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Dysregulated glycerophospholipid metabolism in amygdala may mediate favipiravir-induced anxiety-like behaviors in mice
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Favipiravir, the first RNA polymerase inhibitor approved to treat resistant influenza, has been reported to be associated with central nervous system (CNS) side effects, particularly anxiety-like behavior; nevertheless, the underlying mechanism remains largely unknown. In this study, we investigated the effect of favipiravir on the neurobehavior of mice, and combined lipidomics and transcriptomics analysis to explore the mechanism underlying this effect. In behavioral tests, the mice displayed anxiety-like behaviors after oral favipiravir administration (200 mg/kg) for 7 days continuously. By lipidomics analysis, we observed that favipiravir induced a dysregulation of glycerophospholipid metabolism in the amygdala. Moreover, favipiravir significantly reduced the mRNA level of glycerol-3-phosphate acyltransferase 2 (Gpat2), the rate-limiting enzyme of glycerophospholipid synthesis. Notably, favipiravir markedly reduced the levels of docosahexaenoic acid-enriched phosphatidylethanolamine or phosphatidylcholine (DHA-PE/PC) and arachidonic acid-enriched phosphatidylethanolamine or phosphatidylcholine (AA-PE/PC), two components of glycerophospholipids, in the amygdala. The increased expression of phospholipase A2 (Pla2) may attribute to the enhanced release of arachidonic acid (AA) from AA-PE/PC. Furthermore, favipiravir altered neurite morphology and reduced neurophysiological activity in amygdala neurons in vitro. Collectively, dysregulated glycerophospholipid metabolism in the amygdala may contribute to the adverse effect of favipiravir.
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HIGHLIGHTS

Favipiravir induces anxiety-like behavior in mice following 7 days of treatment.
Favipiravir alters GP metabolism in the amygdala, reducing unsaturation and levels of DHA-PE/PC and AA-PE/PC.
Favipiravir decreases the mRNA expression of GPAT2, a key enzyme in GP synthesis, while increasing the expression of PLA2 isoforms involved in AA release.
Favipiravir impacts axonal mitochondrial structure, and synaptic vesicles, potentially impairing neurophysiological activity.
1 INTRODUCTION
Favipiravir (FVP) (Shrestha et al., 2020), an RNA polymerase inhibitor, inhibits virus replication by targeting the RNA-dependent RNA polymerase (RdRp) enzyme in human cells (Aktaş et al., 2021). It was first developed in 2014 to treat influenza strains that were resistant to neuraminidase inhibitors (Furuta et al., 2017). Favipiravir has been used for the treatment of life-threatening infections of fatal infections caused by Ebola, rabies, norovirus and SARS-CoV-2 (De Clercq, 2019). Although favipiravir is considered a relatively safe drug, there have been reports of side effects associated with the use of favipiravir, like elevated liver enzymes, nausea and vomiting, tachycardia, and diarrhea (Kaur et al., 2020).
Due to the pandemic of COVID-19, clinical studies on favipiravir have increased, and it has also shown potential neurological side effects. Meta-analysis of clinical trials on the safety of favipiravir revealed that approximately 7%–12% of patients experienced different degrees of neurological adverse effects (Shah et al., 2022; Solaymani-Dodaran et al., 2021). At the same time, Chen et al. (2020) found that favipiravir treatment caused psychiatric symptoms in 5 patients (5/116), while only one case (1/120) occurred in the Arbidol treatment group (Chen et al., 2021). Neurological side effects caused by favipiravir, including agitation, recurrent paranoid delusions, sleep disturbances, auditory hallucinations and anxiety (Hassanipour et al., 2021; Madelain et al., 2020a; Ueda et al., 2022; Duyan and Ozturan, 2021). However, the pathophysiological mechanism of the neurological side effects associated with the use of favipiravir is not fully known and was considered to be worthy of investigation.
Structurally, favipiravir is a pyrazinamide derivative that can cross the blood-brain barrier (Madelain et al., 2020b). A recent study showed that pyrazinamide causes neurotoxicity in juvenile zebrafish, which is evidenced by the markedly decreased motor capacity and length of the dopaminergic neuron-rich brain region (Wang et al., 2022). Moreover, antiviral medications may affect the production, transport and metabolism of lipids, causing dysfunction in lipid homeostasis. For instance, Oseltamivir, an RNA polymerase inhibitor, sialylates serum glycolipids to activate brain D2 receptors, which may be linked to neuropsychiatric adverse events (Suzuki and Masuda, 2008). Also, antiretroviral dramatically increases the concentration of 4-hydroxynonenal, a peroxidation product of arachidonic acid, in the hippocampus of mice, suggesting disturbed lipid metabolism in the brain (Zulu et al., 2021). Therefore, we hypothesize that favipiravir-related CNS side effects may be related to changes in lipid homeostasis.
The brain is the second most lipid-rich organ after adipose tissue and is diverse in its composition (Raulin et al., 2022). Lipids play a variety of roles in the brain, including membrane dynamics, neurotransmission, and synapse formation (Garcia Corrales et al., 2021). Clinical investigations have employed lipidomics to detect and diagnose CNS diseases, adding a new dimension to the research on CNS diseases (Wang et al., 2018; Liu et al., 2021). It is known that neuronal dysfunction and cognitive decline are associated with the disruption of brain lipid homeostasis in certain brain regions (Shinohara et al., 2017; Sienski et al., 2021; Kao et al., 2020; Steen et al., 2017). It is unclear whether favipiravir causes abnormal lipid homeostasis in specific brain regions.
Based on the changes in behavioral preferences in experimental animal models, our results show that favipiravir causes anxiety-like behaviors in mice. The amygdala is a key brain region responsible for processing and regulating emotions, including fear and anxiety (Chiurchiù and Maccarrone, 2016). The lipid metabolism in the amygdala plays an important role in regulating mood and anxiety (Hu et al., 2022). Disruption of lipid metabolism in the amygdala impairs neuronal excitability, synaptic plasticity, and processing of emotional information (Gunduz-Cinar et al., 2013; Coker et al., 2021). By combining unbiased lipidomic and mRNA-sequence analyses, we investigated how favipiravir affects amygdala lipid homeostasis. Our findings reveal that favipiravir causes anxiety-like behavior in mice, which may be associated with dysregulated glycerophospholipid metabolism in the amygdala.
