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Abstract: Scopoletin, a typical example of a coumarin compound, exists in several Artemisia species
and other plant genera. However, the systemic metabolic effects induced by scopoletin remain
unclear. In the present study, we evaluated the metabolic profiles in scopoletin-exposed zebrafish
embryos using UHPLC-Q-Obitrap-HRMS combined with multivariate analysis. Compared with the
control group, 33 metabolites in scopoletin group were significantly upregulated, while 27 metabolites
were significantly downregulated. Importantly, scopoletin exposure affected metabolites mainly
involved in phosphonate and phosphinate metabolism, vitamin B6 metabolism, histidine metabolism,
sphingolipid metabolism, and folate biosynthesis. These results suggested that scopoletin exposure
to zebrafish embryos exhibited marked metabolic disturbance. This study provides a perspective of
metabolic impacts and the underlying mechanism associated with scopoletin exposure.

Keywords: scopoletin; untargeted metabolomics; zebrafish; metabolic disturbances; UHPLC-Q-
Obitrap-HRMS

1. Introduction

Scopoletin is a coumarin compound, which can be found in several Artemisia species
and other plant genera [1], and also exist in flue-cured tobacco leaves, burley tobacco
leaves, and smoke. Scopoletin plays an essential role in human health due to its antioxidant,
antimicrobial, anticancer, and anti-inflammation aspects [2]. Even though a large number
of studies have demonstrated the pharmacological activity of scopoletin, the toxic effects
of scopoletin on human health have also attracted significant attention. Previous studies
have reported that scopoletin inhibited PC3 proliferation by inducing the apoptosis of PC3
cells [3], and novel NO-releasing scopoletin derivatives induced cell death via the mito-
chondrial apoptosis pathway and cell cycle arrest [4]. In addition, Pan et al. [5] showed that
scopoletin could inhibit vascular endothelial growth factor-induced angiogenesis through
interrupting the autophosphorylation of VEGF receptor 2 and its downstream signaling
pathways. In addition, scopoletin is toxic to target plants. For example, Graña et al. [6] re-
ported that scopoletin induced strong phytotoxic effects on Arabidopsis thaliana seedlings
with a mean inhibitory concentration (IC50) of less than 9.6 mg/L by inducing wrong
microtubule assembling, mitochondrial membrane depolarization, and ultimately causing
cell death. These results suggest that there is a need to explore the toxicity of scopoletin.

Zebrafish (Danio rerio) has been widely used as a model organism for the evaluation of
toxic effects [7–11]. In our previous study, we found that scopoletin had developmental
toxicity to zebrafish embryos and the maximum non-lethal concentration (MNLC) was
18.5 µg/mL; and that scopoletin at 18.5 µg/mL could cause varying degrees of liver
degeneration, pericardial edema, muscle degeneration, yolk sac retention, and reduced the
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blood flow of the zebrafish embryos. However, the mechanism underlying the scopoletin-
induced toxic effects and changes in metabolic profile still remain unclear.

Recently, the rapid accumulation of metabolomic profiles has facilitated the appli-
cation of comprehensive analysis of low-molecular-weight metabolites on a biological
system. Metabolomics analysis can efficiently and sensitively extract and quantify a vast
number of metabolites from biological samples [12]. In recent years, metabolomics has
been wildly used to investigate the health effects of chemical exposure [13–15]. By per-
forming untargeted metabolomics, it links metabolic pathways to biological mechanism
induced by scopoletin [12]. The previous study investigated the metabolic profiling of
coumarins through the combination of UPLC-MS-based metabolomics and multiple mass
defect filters [14]. Moreover, Zhao et al. [16] found the metabolic map of osthole, a coumarin
compound from plants, and its effect on the levels of endogenous metabolites using UPLC-
ESI-QTOFMS-based metabolomics. However, according to the literature, comprehensive
profiles of scopoletin-induced metabolic pathways yet remain to be fully elucidated.

Therefore, we hypothesized that scopoletin may induce metabolic disturbances to
zebrafish embryos. We used zebrafish as a model to observe scopoletin-induced metabolic
changes. Zebrafish embryos were exposed to different concentrations of scopoletin. We ana-
lyzed the possible biological adverse effects in metabolic pathways through the untargeted
metabolomics.

