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Multi-omics analysis of a drug-induced
model of bipolar disorder in zebrafish

Yameng Li,1 Lin Zhang,1 Mingcai Mao,1 Linjuan He,1 Tiancai Wang,1 Yecan Pan,1 Xiaoyu Zhao,1 Zishu Li,1

Xiyan Mu,1 Yongzhong Qian,1,* and Jing Qiu1,2,*

SUMMARY

Emerging studies demonstrate that inflammation plays a crucial role in the patho-
genesis of bipolar disorder (BD), but the underlyingmechanism remains largely un-
clear. Given the complexity of BD pathogenesis, we performed high-throughput
multi-omic profiling (metabolomics, lipidomics, and transcriptomics) of the BD ze-
brafish brain to comprehensively unravel the molecular mechanism. Our research
proved that in BD zebrafish, JNK-mediated neuroinflammation altered metabolic
pathways involved in neurotransmission. On one hand, disturbed metabolism of
tryptophan and tyrosine limited the participation of the monoamine neurotrans-
mitters serotonin and dopamine in synaptic vesicle recycling. On the other hand,
dysregulatedmetabolism of themembrane lipids sphingomyelin and glycerophos-
pholipids altered the synaptic membrane structure and neurotransmitter recep-
tors (chrna7, htr1b, drd5b, and gabra1) activity. Our findings revealed that distur-
bance of serotonergic and dopaminergic synaptic transmission mediated by the
JNK inflammatory cascade was the key pathogenic mechanism in a zebrafish
model of BD, provides critical biological insights into the pathogenesis of BD.

INTRODUCTION

Nearly 1%–3%of the populationworldwide is affected by bipolar disorder (BD),1 a seriousmooddisorder char-

acterized by periodic episodes of depression and either mania (bipolar I disorder) or hypomania (bipolar II dis-

order and cyclothymic disorder).2,3 A systematic review andmeta-analysis has shown that BD usually occurs in

late adolescence or early adulthood,4 with the incidence of bipolar I disorder being similar in males and fe-

males, whereas bipolar II disorder occurring more frequently in females.5,6 Reports published to date indicate

that the proportion of adults exhibited symptoms of anxiety or depression increased (from 36.4% to 41.5%)

during the COVID-19 pandemic.7 In addition, BD patients had significantly higher levels of pandemic-related

subjective cognitive dysfunction, which was particularly associated with symptoms, such as depression and

anxiety.8 The World Mental Health Survey Initiative reported that the lifetime and 12-month prevalence of

BD are approximately 2.4% and 1.5%, respectively,9 making it a chronic mental illness that often requires

continuousmonitoring and lifelong treatment and imposes a substantial economic burden on health care sys-

tems and society.10 However, the majority of the psychotropic medication (e.g., quetiapine) currently used for

people with BD are developed for the treatment of other brain disorders such as schizophrenia,11 and the

preferred drug lithium has a relatively slow onset of action and a high number of adverse effects.12

At present, the importance of changes in brain structure13 and glial cell function,14 alterations in synaptic

transmission,15 mitochondrial dysfunction16 and inflammation17 in BD has been emphasized in several

studies on the pathogenesis of BD. In particular, BD can be divided into the following four pathways:

dendritic spine aberrations and brain demyelination–altered neuronal synaptic plasticity,18 imbalance of

excitatory/inhibitory transmission caused by the dysfunction of monoaminergic and glutamatergic,19

inadequate mitochondrial energy supply affected synaptic transmission20 and inflammation activated by

NF-kB,mitogen-activated protein kinase (MAPK), and other inflammatory factors.21,22 Despite the known

contribution of these pathways in BD, studies of BD pathogenesis have been mostly limited to one single

type of molecular signature, and the relationship among these molecular pathways has not been eluci-

dated. Thus, the molecular mechanisms involved in the initiation and progression of BD and the role of

alterations in synaptic transmission and inflammation responses remain largely unknown.
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Zebrafish (Danio rerio) is an important model system for studying BD because it is highly sensitive to acute

or chronic stressful situations, and it exhibits powerful affective phenotypes similar to that of humans,

including depression, anxiety, cognitive impairment, and manic-like behavior.23,24 A systematic review

andmeta-analysis have shown that existing well-established behavioral analysis methods for zebrafish sup-

port easy measurement of BD-related characteristic phenotypes (e.g., hyperactivity, depression, impaired

memory, and social competence) on this model organism.25 In addition, the structure and function of the

central nervous system (CNS) in zebrafish are similar to that of mammals, and zebrafish has a high degree of

physiological and genetic homology with humans.26 However, there are also some limitations to the BD

zebrafish model, such as the relatively small head sample size and the presence of duplicate genes.27 Pre-

vious reports have confirmed that zebrafish can be used to model brain disorders such as depression28 and

schizophrenia,29 and it can provide a more in-depth perspective on corresponding human disorders and

their molecular pathogenesis.23 Thus, characterizing molecular studies using BD zebrafish models could

contribute to the elucidation of the evolutionarily conserved pathogenesis of BD and exploration of poten-

tially effective therapeutic targets.

Therefore, comprehensive analysis focusing on the brain in healthy and diseased states is necessary to

obtain comprehensive understanding of the molecular mechanism of BD. We performed high-throughput

multi-omic profiling of female zebrafish brain tissue, including metabolomics, lipidomics, and transcrip-

tomics; ultrastructural analysis using transmission electron microscopy (TEM) and synaptic functional

studies. Additionally, we discovered that BD zebrafish had a unique metabolic profile, accompanied by

marked abnormalities in synaptic structure, synaptic transmission dysfunction, and the development of

neuroinflammation. These integrated biological pathways and other multi-level information on the molec-

ular mechanism of BD could be used to identify potential treatments to rescue progressive metabolic

dysfunction and synaptic damage in the early stages of BD.

RESULTS

Characteristics of the zebrafish model of BD

For our research, we opted to utilize a zebrafish model of BD induced by ciprofloxacin. This choice was

motivated, in large part, by previous reports suggesting a link between gut microbiome alterations and

BD.30,31 Furthermore, ciprofloxacin, a fluoroquinolone antibiotic, hinders DNA synthesis and replication,

resulting in bacterial death. Improper use of this antibiotic during treatment may lead to gut dysbiosis

and microbial imbalance.32 Clinical data have indicated that ciprofloxacin induces antibiotic mania,33,34

although the underlyingmechanism remains unclear. Based on this research background, we hypothesized

that ciprofloxacin-induced BD-like behavior in zebrafish could be attributed to disturbances in the micro-

biome-gut-brain axis. To verify this hypothesis, we utilized ciprofloxacin and generated a drug-induced BD-

like zebrafish model and elucidated its molecular characteristics. The results of the locomotor trajectory

plots and heat maps showed that zebrafish in the treatment groups exhibited more wall-hugging behavior

in the horizontal position preference test (Figure 1A) and less exploratory behavior in the vertical position

preference test (Figure 1B) compared with the control group. The behavioral phenotype of zebrafish in the

high-concentration group was characterized by a significant addition in the distance traveled and manic-

like behavior (Figures 1C, 1D, and S4), as well as a significant reduction in the total duration and frequency

of movement to the central (Figure 1E) and top zones (Figure 1F). However, it is evident in the low-concen-

tration group, except for a significant decrease in the frequency of movement to the central zones (Fig-

ure 1E). These findings indicated that zebrafish in the high-concentration treatment group showed BD-

like behavior (hyperactivity, manic, depression, and anxiety), consistent with the behavior of previous

mammalian BD models,35,36 indicating the effectiveness of this strategy in inducing BD in zebrafish.

Furthermore, we found no significant differences in locomotor distance and frequency of occurrence of

manic-like behavior in the treated zebrafish after a two-week treatment with lithium carbonate compared

to the controls (Figures S5A–S5C). These results further validated that CIP-induced BD-like zebrafish can be

used as a biological model for this disease.