2 MATERIALS AND METHODS
2.1 Drugs
Favipiravir (S7975, Selleck) was suspended in pure water containing 0.5% sodium carboxymethyl cellulose. The PLA2 inhibitor Bromoenol lactone (HY-107411, BEL) was obtained from MedChemExpress and dissolved in DMSO.
2.2 Preparation of liposomes
Liposomes were prepared following the previously described method with slight modifications (Hossain et al., 2006). Initially, a mixture of DHA-PE (850797C, Sigma) (2 mg) and cholesterol (molar ratio 1:1) was completely dissolved in 3 mL of chloroform and then transferred to a 25 mL round-bottom flask. Chloroform was completely removed using a rotary evaporator in a 25°C water bath, forming a lipid film in the flask. The flask containing the lipid film was placed in a vacuum drying oven at room temperature to dry overnight. After adding phosphate buffer, the flask was stirred with a magnetic stirrer for 30 min, followed by ultrasonication for 10 min in an ice bath. A liposome extruder was used to pass the liposome solution through a 100 nm pore size membrane 20 times. Prior to use, the liposomes were filtered through a 0.22 μm pore size membrane. DHA-PL liposomes were freshly prepared each time, and their particle size was measured before each experiment (Figure 7E).
2.3 Animals and drug administration
Adult male C57BL/6 mice (6–8 weeks old, 18–22 g) were obtained from Vital River Laboratory Animal Technology Co., Ltd. (Beijing, China). The mice were housed under standard conditions (12-h light/dark cycle, lights on from 07:00 to 19:00) at a constant room temperature, with food and water available ad libitum. All procedures were approved by the Sichuan University Institutional Animal Care and Use Committee and accredited by the Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC). The mice were randomly divided into four groups, with ten mice in each group. One group received the solvent, while the other three groups received favipiravir treatment. Mice received intragastric (i.g.) administration of favipiravir (200 mg/kg) for 3, 5, and 7 consecutive days, respectively. The administration method and dosage of favipiravir followed clinical guidelines, with the dosage for mice calculated based on the equivalent dose ratio derived from the body surface area conversion between humans and mice (Tani et al., 2018; Zhu et al., 2018).
2.4 Neurobehavioral tests
The dark/light box test was used to assess the anxiety behaviors of the mice. There were two identical boxes (25 × 25 cm), one light box with direct lighting of 170 LUX intensity and one dark box with black acrylic. There is a channel between the two boxes through which mice can move freely. After the mice were placed in the dark box, the time spent in the light box and the number of transitions between the two chambers were recorded by the camera within 5 min. The open field test was also used to examine the anxiety-like behaviors of the mice. The 48 × 48 × 30 cm black acrylic box was divided into the center and the periphery using a 16-beam animal activity monitor. EthoVision software (Noldus Information Technology) was used to analyze the behaviors of each mouse.
The forced swimming test was used to assess depression and despair in mice. Mice were placed in experimental room for 1 h for habituation. During the experiment, the mice were placed in a transparent cylindrical container with an opening of 15 cm in diameter and a water depth of 15 cm. The water temperature was set at 23°C ± 2 °C. The whole process was recorded by the camera, and the total time of immobility of the mouse within 5 min was calculated.
2.5 Blood biochemistry and histopathology examination
Two hours after completion of the behavioral experiment, the mice were immediately euthanized by rapid decapitation, and blood was taken to measure serum biochemistry. The brain and other major organs were dissected for lipidomic analysis, mRNA-seq analysis, and histopathological examination. An automatic biochemical analyzer (Cobas) was used to measure serum biochemistry, including total protein (TP), albumin (ALB), globulin (GLB), alkaline phosphatase (ALP), aspartate aminotransferase (AST), alanine aminotransferase (ALT), glucose (GLU), urea (UREA), cholesterol (CHOL), triglyceride (TG), and creatinine (CREA). The fixed tissue was embedded in paraffin and cut into 5 µm thick slices, followed by hematoxylin and eosin staining.
2.6 Lipidomics analysis
2.6.1 Lipid extraction from the amygdala
Mouse amygdala lipids were extracted using methyl tert-butyl ether (MTBE) lipid extraction method (Yu et al., 2020; Aldana et al., 2020). Briefly, prechilled methanol (150 μL) and MTBE (450 μL) were added sequentially to the frozen tissue (25–30 mg). After incubating the mixture at room temperature for 10 min, amygdala was homogenized with a bead-based homogenizer for three cycles of 15 s and 20 s intervals at 6,500 rpm. The homogeneous mixture was then treated with 300 μL of 25% methanol diluted in sterile Milli-Q water to induce phase separation, followed by centrifugation at 14,000 g for 10 min. The upper organic phase was carefully aspirated without disturbing the middle layer. The extracted oil was evaporated at room temperature with a gentle stream of nitrogen and then kept at 80°C until analysis.
2.6.2 Lipidomics chromatographic conditions
Mobile phase A1 was 4:6 acetonitrile: water with 10 mM ammonium acetate, and mobile phase B1 was 1:9 acetonitrile: isopropyl alcohol with 10 mM ammonium acetate. Chromatography was performed on a Waters Spectra C18 column at a flow of 0.3 mL/min with an injection volume of 3 μL.
2.6.3 Lipidomics mass spectrometry conditions
The mass spectrometry analysis was performed in both positive and negative ESI modes. Relevant instrumental parameters were set as follows: scan time, 36 min; scan range, 50–1,200 kDa; capillary voltage, 2.0 kV; cone voltage: 30 V; sampling cone: 30; source block and desolvation gas temperatures, 150 °C and 400 °C; flow rate of desolvent gas: 700 L/h; cone-hole gas flow rate: 50 L/h; low impact energy: 6 E V; and high impact energy: 25–30 E V.