2. Materials and Methods
2.1. Chemicals and Reagents

Scopoletin (purity ≥ 98%) was purchased from Shanghai Macklin Biochemical Co.,
Ltd. (Shanghai, China) Acetonitrile and methanol (HPLC-grade both) were purchased from
Merck (Kenilworth, NJ, USA), while formic acid (≥96%) was provided by Tedia (Fairfield,
OH, USA). Dimethyl sulfoxide (DMSO) was purchased from Sigma-Aldrich. Water was
purified with a Milli-Q system (Millipore, Bedford, MA, USA) and was used throughout
the whole experiment, including sample treatment and instrument-based analysis. Inter-
nal standard (IS) solution was prepared with 75 ng/mL of 2-Chlorophenylalanine and
15 ng/mL of L-Methionine-d3, Phenylalanine-d5, and Citric-d4 Acid in methanol from
Sigma-Aldrich. Fish water was prepared with reverse-osmosis purified water containing
5 mM NaCl, 0.17 mM KCl, 0.33 mM CaCl2, and 0.33 mM MgSO4 (Millipore, Bedford, MA,
USA).

2.2. Zebrafish Maintenance and Husbandry

Adult 6-month-old zebrafish of wide-type AB strain (Danio rerio) were purchased from
the China Zebrafish Resource Center and cultured in a flow-through system containing fully
aerated and filtered tap water at 28 ± 0.5 ◦C and 14 h light: 10 h dark cycle. Embryos were
obtained through the natural mating of 3 males and 2 females on 4-L mesh-bottom breeding
tanks in the morning under the light stimulation. Embryos were incubated under the same
conditions throughout the exposure. All procedures were conducted in accordance with
the guidelines of Institutional Animal Care and Use Committee (IACUC) of the Zhejiang
University, Hangzhou of China. The husbandry and treatment of the zebrafish in our study
were approved by the Ethics Committee of Zhejiang University (ZJU20220333).

2.3. Scopoletin Exposure Setup

At 48 hpf, embryos that had no observable deformity were selected and exposed to
scopoletin. Our previous study found that the 120-h MNLC of scopoletin to embryos was
18.5 µg/mL (Supplementary Materials Table S1). Therefore, the exposure concentration
of scopoletin was determined based on the previous study and set at 2.1 µg/mL for the
low-exposure group (1/9 MNLC), 6.2 µg/mL for the medium-exposure group (1/3 MNLC),
and 18.5 µg/mL for the high-exposure group (MNLC). Scopoletin was dissolved in DMSO
and diluted to concentrations of 0.21 mg/mL, 0.63 mg/mL, and 1.85 mg/mL for stock
solution. Each 0.5 mL of stock solution was added to 49.5 mL of fish water in 50 mL
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centrifuge tube and 0.5 mL of DMSO was added as a solvent control. The exposure solution
was changed every day to maintain the exposure concentration of the compound during
the experiment until 120 hpf. At the end of exposure, embryos exposed to the same groups
were randomized and split into six biological replicates containing 30 embryos each. These
samples were rinsed with fish water three times, snap-frozen in dry ice in 1.5 mL cryogenic
tubes, and kept at −80 ◦C until sample extraction for metabolomics analysis.

2.4. Metabolite Extraction

The metabolites were extracted according to the previous study [17]. In brief, zebrafish
embryos were homogenized in 280 µL pre-cold methanol and 20 µL of IS solution, with
three 5 mm stainless beads using a TissueLyser (Qiagen, CA, USA) at 60 Hz for 10 min.
The homogenates were shaken for 10 min and centrifugated (14,000 rpm, 4 ◦C) for 10 min.
After centrifugation, 150 µL of the upper aqueous fraction were filtered the 0.22 µm organic
membrane and transferred into amber chromatographic vials with a lining tube for further
LC–MS analysis. An amount of 10 µL liquid from each vial was pooled as quality control
(QC) solution.

