; Table 4),
which correlated with significantly lower levels of
O-phosphoethanolamine (EAP) compared to the control
(Figure 8; Supplementary Table S6). Single injection with
GnRH also altered the purine and pyrimidine metabolism
(Table 4). In this context, changes in the concentration of
relevant metabolites indicate decreased purine and pyrimidine
synthesis and increased purine degradation (Figure 8). Double
injection with GnRH altered pathways connected to the
carbohydrate metabolism. We observed significant changes in
starch, sucrose, galactose, ketone bodies metabolism as well as the
metabolism of several amino acids, including taurine, valine,
leucine, isoleucine and tyrosine (Table 4). As for GnIH, single
injection during mid recrudescence did not significantly change
metabolic pathways annotated in the KEGGDanio rerio database
(Table 4). However, double injection with GnIH significantly
altered the metabolism of purine and pyrimidine, pantothenate,
and the metabolism of several amino acids (Table 4). As shown in
the heatmap, double injection with GnIH also increased the
glucose and glucose 6-phosphate and decreased glutamine
levels, compared to control (Figure 8; Supplementary
Table S10).

3.2.3 Late Recrudescence
Single injection with GnRH in late recrudescence altered
pathways related to carbohydrate and energy metabolism such
as fructose and mannose metabolism, glycolysis/gluconeogenesis
and TCA cycle (Table 4). On the other hand, double injection
with GnRH impacted the metabolism of amino acids such as
alanine, aspartate, glutamate, and arginine (Table 4). Also shown
in the heatmap of VIP > 1metabolites, single and double injection
with GnRH decreased the levels of carbohydrates such as
glycogen, raffinose, oligomaltose and sucrose, while increasing
the levels of glucose, fructose, dihydroxyacetone phosphate
(DHAP) and succinic acid (Figure 8). These results suggest
that GnRH promotes the degradation of carbohydrate storage

FIGURE 3 | Venn diagram displaying the number of unique and common
VIP > 1 metabolites between PLS-DA models. The Regressed/Mid PLS-DA
model has 30metabolites with VIP score >1 and share 15metabolites with the
Late/Regressed model and 11 with the Mid/Late model. The Late/
Regressed and the Mid/Late model have 30 and 31 VIP > 1 metabolites,
respectively and 14 are in common between the two models. Three
metabolites are shared by the three models: Acetoacetic acid, Guanosine
monophosphate (GMP) and Uric acid.

Frontiers in Cell and Developmental Biology | www.frontiersin.org February 2022 | Volume 10 | Article 8346889

Ladisa et al. Metabolic Profiling of Growth/Reproduction

https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


to be used as an energy source via glycolysis and the TCA cycle. In
the case of GnIH, both single and double injections affected
similar pathways, although double injection exerted greater

effects than single injection (Figure 8). As shown in the
heatmap of VIP > 1 metabolites, the concentrations of several
metabolites, including raffinose, fumaric acid and succinic acid,

FIGURE 4 | Photographs of ovaries used at different gonadal stages (A). Clustered heatmap of the VIP > 1 metabolites identified in the three models. Shades of
blue and red indicate decreases and increases in the concentrations of metabolites in each reproductive phase, respectively (B).
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were progressively reduced following single and double treatment
with GnIH (Figure 8). In this context, pathways related to energy
metabolism (propanoate and pyruvate metabolism, TCA cycle)
were impacted to a greater extent by double injection than single
injection with GnIH (Table 4). Double injection with GnIH
significantly affected lipid metabolism by altering pathways
such as biosynthesis of unsaturated fatty acids, glycerolipid
and sphingolipid metabolism (Table 4). Changes in the
concentration of relevant metabolites such as docosahexaenoic
acid (DHA) and O-phosphoethanolamine (EAP) suggest a
stimulatory action of GnIH on these metabolic pathways
(Figure 8). Furthermore, double injection with GnIH
significantly inhibited ketone bodies metabolism as the levels
of 3-hydroxybutiric acid are decreased by single and double
injections (Figures 8).

4 DISCUSSION

In the present study, we used an LC-MS-based targeted
metabolomics approach to investigate the hepatic metabolic
profile of sexually mature female goldfish in three stages of the
reproductive cycle, including the regressed gonadal stage
corresponding to the period of maximal growth as well as mid
and late gonadal recrudescence. Moreover, we investigated the
effects of acute injections with GnRH and GnIH on liver
metabolism to explore the potential involvement of these
hormones in the control of energy allocation during growth
and reproduction in goldfish. The liver was chosen as a tissue
of interest since it is the primary energy hub and is responsive to

hormonal and metabolic signals, influencing the whole-body
metabolism (Rui, 2014). Furthermore, the liver is the site of
Vtg synthesis, which is a precursor molecule for yolk proteins
(Reading and Sullivan, 2011).

4.1 Metabolic Changes During Growth and
Reproductive Phase
The multivariate and univariate analysis allowed the
identification of significant changes in the hepatic metabolic
profile of female goldfish during different stages of the
reproductive cycle. Based on the observed changes in the
levels of metabolites and active metabolic pathways, we were
able to identify changes in amino acid, carbohydrate, lipid,
nucleotide, and energy metabolism during growth and
reproductive cycles.

4.1.1 Regressed Gonadal Phase is Characterized by
Growth-Promoting Processes
Maximal growth is observed during the regressed gonadal phase
in fish, and our results demonstrate an enhanced nucleotide and
protein metabolism during this period. Higher concentrations of
amino acids including tyrosine, arginine, alanine, lysine, leucine,
valine, methionine, histidine, tryptophan and phenylalanine
indicate an increased amino acids metabolism and turnover
possibly in support of enhanced protein synthesis (Figure 4;
Table 2). The observed higher concentration of tyrosine in
regressed, compared to mid and late recrudescence, is
correlated with higher circulating thyroid hormones (T3 and
T4) in the regressed goldfish (Sohn et al., 1999). Our results

FIGURE 5 |Results summary of pathway analysis showing themain alteredmetabolic pathways in each comparison. Pathways with p-value < 0.05 are considered
significantly altered between the investigated phases. The detailed results of pathway analysis for each comparison are shown in Supplementary Tables S2–S4.
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combined with observed higher thyroid hormone receptor (TRβ)
mRNA level in the regressed female goldfish liver (Ma et al.,
2020b), provide further support for the hypothesis that thyroid
hormones are essential components of growth response during
the regressed gonadal phase in fish. It should be noted that the
role of thyroid hormones in the control of growth is widely
recognized (Cabello and Wrutniak, 1989; Nelson and Habibi,
2009). Thyroid hormones regulate GH and IGF-1 production as
well as liver GH receptor synthesis in several vertebrates (Tsukada
et al., 1998; Schmid et al., 2003). Besides interacting with the
somatotropic axis, thyroid hormones can directly stimulate
growth by enhancing protein synthesis and regulating glucose
homeostasis. T3 was shown to increase protein synthesis at a pre-
translational level through stimulation of ribosomal and nuclear
RNA synthesis (Müller and Seitz, 1984). We hypothesize that the
enhanced amino acid metabolism demonstrated during the
regressed phase results from increased protein synthesis

FIGURE 6 | PLS-DA score scatter plots of the models investigating the acute effect of GnRH and GnIH in the three investigated reproductive phases: regressed
phase/growth phase, mid recrudescence and late recrudescence. Each graph shows the shift in liver metabolism between Control (PBS + PBS), single injection with
GnRH or GnIH (PBS + GnRH/GnIH) and double injection with GnRH or GnIH (GnRH/GnIH + GnRH/GnIH). Each point represents concentrations of the complete
metabolite set of a liver sample of the respective group. Axes represent the first and second component that is a source of variation between samples.

TABLE 3 | Statistical values for the Partial Least Squares—Discriminant Analysis
(PLS-DA) models investigating the effect of GnRH and GnIH in the three
investigated reproductive stages (Regressed, Mid and Late). Each model
represents the comparison of three groups: control, single and double injection
withGnRH orGnIH.R2 andQ2 parameters measure the “goodness of fit” and
“goodness of prediction” respectively for each model. Statistical significance
(p-value < 0.05) of models was assessed via Cross Validated—ANOVA (CV-
ANOVA) based on a 7-fold cross validation permutation testing method.

GnRH

Model R2 Q2 p-value

Regressed 0.39 0.296 0.001
Mid 0.393 0.279 0.046
Late 0.395 0.117 0.097

GnIH

Regressed 0.618 0.195 0.579
Mid 0.306 0 0.99
Late 0.626 0.282 0.99
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stimulated by thyroid hormones and GH. These hormones are
present at higher levels during the regressed phase (Marchant and
Peter, 1986; Sohn et al., 1999). Thyroid hormones stimulate
enzymes of the gluconeogenic pathway, resulting in increased
plasma glucose levels in several fish species (Deal and Volkoff,
2020). The hyperglycemic effect of thyroid hormones may be a
contributing reason for higher concentrations of glucose and
fructose observed in the present study during the regressed phase,
compared to late recrudescence (Figure 4; Table 2). Increased
glucose utilization would support protein synthesis by enhancing
energy metabolism and synthesis of amino acids from
intermediates of the TCA cycle. This is validated by the
pathway analysis results comparing regressed and mid-
recrudescent fish that show a significant impact on pathways
related to energy metabolism, such as pyruvate metabolism and
the TCA cycle (Figure 5). We hypothesize that the observed
increases in taurine and hypotaurine metabolism in the growth
stage result from increased anabolic pathways activity (Figure 5).
The sulphur-containing amino acid taurine plays a crucial role in
supporting growth-related processes by modulating metabolism

and nutrient utilization (Salze and Davis, 2015; de Moura et al.,
2018). Taurine effects on growth and reproductive performances
have been widely explored in fish nutrition. In several teleost
species, dietary taurine supplementation improved glucose
metabolism by increasing gene expressions and activity of
enzymes involved in glycogen synthesis and anabolic pathways
(Sampath et al., 2020). Thus, taurine may contribute to the
enhanced glycogen synthesis observed during the regressed
phase (Figure 4; Table 2).

