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1 | INTRODUCTION

Zebrafish (Danio rerio) are increasingly used as a model
system in biomedical research, mainly because of their
genetic and cellular homology with mammals [1]. Other
advantages of this species include their rapid development
(zebrafish larvae have functioning organs and a complex
behavioral repertoire a few days post-fertilization [dpf])
and high production of offspring (100-200 eggs), allowing
for high throughput studies [2, 3]. Furthermore, zebrafish
are an increasingly use model in predictive animal model
studies of human physiology.

To study metabolism in zebrafish larvae, a num-
ber of analytical techniques have been considered, with
chromatography-based techniques coupled to mass spec-
trometry (MS) being the most popular, including RPLC-
MS [4], hydrophilic interaction chromatography-MS [5],
and gas chromatography-MS [6], this often requires pool-
ing of 100 of larvae. Additionally, direct infusion MS [2]
and nuclear magnetic resonance spectroscopy [7] have
been used. Capillary electrophoresis-MS (CE-MS) could
be considered an attractive technique for zebrafish larvae
analysis, mainly due to its microscale character, low sam-
ple consumption and complementary separation mecha-
nism toward chromatographic techniques. The potential
of CE-MS was already demonstrated for metabolic pro-
filing of zebrafish larvae by our group [8], using CE-MS
with a flow-through micro vial interface for the anal-
ysis of an extract from a single zebrafish larva (48 h
post fertilization). However, only a few metabolites could
be detected with that approach and the coupling of CE
to MS via this interface was quite complicated; more-
over, analytical performance metrics, including of this
method for metabolomics studies, have not been demon-
strated so far. In comparison, the use of a conventional
co-axial sheath-liquid interface for coupling CE to MS has
proven to be robust and reproducible for metabolomics
studies, as shown in a recent Metabo-ring study [9]. Shan-
muganathan and co-workers have developed a robust
sheath-liquid CE-MS-based workflow for metabolic profil-
ing of more than 1000 serum samples from a multi-ethnic
cohort of pregnant women with an acceptable precision
[10]. Harada and co-workers used sheath-liquid CE-MS
for the comprehensive profiling of charged and polar
metabolites in more than 8000 human plasma samples
from the Tsuruoka Metabolomics Cohort Study over a
52-month period [11]. In our group we have recently
demonstrated that sheath-liquid CE-MS is well-suited for
the efficient and sensitive profiling of polar ionogenic
metabolites in various volume-restricted biological sam-
ples, demonstrating the value of this method for probing
metabolic changes in biomass-restricted model systems
[12, 13].

In this study, a CE-MS-based workflow has been devel-
oped for the profiling of polar ionogenic metabolites in
extracts from zebrafish larvae in order to study the effects
of cortisol, a hormone that is secreted upon stress. Within
the last decade, zebrafish have proven to be a very effec-
tive model for stress research, in particular for studies on
the effects of cortisol [14, 15]. These effects are mediated
by two nuclear receptors, the glucocorticoid receptor (GR)
and the mineralocorticoid receptor (MR). These recep-
tors have different affinities for cortisol, with GR being
activated at high cortisol levels and MR being already
activated at basal cortisol levels. Although the role of
cortisol-GR signaling during stress is well characterized
[16], the role of MR on mediating the effects of corti-
sol is less known [17, 18]. The exact biological response
to a stressor and the associated increase in cortisol lev-
els is highly individualized, as it depends on factors such
as genetic background, biological age, and personality
[19]. In this context, metabolomics, that is, the analysis of
(endogenous) small molecules within a biological system,
could be considered a valuable approach to gain a deeper
understanding of the molecular responses occurring after
exposure to cortisol. For this purpose, wild-type (WT) and
ubiquitous MR-knockout (MRKO) zebrafish larvae were
used and exposed to exogenous cortisol treatment. So far, it
has hardly been investigated what the specific role of MR is
during stress on metabolite levels, and which mechanisms
might be important in this association.

2 | MATERIALS AND METHODS

2.1 | Chemicals and reagents

All chemicals used were of analytical grade or higher
purity. Acetic acid (99%), methanol, and propan-2-ol were
acquired from Biosolve. Ammonium hydroxide (28%) was
purchased from Acros Organics. Sodium hydroxide and
hydrochloric acid were of 98% and 37% purity, respectively,
and were purchased from Merck and Thermo Fisher Scien-
tific. Amino acids standards were from Sigma-Aldrich. *C
and/or PN stable-isotope labeled (SIL) internal standards
were purchased from Cambridge Isotope Laboratories. A
Milli-Q Advantage A10 water purification system (Merck)
was used to obtain pure water. Ascorbic acid was from
Sigma-Aldrich.