2.5. UHPLC-Q-Obitrap-HRMS Analysis

Untargeted metabolomics analyses were performed by injecting 5 µL of the aqueous
extracts in a Dionex Ultimate 3000 UPLC system coupled with a Q-Qrbitrap-MS (Q-Exactive
plus MS, Thermo Scientific, Waltham, MA, USA) using the full scan data-dependent MS/MS
(ddMS2) mode. Chromatographic separation was performed on an ACQUTITY UHPLC
HSS T3 column (2.1 × 150 mm i.d., 1.8 µm; Waters Corp., Milford, MA, USA). UPLC
conditions, including mobile phases and gradients, were optimized based on the necessary
sample analysis. Briefly, the flow rate was 0.3 mL/min and the column temperature was
set to 35 ◦C. The mobile phases were 0.1% formic acid in Milli-Q water (solvent A) and
0.1% formic acid in acetonitrile (solvent B). The optimized gradient elution was followed:
0–3 min, 2% B; 3–15 min, 2% B to 100% B; 15–17 min, 100% B; 17–17.5 min, 100% B to 2%
B; and 17.5–20 min, 2% B. The MS parameters were as follows: a sheath gas flow rate of
10 arbitrary units, a spray voltage of 3.0 kV, a capillary temperature of 320 ◦C, an auxiliary
gas heater temperature of 30 ◦C, and an S-lens RF level of 50. All samples (six replicates
each group, 30 samples in total) were randomly injected. The instrument performance was
monitored by the injection of the QC periodically every six samples.

2.6. Data Processing and Pathway Analysis

Data processing was performed with Compound Discoverer 3.1 (Thermo Fisher,
Waltham, MA, USA). The parameters were as follows: peak area > 1,000,000; mass
tolerance ≤ 5 ppm; retention time tolerance ≤ 0.2 min. The features of a coefficient of vari-
ance higher than 30% in the quality control injections were excluded from the metabolomic
analyses. After the data were derived, SIMCA software (version 14.1, Umetrics, Sweden)
was used for the multivariate data analyses, including principal-component analysis (PCA)
and orthogonal partial least squares discriminant analysis (OPLS-DA). The differential
metabolites were selected based on following thresholds: Values of variable importance
in the projection (VIP) > 1; p-value < 0.05; and fold change > 2 or < 0.5. Metabolites
were aligned according to the positive and negative ion patterns (M + H and M − H)
using the Human Metabolome Database (HMDB) (http://www.hmdb.ca/ (accessed on 12
August 2022)), Chemspider (http://www.chemspider.com/Default.aspx (accessed on 12
August 2022)), and mzCloud (https://www.mzcloud.org/ (accessed on 12 August 2022)).
Metabolic pathway analysis plots, global KEGG network analysis, and Debiased Sparse
Partial Correlation (DSPC) analysis were produced with MetaboAnalyst 5.0 and metabolic
pathways were identified based on the Danio rerio KEGG library. The Pearson Correlation
and Average Linkage were utilized as the distance metrics for hierarchical clustering.

http://www.hmdb.ca/
http://www.chemspider.com/Default.aspx
https://www.mzcloud.org/
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2.7. Statistical Analysis

The data normalization and validation for score plot analysis was accomplished
using the Pareto scaling algorithm, which measured each variable using the square root
of its standard deviations. The metabolic expression was determined after a logarithmic
transformation. GraphPad Prism 8.0 was employed for the statistical analysis. Data are
presented as the mean ± SD. A one-way analysis of variance (ANOVA) with Tukey’s
multiple range tests was used to determine the statistical significance of differences in the
concentration of the metabolite among groups, which was significant when the p values
were less than 0.05 and extremely significant when the P values were less than 0.01.

3. Results
3.1. Metabolomic Alteration Induced by Scopoletin Exposure

After exposure to scopoletin, an untargeted metabolomics approach was used to finger-
print changes in the metabolomes of zebrafish embryos (Figure 1A), which may be used to
learn more about the cellular chemical processes and discover new metabolite biomarkers.
A total of 4705 metabolites were identified and subjected into further multivariate analyses.
As shown in Figures S1 and 1B,C, all the quality control samples were within the ±2 SD
range in the score plot and clustered tightly in the center of the plots, indicating that the
metabolomics platform had highly accuracy and reproducibility.