In determining whether there were significant phenotypic differences between the BD zebrafish induced by

the high-concentration treatment group and the control zebrafish, we performed a histopathological eval-

uation of zebrafish brains to investigate the pathological mechanism of BD. hematoxylin-eosin (HE)staining

analysis showed a lack of structural integrity in the midbrain of BD zebrafish compared with that in the con-

trols (Figure 2A). Additionally, Nissl staining revealed reduction in the number of neuronal cell bodies,

while the neurons became round and larger than normal, indicating cell swelling (Figures 2B and 2C).
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Consistent with the reduction in Nissl bodies, we found reduced expression of the neuron-specific antibody

NeuN (Figures 2D, 2E, and 2F). Collectively, these results indicated pathological changes in the brain of BD

zebrafish, with neuronal loss, cytosolic swelling, and morphological alterations as the main pathological

features.

Multi-omic molecular profiles discriminate BD from controls

Metabolite and lipid profiling were performed using mass spectrometry and transcript analysis by RNA-

sequencing. The clustering heatmap showed that a high percentage of metabolites were downregulated

with the upregulation of lipids and genes in BD (Figure 3A). In addition, we observed that 35% (234) of the

661 metabolites identified were obviously altered, of which 62 were significantly upregulated and 172 were

significantly downregulated (Figure 3B, Table S3). Moreover, 39% (253) of the 643 lipids showed differential

variation in BD, of which 154 lipids were significantly upregulated and 99 lipids were significantly downre-

gulated (Figure 3B, Table S4). Furthermore, 33% (10506) of the 32057 transcripts were differentially ex-

pressed in BD, of which 7890 transcripts were significantly upregulated and 2616 transcripts were

Figure 1. Behavioral phenotypes of control (CON) versus zebrafish model of BD

We tracked the swimming behavior of zebrafish within 5 min, covering the swimming trajectory, frequency of occurrence of manic-like behavior, total

duration and frequency of movement to the top and central zones (CON, Zebrafish were reared in clear water for 4 weeks, n = 6; CIP-L, zebrafish were

exposed to100 mg/L concentration levels of ciprofloxacin for 4 weeks, n = 6; CIP-H, zebrafish were exposed to1000 mg/L concentration levels of ciprofloxacin

for 4 weeks, n = 6).

(A and B) Representative locomotor trajectory plots and heat maps of zebrafish in the horizontal (A) and vertical (B) position preference test (C, central zone;

M, marginal zone; T, top zone; B, bottom zone).

(C–E) Box andWhisker plots of distance traveled (C), frequency of manic-like behavior (D) and total duration and frequency of movement to the central zones

(E) in zebrafish in the horizontal position preference test.

(F) Box andWhisker plots of total duration and frequency of movement to the top zones in zebrafish in the vertical position preference test. Data are shown as

mean G SEM, *p < 0.05, **p < 0.01, ***p < 0.001, unpaired two-tailed Student’s t test.
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significantly downregulated (Figure 3B). Principal component analysis showed a clear difference between

BD and controls in the metabolomic, lipidomic, and transcriptomic datasets (Figure 3C).

Integrative omics reveals impaired neurotransmission in BD

In revealing the holistic molecular consequences and identifying the key affected pathways linked with the

observed phenotypes, an integratedmulti-omic technique was used. Integrated molecular pathway-level anal-

ysis facilitates the identification of key dysregulatedpathways. The differentiallymolecularmetabolomic–lipido-

mic–transcriptomic screen was significantly enriched in biological processes, including amino acidmetabolism,

lipid metabolism, nervous system, and intracellular signaling pathways (Figure 3D), indicating a global dysre-

gulation in neurotransmission. A summary of the major metabolic changes was plotted on ametabolic network

map (Figure 3E), showing consistent alterations in key metabolites or lipids and their associated transcripts.

In amino metabolism, we performed multi-omic integration analysis mapping to the KEGG databases to

facilitate analysis of these metabolites and transcript results that were significantly associated with BD.

The results further highlighted a significant (FDR < 0.05) over-representation of pathways associated

with tryptophan, tyrosine, phenylalanine, arginine, proline, and glutamate metabolism (Figure 3D). In addi-

tion, metabolites and associated transcripts were significantly enriched in the nervous system, including

dopaminergic, serotonergic, glutamatergic, cholinergic, and GABAergic synapse (Figure 3D), predomi-

nantly associated with synaptic transmission in the brain.

Figure 2. Histopathological characteristics of BD zebrafish

(A and B) Histomorphometric analysis of midbrain from CON (n = 3) and BD zebrafish (n = 3) stained with H&E, scale bar = 50 mm (A); Nissl staining was used

to mark Nissl bodies in neurons (B). Red arrow, cytosolic swelling, scale bar = 50 mm.

(C) Total number of Nissl-positive neurons in per field was quantified with ImageJ.

(D) Representative immunofluorescence images of midbrain after staining for NeuN (neurons, green) and DAPI (all nuclei, blue). Scale bar = 50 mm.

(E and F) Expression of NeuN in CON and BD was detected by Western blot. Data are shown as mean G SEM, *p < 0.05.
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These findings were validated by performing HPLC-MS/MS-based targeted metabolic analysis of brain

tissues. Consistent with the untargeted metabolomic result, two major neuroactive metabolic pathways,

namely, the aromatic amino acid pathways (tyrosine and tryptophan metabolism) and amino acid path-

ways (arginine and proline metabolism), were worthy of examination (Figure 3E). A number of neurotrans-

mitters were significantly altered in the BD group, spanning amino acid neurotransmitter glycine (Fig-

ure 4A), monoamine neurotransmitters, including dopamine and serotonin (Figure 4B). We also

explored the association between metabolomic and genomic features to identify the potential genomic

drivers contributing to the formation of metabolomic features. We observed that tyrosine and trypto-

phan metabolism was significantly altered, as demonstrated by the downregulation of monoamine neu-

rotransmitters (dopamine and serotonin) and 5-HIAA (serotonin derivatives; Figures 3E, 4B, and 4D), as

well as increased levels of their precursors (tyrosine and tryptophan), intermediates (5-hydroxy-L-trypto-

phan, kynurenate, tyramine, and indole; Figures 3E, 4C, and 4D) and their associated genes (aox5, ald-

h3a2b, ddc, aanat2, got1, th, comtb, and tyrp1b) (Figures 3E and 4F). In addition to changes in aromatic

amino acid pathways, arginine and proline metabolism was also enhanced in BD, as characterized by

nine genes (got1, p4ha1a, dao.3, amd1, aldh3a2b, oat, ckma, pycr3, and arg1) associated with neuro-

transmitters, which have been shown to be altered (Figures 3E and 4F), and two metabolites (arginine

and proline) along with changes in the levels of several neuromodulators and neurotransmitters

(Figures 3E, 4E, S6A, and S6B). These results indicated that the neuroactive metabolite production sys-

tem was severely blocked.

In addition to changes in amino metabolism, significantly enriched pathways also highlighted some lipid

metabolism pathways in BD. Integrated transcriptomic and lipidomic analyses demonstrated that signif-

icantly altered lipids and genes were primarily enriched in sphingolipid metabolism and glycerophos-

pholipid metabolism (Figure 3D). Based on the abundance of lipids, we observed a slight upward trend

in free fatty acids (FFA) in the BD group compared with the controls (Figure S6C). After entering the cells,

FFA are converted to acyl coenzyme A (acyl-CoA), and then they enter the sphingolipid synthesis

pathway to form ceramides (Cer), which was severely reduced. Meanwhile, two lipid subclasses (glycosyl-

ceramides [GlyCer] and sphingomyelins [SM]) involved in sphingolipid metabolism were elevated

(Figures 4G and S6D), along with 15 genes (asah2, sgpl, cerk, neu1, plpp3, smpd3, cers4b, cers1, galca,

acer2, kdsr, ppap2d, sgpp2, smpd2a, and cers2a) linked with the sphingolipid metabolism pathway (Fig-

ure 4I). This result indicated a defect in the conversion of FFA to Cer and a depletion of their further

metabolism to SM and GlyCer. Moreover, the majority of lipids (phosphatidylcholines [PC], phosphatidyl-

ethanolamines [PE] and lyso-phosphatidylcholines [LPC]) in glycerophospholipid metabolism were

elevated in the BD group (Figures 4H and S6E), which is consistent with the remarkable upward trend

in 14 genes (pgs1, agpat5, si:ch73-21k16.1, plpp3, cds1, si:ch73-55i23.1, pld2, gnpat, gpam, gpd1l,

pcyt1ba, ppap2d, lpin2, and lypla2) involved in glycerophospholipid metabolism (Figure 4I). These find-

ings indicated that sphingolipids and glycerophospholipids, the major lipid components of cell mem-

branes, were severely disrupted.