2.6.4 Data processing and analysis
Lipid Search v4.2.21 analytical software (ThermoFisher Scientific) was used to identify the lipidomics. The absolute intensities of all identified compounds (normalized abundance) were adjusted to the relative abundances of lipid molecules using data sheets from the Lipid Search software (compared to the control group). Pareto scaling was used for the final statistical model. To create group clusters, the data were processed using supervised partial least-squares discriminate analysis techniques. In both negative and positive ionization modes, the tolerance for the precursor and product was set at 5.0 ppm. The peak regions were normalized by IS and subjected to comparison of the detected lipids, with the MainM-score threshold set at 10.0.
2.7 mRNA-seq analysis
2.7.1 mRNA isolation and sequencing
Total RNA was extracted from the tissue with TRIzol® reagent according to the manufacturer instructions (Invitrogen), and genomic DNA was removed with DNase I (TaKara). RNA degradation and contamination were observed on 1% agarose gels. The RNA quality was then determined using the 2,100 Bioanalyser (Agilent Technologies) and quantified using the ND-2000 (NanoDrop Technologies). Subsequent library construction and sequencing was entrusted to Mejorbio.
2.7.2 Data analysis
A significance analysis (|fold change| > 1 and p value <0.05) was performed to identify genes that were significantly up- or downregulated. After comparing each group to the control group, genes with statistical significance (p < 0.05) were selected. The functional annotations of genes used the Kyoto Encyclopedia of Genes and Genomes (KEGG (https://www.kegg.jp). KEGG pathway enrichment analysis was performed using R script and genes/transcripts from the gene set. If the adjusted p value (p adjust) is less than 0.05, there may be a significant enrichment of this KEGG pathway function. The q value was then calculated from the p value after several comparisons. The optimized false discovery rate (FDR) approach generated the q value list using p value distribution characteristics. The grade with a q value less than 0.05 (i.e., 5% FDR) was examined.
2.8 Primary neuron culture
Primary neurons were obtained from the amygdala of 16–17-day mouse embryos (E16-E17). Neurons were grown at 37°C in medium consisting of neurobasal medium, 1% B27 supplement (Gibco), 2 mM glutamine, and 0.2% Primoin (InvivoGen, FR). Neurons were incubated for 7 days in vitro (DIV7) and used for experiments. For mRNA-seq and immunofluorescence assay, the primary neurons were treated with favipiravir for 72 h at a final concentration of 62 or 620 μM. For multielectrode array recording (MEA), the primary neurons were treated with favipiravir for 72 h at a final concentration of 62, 310 or 620 μM (Shannon et al., 2020). The concentrations of DHA-PL liposomes were 5, 10, and 20 μg/mL (Xu et al., 2021), respectively, and the concentration of BEL was 10 μM (Mazzocchi-Jones, 2015). Primary neurons were treated with favipiravir at the presence of DHA-PL liposomes or BEL for 72 h.
2.9 Immunofluorescence
The morphology of the primary neuron was investigated with a microscope (Olympus CKX53). For immunostaining, neurons grown on coverslips were fixed with 4% paraformaldehyde for 10 min, permeabilized in PBS with 0.1% Triton X-100 for 10 min and then blocked with 5% bovine serum albumin (BSA). The coverslip was incubated overnight at 4°C with the primary antibody (1:50 to 1:1,000), followed by an incubation with an Alexa Fluor-conjugated secondary antibody (1:200). The antibodies used were listed as follows: anti-TOM20 antibody (11,802–1-AP, Proteintech), anti-Phalloidin antibody (A22287, Invitrogen), and anti-SV2 antibody (AB2315387, Developmental Studies Hybridoma Bank).
Immunofluorescence images were captured with a laser scanning confocal microscope (SP8 X, Leica) equipped with LAS X software. For the quantification of mitochondrial morphology and density, 20 random visual fields were acquired per sample. To ensure fluorescence statistics authenticity, laser intensity in all samples was maintained at a same level. The quantification procedure was performed using ImageJ software (version 1.52P). The line tool was first used to trace the profile of neurites, and the size of the area or the fluorescence intensity of TOM20 or SV2 was calculated. The fluorescence intensity of mitochondria was divided by the corresponding neurite area to obtain the mitochondrial density.
2.10 Multielectrode array recording
The MEA system was used to record neuronal electrophysiological activity (Axion BioSystems Inc.). Primary neurons were seeded at a density of 8 × 104 cells per well into poly-D-ornithinecoated 24-well MEA plates with an array of 16 embedded gold electrodes. The neurons were then cultured at 37°C in a humidified incubator with 5% CO2. At DIV 7, a pre-recording within 30 min was performed, and then the spontaneous activities of neurons were recorded after favipiravir treatment for 72 h. Raw data files were recorded every 5 min using Axion BioSystems Integrated Studio software (AxIS, version 3.0.2.1). All data were filtered with dual Butterworth filters at 200 Hz (high pass) and 3,000 Hz (low pass). An adaptive threshold spike detector was used on each channel to detect any amplitude greater than or equal to a multiple of six standard deviations (6SD) of the estimated noise. Within 5 min, the number of active electrodes and spikes was recorded. The interspike interval was used to detect bursts (ISI). The AxIS software threshold algorithm has a minimum of 5 peaks per burst and a maximum peak interval of 100 ms.
2.11 Statistical analysis
All data were analyzed using GraphPad Prism 8 v8.0.2 (GraphPad Software Inc.) and are presented as the mean ± SD or SEM as indicated in the figure legends. Unpaired two-tailed t tests were used for simple comparisons. For multiple comparisons, Dunnett’s one-way analysis of variance (ANOVA) test was used. For all the results, *, p < 0.05; **, p < 0.01; ***, p < 0.001. All the exact F values, t values and p values for each figure are listed in Supplementary Table 1.