The PCA score plots indicated that the metabolic profiles of MNLC of scopoletin-
treated group was clearly separated from the other groups, resulting in different metabolic
profiles among the groups (Figure 1B,C). The quality of the established PCA models was
further assessed according to R2X and Q2 parameters. The cumulative R2X (goodness of
fit) of the supervised models established PCA model were 0.714 and 0.658 under negative
and positive modes, respectively, while the Q2 (goodness of prediction) values were 0.550
and 0.458 given the two modes, respectively. The recorded values of R2X and Q2 for the
PCA models well explain the cumulative variation of the data by the principal components
and good prediction capability of the models. In addition, we have provided the PCA
loading plots as Figure S2 in Supplementary Materials. In the PCA loading plots, each point
represents a metabolite, and the metabolites with the labeled name represent the important
compounds that caused the MNLC of scopoletin-treated group separation. Hierarchical
clustering provided further evidence about the difference of metabolomes between solvent
control and scopoletin-treatment groups, while the solvent control was similar to the fish
water control (Supplementary Materials Figures S3 and S4). In order to further identify the
segregation between the solvent control and scopoletin-treatment groups, the OPLS-DA
model was used. The OPLS-DA model, which is a supervised statistical model, has a
stronger classification ability than the PCA model.

Moreover, the OPLS-DA score plots of all data (solvent control, 1/3, 1/9, and MNLC,
and fish water groups) were showed in Figure S5. A high value for R2X, R2Y, and Q2

indicates high explained variation and the predictive ability of an OPLS-DA model. The
p values of CV-ANOVA indicate the good predictive ability of our established models. From
the OPLS-DA models, the MNLC of the scopoletin-treated group was clearly separated
from the other two scopoletin-treated groups (1/9 and 1/3 MNLC of scopoletin-treated
groups). The 1/9 and 1/3 MNLC dose groups were closer to the fish water and solvent
control groups. Then the OPLS-DA model was used in analysis between two groups. The
OPLS-DA model demonstrated a significant difference in the metabolic profiles of the
solvent control and three scopoletin-treatment groups in both negative and positive modes
(Figure 2A–C,G–I; respectively). The R2X, R2Y, and Q2 parameters in each established
OPLS-DA model were showed in the figures. A high value for R2Y and Q2 (closer to 1)
indicated high explained variation and predictive ability of an OPLS-DA model, respec-
tively. Moreover, CV-ANOVA was also used to determine the significance of the model and
the CV-ANOVA p value for OPLS-DA were all below 0.05, indicating the good predictive
ability of our established models. In addition, the values of R2 and Q2 (Figure 2D–F,J–L;
respectively) in the permutation test indicated the good repeatability and predictability
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of these models. Furthermore, the VIP plots were created to specify potential differential
metabolites with VIP > 1 (Figures S6 and S7), and each bar represents a metabolite in these
figures. The top 30 metabolites with the highest VIP are shown on the plots.
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Figure 1. (A) Schematic chemical structure of scopoletin exposure. (B) 3D PCA score plot based on
the UHPLC-MS/MS analysis in negative mode. (C) 3D PCA score plot based on the UHPLC-MS/MS
analysis in positive mode. In the PCA model, green points represent the fish water control group,
blue points represent the solvent control group, red points represent the 1/9 MNLC of the scopoletin-
treated group, yellow points represent the 1/3 MNLC of scopoletin-treated group, baby-blue points
represent the MNLC of scopoletin-treated group, and purple points represent the QC group.