Collectively, these results indicated that the pathophysiology in this drug-induced model of BD induces

alterations in neurotransmitter metabolic pathways which may limit the synthesis of the neurotransmitters

(serotonin, dopamine, and glycine) and impair their involvement in synaptic transmission. These changes,

combined with imbalances in membrane lipid metabolism, indicated a disruption in neuronal membrane

structure, thereby leading to a comprehensive disturbance of interneuronal signaling. These perturbations

may lead to the development of neuronal synaptic transmission dysfunction.

Figure 3. Multi-omic molecular profile of BD zebrafish

(A) Hierarchical clustering analysis of metabolites, lipids and genes in brain tissues of CON and BD zebrafish.

(B) Volcano plots for metabolomic, lipidomic and transcriptomic analysis in BD brain tissue. FDR < 0.05 and fold change > 1 were defined as significantly

upregulated molecules; FDR < 0.05 and fold change < 1 were defined as significantly downregulated molecules. Red dots indicate significantly upregulated

molecules; blue dots indicate significantly downregulated molecules, and black dots indicate non-significantly different molecules.

(C) Principal component analysis plots of all 661 metabolites, 643 lipids and 32057 transcripts clearly separate the profiles of BD from controls.

(D) Significant enrichment pathways identified by integrated molecular pathway-level analysis, integrating metabolites, lipids and transcripts (FDR < 0.05).

The enrichment pathways were categorized as follows: amino acids (green), lipids (orange), nervous system (pink), and signal transduction (blue).

(E) Integrated network analysis combining multi-omic molecules using MetaboAnalyst and IMPaLA platform. Each node (circle) represents a metabolite or

lipid (CON and BD, n = 6), and each edge connecting the nodes represents a transcript (CON and BD, n = 3) encoding an enzyme based on a biochemical

relationship. Solid or dashed connecting lines represent biochemical reactions that occur directly or indirectly. The size of each node reflects their p value.

The shade of color represents the degree of relative change (blue indicates a decrease; red indicates an increase; gray indicates not detected).
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Figure 4. Dysregulated neurotransmission in BD zebrafish

(A–E) Box and Whisker plots of brain amino acid neurotransmitter glycine (A), monoamine neurotransmitters dopamine and serotonin (B), aromatic amino

acids tyrosine and tryptophan (C), related metabolites involved in tryptophanmetabolism (D), and amino acids arginine and proline (E). *p < 0.05, **p < 0.01,

***p < 0.001, unpaired two-tailed Student’s t test or the Wilcoxon Rank-Sum Test.

(F) Heatmap shows overall changes in genes related to amino acid metabolism regulating neurotransmission.

(G and H) Violin plot of brain sphingolipid Cer and SM (G) and glycerophospholipid PC and PE (H). Cer, ceramides; SM, sphingomyelins; PC,

phosphatidylcholines; PE, phosphatidylethanolamines. Data are shown as mean G SEM, *p < 0.05, **p < 0.01, ***p < 0.001, unpaired two-tailed Student’s

t test.

(I) Heatmap shows overall changes in genes related to lipid metabolism regulating neurotransmission (CON and BD, n = 6) and genes (CON and BD, n = 3).
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BD model is associated with impaired synaptic ultrastructure and synaptic transmission

Next, we explored the association of the aforementioned metabolic alterations with alterations in

neuronal morphology and function. Under TEM, the neurons of the control group displayed an intact

structure with normal synaptic structures and distinct boundaries among organelles within the cytoplasm

(Figure 5A). Compared with the controls, the BD zebrafish showed reduced intracellular organelles, loss

of structural integrity, and profound disruption of synaptic ultrastructure in the neurons, in which the

length of the postsynaptic densities was decreased with the increase of thickness (Figure 5A). In addition,

the quantification of the length and thickness of PSD confirmed the significant alteration of synaptic

ultrastructure (Figure 5B). Moreover, morphometric analyses exhibited a significant reduction in synaptic

vesicle, whereas the number of synapses remained unaffected in BD (Figures 5C and S7A). Consistent

with the reduced number of synaptic vesicles, immunofluorescence and Western blot results revealed

a marked reduction in synaptic vesicle marker synaptophysin, indicating that the synaptic ultrastructure

was remodeled in the BD group (Figures 5D, 5E, and 5F). These morphological alterations were associ-

ated with the downregulation of essential genes regulating synaptic vesicle cycle, PSD, and synaptic

transmission (Figure 5G).

Determining whether these abnormalities in synaptic morphology resulted in synaptic dysfunction in spe-

cific neurons may contribute to the pathogenesis of BD. Through integrated molecular pathway enrich-

ment analysis, we observed that glutamatergic, cholinergic, serotonergic, dopaminergic, and g-amino-

butyric acid (GABA) synapse, which were predominantly associated with synaptic transmission, were

significantly enriched (Figure 3D). In confirming this finding, we quantified key genes for neurotransmitter

receptors on the postsynaptic membrane that regulates synaptic transmission by transcriptome

sequencing and qPCR and found significant activation or inhibition of neurotransmitter receptor activity

in the BD group, characterized by the downregulation of cholinergic receptors (chrna7) along with

the upregulation of serotonin receptors (htr1b), dopamine (DA) receptors (drd5b), and GABA receptors

(gabra1; Figures 5H, 5I, S7B, and S7C). Collectively, these results underscore the importance of synaptic

ultrastructural remodeling in a drug-induced model of BD, which was characterized by affecting pre- and

postsynaptic determinants of synaptic transmission, including synaptic vesicle cycle and PSD, thereby

interfering with neurotransmitter release and neurotransmitter receptor responses and leading to synap-

tic dysfunction and impaired neurotransmission.

Synaptic damage in a model of BD is associated with MAPK/JNK-mediated

neuroinflammation

We investigated the intracellular signal transduction cascade response in BD zebrafish to investigate the

mechanisms for BD synaptic structure damage and dysfunction. Integrated molecular pathway-level anal-

ysis identified five dysregulated signal transduction pathways, including neurotrophin, sphingolipid,

mTOR, calcium, and MAPK signaling pathway, with the MAPK signaling pathway as the most prominent

(Figure 3D). We performed qPCR to validate the RNA-seq results, which confirmed the upregulation of

MAPK cascade-related genes (Figures 6A and 6B), and the significantly altered genes were primarily asso-

ciated with the MAPK/c-Jun N-terminal kinase (JNK)signaling pathway. Similarly, the significant increase in

the p-JNK/JNK ratio in Western blotting analysis also indicates the activation of JNK (Figures 6C, 6D, and

S8A), all of which implied that an MAPK/JNK intracellular signaling cascade was initiated in BD zebrafish.

Figure 5. Synaptic damage in BD zebrafish

(A) Representative electron synapses of midbrain from control and BD zebrafish (CON and BD, n = 3). Each image represents one individual subject (scale

bar = 500 nm). (Black arrow, synapse; red arrow, synaptic vesicle; blue arrow, vacuolation.).

(B and C) Quantitative measurements postsynaptic length, postsynaptic density (B) and synaptic vesicles (C) using ImageJ. 17 randomly selected fields of

view from each sample were used to determine postsynaptic length and postsynaptic density; six randomly selected fields of view from each sample were

used to determine synaptic vesicles. *p < 0.05, **p < 0.01, unpaired two-tailed Student’s t test.