4.1.2 Metabolic Profile During Mid and Late
Recrudescence
The investigation of the metabolic profile of mid and late
recrudescence highlighted differences concerning amino acid,
nucleotide, lipid and carbohydrate metabolism. In accordance with
previous studies conducted on goldfish (Delahunty et al., 1978),
common roach, white bream (Rinchard and Kestemont, 2003), singi
fish (Dasmahapatra and Medda, 1982) and flounder (Petersen and
Emmersen, 1977), our results demonstrate a significantly lower
concentration of glycogen in mid recrudescence compared to

FIGURE 7 | Stacked bar graph showing the metabolites with VIP score >1 identified in the PLS-DA models of GnRH (A) and GnIH (B) treatments in the three
investigated reproductive phases: regressed phase/growth phase (black), mid recrudescence (grey) and late recrudescence (white). Colored bars represent the VIP
score of the metabolite as contribution to the whole. For each reproductive phase, the model represents the comparison between three groups: control, single and
double injection with GnRH or GnIH.
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FIGURE 8 | Clustered heatmap showing the metabolites with VIP score >1 of the PLS-DA models for GnRH (A) and GnIH (B) treatments in the three investigated
reproductive phases (Regressed, Mid and Late). For each reproductive phase, the effect of hormones on metabolites was investigated comparing the corresponding
control group, single and double injection with GnRH or GnIH groups. Each column represents the group-average concentration of all VIP > 1 metabolites. Decrease or
increase of metabolites concentration is indicated by shades of blue and red, respectively. The heatmap was constructed using Ward’s algorithm and the
accompanying clustering analysis measures Euclidean distance.
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regressed phase. This result suggests an elevated breakdown of
glycogen as an energy source to support the vitellogenic process.
This is consistent with the observed higher glucose 1-phosphate in
mid compared to late recrudescence (Figure 4; Table 2).
Furthermore, the elevated degradation of glycogen can be
correlated to the higher circulating estrogen and liver estrogen

receptor levels measured in mid recrudescence compared to other
reproductive stages (Nelson and Habibi, 2013; Ma et al., 2020b).
Accordingly, injections of estrogen in singi fish reduced glycogen and
increased liver lipid content of vitellogenic female fish (Dasmahapatra
and Medda, 1982). Our results also demonstrate enhanced lipid
metabolism, particularly glycerophospholipid and sphingolipid

TABLE 4 | Summary of the main altered metabolic pathways resulted from pathway analysis investigating the effect of single and double injection with GnRH (above) and
GnIH (below) during the three investigated reproductive stages (Regressed, Mid and Late).

GnRH

Regressed Mid Late

Metabolic
pathway

PBS +
GnRH

GnRH
+

GnRH

Metabolic
pathway

PBS +
GnRH

GnRH
+

GnRH

Metabolic
pathway

PBS +
GnRH

GnRH
+

GnRH

Purine metabolism 2.71
×10−7

0.1783 Glycerophospholipid
metabolism

0.0005 0.4777 Citrate cycle (TCA cycle) 0.0006 0.3684

Ketone bodies metabolism 0.0175 0.1322 Glycerolipid metabolism 0.0011 0.4256 Nucleotide sugar metabolism 0.0258 0.2765
Butanoate metabolism 0.0175 0.1322 Histidine metabolism 0.0038 0.3139 Fructose and mannose metabolism 0.0274 0.1099
Pyrimidine metabolism 0.0257 0.1479 beta-Alanine metabolism 0.0038 0.3139 Glycolysis/Gluconeogenesis 0.0274 0.1099
Nucleotide sugar metabolism 0.0347 0.8826 Nucleotide sugar metabolism 0.0100 0.7549 Ala, Asp and Glu metabolism 0.0332 0.0354
Starch and sucrose
metabolism

0.0548 0.3393 Aminoacyl-tRNA biosynthesis 0.0247 0.5035 Arginine biosynthesis 0.0699 0.0461

Cys and Met metabolism 0.0591 0.7977 Ala, Asp and Glu metabolism 0.0269 0.7510 Ketone bodies metabolism 0.3557 0.0519
Gly, Ser and Thr metabolism 0.0591 0.7977 Pyrimidine metabolism 0.0282 0.8588 Val, Leu and Ile degradation 0.3557 0.0519
Galactose metabolism 0.0653 0.3897 Arginine biosynthesis 0.0382 0.7014 Tyrosine metabolism 0.3557 0.0519
Ala, Asp and Glu metabolism 0.2830 0.1446 Purine metabolism 0.0422 0.3811 Butanoate metabolism 0.1174 0.0520
Arginine biosynthesis 0.2830 0.1446 Pentose phosphate pathway 0.1051 0.0397 Purine metabolism 0.0785 0.0639
Gln and Glu metabolism 0.2830 0.1446 Tau and hypotaurine metabolism 0.1557 0.0297 Starch and sucrose metabolism 0.1230 0.1476
Pentose phosphate pathway 0.2939 0.1893 Ketone bodies metabolism 0.3316 0.0166 Galactose metabolism 0.1179 0.1502

Butanoate metabolism 0.3316 0.0166 Glycerophospholipid metabolism 0.0682 0.2940
Starch and sucrose metabolism 0.5779 0.0405 Glycerolipid metabolism 0.0682 0.2940
Galactose metabolism 0.5779 0.0405 Tau and hypotaurine metabolism 0.1665 0.3996
Val, Leu and Ile degradation 0.6408 0.0142
Tyrosine metabolism 0.6408 0.0142

GnIH

Regressed Mid Late

Metabolic
pathway

PBS +
GnIH

GnIH
+

GnIH

Metabolic
pathway

PBS +
GnIH

GnIH
+

GnRH

Metabolic
pathway

PBS +
GnIH

GnIH
+

GnIH

Aminoacyl-tRNA
biosynthesis

0.0306 0.2793 Ala, Asp and Glu metabolism 0.1954 0.0124 Histidine metabolism 0.0287 0.4272

Ala, Asp and Glumetabolism 0.0310 0.1733 Aminoacyl-tRNA biosynthesis 0.2608 0.0121 beta-Alanine metabolism 0.1954 0.4272
Gly, Ser and Thr metabolism 0.0358 0.2188 Pyrimidine metabolism 0.3752 0.0230 Purine metabolism 0.0307 0.2047
Galactose metabolism 0.4527 0.0286 Gln and Glu metabolism 0.3617 0.0216 Pyrimidine metabolism 0.0046 0.0061
Purine metabolism 0.5252 0.0009 Arginine biosynthesis 0.3617 0.0216 Arginine biosynthesis 0.461 0.0356
Arg and Pro metabolism 0.0628 0.3981 Nitrogen metabolism 0.3617 0.0216 Propanoate metabolism 0.1462 0.0277
Phe, Tyr and Trp
biosynthesis

0.0944 0.4458 Pantothenate and CoA
biosynthesis

0.5322 0.0084 Synthesis of unsaturated fatty
acids

0.1842 0.0186

Tyrosine metabolism 0.0944 0.4458 Purine metabolism 0.6246 0.0133 Butanoate metabolism 0.2504 0.0108
Arginine biosynthesis 0.1445 0.2148 Gly, Ser and Thr metabolism 0.0502 0.1918 Ketone bodies metabolism 0.2841 0.0279
Starch and sucrose
metabolism

0.2016 0.0522 Arginine and proline metabolism 0.0695 0.2354 Citrate cycle (TCA cycle) 0.5722 0.0083

Pentose phosphate
pathway

0.2138 0.9407 Starch and sucrose metabolism 0.5782 0.0852 Glycerophospholipid metabolism 0.7752 0.0101

Glutathione metabolism 0.2604 0.5881 Tyrosine metabolism 0.7836 0.0166
Citrate cycle (TCA cycle) 0.3507 0.2370 Pyruvate metabolism 0.7836 0.0166

Gly, Ser and Thr metabolism 0.8491 0.0496
Cys and Met metabolism 0.8491 0.0496
Sphingolipid metabolism 0.9411 0.0078

Values indicate the p-value obtained from the independent comparison between control and single injection groups (PBS + GnRH or PBS +GnIH) and control and double injection groups
(GnRH +GnRH or GnIH +GnIH). p-values in red indicate significantly altered metabolic pathways (p-value < 0.05). The detailed results of pathway analysis for each comparison are shown
in Supplementary Tables S14, S15.
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metabolism and fatty acids biosynthesis, in mid compared to late
recrudescence (Figure 5). This is consistent with elevated levels of
O-phosphoethanolamine and malonate in mid compared to late
recrudescence (Table 2). Lipovitellin, a major product of Vtg
degradation, is the main component in fish egg yolk and has a
lipid content of about 20% by mass, primarily consisting of
phospholipids and triglycerides (Hara et al., 2016). The lipid
content of ovaries from wild Tilapia nilotica ranged from 12.2%
to 25.5% of the wet weight (James Henderson and Tocher, 1987).We
hypothesize that the enhanced lipid metabolism in the liver of mid-
recrudescent fish characterizes the peak vitellogenic period, during
which the mobilization of lipid from the liver is essential to support
gonadal maturation. Accordingly, transcript levels of vitellogenin in
goldfish liver in significantly higher inmid compared to regressed fish
(Ma et al., 2020b). Furthermore, the serum levels of total lipids and
phospholipids were elevated during flounder vitellogenesis (Petersen
and Emmersen, 1977). Significantly higher ornithine and citrulline
levels were also observed in mid compared to late recrudescence
(Figure 4; Table 2). These metabolites derive from arginine and
proline catabolism and are precursors in the synthesis of polyamines
such as spermidine and spermine, known to be essential for the
success of several reproductive functions in mammals (Lefèvre et al.,
2011). Polyamine synthesis seems necessary for the function and
differentiation of the somatic cell component of the ovary (Lefèvre
et al., 2011). Furthermore, studies on Xenopus oocytes indicate that
polyamines are essential for cytoplasmic maturation and protect the
oocyte in themetaphase II stage fromROS-induced apoptosis (Bassez
et al., 1990). In line with this, our results demonstrate enhanced
polyamine synthesis during mid recrudescence, indicating the
importance of these molecules in the reproductive cycle of female
goldfish. The heatmap andmultiple t-test results indicate significantly
lower concentrations of several essential amino acids, including
histidine, tryptophan, arginine, lysine, leucine, valine, methionine,
phenylalanine and threonine in late recrudescence compared to the
regressed phase (Figure 4; Table 2). Studies investigating the
composition of marine pelagic fish eggs showed an abrupt
increase in free amino acids content shortly before ovulation,
reaching a total amino acid content of 40–60% of dry mass in
newly spawned eggs (Rønnestad et al., 1999). In another study by
Qari et al. (2013) higher concentrations of essential amino acids were
observed in the ovaries of ripe goldlined seabream compared to
nearly ripe fish. The lower liver content of amino acids in late
compared to the regressed phase described in this study suggests
protein mobilization from the liver to the ovaries as the fish reaches
maturation and highlights the importance of essential amino acids in
the reproductive phase of the annual cycle. Pathway analysis results
indicate that late recrudescence is also characterized by significantly
altered purine metabolism compared to mid recrudescence
(Figure 5). Accordingly, the heatmap shows higher levels of
hypoxanthine, xanthine, uric acid and allantoin (Figures 4, 5) that
are metabolites of the degradation pathway of purine metabolism. In
fish, purine degradation ends with the oxidation of uric acid to
allantoin by the enzyme urate oxidase (Kinsella et al., 1985). Uric acid
is an important antioxidant in humans, and several studies have
demonstrated its potent ability as a scavenger of oxygen singlet and
hydroxyl radicals (Kand’ár et al., 2006). In the liver of mildly diabetic
rats, uric acid and xanthine concentration were threefold and sixfold