3.2. Analysis of Significantly Different Metabolites

The metabolites with VIP > 1, p-value < 0.05, and the absolute of Log2 (fold change) > 1
were identified as potential different metabolites. As shown in the workflow (Figure 3B),
44 metabolites and 75 metabolites were selected under negative and positive modes, re-
spectively. A total of 60 metabolites were recognized as significantly different metabolites
that contributed to distinguish metabolic profiles between these groups (Supplementary
Materials Table S2).
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Figure 2. OPLS-DA (A–C,G–I) and permutation analysis (200 times) (D–F,J–L) derived from UHPLC-
MS/MS analysis for the solvent control and scopoletin exposure groups. Data were acquired by
negative ionization (A–F) and positive ionization (G–L). In the OPLS-DA model, blue points represent
the solvent control group, red points represent the 1/9 MNLC of scopoletin-treated group, yellow
points represent the 1/3 MNLC of scopoletin-treated group, and baby-blue points represent the
MNLC of scopoletin-treated group.

MetaboAnalyst 5.0 software was used to create the heat map of the 60 metabolites in
order to intuitively spot patterns in the changes of metabolites levels between the solvent
control group and scopoletin-treatment groups (Figure 4). The hue confirms a distinct
contrast between the solvent control group and scopoletin-treatment groups, showing the
amounts of metabolites from highest (red) to lowest (blue).

Compared with the control group, the intensities of 27 metabolites significantly de-
creased. Meanwhile, 33 metabolites were significantly elevated. Notably, we observed that
these metabolites were significantly and dose-dependently changed after exposure to scopo-
letin (all p < 0.05). Among these metabolites, N-Acetylvanilalani was the most changed
metabolite, and the N-Acetylvanilalani was positively changed with N (6)-Methyladenosi,
Ptaquilpside, Garcinone D, Probenecid, and so on (Figure 5A,B).
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HRMS.

3.3. Metabolic Pathway and Function Analysis

Metabolic profiling not only depicts changes in the level of each metabolite but also pro-
vides a thorough assessment of how harmful xenobiotics affect the metabolic process [18].
The metabolic pathway analysis of differential metabolites between the solvent control and
scopoletin-treatment groups shows that the top six metabolic pathways are enriched by the
KEGG library (Figure 5C,D), including phosphonate and phosphinate metabolism, vitamin
B6 metabolism, histidine metabolism, sphingolipid metabolism, lysine degradation, and
folate biosynthesis. With the most impacted pathways highlighted in red, scatter plots also
display the matching enriched pathways from the same database according to p-values
from the pathway enrichment analysis (y-axis) and pathway impacted values from the
pathway topology analysis (x-axis) [13].

3.4. Biological Networks of Differential Metabolites

The nodes present differential metabolites, while the lines represent the associations
between these metabolites in the Debiased Sparse Partial Correlation algorithm (DSPC)
network (Figure 6). For the greatest performance, the data were log or cubic root converted
during the data normalization stage. The DSPC network is well suited for constructing
biologically relevant networks and the identification of unknown compounds [19]. The
metabolites closer to the center indicate that the greater the correlation with these selected
different metabolites and the more important position in the network, such as Val-Ser.
On the other hand, Val-Ser is positively associated with 3-BHA and 2,4,6-Octatriynoic
acid, while negatively associated with propamocarb. In addition, the metabolic pathway
network was built to determine the associations with these most perturbed pathways
and differential metabolites induced by scopoletin exposure. As shown in Figure 7, 2-
Aminoethylphosphonate in phosphonate and phosphinate metabolism increased depend-
ing on the concentrations of scopoletin exposure. While the level of phytoceramide, which
is associated with sphingolipid metabolism, decreased in the scopoletin-exposed zebrafish
embryos in a concentration-dependent manner. In the vitamin B6 metabolism, the level of
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pyridoxine elevated with the increasing of the scopoletin concentration. N-Formimino-L-
glutamate in histidine metabolism increased in a concentration-dependent manner.
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Figure 6. (A) Debiased Sparse Partial Correlation (DSPC) network of significantly differential metabo-
lites. In the DSPC network, the nodes are input metabolites, while the edges represent the association
measures. Metabolites with stronger associations cluster together and the edges between them are
wider. The red lines show a positive correlation, while blue lines show a negative correlation with
metabolites. (B) The relative concentration level of important metabolites in the DSPC network. The
data were log10 transformed and asterisks denote statistical significance according to a multiple
group comparison of ANOVA (only significative results of exposed groups vs. solvent control are
illustrated); *** p-value < 0.001, **** p-value < 0.0001.
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pathways. The data were log10 transformed and asterisks denote statistical significance according to
a multiple group comparison of ANOVA (only significative results of exposed groups vs. solvent
control are illustrated); * p-value < 0.05, ** p-value < 0.01, *** p-value < 0.001, **** p-value < 0.0001.