(D) Representative immunofluorescence images of midbrain after staining for SYN (synaptophysin, red), NeuN (neurons, green) and DAPI (all nuclei, blue).

Scale bar = 50 mm.

(E and F) Expression of SYN in CON and BD was detected by Western blot. *p < 0.05, unpaired two-tailed Student’s t test, data are shown as mean G SEM.

(G) Chord plot representation of 31 differentially expressed genes (FDR < 0.05) from four enriched pathways generated by the bioinformatic platform. The

color map represents fold change (FC) of genes (log2 FC) and enriched pathways (chemical synaptic transmission, red; synaptic vesicle cycle, blue;

postsynaptic density, green; postsynaptic neurotransmitter receptor activity, purple).

(H and I) Quantitative analysis of genes regulating neurotransmitter receptor activity using transcriptome sequencing (H) and qPCR (I). chrna7 related to

cholinergic receptors; Htr1b related to serotonin receptors; drd5b related to dopamine receptors and gabra1 related to GABA receptors. *p < 0.05,

unpaired two-tailed Student’s t test, data are shown as mean G SEM.
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Figure 6. MAPK/JNK-mediated neuroinflammation in BD zebrafish

(A) Heatmap shows overall changes in genes related to the MAPK/JNK signaling pathway.

(B) Quantitative analysis of genes related to the MAPK/JNK signaling pathway using qPCR.

(C and D) Expression of GFAP, P-JNK and JNK in CON and BD was detected by Western blot. *p < 0.05, unpaired two-tailed Student’s t test, data are shown

as mean G SEM.

(E) Representative immunofluorescence images of midbrain after staining for GFAP (astrocyte, red), Iba-1 (microglia, red), NeuN (neurons, green), and DAPI

(all nuclei, blue). Scale bar = 100 mm.

(F) Quantitative analysis of pro-inflammatory cytokine levels using ELISA. *p < 0.05, unpaired two-tailed Student’s t test, data are shown as mean G SEM

(CON and BD, n = 3).
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Furthermore, we determined whether the activation of the MAPK/JNK signaling pathway was accompa-

nied by neuroinflammation and neuronal apoptosis, thereby contributing to the pathogenesis of a model

of BD. Consistent with our finding of the activation of the MAPK/JNK signaling pathway, we found resident

immune cells (microglia and astrocytes) in an activated state by measuring astrocyte-specific antibodies

(GFAP) and microglia-specific antibodies (Iba-1) levels (Figures 6C, 6D, and 6E). In confirming these results,

we measured the levels of pro-inflammatory cytokines secreted by immune cells and showed that the pro-

duction of TNF-a and IL-1b were consistently higher in BD than in controls, whereas no significant change

in IL-6 production was observed (Figures 6F and S8B). Collectively, these results indicated that activated

microglia and astrocytes, which released high levels of IL-1b and TNF-a, mediate the MAPK/JNK inflamma-

tory signaling cascade response and further trigger neuroinflammation, which may be related to the syn-

aptic pathology that we observed in our model of BD.

DISCUSSION

Despite accumulating studies showed pathophysiological and metabolic remodeling in BD,37 the under-

lying mechanism remains unresolved, particularly in vertebrate models. Here, we present an in-depth

multi-omic characterization of BD zebrafish combined with analysis of synaptic ultrastructure and function.

To our knowledge, this is the first time that a zebrafish vertebrate model has been used to reveal the mo-

lecular mechanisms underlying potentially relevant pathophysiology in a BD model, including metabolic

derangements of the major biochemical pathways involved in neurotransmission. These mechanisms

were related with the accumulation of damaged synapse, and the development of JNK-mediated neuro-

inflammation because of the combination of failure to synaptic vesicle cycle, remodeling of the PSD and

increased TNF-a and IL-1b.

Previous reports have used rodent behavior to model BD, and they have focused only on either the manic or

depressive poles.36 However, an ideal animal model of BD is characterized by cyclic episodes of depression

and hypomania/mania.38 In individuals with BD, manic episodes include hyperactivity, euphoria, hypersexual-

ity, and psychosis. Conversely, depressive episodes involve other manifestations, such as decreased energy,

social withdrawal, and psychomotor retardation.39 In zebrafish, novel tank test (NTT) was used to assess

the influence of external factors on the behavioral activity of zebrafish.40 In this case, aquatic animals are often

inclined to explore the primary peripheral zones. Location preference is a reliable indicator for assessing anx-

iety- and depression-related behavior. In addition, theNoldus software can further analyze the tracking videos

obtained through the NTT to quantify the indicators of behavioral phenotypes associated with BD.25 Here, we

observed a decrease in total exploration time and frequency and an increase in manic, hyperactivity, and wall-

hugging behavior characterizing depressive/manic in the model group of zebrafish in NTT. Compared to BD

rodent models,35 our constructed BD zebrafish model was more sensitive to behavioral phenotypes that were

closely related to BD, which covered both depressive-like and manic-like behaviors. Our data supported the

analysis of potential molecular features associated with BD pathogenesis in zebrafish.

We gained a ‘‘multi-omic landscape’’ view of these metabolites through chemical and pathway enrichment

analyses. Compared with controls, we noted that the highly enriched metabolites in BD zebrafish brain

were clustered in tryptophan, tyrosine, arginine, and proline metabolism pathways. Consistent with previ-

ous studies,41 perturbations in the metabolic pathways of aromatic amino acids, particularly tryptophan

and tyrosine, may contribute to diverse psychiatric and behavioral disorders, including anxiety,42 schizo-

phrenia,43 and depression,44 based on the facts that tryptophan is the precursor for serotonin and tyrosine

is the precursor for dopamine.45 Our results indicated that monoamine neurotransmitters including sero-

tonin and dopamine were involved in a model of BD and that their reduced production manifested the

manic and depressive behavior in BD zebrafish. The important role of dopamine and serotonin changes

in emotion regulation has been reported previously,46 but the underlying mechanism remains unclear.

We determined that the low production of serotonin was due to shunting of tryptophan from the serotonin

pathway to kynurenine (KYN) and aromatic hydrocarbon receptor (AhR) pathway. In general, tryptophan

metabolism constitutes primarily three branches, including the AhR pathway, KYN pathway, and serotonin

pathway.47 The KYN pathway contains many immunoactive and neuroactive intermediate metabolites,

which produce neuroprotective (kynurenic acid) and neurotoxic (quinolinic acid) metabolites.48 In addition,

considerable evidence suggests that alterations in the balance among these neuroactive KYN pathwayme-

tabolites contribute to neurodegenerative and neuropsychiatric diseases.49,50 Remarkably, pro-inflamma-

tory cytokines (e.g., interferon and TNF-a) have been shown to mediate IDO enzymatic activity, resulting in

an excess of metabolites with specific neuroactive properties in the KYN pathway, which is thought to be
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responsible for a variety of neuropsychiatric disorders.48 This result was consistent with the elevated levels

of pro-inflammatory cytokines (TNF-a and IL-1b) and KYN in the BD zebrafish brain in our study. However,

the reason why inflammatory cytokines upregulated in response to IDO1 induction and accumulation of

KYN remains unclear. Here, we found that activation of the JNK inflammatory pathway was highly corre-

lated with the KYN pathway. In addition, Indole, as microbiota-derived tryptophan metabolite, which is li-

gands for AhR, can sense xenobiotic stimulation, and it has been implicated in pathogenesis of inflamma-

tory bowel disease51 and mood disorders.52 In our study, the decrease of serotonin in the BD zebrafish

brain was also accompanied by an increase in indole, indicating that tryptophan was shunted away from

the serotonin pathway and into the AhR pathway. Our result complement previous research53 that

commensal microbiota in the gut can mediate inflammatory CNS reactions through direct humoral path-

ways featuring decreased serotonin and enriched indole.