higher than control, respectively, revealing the role of these molecules
in the homeostatic response to the oxidative stress (Kristal et al.,
1999). Studies on the inclusion of nucleotides in fish diet have
demonstrated they may increase oxidative stress tolerance in part
by offsetting the inhibitory effect of cortisol on the fish immune
system (Li and Gatlin, 2006). Furthermore, red sea bream fed diets
with different content of guanosine monophosphate (GMP) resulted
in a lower intensity of oxidative stress and higher antioxidant capacity
against the oxidative stress (Hossain et al., 2016). Glutathionewas also
shown to have significantly higher concentration levels in late than
regressed and mid recrudescence (Figure 4; Table 2). Accordingly,
glutathione metabolism was found to be significantly different in
mid/late and late/regressed pathway analysis results (Figure 5).
Glutathione is the most abundant and important intracellular
antioxidant, produced mainly in the liver from glutamate, glycine
and cysteine (Wu, 2009). Reproduction is an energy-demanding
process resulting in changes in the balance between pro-oxidant and
antioxidant molecules due to increased metabolic rates (Alonso-
Alvarez et al., 2004). Gonadotropins, testosterone and estrogen
directly interact with energy metabolism and influence oxidative
balance and glutathione metabolism (Lamartiniere, 1981; Norris and
Hobbs, 2011). Indeed, total antioxidant capacity and antioxidant
enzymes activity in the liver of sea trout were higher in the adult and
spawner stages than post-spawning fish (Kurhaluk, 2019). Although
elevated oxidative stress can impair reproduction, reactive oxygen
species (ROS) are important signalling molecules in oocyte
maturation. In vivo and ex vivo studies on mice ovaries show that
ROS present in the preovulatory ovarian follicles are essential for
ovulation and are most likely caused by the preovulatory LH surge
induced inflammatory response (Shkolnik et al., 2011). Similarly,
follicular ROS generated byNADPHoxidase is essential for ovulation
inDrosophila and suggests a conserved role in regulating ovulation in
other species (Li et al., 2018). Based on our results, we hypothesize
that elevated liver content of antioxidant molecules such as uric acid
and glutathione in late recrudescence compared tomid and regressed
female fish is necessary to protect the liver from the potential
oxidative damage induced by the preovulatory surge of LH. In
contrast to what was measured in the liver of male goldfish
(Ladisa et al., 2021), the concentration of acetoacetic acid is
significantly lower in late compared to regressed and mid
recrudescence (Table 2). This is accompanied by lower levels of
3-hydroxybutyrate in mid and late recrudescence, compared to
regressed (Figure 4). Accordingly, ketone bodies metabolism and
butanoate metabolism were found to be different in our pathway
analysis comparisons (Figure 5). Our results indicate that the
synthesis of ketone bodies is downregulated in mid and late
recrudescence compared to the regressed stage. Little information
is available regarding the involvement of ketone bodiesmetabolism in
fish growth and reproduction. In mammals, high ketone bodies are
typical during starvation since they function as energy sources
derived from accelerated fatty acid degradation (Fukao et al.,
2004). Previous studies on mammals have demonstrated the role
of ketone bodies in regulating food intake and energy homeostasis by
showing that central infusion of β-hydroxybutyrate increased food
intake in rats (Iwata et al., 2011b) and mice (Carneiro et al., 2016).
However, starvation of carp (Segner et al., 1997) bass (Zammit and
Newsholme, 1979), and rainbow trout (Jonas and Bilinski, 1965) did
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not affect food intake or ketogenesis. Together these results suggest
that in fish ketone bodies metabolism might be less important in the
regulation of food intake when compared to mammals and might
have a significant role in other physiological processes. Injection of β-
hydroxybutyrate in the brain of female rats suppressed the pulsatile
secretion of LH (Iwata et al., 2011a). Finally, higher than normal
serum and milk levels of β-hydroxybutyrate during lactation in dairy
cows results in a delayed start of the postpartum ovarian cycle (Koller
et al., 2003). Based on our results, we hypothesize that low levels of
ketone bodies as a consequence of reduced liver ketogenesis in late
recrudesce compared to the regressed phase is a permissive/
stimulating mechanism for the pre-spawning surge of LH. This
hypothesis can be linked to the significantly higher levels of
circulating LH recorded in female goldfish during late
recrudescence than regressed and mid recrudescence (Ma et al.,
2020b).

4.2 Acute Effect of Gonadotropin-Inhibitory
Hormone and Gonadotropin-Releasing
Hormone on Liver Metabolism of
Regressed, Mid and Late Recrudescence
Fish
Metabolomics results presented in this study indicate that treatments
with GnRH induced significant changes during regressed and mid
recrudescence but not during late recrudescence, as measured by the
PLS-DA regression models (Table 3). On the other hand, PLS-DA
models for GnIH treatments did not indicate significant changes
between groups in any investigated reproductive stages (Table 3). In
this study, we did not investigate the time-related effects of GnRH
and GnIH on metabolism, and the acute nature of the treatments
may have affected metabolic pathways to a lesser extent than that
observed at different periods of the reproductive cycle. It is possible
that the PLS-DA models constructed on control, single and double
injected groups may not have identified all the changes that would be
induced by more prolonged exposure to GnRH and GnIH
treatments. However, variable selection based on the criteria of
VIP score >1 is still a robust method for identifying variables that
influence the separation between groups and characterize changes in
the metabolic profile (Gromski et al., 2014).

4.2.1 Regressed Gonadal Phase Corresponding to
Maximal Growth Phase
During the regressed gonadal stage, single and double injections with
GnRH had different effects on liver metabolism. Pathway analysis
identified significant changes in metabolic pathways after a single
injection with GnRH (Table 4). However, double injection with
GnRH did not affect pathways noted in the zebrafish KEGGdatabase
(Table 4). Accordingly, the metabolic profile following double
injection in the heatmap is similar to the control (Figure 8). A
similar study in goldfish demonstrated that single but not double
injectionwithGnRH significantly increased circulatingGH levels and
decreased Erα, ERβ1 TRα and TRβ mRNA liver transcript levels in
the regressed female goldfish (Ma et al., 2020b). In the present study,
single injection with GnRH significantly altered purine and
pyrimidine metabolism due to decreased levels of guanosine,
adenosine, uridine, cytidine and inosine and increased levels of

hypoxanthine, xanthine and uric acids (Figure 8; Table 4).
Moreover, the clustered heatmap shows lower levels of several
carbohydrates such as glycogen, raffinose, sucrose, oligomaltose,
fructose, glucose and glucose 6-phosphate in the single GnRH
injected group, compared to the control (Figure 8). Similar
changes in purine and carbohydrates metabolism were observed
in fish at late recrudesce, compared to regressed and mid
recrudescence (Figure 4). Single and double GnIH injection
treatments affected different pathways than the control (Table 4).
According to the heatmap results, single and double injection with
GnIH progressively increased the concentrations of several
metabolites, including hypoxanthine, xanthine, uric acid and
sucrose (Figure 8). This is consistent with a previous study that
demonstrated that single and double GnIH injection significantly
altered the liver ERα, ERβ1, TRβ and IGF-I transcript levels (Ma et al.,
2020b). Double injection with GnIH at the regressed phase
significantly inhibited purine and carbohydrate metabolism
(Table 4), resulting in increased hypoxanthine and xanthine levels
and decreased concentration of sucrose and glucose 6-phosphate
(Figure 8). Together, our results indicate that GnIH affects
reproduction, in part, by influencing metabolic pathways related
to the late recrudescence stage.

4.2.2 Mid Recrudescence
Pathway analysis revealed significant differences between single
and double injection effects with GnRH. Single injection with
GnRH inhibited amino acid and lipid metabolism pathways and
enhanced purine degradation and ketone bodies metabolism
(Figure 8; Table 4). However, double injection with GnRH
stimulated ketone bodies synthesis and increased the
concentrations of several amino acids, including asparagine,
aspartic acid and serine, and inhibited carbohydrates
metabolism (Figure 8; Table 4). In general, single GnRH
injection inhibited metabolic pathways related to reproductive
processes, whereas double injection enhanced the pathways
related to reproduction at mid recrudescence (Table 4). This
is consistent with the observation that single GnRH injection
decreased Vtg and IGF-I mRNA levels, which was increased
following double injection with GnRH in goldfish at mid
recrudescence (Ma et al., 2020b). In the present study, double
injection with GnRH also enhanced taurine and hypotaurine
metabolism (Figure 8; Table 4). Previous studies identified
taurine as an essential component of broodstock diets for
Japanese yellowtail (Matsunari et al., 2006) and greater
amberjack (Sarih et al., 2019), necessary to improve fecundity,
egg viability and fertilization rates. Thus, our results demonstrate
a potential role of GnRH in stimulating metabolic pathways
favouring reproductive processes. Furthermore, double
injection with GnIH also altered metabolic pathways related to
amino acid, pyrimidine and purine metabolism (Table 4). The
clustered heatmap suggests that the effect of GnIH is dose-
dependent and double injection with GnIH potentiates the
effect induced by single injection treatment (Figure 8). Similar
results were obtained after treatments with GnIH during the
regressed phase (Figure 8). The metabolic changes induced by
GnIH treatments characterize the basal metabolic profile of
regressed fish, compared to mid and late recrudescence
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(Figures 4, 8). The results suggest that treatments with GnIH in
mid recrudescence inhibit reproductive processes and stimulate
metabolic pathways related to the growth phase.