3 RESULTS
3.1 Favipiravir treatment causes anxiety-like behavior in mice
To study whether favipiravir causes anxiety-like behavior, mice were gavaged daily with 200 mg/kg favipiravir for 3, 5, and 7 days, respectively. Light-dark transition open field and forced swimming tests were applied to detect the neurobehaviors of mice. In the light-dark switch test, mice treated with favipiravir exhibited anxiety-like behavior, as evidenced by their significantly reduced time spent in the light chamber compared to the control group. This effect was notably more pronounced after 7 days of favipiravir treatment (p < 0.01; Figures 1A–C). Similarly, in the open field test, favipiravir-treated mice displayed an altered pattern of motor activity, characterized by a significant decrease in the time spent in the central area. This effect also intensified with the duration of drug administration, particularly treatment for 7 days (p < 0.05; Figures 1D–F). Moreover, favipiravir treatment caused no significant difference in the overall distance traveled by the mice (Figure 1E). We continued to apply the forced swimming test, a chronic stress-inducing task, to investigate behavior in mice. The immobility time and swimming speed were not altered in the mice treated with favipiravir, indicating that favipiravir did not induce depression-like behavior in mice (Figures 1G, H). Collectively, these findings suggested that favipiravir may induce anxiety-like behaviors in mice.
[image: Figure 1]FIGURE 1 | Favipiravir treatment causes anxiety-like behaviors in mice. (A) Experimental illustration of the dark/light box test apparatus. (B) Percentage of time in the light box of the dark/light box test during 5 min of measurement (p = 0.0073). (C) Representative heatmaps of each group of mice in the dark/light box test apparatus. (D) Experimental illustration of the open field test apparatus. (E) Time (seconds) spent in the inner zone (p = 0.0206) and distance (cm) traveled in the whole area of the open field test during 5 min of measurement. (F) Representative trajectory of each group of mice in the open field test apparatus. The mouse movement path is shown as a red line. (G) Experimental illustration of the forced swimming test apparatus. (H) Immobility time (seconds) and swim velocity (cm/second) of the forced swimming test during 5 min of measurement. For figure (B, E, H), all data are from eight mice (n = 8). Data are presented as the means ± SDs; *, p < 0.05; **, p < 0.01; Dunnett’s one-way ANOVA test.
3.2 Favipiravir shows no obvious toxic effect in mice
Favipiravir showed no effect on the levels of serum total protein (TP), albumin (ALB), and globulin (GLB) (Supplementary Figure 1A). The levels of serum alkaline phosphatase (ALP) and alanine aminotransferase (ALT) were also unchanged after favipiravir treatment. Favipiravir slightly increased the level of serum aspartate aminotransferase (AST) (Supplementary Figure 1B), which was similar to a previous study (Bayram et al., 2021). Favipiravir treatment caused no changes in the levels of glucose (GLU), urea (UREA), creatinine (CREA), cholesterol (CHOL), and triglyceride (TG) in mice (Supplementary Figure 1C–E). Favipiravir caused no histological changes in the main organs, including the brain, heart, liver, spleen, lung, and kidney (Supplementary Figure 1F).
3.3 Favipiravir causes glycerophospholipid dysregulation in the amygdala
It has been known that the amygdala is linked to generalized anxiety disorder (GAD), and lipid abnormalities in the amygdala are significant drivers of anxiety (Du et al., 2021; Tabbai et al., 2019). We applied lipidomics based on UPLC‒MS-MS in negative and positive ionization modes to investigate the lipidomics of the amygdala in mice treated with favipiravir. Moreover, the orthogonal partial least squares discriminant analysis (OPLS-DA) model was used to identify the different metabolites between the control and favipiravir groups. The results from OPLS-DA in both positive and negative ionization modes showed a complete separation between the control and favipiravir groups. Notably, with the increase in the time of favipiravir treatment, the differences in metabolite aggregation between the two groups were more pronounced, indicating dysregulated lipidomics in the amygdala (Figure 2A). According to the Lipid Map Database (www.lipid-maps.org) and the Human Metabolome Database (https://hmdb.ca/), ion peaks obtained from UPLC‒MS-MS analysis were defined to map different lipid metabolites of the amygdala. Compared with the control group, a total of 353 differential lipid metabolites were identified in the amygdala of mice treated with favipiravir (|log2FC(fold change)|>0.5, -log (p value) > 1.3) (Figure 2B). With the increase in the administration time of favipiravir, the number of up- and downregulated lipid molecules was significantly increased. When favipiravir was administered for 3 or 5 days continuously, 3 and 11 lipids were upregulated, while 10 and 25 lipids were downregulated, respectively. However, when favipiravir was administered for 7 days, 137 lipids were upregulated and 184 lipids were downregulated (Figure 2B). The significantly altered lipids were classified as glycerophospholipids (GP), sphingolipids (SP), glycerolipids (GL), glycolipids (SL), and isoprenoids (PR), with proportions of 67%, 24%, 5%, and 1%, respectively (Figures 2C, D). We performed pathway enrichment analysis for all significantly altered lipids, and the results showed that those modified lipids were significantly enriched in the GP metabolism pathway (Figure 2E).
[image: Figure 2]FIGURE 2 | Favipiravir treatment causes significant dysregulation of glycerophospholipid in the amygdala. (A) OPLS-DA 2D score scatterplot for the control and favipiravir treatment groups in ESI ± mode. (B) Overall significant changes in lipids in the favipiravir treatment groups. Significantly up- or downregulated lipids are marked in red and blue, respectively. (C) Pie chart shows the proportion of four major categories lipids (GP, SP, GL, and SL) significantly altered by favipiravir. (D) 10 × 10 dot plot shows the proportion of each lipid in all identified lipids. (E) The significantly enriched pathways (adjusted p < 0.05) in the KEGG pathway analysis of significantly altered lipids by MetaboAnalyst 4.0. (F, G) Histograms show the degree of unsaturation (Degree of unsaturation = 5: p = 0.0107; Degree of unsaturation = 6: p = 0.0131; Degree of unsaturation = 7: p = 0.0045; Degree of unsaturation = 8: p = 0.0201; Degree of unsaturation>8: p = 0.0267) (F) and normalized intensity of length (Chain length<39: p = 0.0329; Chain length<39: p = 0.0269) (G) of the acyl chains of all identified GPs. Data from six mice (n = 6). All data are presented as the mean ± SD; *, p < 0.05; **, p < 0.01; Dunnett’s one-way ANOVA test.