In addition to tryptophan metabolism, tyrosine, proline, and arginine metabolism were also found to be en-

riched. Therefore, these pathways are involved in neurotransmission as well. Tyrosine is the precursor for dopa-

mine and tyramine.54 Here, in the case of tyramine production pathway overactivation, tyrosine was massively

diverted to tyramine production, causing a deficiency in dopamine, an important regulator of mood, and this

finding explained the BD-like behavior that we observed in BD zebrafish. In line with our finding, previous study

has shown that dopamine neurons regulate the neural encoding andexpression of depression-relatedbehavior

in mice,55 a finding that not only underlined the role of dopamine in emotion regulation but also validated our

experimental results. In addition, the excitatory neurotransmitter glutamate is the precursor of arginine and

proline, and it represents the end product of the degradation of proline and arginine. Glutamate is linked to

the catabolic processes of arginine andproline throughGABA shunt and the tricarboxylic acid (TCA) cycle asso-

ciatedwith themitochondria.56 Notably, we found that the imbalance in proline and argininemetabolism in the

BD zebrafish brainwas causedby reduced levels of circulating glutamate, due tomitochondrial dysfunction and

energy metabolism imbalance (Figure S6F). Our findings provided critical insights into the previously reported

role of mitochondrial dysfunction in the pathogenesis of BD.57 Interestingly, proline showed different trends in

BD zebrafish and depressed mice,56 which indicated that proline is a potential biomarker when differentiating

BD from depression or because of differences in the species studied. These results highlight the potential role

of proline metabolism in affective psychosis. Collectively, these results indicated that disturbed amino acid

metabolism greatly contributes in a model of BD by modulating neurotransmitter metabolic pathways.

In addition to altered amino acid metabolism that limits neurotransmission in BD, we found that lipid meta-

bolism was dysregulated in BD zebrafish. Lipids play a key role in neuronal function, and disturbances in the

lipid composition of the brain may reflect alterations in perception and emotional behavior, which plays an

essential role in the pathological mechanism of neuropsychiatric disorders.36,58 In particular, dysfunction of

SM has been identified as a crucial pathogenetic pathway of MDD36 and anxiety,59 but its biological role in

these disorders remains unclear. Here, we observed that alterations in sphingolipid and glycerophospho-

lipid metabolism were prominent features of BD zebrafish. The majority of metabolites involved in sphin-

golipid (Glycer, SM, Cer) and glycerophospholipid (PE, PC, LPC) metabolism were enriched, but Cers

involving the sphingolipid metabolism were depleted in BD zebrafish relative to controls. Sphingolipids

together with glycerophospholipids and cholesterol are the most abundant lipids in brain membranes,

and are associated with transmembrane signaling.60 Sphingomyelins play a key role in electrical insulation

of axons and axon extension,61 while PE, PC, and LPC are key lipids for maintaining the structural integrity

and self-regulation of neuronal membranes.62 Notably, the integrity of cell membranes and signaling

through them depends on the lipid homeostasis in the brain. Hence, these findings verified that membrane

damage and Impaired synaptic transmission caused by imbalances in sphingolipid and glycerophospho-

lipid metabolism played an important role in BD-like zebrafish. Combined with alterations in amino acid

metabolism and neurotransmitter receptors (chrna7, htr1b, drd5b, gabra1) activity, our study showed

that the disruption of lipidmembrane structures affects synaptic transmission processes, including synaptic

vesicle cycle and protein receptor-mediated intracellular signaling pathways. Consistent with these find-

ings, our pathological and TEM ultrastructural results also confirm the loss of structural integrity of neuronal

membranes, remodeling of PSD, and reduction of synaptic vesicles in BD zebrafish. Collectively, these data

demonstrated that disturbances in sphingolipid and glycerophospholipid metabolism contribute to BD by

perturbing synaptic membrane structure and neurotransmitter receptors activity.

Accumulating data support the hypothesis that neuroinflammation contributes to the progression of

synaptic dysfunction.63 In neurodegenerative diseases, neuroinflammation accompanied by synaptic
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dysfunction is a common pathological feature in the early stages of these diseases, such as Alzheimer’s dis-

ease64 and Parkinson’s disease.65 Notably, we observed that activatedmicroglia and astrocyte in BD zebra-

fish released high levels of pro-inflammatory factors IL-1b and TNF-a, which activatedMAPK/JNK signaling

pathway-mediated neuroinflammation. These findings indicated that MAPK/JNK inflammatory cascade

contributed to the synaptic pathology that we observed in BD. JNK and p38MAPK, which are two branches

of the MAPK signaling pathway, can be activated by various environmental stresses and pro-inflammatory

cytokines (e.g. TNF-a, IL-1b, and IL-6), are involved in stress responses such as inflammation and

apoptosis.66 Previous studies reported that p38 MAPK altered neuronal plasticity and the efficacy of syn-

aptic transmission in AD mouse models.67 Meanwhile, blockade of P38 MAPK normalized GABA synaptic

transmission and reversed anxiety-like behavior in chronically alcohol-exposed mice.68 Collectively, these

data underscored the importance of MAPK-mediated inflammatory responses on synaptic dysfunction. In

contrast to these results, our data showed a crucial mechanism by which JNK inflammatory cascade

contributed to the outcome of serotonergic and dopaminergic synaptic dysfunction in BD, rather than

MAPK p38 (Figures S9A, S9B, and S9C). These discrepancies might be due to the use of animals with

different species, disease models, and methods of inducing neuroinflammation. Collectively, JNK-medi-

ated neuroinflammation induced different degrees of dysfunction of synaptic transmission at serotonergic

and dopaminergic synapses associated with emotion regulation in BD zebrafish.

Limitations of the study

This is the first study to introduce a drug-induced zebrafish model of BD. At the same time, behavioral-his-

topathological visualization techniques and high-coverage metabolomic, lipidomic, and transcriptomic

analyses were employed, which allowed complete profiling andmining of the specific molecular signatures

of BD zebrafish, thus providing critical biological insights into the pathogenesis of BD. We also noted some

caveats and limitations of the present study. Firstly, the simultaneous observation of mania and depressive

behavior in our model, which differs between BD in human and this zebrafish model, and therefore future

studies are required for development of alternative approaches to better mimic BD in zebrafish. Secondly,

although we performed behavioral analysis and validation of zebrafish model of BD we constructed, this

did not fully evaluate alternating episodes of mania and depression and some of the associated manifes-

tations such as euphoria, increased self-esteem, irritability, persistent sadness, and anhedonia. As such, we

encourage future research on methods for assessing BD-like behaviors. Thirdly, we only observed the mo-

lecular characteristics of female BD zebrafish; but these results may vary by gender. Thus, more in-depth

analysis is anticipated to deepen our knowledge on the molecular mechanism of gender-specific charac-

teristics in the future. Fourthly, based on the findings of this study, further pathway-specific interventions

could be done on zebrafish or other biological models to enhance our understanding of the pathogenesis

and progression of BD. Finally, in addition to brain, the antibiotic ciprofloxacin also has potential toxicity on

organs such as the intestine and heart. It is expected that future research will further analyze the bidirec-

tional interaction between the nervous and gastrointestinal systems in the zebrafish model of BD based

on the communication system of microbiome-gut-brain axis.
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Antibodies

Rabbit anti-GFAP Proteintech Cat. # 16825-1-AP; RRID: AB_2109646

Rabbit anti-NeuN Proteintech Cat. # 26975-1-AP; RRID: AB_2880708

Rabbit anti-Iba-1 Proteintech Cat. # 10904-1-AP; RRID: AB_2224377

Rabbit anti-Synaptophysin Abcam Cat. # ab32594; RRID: AB_778204

Mouse anti-Beta-Actin (Clone, mouse 2D4H5) Proteintech Cat. #66009-1-IG; RRID: AB_2687938

Rabbit anti-JNK1 + JNK2 + JNK3(Clone,

rabbit EPR16797-211)

Abcam Cat. #ab179461; RRID: AB_2744672

Rabbit anti-Phospho-SAPK/JNK (Thr183/Tyr185) Cell Signalling Technology Cat. #4668T