Ascorbic acid was used as an antioxidant. A stock solu-
tion of 1 mg/mL was prepared in water, and a working
solution with a final concentration of 125 uM was prepared
by dilution with water. A working solution of ascorbic acid
was prepared daily. Background electrolyte (BGE) solution
was prepared by diluting acetic acid in water (10% v/v). As
sheath-liquid, a mixture of water and propan-2-ol (50:50,
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v/v), containing 0.03% (v/v) acetic acid was used. Prior to
first use, the sheath liquid was degassed for 10 min.

2.2 | Sample solutions

SIL metabolite standards (1 mg/mL) were dissolved in
a Milli-Q water. SIL metabolite mixtures of eight com-
pounds (Table S1) were prepared in water as 100 uM stock
solutions, aliquoted and stored at —20°C. Migration time
(MT) markers procaine, paracetamol, and methionine sul-
fone were prepared in water as 100 uM mixed solutions,
aliquoted and stored at —20°C. The final concentration of
MT markers was 50 uM.

2.3 | Zebrafish larvae maintenance and
cortisol treatment

Adult zebrafish (D. rerio; AB/Tupfel long fin strain)
were maintained in compliance with the directives of
the local animal welfare committee of Leiden University.
Specifically adults were housed on a recirculating system
(Fleuren & Nooijen) on a 14:10 light:dark cycle. Water was
maintained at 28.5°C, pH 7.4, 300 uS conductivity, and
10% of the water was exchanged daily. Animals were fed
twice daily with Gemma micro 500 diet (Skretting) in the
morning and live Artemia (Great Salt Lake Brine Shrimp
Cooperative) in the afternoon.

A zebrafish WT strain and zebrafish mutants lacking a
functional MR (designated nr3c2"™/inrll  hereafter called
MRKO). WT and MRKO zebrafish larvae were maintained
at 28.5°C in 20 X 100 mm? plates with 1 x E3 medium
(5 mM NacCl, 0.17 mM KCI, 0.33 mM CaCl,, 0.33 mM
MgSO, + 0.1 ppm methylene blue antifungal agent), with
daily water changes until 3 dpf, according to guidelines
of the zebrafish Model Organism Database (zfin.org). At
3 dpf, larvae were transferred to 6-well plates (20 fish/well)
and treated with either cortisol (5 ug/mL) or a vehicle con-
trol (0.05% ethanol). The larvae were then raised to 5 dpf,
and all treatments were refreshed daily. Larvae were euth-
anized with an overdose of 0.4 mg/L tricaine mesylate
(MS-222) purchased from Sigma-Aldrich. A pool of 1, 2, 4,
8, 12, 16, 20, and 40 larvae were collected, and each pool
was considered a sample.

2.4 | Experimental design

To study the role of MR in the metabolic response to cor-
tisol in zebrafish larvae, a workflow using CE-MS has
been developed and the following experimental design
has been designed (see Figure 1). First, homogenization

and metabolite extraction were optimized, then the num-
ber of larvae per sample was set. Four groups have been
used to survey the involvement of MR. For this purpose,
WT zebrafish larvae and MRKO zebrafish larvae were
used, both groups were stimulated with 5 ug/mL corti-
sol (F) (WT-F and MRKO-F) and by 0.05% ethanol as a
control-vehicle (V) (WT-V and MRKO-V).

2.5 | Zebrafish larvae homogenization
and metabolite extraction

To determine the most optimal sample preparation pro-
tocol, three homogenization strategies were compared
for zebrafish larval samples and were carried out using
homogenization based on probe homogenization (DIAX
900; Heidolph) as strategy 1, homogenization using a bul-
let blender using ~10 stainless steel beads (BBX24; Next
Advance) as strategy 2, and homogenization based on tip
sonication (Q125, Qsonica) as strategy 3. The conditions
for each of the strategies are shown in Table 1, and each
was repeated three times. For each strategy, pools of eight
zebrafish larvae were used in 50 uL of methanol ina 1.5 mL
Eppendorf tube and three main steps were followed. First,
extraction solvent was added according to each strategy
(see Table 1). The second step was the homogenization
of the samples. Finally, the homogenate was centrifuged
(16100 X g, 5 min, 4°C), and 450 pL (strategy 1) or 90 uL
(strategies 2 and 3) supernatant was pipetted into a 0.5 mL
Eppendorf vial. The samples were evaporated in a Speed-
Vac Vacuum concentrator (Thermo Savant SC210A), and
reconstituted in 20 uL BGE prior to injection.