4.2.3 Late Recrudescence
The pathway analysis demonstrates that GnRH injections alter
carbohydrate and energy metabolism in late recrudescence
(Table 4). Single and double injection with GnRH resulted in
lower levels of carbohydrates such as glycogen, raffinose,
oligomaltose and sucrose and higher levels of glucose, fructose,
dihydroxyacetone phosphate (DHAP) and succinic acid.
Injection with GnRH stimulated carbohydrate mobilization
and energy production during late recrudescence (Figure 8).
Observed changes in late recrudescence indicate that GnRH
stimulates metabolic processes related to vitellogenesis and
gonadal maturation. Our results are consistent with reported
stimulation of circulating LH concentration and increased
expression of ERα and ERβ1 mRNA following injection with
GnRH in female goldfish at late recrudescence (Ma et al., 2020b).
Similarly, GnIH stimulated metabolic pathways related to the mid
recrudescence stage. The clustered heatmap demonstrates a
progressive decrease in glycogen, raffinose, fumaric acid, succinic
acid, and 3-hydroxybutyrate stimulated following GnIH treatments.
Single and double injection with GnIH also reduced the levels of
O-phosphoethanolamine (EAP) and docosahexaenoic acid (DHA;
Figure 8; Supplementary Table S10).

5 CONCLUSION

Results from this study characterize the liver metabolic profile of
female goldfish at three stages of the reproductive cycle. In the
regressed gonadal phase, carbohydrate and amino acid
metabolism were enhanced, possibly supporting anabolic processes
related to growth. On the other hand, the liver metabolism of mid-
recrudescent fish is characterized by elevated lipid synthesis during
the peak of vitellogenesis and lipid mobilization from the liver to
support maximal gonadal maturation. The metabolic profile of
goldfish during late recrudescence revealed a high concentration
of antioxidant molecules such as uric acid and glutathione and
reduced ketone bodies. These molecules may play a vital role in
the final stages of the gonadal cycle. In the present study, we also
demonstrated that GnRH and GnIH are involved in the
multifactorial regulation of metabolism in supporting growth and
reproduction in female goldfish. Results indicate that acute treatment
with GnRH and GnIH induce metabolic changes depending on the
season and mode of administration. GnRH treatments had similar
effects during the regressed phase and mid recrudescence. Double
injection with GnRH enhanced pathways related to growth and
reproduction in regressed and mid recrudescence, respectively. On
the other hand, GnRH treatments during late recrudescence
stimulated pathways supporting vitellogenesis and gonadal
maturation. GnIH showed an additive effect of single and double
injections and changed the metabolic profile resembling the previous
reproductive stage. During the regressed phase, GnIH treatments
stimulated metabolic pathways related to the final stages of
reproduction. In contrast, GnIH promoted a shift toward growth

processes during mid recrudescence. Finally, during late
recrudescence, GnIH stimulated metabolic pathways characteristic
of the mid recrudescence metabolic profile. Overall, our results
provide new information on the metabolic changes that
accompany the growth and reproductive processes during the
annual reproductive cycle of female goldfish and provide an insight
into the role of GnRH and GnIH in the multifactorial control of
growth and reproduction in goldfish and other oviparous species.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be
directed to the corresponding author.

ETHICS STATEMENT

The animal study was reviewed and approved by the University of
Calgary animal care committee (protocol #AC19-0161) under the
guidelines of the Canadian Council of Animal Care.

AUTHOR CONTRIBUTIONS

CL, YM, andHHdesigned the research; CL, YM, andHHperformed
the research; CL analyzed the data; CL and HHwrote the paper. HH
provided funding and intellectual input on the whole study.

FUNDING

This work was supported by the funding from Natural Sciences
and Engineering Research Council of Canada to HH (NSERC
Discovery Grant; project no. 1254045). CL and YM were
supported by NSERC grants to HH. CL was also supported by
the Alberta Graduate Excellence Scholarship (AGES).

ACKNOWLEDGMENTS

Metabolomics data were acquired at the Calgary Metabolomics
Research Facility (CMRF), which is supported by grants to Dr. Ian
A. Lewis including International Microbiome Centre, Canada
Foundation for Innovation (CFI-JELF534986), Alberta Innovates
Translational Health Chair, and NSERC-DG 5 04547. The authors
thank Dr. Ian Lewis for his expertise in metabolomics and the
members of the University of Calgary’s Metabolomics Research
Facility for the technical support.

SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fcell.2022.834688/
full#supplementary-material

Frontiers in Cell and Developmental Biology | www.frontiersin.org February 2022 | Volume 10 | Article 83468818

Ladisa et al. Metabolic Profiling of Growth/Reproduction

https://www.frontiersin.org/articles/10.3389/fcell.2022.834688/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcell.2022.834688/full#supplementary-material
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


REFERENCES

Alonso-Alvarez, C., Bertrand, S., Devevey, G., Prost, J., Faivre, B., and Sorci, G.
(2004). Increased Susceptibility to Oxidative Stress as a Proximate Cost of
Reproduction. Ecol. Lett. 7, 363–368. doi:10.1111/j.1461-0248.2004.00594.x

Amano, M., Moriyama, S., Iigo, M., Kitamura, S., Amiya, N., Yamamori, K., et al.
(2006). Novel Fish Hypothalamic Neuropeptides Stimulate the Release of
Gonadotrophins and Growth Hormone from the Pituitary of Sockeye
salmon. J. Endocrinol. 188, 417–423. doi:10.1677/joe.1.06494

A. Qari, S., Moharram, G. S., and Alowaidi, A. S. (2014). Fatty Acids Compositions
in Male’s Gonads of the Red Sea Fish Rhabdosargus sarba during the Spawning
Season. Ajls 2, 103. doi:10.11648/j.ajls.20140202.21

Bassez, T., Paris, J., Omilli, F., Dorel, C., and Osborne, H. B. (1990). Post-
transcriptional Regulation of Ornithine Decarboxylase in Xenopus laevis
Oocytes. Development 110, 955–962. doi:10.1242/dev.110.3.955

Borchel, A., Verleih, M., Kühn, C., Rebl, A., and Goldammer, T. (2019).
Evolutionary Expression Differences of Creatine Synthesis-Related Genes:
Implications for Skeletal Muscle Metabolism in Fish. Sci. Rep. 9, 5429.
doi:10.1038/s41598-019-41907-6

Cabello, G., and Wrutniak, C. (1989). Thyroid Hormone and Growth :
Relationships with Growth Hormone Effects and Regulation. Reprod. Nutr.
Dévelop. 29, 387–402. doi:10.1051/rnd:19890401

Canosa, L. F., Chang, J. P., and Peter, R. E. (2007). Neuroendocrine Control of
Growth Hormone in Fish. Gen. Comp. Endocrinol. 151, 1–26. doi:10.1016/j.
ygcen.2006.12.010

Carneiro, L., Geller, S., Fioramonti, X., Hébert, A., Repond, C., Leloup, C., et al.
(2016). Evidence for Hypothalamic Ketone Body Sensing: Impact on Food
Intake and Peripheral Metabolic Responses in Mice. Am. J. Physiology-
Endocrinology Metab. 310, E103–E115. doi:10.1152/ajpendo.00282.2015

Chang, J. P., Johnson, J. D., Goor, F. V., Wong, C. J., Yunker, W. K., Uretsky, A. D., et al.
(2000). Signal Transduction Mechanisms Mediating Secretion in Goldfish
Gonadotropes and Somatotropes.Biochem. Cel Biol. 78, 139–153. doi:10.1139/o00-011

Chang, J. P., and Pemberton, J. G. (2018). Comparative Aspects of GnRH-Stimulated
Signal Transduction in the Vertebrate Pituitary - Contributions from Teleost Model
Systems. Mol. Cell Endocrinol. 463, 142–167. doi:10.1016/j.mce.2017.06.002

Chang, J. P., and Wong, A. O. L. (2009). “Growth Hormone Regulation in Fish: A
Multifactorial Model with Hypothalamic, Peripheral and Local Autocrine/
Paracrine Signals.” In Fish Physiology, Bernier, N., Van Der Kraak, G.,
Ferrell, A., Brauner, C. (Eds.), vol. 28, New York, NY: Academic Press, 151–195.

Chong, J., Wishart, D. S., and Xia, J. (2019). Using MetaboAnalyst 4.0 for
Comprehensive and Integrative Metabolomics Data Analysis. Curr. Protoc.
Bioinformatics 68, e86. doi:10.1002/cpbi.86

Clarke, I. J. (2014). Interface between Metabolic Balance and Reproduction in
Ruminants: Focus on the Hypothalamus and Pituitary.Horm. Behav. 66, 15–40.
doi:10.1016/j.yhbeh.2014.02.005

Clasquin, M. F., Melamud, E., and Rabinowitz, J. D. (2012). LC-MS Data
Processing with MAVEN: A Metabolomic Analysis and Visualization
Engine. Curr. Protoc. Bioinforma. Chapter 14, Unit14.11. doi:10.1002/
0471250953.bi1411s37

Dasmahapatra, A. K., and Medda, A. K. (1982). Effect of Estradiol Dipropionate
and Testosterone Propionate on the Glycogen, Lipid, and Water Contents of
Liver, Muscle, and Gonad of Male and Female (Vitellogenic and
Nonvitellogenic) Singi Fish (Heteropneustes Fossilis Bloch). Gen. Comp.
Endocrinol. 48, 476–484. doi:10.1016/0016-6480(82)90183-6

De Leeuw, R., Habibi, H. R., Nahorniak, C. S., and Peter, R. E. (1989).
Dopaminergic Regulation of Pituitary Gonadotrophin-Releasing Hormone
Receptor Activity in the Goldfish (Carassius auratus). J. Endocrinol. 121,
239–247. doi:10.1677/joe.0.1210239

de Moura, L. B., Diógenes, A. F., Campelo, D. A. V., Almeida, F. L. A. d., Pousão-
Ferreira, P. M., Furuya, W. M., et al. (2018). Taurine and Methionine
Supplementation as a Nutritional Strategy for Growth Promotion of Meagre
(Argyrosomus Regius) Fed High Plant Protein Diets. Aquaculture 497,
389–395. doi:10.1016/j.aquaculture.2018.07.038

Deal, C. K., and Volkoff, H. (2020). The Role of the Thyroid Axis in Fish. Front.
Endocrinol. 11. doi:10.3389/fendo.2020.596585

Delahunty, G., Olcese, J., Prack, M., Jo Vodicnik, M., Schreck, C. B., and de
Vlaming, V. (1978). Diurnal Variations in the Physiology of the

Goldfish,Carassius auratus. J. Interdisiplinary Cycle Res. 9, 73–88. doi:10.
1080/09291017809359626

Espe, M., Waagbø, R., and Espe, M. (2016). Functional Amino Acids in Fish
Nutrition Health and Welfare. Front. Biosci. 8, 143–169. doi:10.2741/757