Rabbit anti-p38 MAPK Proteintech Cat. #14064-1-AP; RRID: AB_2878007

Chemicals, peptides, and recombinant proteins

Methanol Fisher Cat. #A456-4; CAS:67-56-1

Acetonitrile Fisher Cat. #A955-4; CAS:75-05-8

Formic acid Fisher Cat. #A117-50; CAS:64-18-6

Ciprofloxacin Dr. Ehrenstorfer Cat. #DRE-C11668500; CAS:93107-08-5

Lithium carbonate Macklin Cat. #L812282; CAS:554-13-2

L-phenylalanine First Standard Cat. #1ST1414; CAS: 63-91-2

Gamma-aminobutyrate First Standard Cat. #1ST7512; CAS: 56-12-2

Epinephrine First Standard Cat. #1ST000565; CAS: 51-43-4

Indole First Standard Cat. # 1ST24020; CAS: 120-72-9

Indole-3-acetate First Standard Cat. #1ST24030; CAS: 133-32-4

Glutamine First Standard Cat. #1ST1407; CAS: 56-85-9

Norepinephrine First Standard Cat. #1ST000564; CAS: 51-41-2

Arginine First Standard Cat. #1ST1402; CAS: 74-79-3

5-hydroxy-L-tryptophan First Standard Cat. #1ST14864; CAS: 4350-09-8

Acetylcholine First Standard Cat. #1ST163136; CAS: 60-31-1

L-glutamate First Standard Cat. #1ST1406; CAS: 56-86-0

L-tryptophan First Standard Cat. #1ST1418; CAS: 73-22-3

Proline First Standard Cat. #1ST1415; CAS: 147-85-3

Tyramine First Standard Cat. #1ST40050; CAS: 51-67-2

Dopamine First Standard Cat. #1ST1322A; CAS: 62-31-7

5-hydroxyindoleacetate First Standard Cat. #1ST000316; CAS:54-16-0

Kynurenine First Standard Cat. #1ST8338; CAS:2922-83-0

L-tyrosine First Standard Cat. #1ST1419; CAS: 60-18-4

Serotonin First Standard Cat. #1ST157682; CAS: 50-67-9

Choline First Standard Cat. #1ST1536; CAS: 67-48-1

Tryptamine First Standard Cat. #1ST001616; CAS: 61-54-1

Critical commercial assays

Protein extraction kit Solarbio Cat. #R0050

BCA protein assay kit Beyotime Cat. #P0011

Fish IL-6 ELISA kits Jiancheng Cat. #H007-1-1

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents shoud be directed to and will be fulfilled by

the Lead Contact, Prof. Jing Qiu (qiujing@caas.cn).

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Fish IL-1b ELISA kits Jiancheng Cat. #H002-1-1

Fish TNFa ELISA kits Jiancheng Cat. #H052-1-1

TRIzol reagent Foregene Cat. #RE-03014

All-in-One First-Strand Synthesis

MasterMix (with dsDNase) Kit

Kemix Cat. #KR0501

23SYBR Green qPCR Premix kit Kemix Cat. # KS0601

Wes Separation Capillary Cartridges ProteinSimple Cat. #PDM-001 +SM-W004

Deposited data

mRNA-seq data This paper NCBI Sequence Read Archive,

accession ID PRJNA940583

Metabolomics data This paper See Table S3

Lipidomics data This paper See Table S4

Experimental models: Organisms/strains

Zebrafish: wild-type AB strain Eze-Rinka Company,

Nanjing, China

N/A

Oligonucleotides

Refer to Table S2 This paper N/A

Software and algorithms

ImageJ Schneider et al.201275 https://imagej.nih.gov/ij/

Compound Discover version 3.3 Thermo Fisher https://www.thermofisher.cn/cn/zh/

home/industrial/mass-spectrometry/

liquid-chromatography-mass-spectrometry-

lc-ms/lc-ms-software/multi-omics-data-

analysis/compound-discoverer-software.html

Progenesis QI version 4.0 Waters https://www.nonlinear.com/progenesis/qi/

TBtools Chengjie Chen et al.202081 https://github.com/CJ-Chen/TBtools

MassLynx Waters https://www.waters.com/waters/en_US/

MassLynx-MS-Software/nav.htm?cid=513662

SPSS version 25.0 IBM https://www.ibm.com/cn-zh/spss

GraphPad Prism 8.0 GraphPad https://www.graphpad.com/scientific-software/prism/

Other

Waters application note Waters https://www.waters.com/content/dam/

waters/en/app-notes/2011/

720004107/720004107-zh.pdf

mz cloud Thermo Fisher https://www.mzcloud.org

Human Metabolome Database HMDB http://www.hmdb.ca

Lipidmaps Lipidmaps http://www.lipidmaps.org

bioinformatic platform bioinformatics https://www.bioinformatics.com.cn

IMPaLA version 13 Cloudera http://impala.molgen.mpg.de

MetaboAnalyst MetaboAnalyst https://www.metaboanalyst.ca/
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Materials availability

This study did not generate new unique reagents.

Data and code availability

d The metabolomics and lipidomics data have been uploaded as separate excel files in Tables S3 and S4

respectively, the mRNA-seq data generated in this study have been deposited into the NCBI Sequence

Read Archive (SRA), and accession number (SRA:PRJNA940583) was listed in the key resources table. All

data reported in this paper will be shared by the lead contact upon request.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Given that BD is more prevalent in females than in males,5,6 female zebrafish were selected for this study.

Adult female zebrafish (wild-type AB strain) at early sexual maturity (90 days post fertilization [dpf]) used in

this experimentation were purchased from Eze-Rinka Company (Nanjing, China). After 2 weeks of clear wa-

ter domestication, female zebrafish were exposed to 100 and 1000 mg/L of ciprofloxacin for 4 weeks. Expo-

sure concentrations were selected on the previous studies and the levels to which humans are exposed

through diet or treatment.69–72 In addition, to validate the reliability of the CIP-induced BD-like zebrafish

model, a 2-week treatment experiment with lithium carbonate, a mood stabiliser commonly used to treat

bipolar disorder, was carried out on zebrafish exposed to 4 weeks of CIP. The exposure concentration for

lithium carbonate was 0.02 mg/L, chosen based on the therapeutic dose received by humans during initial

treatment.73 Three replicate aquaria (26 cm*14 cm*18 cm) were included per condition, each consisting of

3 L of exposure solution (mother liquor at 20,000 mg/L and pure water as cosolvent), and 25 zebrafish with a

control group were run in parallel. Half the volume of the exposure solution was renewed daily to maintain

the appropriate concentration of ciprofloxacin. Following a 4-week exposure, the zebrafish were euthan-

ised by immersing in ice water for 30 min. The surface of the euthanised zebrafish were then quickly dried

using sterile absorbent paper and placed on a sterile petri dish under a dissectingmicroscope (Stemi-2000,

Zeiss). Using micro-dissecting scissors and fine forceps under the dissecting microscope, the mandible and

skull were sequentially removed along the midline of the mouth until whole brain was isolated, collected in

cryovials, treated with liquid nitrogen for 5 minutes and stored at a �80 �C freezer prior to analysis.

Our experimental design and procedures were in accordance with the 3R principles. The animals were

raised under the following conditions: 28.5 �C and a daily 14:10 h light–dark cycle. For dietary administra-

tion, we consistently fed all zebrafish the same sterile hatched brine shrimp (Artemia sp.) three times a day,

providing approximately 1 mL of brine shrimp per 25 fish at a time, and allowed them to feed ad libitum.

During the exposure period, it was ensured that the zebrafish in the exposed and control groups fed nor-

mally and no mortality occurred. This work has received approval for research ethics from the Independent

Animal Ethics Committee of the Chinese Academy of Agricultural Sciences.