To determine the recovery of each strategy, SIL inter-
nal standards were spiked in the zebrafish larvae sam-
ples before homogenization and after sample preparation.
Recovery was calculated based on the following formula:

area IS spiked before
area IS spiked after

%recovery = X 100%.

2.6 | CE-MS-based metabolic profiling of
zebrafish larvae extracts

Metabolic profiling was carried out with the 7100 CE sys-
tem from Agilent Technologies which was coupled to a
6230 time of flight-MS instrument from Agilent using a
co-axial sheath-liquid electrospray ionization (ESI) inter-
face equipped with a triple-tube sprayer, also from Agilent.
Sheath-liquid was delivered at a final flow rate of 3 uL/min
by an Agilent 1260 Infinity Isocratic Pump (Agilent Tech-
nologies) with a flow splitter that splits the sheath liquid
in the ratio 1:100. Fused-silica capillaries with an internal
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FIGURE 1

Workflow developed to study the effects of cortisol and involvement of specific receptors in zebrafish larvae using capillary

electrophoresis coupled to mass spectrometry. Source: Figure created with Biorender.com.

TABLE 1 Conditions used for each strategy to determine the best method of
metabolite extraction from zebrafish larvae.

Strategy Extraction solvent Sample homogenization

1 400 pL cold methanol Homogenizer (1000 X g, 30 s)
80 uL cold water
10 pL ascorbic acid (125 uM)
10 uL water with IS (100 pM)

2 80 pL cold methanol Bullet blender (500 X g, 5 min)

10 pL ascorbic acid (125 uM)

10 pL water with IS (100 uM)
3 80 puL cold methanol

10 pL ascorbic acid (125 uM)

10 pL water with IS (100 uM)

Tip sonication (1 X 3 s pulse,
30% amplitude)

Abbreviation: IS, Internal standard.

diameter of 50 uym were purchased from BGB Analytik,
and cut to a total length of 90 cm. New capillaries were
conditioned by subsequently rinsing, at 5 bar for 1 min,
with methanol, water, sodium hydroxide 1 M, water,
hydrochloric acid 1 M, water and BGE. Injections were per-
formed hydrodynamically for 54 s at 50 mbar (35.3 nL),
and injected volumes were calculated with Zeecalc v1.0b
(https://epgl.unige.ch/labs/fanal/zeecalc). For metabolite
separation, a voltage of 30 kV was applied. The current
observed during the experiment under these conditions
was 12.9 uA. MS experiments were acquired in positive

mode between 50 and 1000 m/z with an acquisition rate
of 1.5 spectra/s. The nebulizer gas was set to 0 psi, and the
sheath gas flow rate and temperature were set at 11 L/min
and 100°C, respectively and both were nitrogen. The ESI
capillary voltage was set to 5500 V. Fragmentor and skim-
mer voltages were set at 100 and 50 V, respectively. In
order to obtain information about fragments, in-source
fragmentation was used, applying 200 V at the fragmen-
tor. MassHunter version B.06.00 (Agilent) was used for
data acquisition, instrument control and data treatment.
From the sheath-liquid, propan-2-ol (C;HgOH™) and its
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clusters ([(C3HgO),+H]* and ([(C3HgO);+H]*) with cor-
responding m/z values of 61.06479, 121.12231 and 181.17982,
respectively, were used as lock masses.

2.7 | Data processing

Peak extraction was performed using MassHunter Quan-
titative Analysis (B.10.00, Agilent Technologies) with a
mass error of 20 ppm and peak integrations were visu-
ally inspected to ensure correct integration. The response
function of the measured peak area for 6 endogenous
metabolites (aspartic acid, lysine, asparagine, glutamic
acid, glutamine, and 2 aminobutyric acid) of which SIL
internal standards were available for each was examined
using 3 biological replicates for at least 8 different num-
bers of zebrafish larvae pools (from 40 larvae down to
1 larva). Methionine sulfone, procaine, and paracetamol
were used as internal standards and included with the
SIL mixture, all with a concentration of 50 uM. Repeata-
bility (expressed as percentage relative standard deviation
[%RSD]) for peak area was determined by analyzing SIL
standards spiked into a zebrafish sample (n = 3). The last
experiment has been repeated on three consecutive days to
determine interday precision.

The data deconvolution process for the untargeted
metabolomics was processed using MassHunter Profinder
(B.10.00, Agilent Technologies), to obtain a data matrix in
an appropriate format. Two consecutive algorithms were
used in the software to perform the deconvolution. The
first, performs the molecular features extraction, reduces
the data by removing non-specified information. The sec-
ond algorithm, Find by Ion was used for targeted feature
extraction and to obtain a better accuracy of the data.
Finally, abundance of the molecule, mass accuracy and MT
for each feature in all samples were obtained as matrix data
[20]. Data quality was ensured by excluding background
noise and unrelated ions, molecular features present in
50% of the quality control (QC) injections with a RSD
less than 30%, and present in 75% of the study samples,
were maintained. Missing values were estimated using the
k-nearest neighbours algorithm.