The abundance of GP with an unsaturation level of 5 or more decreased dramatically with increasing administration period of favipiravir (Figure 2F). Moreover, the abundance of GP with a chain length of 39 or 40 was significantly decreased (Figure 2G). As the fluidity of neuronal membranes strongly depends on the unsaturation and chain length of GP (Piomelli et al., 2007), these results suggest that favipiravir may decrease membrane fluidity, thus affecting neuronal activity.
3.4 Favipiravir reduces the abundance of DHA/AA-PE/PC in the amygdala
GP are broadly classified into PC, PE, phosphatidylserine (PS), phosphatidylinositol (PI), phosphatidic acid (PA), phosphatidylglycerol (PG) and cardiolipin (CL). We found that the PE and PC subtypes accounted for approximately 50% of the altered GP and that the overall abundance of PE and PC was steadily reduced by favipiravir (Figures 3A, B). We further examined changes in major or minor PE and PC. The abundance of seven kind of major PE and four kind of minor PE, including six kind of DHA-PE and three kind of AA-PE, was significantly downregulated by favipiravir treatment (Figures 3C, D). In addition, the abundance of four major PC and five minor PC, including one kind of DHA-PC and two kind of AA-PC, decreased with increasing favipiravir administration period (Figures 3E, F). These findings indicated that favipiravir markedly reduced the abundance of DHA-PE/PC and AA-PE/PC in the amygdala. Considering that DHA-PE/PC and AA-PE/PC are associated with neuronal activity (Rashid et al., 2013; Kim et al., 2011), we performed correlation analysis between the changes in DHA-PE/PC and AA-PE/PC abundance with the relative percentage of time in the light box of the dark/light box test or the relative time spent in the inner zone in the open field test. The results showed that decreases in abundance of various DHA-PE/PC and AA-PE/PC were positively correlated with the decrease in the percentage of time in the light box (Supplementary Figure 2); moreover, the decrease in abundance of various DHA-PE/PC and AA-PE/PC were also positively correlated with the decrease in time spent in the inner zone (Supplementary Figure 3). These data suggested that decreases in the abundance of DHA-PE/PC and AA-PE/PC may be related to anxiety-like behavior in mice.
[image: Figure 3]FIGURE 3 | Favipiravir treatment reduces the abundance of DHA/AA-PE/PC in the amygdala. (A) A 10 × 10 dot plot shows the proportion of each lipid in all identified GPs. (B) Histograms show normalized intensities of PE, PC, PS, PG and PI at different time points after favipiravir treatment. (C) Histograms show the normalized intensity of the major species of PE after favipiravir treatment [PE (16:0/20:3): p = 0.0238; PE (P-16:0/22:6): p = 0.0373; PE (18:0/20:4): p = 0.0193; PE (P-18:0/22:6): p = 0.0138; PE (20:0/18:1): p = 0.0448; PE (P-18:1/22:6): p = 0.0062; PE (38:4): p = 0.0126]. (D) Histograms show the normalized intensity of the minor species of PE after favipiravir treatment [PE (17:0/20:4): p = 0.0070; PE (17:0/22:6): p = 0.0287; PE (22:6/22:6): p = 0.0004; PE (14:0/22:6): p = 0.0406]. (E) Histograms show the normalized intensity of the major species of PC after favipiravir treatment. [PC(40:7): p = 0.0429; PC(38:5): p = 0.0147; PC(16:0/18:1): p = 0.0265; PC(34:0): p = 0.0390; PC(38:6): p = 0.0321]. (F) Histograms show the normalized intensity of the minor species of PC after favipiravir treatment [PC(19:1): p = 0.0101; PC(20:1/20:4): p = 0.0032; PC(20:1/22:6): p = 0.0129; PC(18:0/22:5): p = 0.0122; PC(20:0/20:4): p = 0.0089; PC(16:1/16:1): p = 0.0010]. Data from six mice (n = 6). All data are presented as the mean ± SD. *, p < 0.05; **, p < 0.01; ***, p < 0.001; Dunnett’s one-way ANOVA test or two-tailed t-test.
3.5 Favipiravir dysregulates the expression of genes associated with arachidonic acid and GP metabolism in the amygdala
By using an mRNA-seq approach, we analyzed the gene expression profile of the amygdala from mice treated with 200 mg/kg favipiravir for 3, 5 and 7 days. We detected 14,290 genes in all the groups, as shown by the Venn diagram (Figure 4A). The differentially expressed genes (DEGs) were identified among the groups using the criteria log2|FC|>1 and p < 0.05. We observed that the number of genes significantly altered increased with the increase in favipiravir treatment duration (Figure 4B). In detail, there were 143 upregulated and 194 downregulated genes in the amygdala after favipiravir treatment for 3 days. There were 202 upregulated and 268 downregulated genes after favipiravir treatment for 5 days. After favipiravir treatment for 7 days, we observed 469 upregulated and 411 downregulated genes (Figures 4B, C). Interestingly, among these significantly altered genes, lipid metabolism-related genes involved in metabolic pathways accounted for approximately 20% (Figure 4D). Functional annotation analysis of the KEGG pathway showed that the metabolism-related DEGs were mainly concentrated in the lipid metabolism-related pathways (Supplementary Figure 1A, C, E), especially in the arachidonic acid metabolism pathway after favipiravir treatment for 3 and 5 days (Supplementary Figure 1B, D) as well as in both the arachidonic acid and GP metabolism pathways after favipiravir treatment for 7 days (Figure 4F).