METHOD DETAILS

Behavioral assay

We used novel tank test (NTT)74 for the behavioural analysis of zebrafish. The experimental setup used in

this study was a circular plexiglass container (12.5 cm in diameter) and a rectangular glass tank

(13 cm*10 cm*13 cm). In this case, the circular glass container was divided equally into a central zone

and a marginal zone by concentric divisions, and the internal space of the rectangular glass tank was

divided into a top zone and a bottom zone. The behaviour of zebrafish (CIP-H, n = 6; CIP-L, n = 6; control,

n = 6) that had been acclimatised in the container for at least 30 min was automatically tracked using

EthoVision XT14 (Wageningen, Netherlands) and a Logitech-C920 camera, which recorded the movement

of zebrafish for 5 min. The videos were further analysed using Noldus (Wageningen, Netherlands) to quan-

tify the spatial exploration behaviour of zebrafish used to assess behavioural phenotypes associated with

BD. In particular, the behavioural indicators for manic-like behaviour (movement trajectory, frequency of

occurrence of manic-like behaviour) and indicators for depressive-like behaviour (total duration and fre-

quency of movement towards the central and top area).
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Histological assessments

Fresh whole brain samples (BD, n = 3; control, n = 3) were washed with normal saline followed by overnight

fixation in 4% paraformaldehyde. Then, tissues were embedded in paraffin and sectioned to a thickness of

7 mm. After deparaffinization, sections were stained with haematoxylin and eosin (H&E) to assess overall

histomorphology and with Nissl staining to evaluate neuronal morphology. Histopathological images

were taken using a light microscope and analysed quantitatively by ImageJ75 (version 1.51). All experiments

were performed by Baiqiandu Technology Co., Ltd. (Wuhan, China).

RNA-seq analysis from brain samples

In exploring the pathogenesis of BD, whole brains from the female zebrafish were collected in three bio-

logical replicates (n = 3) per treatment, with each replicate pooling the brains of at least three individuals.

Total RNA was isolated and purified using TRIzol reagent (Invitrogen, Carlsbad, CA, USA), following the

manufacturer’s procedure. The amount and purity of each RNA sample were quantified using a

NanoDrop ND-1000 (NanoDrop, Wilmington, DE, USA). RNA purified from brain tissues as indicated

was converted into cDNA libraries using the TrueLib mRNA library prep kit for Illumina (ExCell, Bio, China).

Library quality was assessed using an Agilent 2100 Bioanalyzer. Sequencing was performed on a MGISEQ-

200 sequencer at Shenggong Bioengineering Co., Ltd. (Shanghai, China).

Untargeted metabolomic analysis

Amodified sample processing method53,76 was used to extract metabolites from the whole brain. The sam-

ples were allowed to thaw on ice (one sample contained brain tissue from five individuals, approximately

30 mg, BD, n = 6; control, n = 6), and 1.5 mL of pre-chilledmethanol/water (1:1, v/v) mixture was added. The

mixtures were sonicated on an ice bath for 10 min and centrifuged at 15,300 rpm for 10 min at 4 �C. Then,
the supernatant and bottom solids were collected after centrifugation. Finally, the supernatant was used to

obtain the metabolites for analysis, and the bottom solids were used to obtain lipids for analysis.

The supernatant was evaporated at 45 �C under a constant stream of nitrogen until dryness and re-dis-

solved in 120 mL of methanol/water (1:1, v/v) complex solution, vortexed vigorously until completely dis-

solved and centrifuged at 10,000 rpm for 10 min at room temperature. The supernatant was aspirated

and placed on a Q-Exactive Orbitrap mass spectrometer for untargeted metabolomic data acquisition.

The QC samples were prepared by mixing equal quantities of supernatants from all the analytical samples.

Chromatographic separation was achieved using an Ultimate 3000 UHPLC system (Dionex, USA) coupled

with an Xbridge C18 column (2.1 mm 3 100 mm 3 3.5 mm, Waters) at 40 �C. Mass spectrometric detection

was performed using a Q-Exactive Orbitrap mass spectrometer equipped with an ESI ion source operated

in positive and negative ion mode (Thermo Scientific, Waltham, MA). The Chromatographic and ion source

parameters have been described in detail in the study by Wang X et al77 in our laboratory. In brief, chro-

matographic separation of the metabolites was obtained with gradient elution of Acetonitrile/water

(40:60, v/v) with 10 mM ammonium acetate and isopropanol/acetonitrile (9:1, v/v) with 10 mM ammonium

acetate. Furthermore, the ion scan range was adjusted to 50–1200 m/z. The total ion chromatogram of un-

targeted metabolomic in positive and negative ion mode were shown in Figures S1A and S1B.

Untargeted lipidomic analysis

1.6 mL of pre-cooled dichloromethane/methanol (3:1, V/V) mixture was added to the obtained bottom

solids obtained. The mixtures were sonicated on an ice bath for 20 min and centrifuged at 15,300 rpm

for 10 min at 4 �C. Then, the supernatant was collected after centrifugation. The supernatant was evapo-

rated at 45 �C under a constant stream of nitrogen until dryness and re-dissolved in 120 mL of methanol/

water (1:1, V/V) complex solution, vortexed vigorously until completely dissolved and centrifuged at

10,000 rpm for 10 min at room temperature. The supernatant was aspirated and placed on Waters

SYNAPT XS high-resolution mass spectrometer (Waters, Milford, MA, USA) for untargeted lipidomic

data acquisition. The QC samples were prepared by mixing equal quantities of the supernatants from all

analytical samples.

The analytical method and instrument parameters for collecting lipid data were performed in accordance with

Waters application note (https://www.waters.com/content/dam/waters/en/app-notes/2011/720004107/7200

04107-zh.pdf) with several modifications. Chromatographic separation was achieved using a Waters Acquity
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UPLC H-class system (Waters, USA) coupled with an ACQUITY UPLC CSH C18 column (2.1 mm 3 100 mm 3

1.7 mm,Waters) at 55 �C. Mass spectrometric detection was performed on a SYNAPT XS high-resolution mass

spectrometer equippedwith an ESI ion source operated in positive and negative ionmode (Waters, USA). The

total ion chromatogramof untargeted lipidomic in positive and negative ionmodewere shown in Figures S2A

and S2B.

Targeted metabolomic analysis

Amodified sample processing method78,79 was used to extract metabolites from the whole brain. Samples

were allowed to thaw on ice (one sample contained approximately 40–50 mg of brain tissue from seven ze-

brafish, BD, n = 6; control, n = 6), and 200 mL of pre-cooled 10% formic acid in methanol and 200 mL of pure

water were added sequentially. The mixtures were sonicated on an ice bath for 10 min and centrifuged at

15,300 rpm for 10 min at 4 �C. The supernatant was collected after centrifugation. The supernatant was

evaporated to dryness at 45�C under a constant stream of nitrogen, redissolved in 400 mL of a meth-

anol/water (1:1, V/V) solution containing 0.1% formic acid, vortexed vigorously until completely dissolved

and centrifuged at 10,000 rpm for 10 min at room temperature. The supernatant was aspirated and placed

on an AB Sciex QTRAP 6500 mass spectrometer (Sciex, Ontario, Canada) for targeted metabolomic data

acquisition.

The analytical methods and instrument parameters have been described in detail in the study by Liu, P.

et al80 in our laboratory. Chromatographic separation was achieved using a SCIEX QTrap 6500+ MS/MS

system (SCIEX, USA) coupled with an Xbridge C18 column (4.6 mm 3 150 mm, 3.5 mm; Waters) at 40 �C.
Mass spectrometric detection was performed on the multiple reaction monitoring (MRM) mode equipped

with an ESI ion source operated in positive and negative ion mode (SCIEX, USA). Aqueous phase and

organic phase were 0.1% formic acid in distilled water and 0.1% formic acid in acetonitrile with gradient

elution, respectively. In addition, monitoring ion pair information is listed in Table S1. The total ion chro-

matogram of targeted metabolomic in positive and negative ion mode were shown in Figure S3.

Transmission electron microscopy (TEM)

Fresh whole brain samples (BD, n = 3; control, n = 3) were collected and rapidly fixed in glutaraldehyde for

24 h. Then, the tissues were embedded, sectioned and stained in accordance with the operating instruc-

tions of Baiqiandu Technology Co., Ltd. (Wuhan, China). Images of synaptic ultrastructure of midbrain

were taken using TEM. For each well-defined synapse, the length and thickness of the postsynaptic density

(PSD) were quantified using ImageJ (version 1.51).