Subsequently, the matrix was normalized by the total
useful signal, and then an unsupervised principal compo-
nent analysis (PCA-X) model was generated in order to
observe the trend of the QCs, detect outliers, and observe
natural clustering trends.

2.8 | Statistical analysis

Multivariate data analysis was used to investigate the dif-
ferences between the four groups. Supervised models such

as the partial least square discriminant analysis (PLS-DA)
and orthogonal PLS-DA (OPLS-DA) were performed to
discriminate the variation between groups. The quality
of the models was evaluated by explained variance (R?)
evaluating the model by maximizing the variance given
by the variables and predicted variance (Q*) evaluating
the predictive ability of the model. These parameters were
provided by SIMCA-P (Version 17, Umetrics, Sartorius Ste-
dim Biotech) software. Finally, the percentage change was
calculated by comparing cases with controls.

2.9 | Metabolite identification

Compounds were tentatively annotated based on their
exact mass, isotopic distribution, and adduct formation
using the CEU Mass mediator search tool [21]. Further-
more, to enhance confidence in metabolite identification,
relative MTs, effective mobility values (ues) [9, 22], and in-
source fragments were compared with respect to standards
analysed in a previous experiment [23].

3 | RESULTS AND DISCUSSION

3.1 | CE-MS analysis of zebrafish larvae
In metabolomics studies, typically, the efficient homog-
enization of tissues and extraction of metabolites from
tissue homogenates are the steps that are most time-
consuming and error-prone. Therefore, as a first step, the
homogenization and metabolite extraction were evaluated
for zebrafish larvae samples. For metabolite extraction, a
single-phase extraction method based on protein precipi-
tation with methanol was selected due to its effective capa-
bility to precipitate proteins [24, 25], speed and simplicity
[26].

For the sample preparation, three different homogeniza-
tion strategies were tested, that is, homogenization based
on standard homogenization (strategy 1), homogenization
using a bullet blender (strategy 2), and homogenization
based on tip sonication (strategy 3). All three strategies
were applied to small pools of zebrafish larvae (8 larvae
per pool) of 5 dpf. SIL standards (50 uM) were spiked
into the zebrafish larvae sample before and after sample
preparation to determine the recovery and repeatability of
the different strategies. After complete homogenization,
homogenates were collected. After metabolite extraction,
the metabolite content of the homogenates was analyzed
using CE-MS, and the recoveries of SIL standards were cal-
culated. As shown in Table S2, satisfactory recoveries were
observed for all three homogenization strategies: between
84% and 98% for strategy 1, between 88% and 107% for
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strategy 2, and between 100% and 104% for strategy 3. More-
over, the repeatability of peak areas of SIL standards was
determined for SIL standards spiked at the beginning of
the workflow for biological replicates as the %RSD and
was between 6.3% and 17.3% for strategy 1, between 4.5%
and 15.0% for strategy 2 and between 3.1% and 8.4% for
Sstrategy 3.

Another important aspect during tissue homogeniza-
tion is metabolite stability, as degradation could occur
due to time duration, (high) temperatures and the applied
frequency. As is expected that catecholamines such as
epinephrine and dopamine play an important role in
mediating the stress response in zebrafish larvae [27],
precautions were taken by adding an antioxidant at the
beginning of the workflow in order to stabilize metabo-
lites throughout the sample preparation. As antioxidant,
ascorbic acid (12.5 pM) was selected due to its compat-
ibility with MS detection [28]. Additionally, at pH 2.2,
ascorbic acid will have no net charge, causing it to migrate
with the electroosmotic flow and thereby not disturbing
the detection of cationic metabolites of interest. To eval-
uate the metabolite stability during sample preparation,
two catecholamines epinephrine and dopamine, which
are well-known metabolites that are prone to degradation,
were included in the SIL standard mixture. As is shown in
Table S2, good recoveries for epinephrine and dopamine
were observed for all homogenization strategies, with 96%
and 98% for strategy 1%, 88%, and 96% for strategy 2 and
101% and 101% for strategy 3, which indicates there is no
significant loss during sample preparation.