4. Discussion

In the present study, we evaluated the metabolic effect of scopoletin in zebrafish
embryos using an untargeted metabolomics approach. The significant metabolic profile



Metabolites 2022, 12, 934 12 of 15

disturbance under scopoletin exposure were observed. A total of 60 metabolites were
identified to be differentially expressed between the solvent control and scopoletin-exposed
groups. The significantly changed metabolites between the solvent control and scopoletin-
exposed groups were involved in metabolic pathways, such as phosphonate and phosphi-
nate metabolism, vitamin B6 metabolism, histidine metabolism, sphingolipid metabolism,
lysine degradation, and folate biosynthesis.

Our previous work demonstrated that scopoletin can cause developmental toxic-
ity and affect the behavior of zebrafish embryos. The current study has demonstrated
that scopoletin can cause significant metabolic profile disturbance in zebrafish embryos
(Figures 1 and 2). A total of 33 upregulated metabolites and 27 downregulated metabo-
lites were identified with combining the online databases (HMDB, mzCloud, Chemspider
databases) (Supplementary Materials Table S2). These significantly differential metabolites
were considered as potential biomarkers of scopoletin-induced toxicity. Furthermore, these
different metabolites were mainly enriched in the pathway of phosphonate and phosphi-
nate metabolism, vitamin B6 metabolism, histidine metabolism, sphingolipid metabolism,
and folate biosynthesis. These observed metabolic pathways disturbances were associated
with scopoletin-induced toxic effects.

Recent studies have revealed that vitamin B6 metabolism was involved in chronic
inflammation due to its antioxidant defenses in live and heart [20,21]. A dysregulation
in the vitamin B6 metabolism was observed in PCB 11 exposed HepG2 cells [22] and the
misonidazole neurotoxicity [23]. In accordance with these observations, our previous
study found that scopoletin could induce developmental toxicity and behavioral toxicity
to zebrafish. In the current study, it was postulated that the metabolic disorder of vitamin
B6 metabolism associated with oxidative stress and then cause neurotoxicity to zebrafish
exposed by scopoletin.

Moreover, much research has found the association between sphingolipid metabolism
and neurotoxicity [24–26]. Herein, sphingolipid metabolism was changed in the scopoletin
treatment groups compared to that in the control group. The dysfunction of sphingolipid
metabolism always occurs under oxidative stress [27]. Additionally, the exposure to scopo-
letin caused significant perturbations in the histidine metabolism, leading to oxidative
stress responses and metabolic disturbances in energy process in the zebrafish. The above
results suggested that scopoletin exposure may increase oxidative damage in the zebrafish
embryos. We also found that folate biosynthesis pathway was affected in scopoletin expo-
sure groups. Folate biosynthesis plays important role in the methylation, DNA biosynthesis
and amino acids, and purine and pyrimidine synthesis. The disruption of folate metabolism
is associate with cellular damage, chromosome breakage and systemic disorders, such as
neurodegenerative and cardiovascular diseases [28,29]. Yin et al. [30] found that Atrazine
exposure could induce significant alterations in the metabolic profiles of C. elegans, such
as folate biosynthesis, and these changes are signs of possible oxidative stress. Taken
together, these findings indicated that a metabolic disorder caused by scopoletin was likely
associated with the oxidative stress of zebrafish embryos induced by scopoletin exposure.
In the future, additional studies need to be carried out to confirm its mechanism.