[image: Figure 4]FIGURE 4 | Favipiravir dysregulates the gene expression profile involved in GP metabolism in the amygdala. (A) Venn diagrams show the overlapping relationship of all genes between each group. (B) UpSet plot showing the number of coexpressed and specifically expressed genes (X-axis) between each group (Y-axis). (C) The graph (left) and the number of DEGs in the favipiravir treatment group. The volcano plots (right) show the DEGs marked in red and blue, respectively. (D) Proportion of metabolism-related genes in all the detected genes in each group. (E) The KEGG pathway functional annotation analysis of the metabolism in the amygdala of mice was shown after favipiravir treatment for 7 days. (F) The KEGG pathway functional enrichment analysis of lipid metabolism-related DEGs in the amygdala of mice was shown after favipiravir treatment for 7 days. The ordinate represents the name of the KEGG pathway and the abscissa represents the enrichment factor, the ratio of the number of genes enriched in the KEGG pathway (sample number) to the number of annotated genes (background number). The larger the enrichment factor, the higher the enrichment level. The color of the dot indicates the number of genes enriched in the KEGG pathway, and the size of the dot corresponds to different p values. Enrichment results are presented in ascending order of p value. (G) Relative expression levels of genes modified by favipiravir (Gpat2, Cbr2, Pla2g4e, and Ptgds) [Gpat2: p = 0.0391; Pla2g4e: p = 0.0336; Ptgds: p = 0.0005; Cbr2: p = 0.0180]. Data from three mice (n = 3). All data are presented as the mean ± SEM; *, p < 0.05; **, p < 0.01; ***, p < 0.001; Dunnett’s one-way ANOVA test.
We further analyzed the mRNA expression of the DEGs. The expression of Gpat2, a rate-limiting enzyme for GP synthesis (Yamashita et al., 2014), was dramatically downregulated by favipiravir, supporting the reduction in DHA-PE/PC levels mentioned above. The expression of cytoplasmic PLA2 isoforms (Pla2g4e, Pla2g3) that release AA from phospholipids was also significantly upregulated (Figures 4G, Supplementary Figure 4E). In addition, the expression of genes involved in arachidonic acid metabolism, including prostaglandin D2 synthase (Ptgds) and carbonyl reductase 2 (Cbr2), was upregulated with prolonged favipiravir treatment (Figure 4G). Considering that abnormally enhanced AA release and metabolism are associated with anxiety (Gaetani et al., 2003), our findings suggested that enhanced AA production may contribute to anxiety-like behavior in favipiravir-treated mice. Taken together, favipiravir caused extensive transcriptomic changes in the amygdala, particularly in the genes related to GP synthesis as well as AA release and metabolism, which may contribute to anxiety-like behaviors in mice.
By mRNA-seq analysis, we further investigated how favipiravir affected the transcriptional profile in primary cultured amygdala neurons in vitro. As shown in the Venn diagram, 13,252 genes were detected in all three groups (Figure 5A). The DEGs were identified among the groups using the criteria log2|FC|>1 and p < 0.05. There were 240 upregulated and 766 downregulated genes after favipiravir (62 μM) treatment for 3 days; there were 433 upregulated and 487 downregulated genes after favipiravir (620 μM) treatment for 3 days (Figure 5B). Among these DEGs, the genes involved in metabolic pathways accounted for approximately 20% and are mainly involved in lipid metabolism (Figure 5C). Furthermore, the KEGG pathway analysis showed that the metabolism-related DEGs in favipiravir treatment groups (62 μM and 620 μM) groups were mainly concentrated in the lipid metabolism pathways (Figures 5D, E), especially in the arachidonic acid and GP metabolism pathways (Figures 5F, G; Supplementary Figure 5). Collectively, these results showed that favipiravir affected the transcriptional profile of primary amygdala neurons in vitro, which was consistent with the findings in the amygdala in vivo.
[image: Figure 5]FIGURE 5 | Favipiravir alters the morphology and transcriptome of amygdala neurons. (A) Venn diagrams show the overlapping relationship of all genes between each group. (B) The graph (left) and the number of DEGs in the favipiravir treatment group in comparison to the control. The volcano plots (right) show the DEGs marked in red and blue, respectively. (C) Histogram shows the proportion of metabolism- or lipid metabolism-related genes in all genes or metabolism-related genes, respectively. (D, E) The KEGG pathway functional annotation analysis of metabolism related DEGs in primary neurons with favipiravir 62 μM (D) or 620 μM (E). The ordinate is the name of the KEGG pathway and the abscissa is the number of genes associated with this pathway. (F, G) The KEGG pathway functional enrichment analysis of lipid metabolism-related DEGs in primary neurons with favipiravir 62 μM (F) or 620 μM (G).
3.6 Favipiravir alters the morphology and function of amygdala neurons in vitro
After the cultured amygdala neurons were treated with favipiravir (62 μM, 620 μM) for 3 days, the morphology, axonal mitochondria, and synaptic vesicles of neurons were examined. Compared with the neurons with thin and smooth axons in the control group, favipiravir-treated neurons showed fragmented structures in the axons (Figure 6A). Since mitochondrial function is closely related to axon morphology and neurobehaviors, including anxiety (Einat et al., 2005), we investigated whether favipiravir affected the mitochondria of axons. Using fluorescently labeled phalloidin and immunostaining of the mitochondrial outer membrane protein TOM20, we observed that the axon mitochondria became shorter and more rounded after favipiravir exposure (62 and 620 μM) for 72 h (Figure 6B); moreover, the area and quantity of mitochondria in neurites were also reduced. These results suggested that favipiravir may disturb the process of mitochondrial fission and fusion in neurons (Figures 6C, D). In addition, favipiravir clearly decreased the intensity of synaptic vesicle protein 2 (SV2), a key neuronal secretory vesicle protein, suggesting disturbance of synaptic vesicle formation and neuronal function (Figures 6E, F). Overall, our results suggest that favipiravir may affect neuronal morphology, axonal mitochondria and synaptic vesicles.