Furthermore, when selecting an appropriate sample
preparation strategy, the time duration per sample is an
important factor. Due to the size of the homogenizer tip
for strategy 1, a minimal total volume of 500 uL needs to be
present in the Eppendorf vial in order to perform proper
homogenization, whereas in the case of the bullet blender
and tip homogenizer, 100 uL of total volume showed to be
sufficient. After extraction, homogenization and centrifu-
gation, either 450 uL (strategy 1) or 90 uL (strategies 2 and 3)
of supernatant was transferred into another Eppendorfvial
and dried in a Speedvac. Because the increased volume of
strategy 1, the time for evaporation was more than tripled
(2+ h instead of 30 min). Additionally, because zebrafish
larvae at 5 dpf encompass approximately 300 nL volume, it
would be most beneficial to have as little dilution as possi-
ble during sample preparation. When comparing the time
duration per sample for strategies 2 and 3, homogenization
by the bullet blender takes 5 min per 24 samples (~13 s
per sample), whereas tip sonication takes 3 s per sample.
Taking into account the recovery and repeatability as well
as the duration of the sample preparation strategy, strat-
egy 3 (homogenization by tip sonication) was selected for
further experiments.

The analytical performance of the CE-MS workflow was
further evaluated for pools containing a small number of
zebrafish larvae (8 fish per pool). Precision of the CE-
MS workflow for profiling of endogenous metabolites in
zebrafish larvae was assessed based on the repeated analy-
ses of zebrafish samples spiked with glutamine-3C as SIL
internal standard (50 uM). Intraday RSD values (n = 3)
were obtained with the analyte areas corrected with the
glutamine *C area of the SIL and are shown in Table S3.
Results for all endogenous analytes for biological replicates
were between 0.9% and 20.3%, whereas interday RSDs
(n =3 over 3 days) were below 28.2% for 20% endogenous
metabolites detected.

Subsequently, the response function of endogenous
metabolites in decreasing numbers of zebrafish larvae per
pool were investigated using SIL standards. Zebrafish pools
of 40, 20, 16, 12, 8, 4, 2, and 1 zebrafish were spiked
with SIL epinephrine-Ds;, gamma-aminobutyric acid-Dg,
glutamine-'3C, glutamic acid-3C,°N, asparagine-'3C,N,
lysine-*C and aspartic acid-*C,>N (50 uM), and cali-
bration curves for endogenous metabolites corrected by
their corresponding SIL analog were prepared (in case the
endogenous metabolites were detected). A linear response
(and with R? > 0.98) for selected metabolites was obtained
(Figure S1A). Thereafter, it was investigated how many fea-
tures could be extracted from the data resulting from the
different zebrafish pools. As can be seen in Figure S1B,
84 features were found in a pool of 40 zebrafish larvae,
whereas only 29 features could be extracted from a single
zebrafish larva. For this study, the zebrafish pools con-
taining 12 larvae were selected for further experiments,
as a lower amount of larvae showed to result in more
efficient metabolite homogenization when employing low
solvent volumes during sample preparation. Furthermore,
for our application it was not necessary to show inter-
individual differences between the fish, therefore making
it unnecessary to further scale down the amount of fish per
pool.

3.2 | Application of CE-MS to a zebrafish
stress model

With the developed CE-MS workflow the aim was to study
the role of polar ionogenic metabolites in zebrafish under
a stress scenario and thus to potentially reveal the role of
MR in mediating the effects of cortisol. After sample anal-
ysis, data processing was performed. The signals were then
filtered for presence in blanks, in clusters and in QC sam-
ples with a %ZRSD less than 30%. Then the signals belonging
to adducts and fragments were removed. The final data
set was reduced to 61 compounds (Table S4). The ana-
lytical performance of CE-MS was evaluated using the

85U8017 SUOWIIOD BAIER.0 3(ealjdde ayy Aq peusenoh aJe s|1e YO ‘SN JO S3|NJ 10} Ariqi8UIIUO AB|IAN UO (SUONIPUCD-PUR-SLLBY WO AB | 1M ARIq 1 BU1|UO//SANL) SUORIPUOD PUe SWiB | 8L} 88S *[7202/70/b2] Uo Aigiauliuo A8|IM ‘Wepe JO AisieAun Aq 98T00£202'SdR/200T OT/I0p/L0d" A3 1M Ake.d 1 pulUO'S [EUINO BOUS 10 PO A JeUe//:SdNY Wo. 4 papeo|umoqd ‘9-G %202 ‘€89222ST



sl ELECTROPHORESIS

VAN MEVER ET AL.