Fernandez-Fernandez, R., Martini, A. C., Navarro, V. M., Castellano, J. M.,
Dieguez, C., Aguilar, E., et al. (2006). Novel Signals for the Integration of
Energy Balance and Reproduction. Mol. Cell Endocrinol. 254-255, 127–132.
doi:10.1016/j.mce.2006.04.026

Fukao, T., Lopaschuk, G. D., and Mitchell, G. A. (2004). Pathways and Control of
Ketone Body Metabolism: On the Fringe of Lipid Biochemistry. Prostaglandins,
Leukot. Essent. Fatty Acids 70, 243–251. doi:10.1016/j.plefa.2003.11.001

Gamba, M., and Pralong, F. P. (2006). Control of GnRH Neuronal Activity by
Metabolic Factors: The Role of Leptin and Insulin. Mol. Cell Endocrinol. 254-
255, 133–139. doi:10.1016/j.mce.2006.04.023

Gorrochategui, E., Jaumot, J., Lacorte, S., and Tauler, R. (2016). Data Analysis
Strategies for Targeted and Untargeted LC-MS Metabolomic Studies:
Overview and Workflow. Trac Trends Anal. Chem. 82, 425–442. doi:10.
1016/j.trac.2016.07.004

Gromski, P. S., Xu, Y., Correa, E., Ellis, D. I., Turner, M. L., and Goodacre, R.
(2014). A Comparative Investigation of Modern Feature Selection and
Classification Approaches for the Analysis of Mass Spectrometry Data.
Analytica Chim. Acta 829, 1–8. doi:10.1016/j.aca.2014.03.039

Habibi, H. R., De Leeuw, R., Nahorniak, C. S., Goos, H. J. T., and Peter, R. E. (1989).
Pituitary Gonadotropin-Releasing Hormone (GnRH) Receptor Activity in
Goldfish and Catfish: Seasonal and Gonadal Effects. Fish. Physiol. Biochem.
7, 109–118. doi:10.1007/BF00004696

Habibi, H. R., Nelson, E. R., and Allan, E. R. O. (2012). New Insights into Thyroid
Hormone Function and Modulation of Reproduction in Goldfish. Gen. Comp.
Endocrinol. 175, 19–26. doi:10.1016/j.ygcen.2011.11.003

Hara, A., Hiramatsu, N., and Fujita, T. (2016). Vitellogenesis and Choriogenesis in
Fishes. Fish. Sci. 82, 187–202. doi:10.1007/s12562-015-0957-5

Hossain, M. S., Koshio, S., Ishikawa, M., Yokoyama, S., and Sony, N. M. (2016).
Effects of Dietary Administration of Guanosine Monophosphate on the
Growth, Digestibility, Innate Immune Responses and Stress Resistance of
Juvenile Red Sea Bream, Pagrus major. Fish Shellfish Immunol. 57, 96–106.
doi:10.1016/j.fsi.2016.08.026

Iwata, K., Kinoshita, M., Susaki, N., Uenoyama, Y., Tsukamura, H., and Maeda, K.-
i. (2011a). Central Injection of Ketone Body Suppresses Luteinizing Hormone
Release via the Catecholaminergic Pathway in Female Rats. J. Reprod. Develop.
57, 379–384. doi:10.1262/jrd.11-001S

Iwata, K., Kinoshita, M., Yamada, S., Imamura, T., Uenoyama, Y., Tsukamura, H.,
et al. (2011b). Involvement of Brain Ketone Bodies and the Noradrenergic
Pathway in Diabetic Hyperphagia in Rats. J. Physiol. Sci. 61, 103–113. doi:10.
1007/s12576-010-0127-6

Jalabert, B. (2005). Particularities of Reproduction and Oogenesis in Teleost Fish
Compared to Mammals. Reprod. Nutr. Dev. 45, 261–279. doi:10.1051/rnd:2005019

James Henderson, R., and Tocher, D. R. (1987). The Lipid Composition and
Biochemistry of Freshwater Fish. Prog. Lipid Res. 26, 281–347. doi:10.1016/
0163-7827(87)90002-6

Johnson, M. A., Tsutsui, K., and Fraley, G. S. (2007). Rat RFamide-Related Peptide-
3 Stimulates GH Secretion, Inhibits LH Secretion, and Has Variable Effects on
Sex Behavior in the Adult Male Rat. Horm. Behav. 51, 171–180. doi:10.1016/j.
yhbeh.2006.09.009

Jonas, R. E. E., and Bilinski, E. (1965). Ketone Bodies in the Blood of Salmonoid
Fishes. J. Fish. Res. Bd. Can. 22, 891–898. doi:10.1139/f65-084

Kand’ár, R., Žáková, P., and Mužáková, V. (2006). Monitoring of Antioxidant
Properties of Uric Acid in Humans for a Consideration Measuring of Levels of
Allantoin in Plasma by Liquid Chromatography. Clinica Chim. Acta 365,
249–256. doi:10.1016/j.cca.2005.09.002

Kanehisa, M., Sato, Y., Furumichi, M., Morishima, K., and Tanabe, M. (2019). New
Approach for Understanding Genome Variations in KEGG. Nucleic Acids Res.
47, D590–D595. doi:10.1093/nar/gky962

Katajamaa, M., and Orešič, M. (2007). Data Processing for Mass Spectrometry-Based
Metabolomics. J. Chromatogr. A 1158, 318–328. doi:10.1016/j.chroma.2007.04.021

Kim, M.-H., Oka, Y., Amano, M., Kobayashi, M., Okuzawa, K., Hasegawa, Y., et al.
(1995). Immunocytochemical Localization of sGnRH and cGnRH-II in the
Brain of Goldfish,Carassius auratus. J. Comp. Neurol. 356, 72–82. doi:10.1002/
cne.903560105

Frontiers in Cell and Developmental Biology | www.frontiersin.org February 2022 | Volume 10 | Article 83468819

Ladisa et al. Metabolic Profiling of Growth/Reproduction

https://doi.org/10.1111/j.1461-0248.2004.00594.x
https://doi.org/10.1677/joe.1.06494
https://doi.org/10.11648/j.ajls.20140202.21
https://doi.org/10.1242/dev.110.3.955
https://doi.org/10.1038/s41598-019-41907-6
https://doi.org/10.1051/rnd:19890401
https://doi.org/10.1016/j.ygcen.2006.12.010
https://doi.org/10.1016/j.ygcen.2006.12.010
https://doi.org/10.1152/ajpendo.00282.2015
https://doi.org/10.1139/o00-011
https://doi.org/10.1016/j.mce.2017.06.002
https://doi.org/10.1002/cpbi.86
https://doi.org/10.1016/j.yhbeh.2014.02.005
https://doi.org/10.1002/0471250953.bi1411s37
https://doi.org/10.1002/0471250953.bi1411s37
https://doi.org/10.1016/0016-6480(82)90183-6
https://doi.org/10.1677/joe.0.1210239
https://doi.org/10.1016/j.aquaculture.2018.07.038
https://doi.org/10.3389/fendo.2020.596585
https://doi.org/10.1080/09291017809359626
https://doi.org/10.1080/09291017809359626
https://doi.org/10.2741/757
https://doi.org/10.1016/j.mce.2006.04.026
https://doi.org/10.1016/j.plefa.2003.11.001
https://doi.org/10.1016/j.mce.2006.04.023
https://doi.org/10.1016/j.trac.2016.07.004
https://doi.org/10.1016/j.trac.2016.07.004
https://doi.org/10.1016/j.aca.2014.03.039
https://doi.org/10.1007/BF00004696
https://doi.org/10.1016/j.ygcen.2011.11.003
https://doi.org/10.1007/s12562-015-0957-5
https://doi.org/10.1016/j.fsi.2016.08.026
https://doi.org/10.1262/jrd.11-001S
https://doi.org/10.1007/s12576-010-0127-6
https://doi.org/10.1007/s12576-010-0127-6
https://doi.org/10.1051/rnd:2005019
https://doi.org/10.1016/0163-7827(87)90002-6
https://doi.org/10.1016/0163-7827(87)90002-6
https://doi.org/10.1016/j.yhbeh.2006.09.009
https://doi.org/10.1016/j.yhbeh.2006.09.009
https://doi.org/10.1139/f65-084
https://doi.org/10.1016/j.cca.2005.09.002
https://doi.org/10.1093/nar/gky962
https://doi.org/10.1016/j.chroma.2007.04.021
https://doi.org/10.1002/cne.903560105
https://doi.org/10.1002/cne.903560105
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


Kinsella, J. E., German, B., and Shetty, J. (1985). Uricase from Fish Liver: Isolation
and Some Properties. Comp. Biochem. Physiol. B: Comp. Biochem. 82, 621–624.
doi:10.1016/0305-0491(85)90498-5

Klausen, C., Chang, J. P., and Habibi, H. R. (2001). The Effect of
Gonadotropin-Releasing Hormone on Growth Hormone and
Gonadotropin Subunit Gene Expression in the Pituitary of Goldfish,
Carassius auratus. Comp. Biochem. Physiol. B: Biochem. Mol. Biol. 129,
511–516. doi:10.1016/S1096-4959(01)00351-7

Klausen, C., Chang, J. P., and Habibi, H. R. (2002). Time- and Dose-Related Effects
of Gonadotropin-Releasing Hormone on Growth Hormone and Gonadotropin
Subunit Gene Expression in the Goldfish Pituitary. Can. J. Physiol. Pharmacol.
80, 915–924. doi:10.1139/y02-118

Koda, A., Ukena, K., Teranishi, H., Ohta, S., Yamamoto, K., Kikuyama, S., et al.
(2002). A Novel Amphibian Hypothalamic Neuropeptide: Isolation,
Localization, and Biological Activity. Endocrinology 143, 411–419.
Available at: https://oup.silverchair-cdn.com/oup/backfile/Content_public/
Journal/endo/143/2/10.1210_endo.143.2.8630/1/endo0411.pdf?Expires=
1500501870&Signature=McRAHxGrrmUwg130-er181pAGVq32z46GhdVY
xqfmc5ksHTsltiMqC76MWfTEA8A2TOoisWOWYTNr3L-qx9Qwve6rumHz
ROqsYUjxTGdtaC1 (Accessed July 18, 2017). doi:10.1210/endo.143.2.8630

Koller, A., Reist, M., Blum, J., and Küpfer, U. (2003). Time Empty and Ketone Body
Status in the Early Postpartum Period of Dairy Cows. Reprod. Domest. Anim.
38, 41–49. doi:10.1046/j.1439-0531.2003.00393.x