Quantitative real-time PCR (qPCR) analysis

Total RNA was extracted from whole brain samples (one sample contained approximately 15 mg of brain

tissue from three zebrafish, BD, n = 3; control, n = 3) by TRIzol reagent (Foregene, Cat. #RE-03014) and then

reverse transcribed into cDNA using the All-in-One First-Strand Synthesis MasterMix (with dsDNase) Kit

(Kemix, Cat. #KR0501) following the manufacturer’s instructions. Next, mRNA levels were detected by stan-

dard real-time polymerase chain reaction (RT-PCR). RT-PCR was performed using a 7500 real-time PCR sys-

tem (Applied Biosystems, USA) with 23SYBR Green qPCR Premix kit (Kemix, Cat. # KS0601) to measure

mRNA expression, with b-actin as a reference gene. Relative quantification of gene amplification by RT-

PCR was performed using cycle threshold values. The relative mRNA expression of the selected genes

was normalised to the control gene b-actin and determined using the 2�DDCt method. All primer

sequences are listed in Table S2.

Immunostaining of brain sections

Fresh whole brain samples (BD, n = 3; control, n = 3) were washed with normal saline and then fixed with

10% formalin for 24 h. Brain sections were prepared using a frozen sectioning machine (Leica, RM 2016).

Anti-rabbit GFAP (Proteintech, Cat. # 16825-1-AP), anti-rabbit NeuN (Proteintech, Cat. # 26975-1-AP),

anti-rabbit Iba-1 (Proteintech, Cat. # 10904-1-AP), anti-rabbit Synaptophysin (Abcam, Cat. # ab32594)

and fluorescent secondary antibody were used for immunostaining of brain sections obtained from control

and BD groups. The cell nuclei were visualised using DAPI. Representative images of the midbrain region

were obtained using a fluorescence microscope (Leica, DM 3000) and an inverted confocal microscope

(Olympus, FV1200). Preparation, staining and imaging of midbrain were completed by Jingzhun Test Tech-

nology Co., Ltd. (Beijing, China).
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Western blotting

Protein extraction and quantitative analysis were performed according to the supplier’s instructions. For

frozen zebrafish whole brain samples (one sample contained approximately 30 mg of brain tissue from

five zebrafish, BD, n = 3; control, n = 3), cytoplasmic and nuclear proteins were extracted from the samples

using a protein extraction kit (Solarbio, Cat. #R0050). BCA protein assay kit (Beyotime, Cat. #P0011) was

used to determine protein concentrations. Western blotting was performed using theWes-SimpleWestern

system, an automated capillary-based size-sorting system containing an anti-rabbit detection module

for Wes and a Wes Separation Capillary Cartridges for 12 to 230 kDa (ProteinSimple, Cat. #PDM-

001 +SM-W004). Protein expression was measured by chemiluminescence and quantified as the area under

the peak of the chemiluminescence chromatogram using Compass (ProteinSimple, USA). Proteins were de-

tected using the following primary antibodies: GFAP (Proteintech, Cat. #16825-1-AP), NeuN (Proteintech,

Cat. #26975-1-AP), Iba-1 (Proteintech, Cat. #10904-1-AP), Synaptophysin (Abcam, Cat. #ab32594), b-Actin

(Proteintech, Cat. #66009-1-IG), Anti-JNK1 + JNK2 + JNK3 (Abcam, Cat. #ab179461), Phospho-SAPK/JNK

(Cell Signalling Technology, Cat. #4668T), p38 MAPK (Proteintech, Cat. #14064-1-AP) and Phospho-p38

MAPK (Cell Signalling Technology, Cat. #4511T).

Enzyme-linked immunosorbent assay (ELISA)

The levels of three inflammatory cytokines (IL-6, IL-1b and TNFa) in whole brain samples (one sample

contained approximately 30 mg of brain tissue from five zebrafish, BD, n=3; control, n=3) were analysed

using an ELISA according to the manufacturer’s instructions. Brain tissues were homogenized in phos-

phate-buffered saline at a ratio of 1:15 (mg/mL) on ice. The supernatant was collected after centrifugation

at 2500 rpm/min for 25 min at 4 �C. ELISA kits (IL-6, TNFa and IL-1b) were obtained from Jiancheng

Biochemical Inc., Ltd. (Nanjing, China).

QUANTIFICATION AND STATISTICAL ANALYSIS

mRNA-seq analysis

Gene expression levels were estimated by calculating the value of transcripts per kilobase million. Genes

with an FDR-corrected P-value < 0.05 were selected for further investigation. Then, we analysed the enrich-

ment of differentially expressed genes using GO enrichment analysis and the Kyoto Encyclopaedia of

Genes and Genomes (KEGG) pathway analysis.

Untargeted metabolomic and lipidomic analysis

Untargeted metabolomic and lipidomic data were collected for compound identification and statistical anal-

ysis. Raw untargeted metabolomic and lipidomic data were imported into Compound Discover (version 3.3,

Thermo, USA) and Progenesis QI (version 4.0, Waters, USA), respectively. The pre-processed procedure of lip-

idomic and metabolomic data analysis included peak filtering, peak alignment, peak identification and peak

intensity integration. For metabolomic analysis in Compound Discoverer 3.3, metabolites were identified

against the mz cloud (https://www.mzcloud.org) and Human Metabolome Database (http://www.hmdb.ca)

with a retention time tolerance of 0.2 min, a mass tolerance of 5 ppm, a signal-to-noise ratio of 3, a minimum

peak intensity of 1,000,000 and an intensity tolerance of 30%. By contrast, for lipidomic analysis in Progenesis

QI version 4.0, lipids were identified against the Progenesis QI self-contained lipid library and Lipidmaps

(http://www.lipidmaps.org) database with a minimum abundance of 1000, and the maximum coefficient of

variation (standard deviation/mean) was 0.8. Lipids of interest were formally identified by matching fragment

spectra, retention times and collision cross-section from the database.

For statistical analysis of untargeted lipidomic, untargeted metabolomic and transcriptomic Cluster heat

maps were constructed by TBtools81 (https://github.com/CJ-Chen/TBtools). Volcano maps were analysed

and presented by GraphPad Prism 8.0 (San Diego, CA, USA). The results of principal component analysis

(PCA) and pathway enrichment analysis were analysed byMetaboAnalyst (https://www.metaboanalyst.ca/).

Chord plot was plotted using a bioinformatic platform (https://www.bioinformatics.com.cn [last accessed

on 30 July 2022]), an online platform for data analysis and visualisation.

Targeted metabolomic analysis

Data acquisition and analysis were controlled usingMassLynx (version 4.1, Waters, USA), and the results are

reported as the integrated area of the chromatographic peak for each metabolite. Chromatographic peak

integration was manually verified to ensure consistent peak integration across all samples.
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Integrated analysis using metabolites, lipids and transcripts

The biological pathways of keymolecules that manifested significant differences between BD zebrafish and

controls were annotated. Biological pathway analysis was performed by using MetaboAnalyst (https://

www.metaboanalyst.ca/) and IMPaLA version 13 (build June 2021) (Integrated Molecular Pathway-Level

Analysis) (http://impala.molgen.mpg.de) online tools for joint pathway analysis of metabolites, lipids

and genes of interest, considering only pathways with false discovery rate (FDR) less than 0.05.

Statistical analysis

Statistical analysis was performed using SPSS (SPSS version 25.0, SPSS Inc, IL) or GraphPad Prism

8.0 (version 8.0, https://www.graphpad.com/scientific-software/prism) to calculate P-values. Statistical

analyses comparing two parameters (between controls and BD) were performed using the unpaired

two-tailed Student’s t-test or the Wilcoxon Rank Sum Test. P < 0. 05 was considered as significant. Data

were calculated using Excel, and data were presented as the mean G standard error of the mean (SEM).

Graphs were generated using GraphPad Prism 8.0.
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