*1(A)
6
‘ QCs
4
| O
: 5, =g see
M &
{ mwrv L 4 4 % AA
J
| @ WT-F
 MRKO-V. A
J A Re=0.448
10 ' 5 ' n ’ s ’ 10
‘1(C) WT-V _ WT-F
34 O
2‘ . )
1
- g
g0 L -
O
N
.3‘
R2=0.987
o | @ .Q2.=0:841
V -6 -5 -4 -3 -2 -1 0 1 2 3 4
tev(1)
FIGURE 2

8
(B) |
6
o
]
o
2
o
e R2=0.611
o e N =0 A8
-10 -8 -6 -4 -2 0 2 4 6 8 10
(1)
D) ° MRKO-V MRKO-F
1.54
14 <>
05
®
tleoe
-05
.
154 R2=0.998
Q2%=0.736

-3 -2 -1 0 1 2 3
tov(1)
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WT-V (n = 5) comparison, and (D) CV-OPLS-DA model for mineralocorticoid receptor-knockout (MRKO)-F (n = 5) versus MRKO-V (n = 5)

comparison.

unsupervised PCA-X (R? = 0.448), resulting in a clustering
of QC samples (QC’s) distributed along the working list,
showing high sensitivity and reproducibility throughout
the analysis, indicating adequate data quality performance
(Figure 2A).

Additionally, a supervised clustering PLS-DA model
was constructed to obtain a better separation. The PLS-
DA analysis score plot showed a clear separation between
the four groups of cortisol-stimulated zebrafish larvae and
controls. The PLS-DA model had an R? value of 0.611 and
Q? value of 0.487 (Figure 2B). After this evaluation, OPLS-
DA analysis was performed to compare two groups at a
time. First, we compared the group of Wild type zebrafish
larvae stimulated with cortisol (WT-F) versus the group of
Wild type zebrafish larvae stimulated with ethanol as con-
trol (WT-V), the model presented an R? value of 0.987 and
Q? value of 0.841 (Figure 2C). Then, the groups of MRKO
zebrafish larvae stimulated with cortisol (MRKO-F) ver-
sus the group groups of MRKO zebrafish larvae stimulated
with ethanol (MRKO-V) as a control were compared, the
model presented an R? value of 0.998 and Q? value of 0.736
(Figure 2D).

To select the metabolites responsible for the clustering
and separation of the groups from the OPLS-DA mod-
els, Jack-Knife confidence intervals were calculated, and
variables importance in projection >1 and p (corr) > 10.5I
were considered. In addition, for all OPLS-DA models, the
validated cross-sectional scores plots were shown, which
revealed that 99% of the samples were correctly classified in
their corresponding group. The results for the WT-F to WT-
V and MRKO-F to MRKO-V comparisons of multivariate
statistics are shown in Table 2.

The WT-F group was compared to WT-V, as a result
12 metabolites appeared to be modulated in response
to stress. Increases in sarcosine, alanine, cytosine, N-
acetylspermidine, and cytidine levels were observed. In
contrast, levels of serine, asparagine, ornithine, aspartic
acid, cystathione, gutation disulfide, and Asp-Lys were
decreased (Table 2). On the other hand, MRKO-F lar-
vae were compared with MRKO-V larvae. As a result,
11 metabolites were modulated. Increases in sarcosine,
alanine, cytosine, acetylcholine, N-acetylspermidine, and
cytidine levels were observed. However, decreased lev-
els of serine, ornithine, aspartic acid, glutathione (GSH)
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TABLE 2 Differentially identified metabolite contents in the comparison of cortisol-stimulated zebrafish larval groups and control
groups.
WT-F versus WT-V MRKO-F versus MRKO-V
Name Mass (Da) RSD(%)QC p(Corr) VIP JK change(%) p(Corr) VIP JK change (%)
Sarcosine 89.0475 8.0 0.9 1.6 Yes 588 0.9 1.8 Yes 475
Alanine 89.0476 2.4 0.9 1.4 Yes 232 0.8 1.7 Yes 12.8
Serine 105.0420 4.3 -1 1.6 Yes —37.6 -0.8 1.7 Yes 234
Cytosine 111.0427 27.6 0.7 13 Yes 839 0.5 1.1 = 47.2
Asparagine 132.0527 3.8 -0.8 1.4 Yes —23.2 -0.6 11 - -9.5
Ornithine 132.0890 7.2 -0.9 1.6 Yes —66.6 -0.9 1.7 Yes —49
Aspartic acid 133.0368 4.6 —0.5 1.0 - —15.5 —0.7 1.6 Yes —37.7
Acetylcholine 145.1091 6.0 NS <1 = NS 0.6 1.3 Yes 36.1
N'-acetylspermidine 187.1670 10.2 0.7 12 - 50.2 0.6 1.4 Yes 56.5
Cystathionine 222.0692 9.1 —0.6 1.2 Yes —26.8 NS <1 - NS
Cytidine 243.0845 12.3 0.7 1.3 Yes 47.6 0.6 1.2 - 45
Aspartyllysine® 261.1314 20.5 —-0.7 1.2 Yes —49.9 —-0.6 1.3 = —40.6
Glutathione disulfide  612.1478 274 -0.8 1.4 Yes —54.6 NS <1 - NS