This study indicates that scopoletin exposure was associated with significant metabo-
lite changes in zebrafish. According to these data, we quantified a set of metabolic pathways,
phosphonate and phosphinate metabolism, vitamin B6 metabolism, histidine metabolism,
sphingolipid metabolism, lysine degradation, and folate biosynthesis may play critical
roles in the scopoletin exposure in zebrafish embryos. Nevertheless, there were also some
limitations in this study. Although metabolic profiles alteration was observed in zebrafish
induced by scopoletin, the underlying mechanism of these metabolic effects change caused
by scopoletin was unclear. Due to the acute exposure to scopoletin in the current study, we
could not make robust conclusions about the long-term toxic effects of scopoletin. Therefore,
the long-term toxic effects of scopoletin should be explored in further studies.
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5. Conclusions

Taken together, the toxicological effects of scopoletin in zebrafish embryos were deter-
mined using a UHPLC-Q-Obitrap-HRMS-based untargeted metabolomics approach for
the detection of the metabolites. Through PCA and OPLS-DA, the MNLC of scopoletin-
treated group was clearly separated from the other two scopoletin treated groups (1/9 and
1/3 MNLC of scopoletin-treated groups). The 1/9 and 1/3 MNLC of scopoletin-treated
groups were closer to the control group. Based on our standard for significantly differential
metabolites, 60 metabolites were selected as potential biomarkers of scopoletin exposure.
Pathway analyses showed that multiple metabolic pathways were affected by scopoletin
exposure, including phosphonate and phosphinate metabolism, vitamin B6 metabolism,
histidine metabolism, sphingolipid metabolism, lysine degradation, and folate biosynthesis.
Metabolite levels in phosphonate and phosphinate metabolism, vitamin B6 metabolism,
and histidine metabolism increased, while the metabolite in sphingolipid metabolism was
reduced. The involved metabolic pathway network revealed the potential mechanism of
the metabolic perturbation induced by scopoletin. This study provides a comprehensive
metabolic profiling of scopoletin exposure, and those disturbed pathways could result in a
biologically harmful effect on zebrafish embryos.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/metabo12100934/s1, Figure S1: The reliability investigation of the
analytical method using QC samples. Orange and red lines indicate the 2 SD and 3 SD limits of
peak height intensities, respectively. (A) ESI−; (B) ESI+. Figure S2: PCA loading plot derived
from UHPLC-MS/MS analysis for the solvent control, fish water control, and scopoletin exposure
groups. Data were acquired by negative ionization (A) and positive ionization (B). In the PCA
loading plots, metabolites with labeled name represent metabolites which caused the MNLC of
scopoletin-treated group separation. Figure S3: Heatmap and hierarchical clustering of metabolites
in untargeted metabolomics analysis in the current study in negative mode (A) and positive mode
(B). Fish water control (group A), 1% DMSO solvent control (group B), 1/9 MNLC of scopoletin
exposure (group C), 1/3 MNLC of scopoletin exposure (group D), MNLC of scopoletin exposure
(group E). Figure S4: (A) Cluster analysis among experimental samples. (B) Pearson correlation
between experimental samples. Fish water control (group A), 1% DMSO solvent control (group B),
1/9 MNLC of scopoletin exposure (group C), 1/3 MNLC of scopoletin exposure (group D), MNLC of
scopoletin exposure (group E). Figure S5: OPLS-DA derived from UHPLC-MS/MS analysis for the
solvent control, fish water control, and scopoletin exposure groups. Data were acquired by negative
ionization (A) and positive ionization (B). In the OPLS-DA model, green points represent the fish
water control group, blue points represent the solvent control group, red points represent the 1/9
MNLC of scopoletin-treated group, yellow points represent the 1/3 MNLC of scopoletin-treated
group, and baby-blue points represent the MNLC of scopoletin-treated group. Figure S6: Variable
importance in projection (VIP) analyses under negative mode. Each var ID represents a detected
metabolite under negative mode (Supplementary Materials Excel 1). Figure S7: Variable importance
in projection (VIP) analyses under positive mode. Each var ID represents a detected metabolite under
positive mode (Supplementary Materials Excel 2). Table S1: Calculated 120-h MNLC (the maximum
non-lethal concentration) and LC10 (lethal concentration 10%) values for scopoletin to zebrafish
embryos. Data from our previous study. Table S2: Differential metabolites identified significantly
different in zebrafish embryos induced by scopoletin.
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