[image: Figure 6]FIGURE 6 | Favipiravir affects the morphology and function of amygdala neurons in vitro. (A) Bright field images showing the effect of favipiravir on neuronal morphology. (B) Fluorescence images show the morphology of mitochondria, and the mitochondrial marker is TOM20. The neurite profile marker is fluorescently labeled phalloidin. (C, D) Bar graph shows the mitochondrial area (p < 0.0001) (C) and intensity per neuritic area (p < 0.0001) (D). (E) Fluorescence images showing the effect of favipiravir on synaptic vesicles through immunostaining with SV2 protein. (F) Bar graph shows SV2 intensity per neuritic area (p < 0.0001). At least 20 neurons (n = 20) were chosen for analysis. All quantification data are presented as the mean ± SD; *, p < 0.05; **, p < 0.01; ***, p < 0.001; Dunnett’s one-way ANOVA test.
3.7 Favipiravir reduces the spontaneous electrical activity of primary amygdala neurons
We applied MEA to explore the effect of favipiravir on the electrophysiological properties of neurons in vitro. After favipiravir exposure (62, 310 and 620 μM) for 72 h, neurons showed a negative trend in the real-time spike firing rate, suggesting a decrease in neuronal viability (Figures 7A, B). Next, we recorded the number of active electrodes, spikes, bursts, average firing rate, network burst frequency and percentage within 300 s. Favipiravir treatment decreased the number of active electrodes, spikes, and bursts, indicating decreases in neuronal excitability and activity (Figure 7C). The average firing rate, network pulse frequency and percentage also decreased dramatically (Figure 7C). Interestingly, when the primary amygdala neurons were supplemented with DHA-PL liposomes (Figure 7E), the number of active electrodes, spikes, average firing rate and network firing frequency, which were reduced by favipiravir, were significantly restored (Figure 7D). Furthermore, supplementation with the PLA2 inhibitor BEL (10 μM) also attenuated the inhibitory effect of favipiravir on the number of active electrodes, bursts, and average firing rate (Supplementary Figure 6A, B). These results suggested that favipiravir may decrease neuronal excitability and network behavior, which may correlate to the anxiety-like behavior caused by favipiravir.
[image: Figure 7]FIGURE 7 | Favipiravir reduces the spontaneous electrical activity of amygdala neurons in vitro. (A) Right-field images of primary neurons on DIV7 (upper). The heatmap of the representative real-time spike firing rate during MEA recording (lower). The firing rate was color-coded, and the color transitions from white to black. (B) Representative raster plots of spikes within 60 s of recording time (left). The area under the cross-correlogram around zero shows the quantification results of synchrony between different electrodes (right). (C, D) Individual Favipiravir treatment (number of active electrodes: p = 0.0272; number of spikes: p = 0.0013; number of bursts: p = 0.0001; mean firing rate: p = 0.0013; network burst frequency: p < 0.0001; network burst percentage: p = 0.0031) (or supplementing DHA-PL liposomes (number of active electrodes: p = 0.0154; number of spikes: p = 0.0113; mean firing rate: p < 0.0001; network burst frequency: p = 0.0003) (D). Quantification of the number of active electrodes, spikes, bursts, mean firing rate, network burst frequency and percentage during 300 s of recording time. At least 3 wells (n = 3 or n = 4) were chosen for analysis. (E) The hydrodynamic of DHA-PL liposomes. All quantification data are presented as the mean ± SD; *, p < 0.05; **, p < 0.01; ***, p < 0.001; Dunnett’s one-way ANOVA test.
4 DISCUSSION
GP is essential components of cell membranes, particularly in neurons, where their composition and function are crucial for neural signal transmission, synaptic plasticity, and cellular health (Frisardi et al., 2011). The amygdala, an important brain area that regulates fear, anxiety, and stress responses (Maldonado et al., 2020). It accepts sensory information and sends it to multiple brain areas, including the hypothalamus, prefrontal cortex, and brainstem (Łoś and Waszkiewicz, 2021). Research has indicated that mice displaying anxiety-like behaviors exhibit abnormal GP metabolism in the brain (Zhou et al., 2024). The lipidomic analysis by Gert Lubec et al. revealed that aged mice exhibited reduced levels of various PE and PC in the amygdala (Šmidák et al., 2017). Similarly, our study observed anxiety-like behaviors in mice following a 7-day treatment with favipiravir. The lipidomics data from our research further revealed that favipiravir significantly impacted GP metabolism in the amygdala.
The changes in the quantity or type of GP, such as acyl chain length and saturation, are able to modify membrane fluidity, thus influencing the function of neurotransmitter receptors, ion channels, and signaling pathways (Shamim et al., 2018; Borroni et al., 2016). Unsaturation of GP in neuronal membranes may affect the function of neurotransmitter systems involved in emotional regulation, thus affecting emotional regulation and cognitive functions (Liu et al., 2018; Falomir-Lockhart et al., 2019; Xia et al., 2020). DHA influences the function of glutamate receptors, including AMPA and NMDA receptors, which are essential for synaptic transmission and neuronal plasticity, by regulating membrane fluidity (Di Miceli et al., 2020; Zhou et al., 2022). Interestingly, we found that favipiravir significantly reduced the unsaturation of GP in the amygdala and decreased levels of various DHA-PE/PC and AA-PE/PC. We hypothesize that favipiravir may alter neuronal membrane fluidity by affecting GP metabolism in the amygdala, thereby disrupting neurotransmitter signaling and neuronal function, which could result in anxiety-like behaviors.