Abbreviations: JK, confidence intervals derived from jack-knife; MRKO, mineralocorticoid receptor-knockout; MT, migration time; NS, No significative; RMT,

relative migration; VIP, variables importance in projection; WT, wild-type.
2Contains multiple annotation options.

disulfide, and Asp-Lys were observed (Table 2). Those
metabolites that are altered in WT but not in MRKO were
observed to highlight MR-dependent metabolites.

The effects of cortisol on MR expression, we com-
pared MRKO versus WT zebrafish larvae, both stimulated
with cortisol. Upon comparison, we observed increases
in the levels of sarcosine, serine, cystathionine and
Glu-Pro. However, decreases in the levels of N-acetyl-
glucosaminate and an unknown mass-neutral compound
324.1486 were observed (Table S5 and Figure S2). In addi-
tion, the effects of ethanol stimulation on zebrafish larvae
were also evaluated. After comparison of MRKO with
WT zebrafish larvae, increases in the levels of sarcosine,
serine, 4-guadininobutanal, histidine, and Glu-Pro were
observed, whereas the levels of threonine, ornithine, N-
acetyl-glucosaminate, and an unknown compound (mass
324.1486) decreased (Table S5 and Figure S2).

3.3 | Discussion and interpretation of the
main findings

Cortisol is the main stress hormone in humans and
zebrafish, responsible for a suite of metabolic changes post-
stress designed to restore homeostasis. Even though the
role of cortisol-GR signaling is well characterized, little
is known regarding the role of MR in cortisol-induced
metabolic changes. Here we used CE-MS, to not only
identify novel pathways impacted by cortisol signaling,
but also optimized this technique for use in single larvae.
Taken together, we present here an untargeted study based

on CE-MS to determine the role of polar metabolites in
mediating the GR and MR response to stress.

We first evaluated the involvement of GR and MR in the
metabolic profile of larvae post cortisol treatment, metabo-
lites that were found to be commonly modulated following
cortisol stimulation in both WT and MRKO zebrafish lar-
vae compared to their respective controls were alanine,
sarcosine, serine, cytosine, asparagine, ornithine, aspartic
acid, N-acetyl-spermidine, cytidine, and Asp-Lys. These
metabolites are likely regulated by cortisol-GR signaling
as GR is the primary receptor for cortisol in MRKO larvae.
However, MR signaling may still be involved because often
the cortisol-induced change in metabolite level in WT lar-
vae could not be fully recapitulated in MRKO larvae. For
example, alanine levels increase 23% in WT larvae but only
12% in MRKO larvae. A similar trend was also observed
in the case of sarcosine, cytosine, N-acetylspermidine, and
cytidine, as well as slight decreases in the levels of serine,
asparagine, ornithine, Asp-Lys, and aspartic acid (Table 2).
These findings support the essential functions described
for GR in energy homeostasis, stress response, and inflam-
mation, while revealing that the cooperation between GR
and MR may also be important for metabolic homeostasis
[29].

Stress and the attendant rise in cortisol has been asso-
ciated with increased reactive oxygen species (ROS) and
nitrogen species leading to oxidative and nitrosative stress
[30]. Ornithine is a substrate for putrescine production and
complements polyamine metabolism, which may explain
the decrease in ornithine levels during both GR activa-
tion and GR and MR cooperation in response to stress.
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Polyamines such as putrescine and spermidine are essen-
tial for decreasing ROS damage in animals [31] and
for protecting from stress, allowing the flow of K1 cur-
rent, controlling brain glutamate receptors implicated in
learning and memory [32]. On other hand, we found
higher increased levels of N-acetylspermidine in cortisol
treated larvae, when GR is activated, however, we did
not find alterations in putrescine and spermidine lev-
els. Spermidine is a substrate of spermidine/spermine
Nz-acetyltransferas, which is responsible for promoting
acetylation at N' in the presence of acetyl-CoA result-
ing in Nl-acetylspermidine which in turn is converted
to putrescine. These results suggested that GR promotes
the acetylation of spermidine by altering the regulatory
metabolism of polyamines [33]. In addition, ornithine is
a substrate for proline production and contributes to the
formation of glutamate. Glutamate is the main excitatory
neurotransmitter in the central nervous system, and its reg-
ulation is important for maintaining the balance of the
glutamate cycle. It has been reported that glutamatergic
dysfunction causes neuropsychiatric conditions such as
stress, anxiety and depression [34].