Kriegsfeld, L. J., Gibson, E. M., Williams, W. P., Zhao, S., Mason, A. O., Bentley, G.
E., et al. (2010). The Roles of RFamide-Related Peptide-3 in Mammalian
Reproductive Function and Behaviour. J. Neuroendocrinol. 22, 692–700.
doi:10.1111/j.1365-2826.2010.02031.x

Kristal, B. S., Vigneau-Callahan, K. E.,Moskowitz, A. J., andMatson,W. R. (1999). Purine
Catabolism: Links to Mitochondrial Respiration and Antioxidant Defenses. Arch.
Biochem. Biophys. 370, 22–33. doi:10.1006/abbi.1999.1387

Kumar Bhandari, R., Taniyama, S., Kitahashi, T., Ando, H., Yamauchi, K., Zohar, Y.,
et al. (2003). Seasonal Changes of Responses to Gonadotropin-Releasing
Hormone Analog in Expression of Growth Hormone/prolactin/somatolactin
Genes in the Pituitary of Masu salmon. Gen. Comp. Endocrinol. 130, 55–63.
Available at: www.elsevier.com/locate/ygcen. doi:10.1016/s0016-6480(02)00536-1

Kurhaluk, N. (2019). Formation of an Antioxidant Profile in the Sea trout (Salmo
trutta M. Trutta L.) from the Slupia River. Zoology 133, 54–65. doi:10.1016/j.
zool.2019.02.002

Ladisa, C., Ma, Y., and Habibi, H. R. (2021). Seasonally Related Metabolic Changes
and Energy Allocation Associated with Growth and Reproductive Phases in the
Liver of Male Goldfish (Carassius auratus). J. Proteomics 241, 104237. doi:10.
1016/j.jprot.2021.104237

Lamartiniere, C. A. (1981). The Hypothalamic-Hypophyseal-Gonadal Regulation
of Hepatic Glutathione S-Transferases in the Rat. Biochem. J. 198, 211–217.
doi:10.1042/bj1980211

Lê Cao, K.-A., Boitard, S., and Besse, P. (2011). Sparse PLS Discriminant Analysis:
Biologically Relevant Feature Selection and Graphical Displays for Multiclass
Problems. BMC Bioinformatics 12, 253. doi:10.1186/1471-2105-12-253

Lee, L. C., Liong, C.-Y., and Jemain, A. A. (2018). Partial Least Squares-
Discriminant Analysis (PLS-DA) for Classification of High-Dimensional
(HD) Data: A Review of Contemporary Practice Strategies and Knowledge
Gaps. Analyst 143, 3526–3539. doi:10.1039/c8an00599k

Lefèvre, P. L. C., Palin, M.-F., and Murphy, B. D. (2011). Polyamines on the
Reproductive Landscape. Endocr. Rev. 32, 694–712. doi:10.1210/er.2011-0012

Lethimonier, C., Madigou, T., Muñoz-Cueto, J.-A., Lareyre, J.-J., and Kah, O. (2004).
Evolutionary Aspects of GnRHs, GnRH Neuronal Systems and GnRH Receptors
in Teleost Fish. Gen. Comp. Endocrinol. 135, 1–16. doi:10.1016/j.ygcen.2003.
10.007

Li, P., and Bartlett, M. G. (2014). A Review of Sample Preparation Methods for
Quantitation of Small-Molecule Analytes in Brain Tissue by Liquid
Chromatography Tandem Mass Spectrometry (LC-MS/MS). Anal. Methods
6, 6183–6207. doi:10.1039/c4ay00915k

Li, P., and Gatlin, D. M. (2006). Nucleotide Nutrition in Fish: Current Knowledge
and Future Applications. Aquaculture 251, 141–152. doi:10.1016/j.aquaculture.
2005.01.009

Li, W., Young, J. F., and Sun, J. (2018). NADPH Oxidase-Generated Reactive
Oxygen Species in Mature Follicles Are Essential for Drosophila Ovulation.
Proc. Natl. Acad. Sci. USA 115, 7765–7770. doi:10.1073/pnas.1800115115

Lin, C. Y., Viant, M. R., and Tjeerdema, R. S. (2006). Metabolomics: Methodologies
and Applications in the Environmental Sciences. J. Pestic. Sci. 31, 245–251.
doi:10.1584/jpestics.31.245

Ma, Y., Ladisa, C., Chang, J. P., and Habibi, H. R. (2020a). Multifactorial Control of
Reproductive and Growth axis in Male Goldfish: Influences of GnRH, GnIH and
ThyroidHormone.Mol. Cell Endocrinol. 500, 110629. doi:10.1016/j.mce.2019.110629

Ma, Y., Ladisa, C., Chang, J. P., and Habibi, H. R. (2020b). Seasonal Related
Multifactorial Control of Pituitary Gonadotropin and Growth Hormone in
Female Goldfish: Influences of Neuropeptides and Thyroid Hormone. Front.
Endocrinol. 11, 175. doi:10.3389/fendo.2020.00175

Marchant, T. A., and Peter, R. E. (1986). Seasonal Variations in Body Growth Rates
and Circulating Levels of Growth Hormone in the Goldfish,Carassius auratus.
J. Exp. Zool. 237, 231–239. doi:10.1002/jez.1402370209

Matsunari, H., Hamada, K., Mushiake, K., and Takeuchi, T. (2006). Effects of Taurine
Levels in Broodstock Diet on Reproductive Performance of Yellowtail Seriola
quinqueradiata. Fish. Sci. 72, 955–960. doi:10.1111/j.1444-2906.2006.01243.x

Mcbride, R. S., Somarakis, S., Fitzhugh, G. R., Albert, A., Yaragina, N. A.,
Wuenschel, M. J., et al. (2015). Energy Acquisition and Allocation to Egg
Production in Relation to Fish Reproductive Strategies. Fish Fish 16, 23–57.
doi:10.1111/faf.12043

Melamed, P., Eliahu, N., Levavi-Sivan, B., Ofir, M., Farchi-Pisanty, O., Rentier-Delrue, F.,
et al. (1995). Hypothalamic andThyroidal Regulation ofGrowthHormone in Tilapia.
Gen. Comp. Endocrinol. 97, 13–30. doi:10.1006/gcen.1995.1002

Melamud, E., Vastag, L., and Rabinowitz, J. D. (2010). Metabolomic Analysis and
Visualization Engine for LC−MS Data. Anal. Chem. 82, 9818–9826. doi:10.
1021/ac1021166

Moussavi, M., Wlasichuk, M., Chang, J. P., and Habibi, H. R. (2012). Seasonal
Effect of GnIH on Gonadotrope Functions in the Pituitary of Goldfish.Mol. Cell
Endocrinol. 350, 53–60. doi:10.1016/j.mce.2011.11.020

Moussavi, M., Wlasichuk, M., Chang, J. P., and Habibi, H. R. (2013). Seasonal
Effect of Gonadotrophin Inhibitory Hormone on Gonadotrophin-Releasing
Hormone-Induced Gonadotroph Functions in the Goldfish Pituitary.
J. Neuroendocrinol. 25, 506–516. doi:10.1111/jne.12024

Moussavi, M., Wlasichuk, M., Chang, J. P., and Habibi, H. R. (2014). Seasonal
Effects of GnIH on Basal and GnRH-Induced Goldfish Somatotrope Functions.
J. Endocrinol. 223, 191–202. doi:10.1530/JOE-14-0441

Müller, M. J., and Seitz, H. J. (1984). Thyroid Hormone Action on Intermediary
Metabolism. Klin. Wochenschr. 62, 97–102. doi:10.1007/BF01738699

Nelson, E. R., and Habibi, H. R. (2013). Estrogen Receptor Function and
Regulation in Fish and Other Vertebrates. Gen. Comp. Endocrinol. 192,
15–24. doi:10.1016/j.ygcen.2013.03.032

Nelson, E. R., and Habibi, H. R. (2009). Thyroid Receptor Subtypes: Structure and
Function in Fish.Gen. Comp. Endocrinol. 161, 90–96. doi:10.1016/j.ygcen.2008.09.006

Norris, D. O., and Hobbs, S. L. (2020). “The HPA Axis and Functions of
Corticosteroids in Fishes,” in Fish Endocrinology, 722–766. Enfield, New
Hampshire: Science Publishers. doi:10.1201/b10745-29

Okubo, K., and Nagahama, Y. (2008). Structural and Functional Evolution of
Gonadotropin-Releasing Hormone in Vertebrates. Acta Physiol. 193, 3–15.
doi:10.1111/j.1748-1716.2008.01832.x

Omeljaniuk, R. J., Habibi, H. R., and Peter, R. E. (1989). Alterations in Pituitary GnRH
and Dopamine Receptors Associated with the Seasonal Variation and Regulation of
Gonadotropin Release in the Goldfish (Carassius auratus). Gen. Comp. Endocrinol.
74, 392–399. doi:10.1016/S0016-6480(89)80036-X

Peter, R. E., Nahorniak, C. S., Sokolowska, M., Chang, J. P., Rivier, J. E., Vale, W.
W., et al. (1985). Structure-activity Relationships of Mammalian, Chicken, and
salmon Gonadotropin Releasing Hormones In Vivo in Goldfish. Gen. Comp.
Endocrinol. 58, 231–242. doi:10.1016/0016-6480(85)90339-9

Petersen, I. M., and Emmersen, B. K. (1977). Changes in SerumGlucose and Lipids,
and Liver Glycogen and Phosphorylase during Vitellogenesis in Nature in the
Flounder (Platichtys Flesus, L.). Comp. Biochem. Physiol. Part B: Comp.
Biochem. 58, 167–171. doi:10.1016/0305-0491(77)90104-3

Pineda, R., Garcia-Galiano, D., Sanchez-Garrido, M. A., Romero, M., Ruiz-Pino, F.,
Aguilar, E., et al. (2010). Characterization of the Inhibitory Roles of RFRP3, the
Mammalian Ortholog of GnIH, in the Control of Gonadotropin Secretion in
the Rat: In Vivo and In Vitro Studies. Am. J. Physiology-Endocrinology Metab.
299, E39–E46. doi:10.1152/ajpendo.00108.2010

Plant, T. M. (2015). 60 Years of Neuroendocrinology: The Hypothalamo-Pituitary-
Gonadal axis. J. Endocrinol. 226, T41–T54. doi:10.1530/JOE-15-0113