SV2 is a critical component of the synaptic vesicle membrane, essential for the packaging, storage, and release of neurotransmitters (Silm et al., 2019). The effectiveness of SV2 is intricately linked to the membrane fluidity of synaptic vesicles, which is vital for its function and its role in neurotransmitter release (Westra et al., 2021). Our findings indicate that favipiravir administration significantly downregulates SV2, suggesting an inhibition of synaptic vesicle formation. This inhibition may result from a decrease in GP unsaturation and reduced levels of DHA-PE/PC and AA-PE/PC. These changes increase neuronal membrane rigidity, negatively impacting the normal function of synaptic vesicles and subsequently impairing neurotransmitter release.
Mitochondria, known as the cell energy factories, are crucial for ATP production, which is essential for synaptic activity and nerve impulse transmission in neurons (Kann and Kovács, 2007). Their metabolic efficiency and function are closely linked to their morphology, including size, shape, number, and distribution within the cell (López-Doménech and Kittler, 2023). Studies have shown that loss of mitochondria in the basolateral amygdala increases anxiety-related behaviors (Duan et al., 2021) In the social defeat model, mitochondrial size and mass were reduced in the basolateral (BLA) and central (CeA) nuclei of the mouse amygdala (Johnson and Li, 2022). Our study found that favipiravir administration significantly reduced the size and number of mitochondria in amygdala neurons, which may contribute to favipiravir-induced anxiety-like behavior.
It has been known that PC and PE serve as precursors for the synthesis of various neurotransmitters, including acetylcholine and PE-derived neurotransmitters, such as N-acyl ethanolamines (Galkina et al., 2021; Paul et al., 2019). A previous study reported that reduced PE-derived neurotransmitters in the amygdala increase anxiety-like behavior in mice (Bedse et al., 2017; Leishman et al., 2016). In this study, favipiravir significantly reduced the levels of PC and PE, the two major types of GP lipids, in the amygdala. We speculated that the decreased PC and PE may correlate with the aberrant neurobehavior of mice treated with favipiravir. We further defined and clarified the types of PC and PE modified by favipiravir and found that the levels of DHA-PE/PC and AA-PE/PC were decreased dramatically in the amygdala. DHA-PE/PC are involved in signaling and synaptic plasticity, which are crucial for learning and memory (Zhang et al., 2019; Zhang et al., 2020). Moreover, DHA-PE/PC are the main source of DHA for neurons, and they are considered to be the most essential type of DHA in the brain. DHA accounts for more than 90% of the omega 3 polyunsaturated fatty acids (PUFAs) in the brain, mainly as part of the membrane phospholipids in gray matter (Dighriri et al., 2022). When DHA is needed for various biological processes, it can be released from DHA-PE/PC. Our findings indicated that favipiravir decreased the DHA-PE/PC levels in the amygdala of mice. Furthermore, the data from the MEA assay showed that favipiravir dramatically reduced the action potential signaling of neurons in vitro, suggesting disturbed neuronal functions. In fact, clinical research has shown that persons with anxiety and depression have lower levels of blood DHA and brain (Parletta et al., 2016). Mice lacking omega-3 PUFAs exhibit disturbed social behavior as well as increased anxiety and depressive behaviors (Larrieu et al., 2016). On the other hand, DHA supplementation improves the cognitive performance of aged rodents (Sun et al., 2018; Pilecky et al., 2021) and alleviates anxiety-like behaviors in male obese rats (Neto et al., 2022). PE/PC are abundant in axons and serve as a key source of AA, a critical mediator of synaptic transmission and intracellular signaling (Yang et al., 2012). AA, an omega-6 fatty acid, stimulates the synthesis of many derivatives associated with depression, and its plasma levels are linked to depression severity (López and Ballaz, 2020). A previous study indicated that AA released from neuronal membranes of the amygdala is linked to anxiety-like behaviors (Morgan et al., 2019).
Acylation of glycerol-3-phosphate (G3P) is the first and most important step in the production of GP, which is catalyzed by the enzyme acyl-CoA: GPAT (Balgoma et al., 2019). Our results showed that favipiravir significantly reduced Gpat2 expression in the mitochondrial outer membrane. We speculated that such a reduction could result from the decline in PE and PC levels. Similarly, GPAT2 deficiency results in a low level of PC in the brains of mice, which potentially leads to changes in the composition and function of neuronal membranes and results in impaired cognitive performance (Gonzalez-Baro and Coleman, 2017). Loss of GPAT2 causes mitochondrial fragmentation, leading to abnormal function (Ohba et al., 2013). We speculate that downregulated Gpat2 may correlate with the fragmented mitochondria in neurons. Further research is needed to address this issue.
As expected, mRNA sequencing analysis also showed that the expression of cytosolic Pla2 isoforms was increased dramatically in the amygdala after favipiravir treatment. PLA2 releases arachidonic acid from membrane phospholipids (Aizawa et al., 2016), and enhanced expression of PLA2 reflects active inflammatory responses and anxiety-like behavior (Furuyashiki et al., 2019). In contrast, administration of PLA2 inhibitors can alleviate anxiety-like behavior in rats (Farooqui et al., 2006). In addition, abnormal activation of PLA2 and subsequent release of AA can promote mitochondrial membrane permeabilization, leading to mitochondrial stress (Giovannoni and Quintana, 2020). This may explain the fragmented mitochondria and disturbed neuronal firing function observed in the neurons treated with favipiravir in the present study.
In conclusion, We combined mass spectrometry-based lipidomics and mRNA-seq analysis to investigate the mechanisms of favipiravir-induced anxiety-like behaviors. Our findings revealed altered GP metabolism in the amygdala, which displayed a remarkable reduction in the abundance of DHA/AA-PE/PC as well as unsaturation of GPs. Favipiravir reduced the mRNA expression of Gpat2 while increased the expression of Pla2 isoforms involved in AA release. Furthermore, favipiravir altered neurite morphology and the structure of axonal mitochondria and reduced synaptic vesicles, which may correlate with dysregulated neurophysiological activity. Taken above, we propose that dysregulated GP metabolism in the amygdala may attribute to anxiety-like behavior caused by favipiravir.
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