Another metabolite that was modulated by the effects
of cortisol was an N-methylated derivative of glycine.
Sarcosine is produced from glycine via glycine N-

methyltransferase which utilizes a methyl group from
S-adenosylmethionine [35]. Sarcosine has been described
to be an inhibitor of glycine transporter-1, increasing the
levels of glycine, an inhibitor of rapid neurotransmission.
Sarcosine is also responsible for enhancing the function of
the N-methyl-D-aspartate receptor [35]. Previous studies
have shown that sarcosine has a neuroprotective effect
as it is effective in reducing oxidative stress [36]. These
findings could justify the increase in sarcosine levels in
response to cortisol during GR and MR activation and
their cooperation with each other.

Moreover, decreases in asparagine and aspartic acid lev-
els have been observed in response to cortisol stimulation
in both GR activation and GR and MR cooperation. Aspar-
tic acid is converted to asparagine through asparagine
synthetase using glutamine in response to cellular stress
[37]. Glutamate and aspartate are both excitatory neu-
rotransmitters, with aspartate as the most abundant in
the central nervous system. Additionally, aspartate is
converted to alanine via aspartate 4-decarboxylase [38, 39].

On the other hand, acetylcholine levels were found to be
increased under cortisol conditions in MRKO larvae com-
pared to MRKO-V, whereas in WT-F compared to WT-V
acetylcholine was not significant. This could suggest that
MR may restrict GR-dependent increase in acetylcholine
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levels. The dominant negative effect of MR on GR tran-
scriptional activation has been observed both in vitro and
in vivo. This finding suggests that the balance between GR
and MR is essential to maintain acetylcholine levels.

As previously mentioned, cortisol exposure causes
increased oxidative stress resulting from the generation of
ROS contributing to cell death. GSH acts as an antioxi-
dant defense and is responsible for the direct scavenging of
ROS. During ROS scavenging, GSH interacts with radicals
such as superoxide radical anion, nitric oxide, or hydroxyl
radical. On the other hand, GSH is an electron donor for
the reduction of peroxides in the glutathione peroxidase
reaction with the final oxidation product being glutathione
disulfide (GSSG). However, GSH is regenerated from GSSG
through the reaction catalyzed by GSH reductase [40]. In
our study, decreased levels of GSSG were found in response
to cortisol stimulation in WT fish larvae, whereas in MRKO
the percentage change was not significant. This suggests
that MR may be a key player in activation of the antioxidant
protection system.

In addition, cystathionine regulation was observed to
be MR-dependent only. Cystathionine is produced by cys-
tathionine beta synthase an enzyme that catalyses the first
step of the transsulfuration pathway, leading to the pro-
duction of cystathionine from serine and homocysteine. It
has been described that under stress cystathionine levels
are decreased consistent with what was observed in cor-
tisol treated WT larvae in this study. Here we show that
this decrease is likely due to MR as the effect of corti-
sol on cystathionine was abolished when MR was absent.
Cystathionine can then be converted to cysteine and by
extension H,S by the enzyme cystathionine gamma lyase
to produce H,S from cysteine and homocysteine (Figure 3)
[41]. H,S is associated with many physiological processes,
such as inflammation, neuromodulation and apoptosis,
and abnormal levels are associated with Alzheimer’s dis-
eases, liver cirrhosis and diabetes [42]. The data here
suggests that MR may be a key regulator of enzymes
involved in cystathionine production and subsequently
impact key physiological processes.

Taken together, in this study we have optimized a CE-
MS workflow, which allowed us to establish metabolic
profiles in biomass-limited samples. As a proof of concept,
we examined the metabolic impact of cortisol treatment in
zebrafish larvae, and identified novel targets of MR.

4 | CONCLUDING REMARKS

In this work, a CE-MS-based analytical workflow has been
developed for the profiling of polar ionogenic metabolites
in extracts from zebrafish larvae with acceptable perfor-
mance metrics. The workflow has been used successfully
used for the profiling of metabolites in extracts from WT

and zebrafish with a ubiquitous MRKO, providing insights
into the role of MR and GR in mediating the effects of
cortisol.

Through the present study, besides the ability of GR to
modulate metabolism independently of MR, we observed
the cooperation of both receptors in maintaining the bal-
ance of the metabolome, and that part of this profile is
regulated by MR. Indeed, differential regulation of cys-
tathionine by MR has been identified, even though this
metabolite is known to be modulated during stress. Taken
together, this technique has the potential to identify novel
pathways and mechanisms of action in zebrafish larvae.
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in the Supporting Information section at the end of this
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