Frontiers in Cell and Developmental Biology | www.frontiersin.org February 2022 | Volume 10 | Article 83468820

Ladisa et al. Metabolic Profiling of Growth/Reproduction

https://doi.org/10.1016/0305-0491(85)90498-5
https://doi.org/10.1016/S1096-4959(01)00351-7
https://doi.org/10.1139/y02-118
https://oup.silverchair-cdn.com/oup/backfile/Content_public/Journal/endo/143/2/10.1210_endo.143.2.8630/1/endo0411.pdf?Expires=1500501870&Signature=McRAHxGrrmUwg130-er181pAGVq32z46GhdVYxqfmc5ksHTsltiMqC76MWfTEA8A2TOoisWOWYTNr3L-qx9Qwve6rumHzROqsYUjxTGdtaC1
https://oup.silverchair-cdn.com/oup/backfile/Content_public/Journal/endo/143/2/10.1210_endo.143.2.8630/1/endo0411.pdf?Expires=1500501870&Signature=McRAHxGrrmUwg130-er181pAGVq32z46GhdVYxqfmc5ksHTsltiMqC76MWfTEA8A2TOoisWOWYTNr3L-qx9Qwve6rumHzROqsYUjxTGdtaC1
https://oup.silverchair-cdn.com/oup/backfile/Content_public/Journal/endo/143/2/10.1210_endo.143.2.8630/1/endo0411.pdf?Expires=1500501870&Signature=McRAHxGrrmUwg130-er181pAGVq32z46GhdVYxqfmc5ksHTsltiMqC76MWfTEA8A2TOoisWOWYTNr3L-qx9Qwve6rumHzROqsYUjxTGdtaC1
https://oup.silverchair-cdn.com/oup/backfile/Content_public/Journal/endo/143/2/10.1210_endo.143.2.8630/1/endo0411.pdf?Expires=1500501870&Signature=McRAHxGrrmUwg130-er181pAGVq32z46GhdVYxqfmc5ksHTsltiMqC76MWfTEA8A2TOoisWOWYTNr3L-qx9Qwve6rumHzROqsYUjxTGdtaC1
https://oup.silverchair-cdn.com/oup/backfile/Content_public/Journal/endo/143/2/10.1210_endo.143.2.8630/1/endo0411.pdf?Expires=1500501870&Signature=McRAHxGrrmUwg130-er181pAGVq32z46GhdVYxqfmc5ksHTsltiMqC76MWfTEA8A2TOoisWOWYTNr3L-qx9Qwve6rumHzROqsYUjxTGdtaC1
https://doi.org/10.1210/endo.143.2.8630
https://doi.org/10.1046/j.1439-0531.2003.00393.x
https://doi.org/10.1111/j.1365-2826.2010.02031.x
https://doi.org/10.1006/abbi.1999.1387
http://www.elsevier.com/locate/ygcen
https://doi.org/10.1016/s0016-6480(02)00536-1
https://doi.org/10.1016/j.zool.2019.02.002
https://doi.org/10.1016/j.zool.2019.02.002
https://doi.org/10.1016/j.jprot.2021.104237
https://doi.org/10.1016/j.jprot.2021.104237
https://doi.org/10.1042/bj1980211
https://doi.org/10.1186/1471-2105-12-253
https://doi.org/10.1039/c8an00599k
https://doi.org/10.1210/er.2011-0012
https://doi.org/10.1016/j.ygcen.2003.10.007
https://doi.org/10.1016/j.ygcen.2003.10.007
https://doi.org/10.1039/c4ay00915k
https://doi.org/10.1016/j.aquaculture.2005.01.009
https://doi.org/10.1016/j.aquaculture.2005.01.009
https://doi.org/10.1073/pnas.1800115115
https://doi.org/10.1584/jpestics.31.245
https://doi.org/10.1016/j.mce.2019.110629
https://doi.org/10.3389/fendo.2020.00175
https://doi.org/10.1002/jez.1402370209
https://doi.org/10.1111/j.1444-2906.2006.01243.x
https://doi.org/10.1111/faf.12043
https://doi.org/10.1006/gcen.1995.1002
https://doi.org/10.1021/ac1021166
https://doi.org/10.1021/ac1021166
https://doi.org/10.1016/j.mce.2011.11.020
https://doi.org/10.1111/jne.12024
https://doi.org/10.1530/JOE-14-0441
https://doi.org/10.1007/BF01738699
https://doi.org/10.1016/j.ygcen.2013.03.032
https://doi.org/10.1016/j.ygcen.2008.09.006
https://doi.org/10.1201/b10745-29
https://doi.org/10.1111/j.1748-1716.2008.01832.x
https://doi.org/10.1016/S0016-6480(89)80036-X
https://doi.org/10.1016/0016-6480(85)90339-9
https://doi.org/10.1016/0305-0491(77)90104-3
https://doi.org/10.1152/ajpendo.00108.2010
https://doi.org/10.1530/JOE-15-0113
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


Power, D. M., Llewellyn, L., Faustino, M., Nowell, M. A., Björnsson, B. T.,
Einarsdottir, I. E., et al. (2001). Thyroid Hormones in Growth and
Development of Fish. Comp. Biochem. Physiol. C: Toxicol. Pharmacol.
130, 447–459. Available at: http://ac.els-cdn.com/S153204560100271X/1-
s2.0-S153204560100271X-main.pdf?_tid=eae952f8-672b-11e7-9e4f-0000
0aacb35e&acdnat=1499882579_ca2d581d6df3eb1c5b2f10aa6f0e685a (Accessed
February 27, 2017). doi:10.1016/s1532-0456(01)00271-x

Rajeswari, J. J., Hatef, A., and Unniappan, S. (2020). Nesfatin-1-like Peptide Suppresses
Hypothalamo-Pituitary-Gonadal mRNAs, Gonadal Steroidogenesis, and Oocyte
Maturation in Fish†. Biol. Reprod. 103, 802–816. doi:10.1093/biolre/ioaa106

Reading, B. J., and Sullivan, C. V. (2011). The Reproductive Organs and Processes:
Vitellogenesis in Fishes. Maryland Heights, MO: Elsevier, 635–646. doi:10.1016/
B978-0-12-374553-8.00257-4

Rinchard, J., and Kestemont, P. (2003). Liver Changes Related to Oocyte Growth in
Roach, a Single Spawner Fish, and in Bleak and White Bream, Two Multiple
Spawner Fish. Internat. Rev. Hydrobiol. 88, 68–76. doi:10.1002/iroh.200390006

Rønnestad, I., Thorsen, A., and Finn, R. N. (1999). Fish Larval Nutrition: A Review
of Recent Advances in the Roles of Amino Acids. Aquaculture 177, 201–216.
doi:10.1016/S0044-8486(99)00082-4

Rui, L. (2014). Energy Metabolism in the Liver. Compr. Physiol. 4, 177–197. doi:10.
1002/cphy.c130024

Salze, G. P., and Davis, D. A. (2015). Taurine: A Critical Nutrient for Future Fish
Feeds. Aquaculture 437, 215–229. doi:10.1016/j.aquaculture.2014.12.006

Sampath, W. W. H. A., Rathnayake, R. M. D. S., Yang, M., Zhang, W., and Mai, K.
(2020). Roles of Dietary Taurine in Fish Nutrition. Mar. Life Sci. Technol. 2,
360–375. doi:10.1007/s42995-020-00051-1

Sangster, T., Major, H., Plumb, R., Wilson, A. J., and Wilson, I. D. (2006). A Pragmatic
and Readily ImplementedQuality Control Strategy forHPLC-MS andGC-MS-based
Metabonomic Analysis. Analyst 131, 1075–1078. doi:10.1039/b604498k

Sarih, S., Djellata, A., Roo, J., Hernández-Cruz, C. M., Fontanillas, R., Rosenlund,
G., et al. (2019). Effects of Increased Protein, Histidine and Taurine Dietary
Levels on Egg Quality of Greater Amberjack (Seriola dumerili, Risso, 1810).
Aquaculture 499, 72–79. doi:10.1016/j.aquaculture.2018.09.011

Sawada, K., Ukena, K., Satake, H., Iwakoshi, E., Minakata, H., and Tsutsui, K.
(2002). Novel Fish Hypothalamic Neuropeptide. Eur. J. Biochem. 269,
6000–6008. doi:10.1046/j.1432-1033.2002.03351.x

Schmid, A. C., Lutz, I., Kloas, W., and Reinecke, M. (2003). Thyroid Hormone
Stimulates Hepatic IGF-I mRNA Expression in a Bony Fish, the tilapia
Oreochromis mossambicus, In Vitro and In Vivo. Gen. Comp. Endocrinol.
130, 129–134. doi:10.1016/S0016-6480(02)00577-4

Schneider, J. E. (2004). Energy Balance and Reproduction. Physiol. Behav. 81,
289–317. doi:10.1016/j.physbeh.2004.02.007

Segner, H., Dölle, A., and Böhm, R. (1997). Ketone BodyMetabolism in the CarpCyprinus
carpio: Biochemical and 1H NMR Spectroscopical Analysis. Comp. Biochem. Physiol.
Part B: Biochem. Mol. Biol. 116, 257–262. doi:10.1016/S0305-0491(96)00213-1

Shahjahan, M., Kitahashi, T., and Parhar, I. S. (2014). Central Pathways Integrating
Metabolism and Reproduction in Teleosts. Front. Endocrinol. 5, 1–17. doi:10.
3389/fendo.2014.00036

Shkolnik, K., Tadmor, A., Ben-Dor, S., Nevo, N., Galiani, D., and Dekel, N. (2011).
Reactive Oxygen Species Are Indispensable in Ovulation. Proc. Natl. Acad. Sci.
108, 1462–1467. doi:10.1073/pnas.1017213108

Soengas, J. L., Sanmartín, B., Barciela, P., Aldegunde,M., andRozas,G. (1993). Changes in
Carbohydrate Metabolism in Domesticated Rainbow trout (Oncorhynchus mykiss)
Related to Spermatogenesis. Comp. Biochem. Physiol. Part B: Comp. Biochem. 105,
665–671. doi:10.1016/0305-0491(93)90103-C

Sohn, Y. C., Yoshiura, Y., Kobayashi, M., and Aida, K. (1999). Seasonal Changes in
mRNA Levels of Gonadotropin and Thyrotropin Subunits in the Goldfish,Carassius
auratus. Gen. Comp. Endocrinol. 113, 436–444. doi:10.1006/gcen.1998.7224

Somoza, G. M., Mechaly, A. S., and Trudeau, V. L. (2020). Kisspeptin and GnRH
Interactions in the Reproductive Brain of Teleosts. Gen. Comp. Endocrinol. 298,
113568. doi:10.1016/j.ygcen.2020.113568

Triba, M. N., Le Moyec, L., Amathieu, R., Goossens, C., Bouchemal, N., Nahon, P.,
et al. (2015). PLS/OPLSModels inMetabolomics: The Impact of Permutation of
Dataset Rows on the K-fold Cross-Validation Quality Parameters.Mol. Biosyst.
11, 13–19. doi:10.1039/c4mb00414k

Trudeau, V. L., and Somoza, G. M. (2020). Multimodal Hypothalamo-Hypophysial
Communication in the Vertebrates. Gen. Comp. Endocrinol. 293, 113475.
doi:10.1016/j.ygcen.2020.113475

Tsukada, A., Ohkubo, T., Sakaguchi, K., Tanaka, M., Nakashima, K., Hayashida, Y.,
et al. (1998). Thyroid Hormones Are Involved in Insulin-like Growth Factor-I
(IGF-I) Production by Stimulating Hepatic Growth Hormone Receptor (GHR)
Gene Expression in the Chicken. Growth Horm. IGF Res. 8, 235–242. doi:10.
1016/S1096-6374(98)80116-0

Tsutsui, K., Saigoh, E., Ukena, K., Teranishi, H., Fujisawa, Y., Kikuchi, M., et al.
(2000). A Novel Avian Hypothalamic Peptide Inhibiting Gonadotropin Release.
Biochem. Biophysical Res. Commun. 275, 661–667. doi:10.1006/bbrc.2000.3350

Tsutsui, K., Ubuka, T., Bentley, G. E., and Kriegsfeld, L. J. (2013). Review: Regulatory
Mechanisms of Gonadotropin-Inhibitory Hormone (GnIH) Synthesis and Release
in Photoperiodic Animals. Front. Neurosci. 7. doi:10.3389/fnins.2013.00060

Tyler, C. R., Sumpter, J. P., and Witthames, P. R. (1990). The Dynamics of Oocyte
Growth during Vitellogenesis in the Rainbow Trout (Oncorhynchus Mykiss).
Biol. Reprod. 43, 202–209. doi:10.1095/biolreprod43.2.202

Ubuka, T., Ukena, K., Sharp, P. J., Bentley, G. E., and Tsutsui, K. (2006).
Gonadotropin-inhibitory Hormone Inhibits Gonadal Development and
Maintenance by Decreasing Gonadotropin Synthesis and Release in Male
Quail. Endocrinology 147, 1187–1194. doi:10.1210/en.2005-1178

Ukena, K., Koda, A., Yamamoto, K., Kobayashi, T., Iwakoshi-Ukena, E., Minakata,
H., et al. (2003). Novel Neuropeptides Related to Frog Growth Hormone-
Releasing Peptide: Isolation, Sequence, and Functional Analysis. Endocrinology
144, 3879–3884. doi:10.1210/en.2003-0359

Vuckovic, D. (2012). Current Trends and Challenges in Sample Preparation for
Global Metabolomics Using Liquid Chromatography-Mass Spectrometry.
Anal. Bioanal. Chem. 403, 1523–1548. doi:10.1007/s00216-012-6039-y

Waters, S., Khamis, M., and von der Decken, A. (1992). Polyamines in Liver and
Their Influence on Chromatin Condensation after 17-β Estradiol Treatment
of Atlantic salmon. Mol. Cel. Biochem. 109, 17–24. doi:10.1007/BF00230869

Wu, G. (2009). Amino Acids: Metabolism, Functions, and Nutrition. Amino Acids
37, 1–17. doi:10.1007/s00726-009-0269-0

Wu, H., Southam, A. D., Hines, A., and Viant, M. R. (2008). High-throughput
Tissue Extraction Protocol for NMR- and MS-based Metabolomics. Anal.
Biochem. 372, 204–212. doi:10.1016/j.ab.2007.10.002

Xia, J., Wishart, D. S., and Valencia, A. (2010). MetPA: A Web-Based
Metabolomics Tool for Pathway Analysis and Visualization. Bioinformatics
26, 2342–2344. doi:10.1093/bioinformatics/btq418

Yaron, Z. (2011). Endocrine Regulation of Fish Reproduction. San Diego, CA:
Elsevier. doi:10.1016/B978-0-1237-4553-8.00058-7

Yu, K. L., Rosenblum, P. M., and Peter, R. E. (1991). In Vitro release of
Gonadotropin-Releasing Hormone from the Brain Preoptic-Anterior
Hypothalamic Region and Pituitary of Female Goldfish. Gen. Comp.
Endocrinol. 81, 256–267. doi:10.1016/0016-6480(91)90010-4

Yu, K. L., Sherwood, N. M., and Peter, R. E. (1988). Differential Distribution of Two
Molecular Forms of Gonadotropin-Releasing Hormone in Discrete Brain Areas of
Goldfish (Carassius auratus).Peptides 9, 625–630. doi:10.1016/0196-9781(88)90174-X

Zammit,V.A., andNewsholme, E.A. (1979).Activities ofEnzymesof Fat andKetone-Body
Metabolism andEffects of Starvation on BloodConcentrations ofGlucose and Fat Fuels
in Teleost and Elasmobranch Fish. Biochem. J. 184, 313–322. doi:10.1042/bj1840313

Zohar, Y., Muñoz-Cueto, J. A., Elizur, A., and Kah, O. (2010). Neuroendocrinology
of Reproduction in Teleost Fish. Gen. Comp. Endocrinol. 165, 438–455. doi:10.
1016/j.ygcen.2009.04.017

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.

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 reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Ladisa, Ma and Habibi. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Cell and Developmental Biology | www.frontiersin.org February 2022 | Volume 10 | Article 83468821

Ladisa et al. Metabolic Profiling of Growth/Reproduction

http://ac.els-cdn.com/S153204560100271X/1-s2.0-S153204560100271X-main.pdf?_tid=eae952f8-672b-11e7-9e4f-00000aacb35e&acdnat=1499882579_ca2d581d6df3eb1c5b2f10aa6f0e685a
http://ac.els-cdn.com/S153204560100271X/1-s2.0-S153204560100271X-main.pdf?_tid=eae952f8-672b-11e7-9e4f-00000aacb35e&acdnat=1499882579_ca2d581d6df3eb1c5b2f10aa6f0e685a
http://ac.els-cdn.com/S153204560100271X/1-s2.0-S153204560100271X-main.pdf?_tid=eae952f8-672b-11e7-9e4f-00000aacb35e&acdnat=1499882579_ca2d581d6df3eb1c5b2f10aa6f0e685a
https://doi.org/10.1016/s1532-0456(01)00271-x
https://doi.org/10.1093/biolre/ioaa106
https://doi.org/10.1016/B978-0-12-374553-8.00257-4
https://doi.org/10.1016/B978-0-12-374553-8.00257-4
https://doi.org/10.1002/iroh.200390006
https://doi.org/10.1016/S0044-8486(99)00082-4
https://doi.org/10.1002/cphy.c130024
https://doi.org/10.1002/cphy.c130024
https://doi.org/10.1016/j.aquaculture.2014.12.006
https://doi.org/10.1007/s42995-020-00051-1
https://doi.org/10.1039/b604498k
https://doi.org/10.1016/j.aquaculture.2018.09.011
https://doi.org/10.1046/j.1432-1033.2002.03351.x
https://doi.org/10.1016/S0016-6480(02)00577-4
https://doi.org/10.1016/j.physbeh.2004.02.007
https://doi.org/10.1016/S0305-0491(96)00213-1
https://doi.org/10.3389/fendo.2014.00036
https://doi.org/10.3389/fendo.2014.00036
https://doi.org/10.1073/pnas.1017213108
https://doi.org/10.1016/0305-0491(93)90103-C
https://doi.org/10.1006/gcen.1998.7224
https://doi.org/10.1016/j.ygcen.2020.113568
https://doi.org/10.1039/c4mb00414k
https://doi.org/10.1016/j.ygcen.2020.113475
https://doi.org/10.1016/S1096-6374(98)80116-0
https://doi.org/10.1016/S1096-6374(98)80116-0
https://doi.org/10.1006/bbrc.2000.3350
https://doi.org/10.3389/fnins.2013.00060
https://doi.org/10.1095/biolreprod43.2.202
https://doi.org/10.1210/en.2005-1178
https://doi.org/10.1210/en.2003-0359
https://doi.org/10.1007/s00216-012-6039-y
https://doi.org/10.1007/BF00230869
https://doi.org/10.1007/s00726-009-0269-0
https://doi.org/10.1016/j.ab.2007.10.002
https://doi.org/10.1093/bioinformatics/btq418
https://doi.org/10.1016/B978-0-1237-4553-8.00058-7
https://doi.org/10.1016/0016-6480(91)90010-4
https://doi.org/10.1016/0196-9781(88)90174-X
https://doi.org/10.1042/bj1840313
https://doi.org/10.1016/j.ygcen.2009.04.017
https://doi.org/10.1016/j.ygcen.2009.04.017
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

	Metabolic Changes During Growth and Reproductive Phases in the Liver of Female Goldfish (Carassius auratus)
	1 Introduction
	2 Materials and Methods
	2.1 Experimental Animals
	2.2 Hormones and Injection Treatments
	2.3 Extraction of Metabolites and LC-MS
	2.4 Statistical Analysis
	2.5 Pathway Analysis

	3 Results
	3.1 Characterization of Fish Hepatic Metabolism at Different Stages of the Seasonal Cycle
	3.2 Effects of Acute Treatments With Gonadotropin-Releasing Hormone and Gonadotropin-Inhibitory Hormone on Metabolism
	3.2.1 Regressed Gonadal Phase—Growth Phase
	3.2.2 Mid Recrudescence
	3.2.3 Late Recrudescence


	4 Discussion
	4.1 Metabolic Changes During Growth and Reproductive Phase
	4.1.1 Regressed Gonadal Phase is Characterized by Growth-Promoting Processes
	4.1.2 Metabolic Profile During Mid and Late Recrudescence

	4.2 Acute Effect of Gonadotropin-Inhibitory Hormone and Gonadotropin-Releasing Hormone on Liver Metabolism of Regressed, Mi ...
	4.2.1 Regressed Gonadal Phase Corresponding to Maximal Growth Phase
	4.2.2 Mid Recrudescence
	4.2.3 Late Recrudescence


	5 Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


